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ABSTRACT. We show that any Carnot group G with sufficiently many de-
formable directions contains a measure zero set N such that every Lipschitz
map f: G — R is differentiable at some point of N. We also prove that model
filiform groups satisfy this condition, extending some previous results to a class
of Carnot groups of arbitrarily high step. Essential to our work is the question
of whether the existence of an (almost) maximal directional derivative E f(z)
in a Carnot group implies the differentiability of a Lipschitz map f at z. We
show that such an implication is valid in model Filiform groups for directions
that are outside a one-dimensional subspace of horizontal directions. Con-
versely, we show that this implication fails for every horizontal direction in the
free Carnot group of step three and rank two.

1. INTRODUCTION

Rademacher’s theorem asserts that every Lipschitz map f: R™ — R™ is differ-
entiable almost everywhere with respect to the Lebesgue measure. This important
result has been extended to many other spaces and measures [2, 5, 18, 27]. It is also
interesting to consider whether Rademacher’s theorem admits a converse: given a
Lebesgue null set N C R", does there exist a Lipschitz map f: R™ — R™ which
is differentiable at no point of N? The answer to this question is yes if and only
if n < m and combines the work of several authors [38, 30, 31, 3, 8]. In the case
where n > m = 1, the results in [9, 10, 12] provide a stronger result: there is a
compact set of Hausdorff dimension one in R™ which contains some point of differ-
entiability of any Lipschitz map f: R™ — R. Such a set may even be chosen with
upper Minkowski dimension one [12]. Sets containing a point of differentiability for
any real-valued Lipschitz map are called universal differentiability sets. We refer
the reader to [32] and the references therein for more discussion of such sets.

The present paper continues the investigation of universal differentiability sets in
Carnot groups which was started in [28, 17], see also the survey [29]. We recall that
a Carnot group (Definition 2.1) is a simply connected Lie group whose Lie algebra
g admits a stratification, i.e. it admits a decomposition g = V5 & --- & Vs where
Vier = V1, Vi) for i = 1,...,s — 1. The subspace V; is called the horizontal layer
while s is the step of the Carnot group and to some extent indicates its complexity
(Carnot groups of step one are simply Euclidean spaces). Carnot groups have a
rich geometric structure adapted to the horizontal layer, including translations,
dilations, Carnot-Carathéodory (CC) distance, and a Haar measure [1, 7, 15, 23].
In the last two decades Carnot groups have been studied in connection with several
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different areas of mathematics, such as PDE, differential geometry, control theory,
geometric measure theory, mathematical finance and robotics. Their rich structure
allows one to define differentiability of maps between Carnot groups (Definition 2.8).
Pansu’s theorem states that every Lipschitz map is differentiable almost everywhere
with respect to the Haar measure [27]. This is a generalization of Rademacher’s
theorem to Carnot groups.

In [28], it was shown that Heisenberg groups contain measure zero universal dif-
ferentiability sets. Heisenberg groups are the most frequently studied non-Euclidean
Carnot groups and have step two. In [17] this result was extended to give a mea-
sure zero and Hausdorff dimension one universal differentiability set in any step
two Carnot group. The present paper extends these results and the associated
techniques to higher step Carnot groups satisfying a precise geometric condition,
namely having sufficiently many deformable directions (Definition 2.15). This is a
geometric condition expressing that, roughly speaking, horizontal lines can be nicely
modified to pass through nearby points, without changing too much their length or
their direction. This condition applies in particular to model filiform groups (Defi-
nition 2.22), which can have arbitrarily high step despite their relatively simple Lie
brackets. Model filiform groups have been previously investigated in connection
with non-rigidity of Carnot groups [25], quasiconformal mappings between Carnot
groups [36, 37] and geometric control theory [4].

Before describing more carefully the results of this paper, we briefly discuss
the techniques involved in constructing universal differentiability sets. We believe
these are of independent interest as they only depend on the geometry of the space
involved. In [30, 28, 17], the key technique for constructing measure zero universal
differentiability sets builds upon the idea that existence of a maximal directional
derivative for a Lipschitz map suffices for its differentiability. In Euclidean spaces,
this observation takes the following form: if f: R™ — R is Lipschitz and | f'(z,v)| =
Lip(f) for some direction v € R™ with |v| = 1, then f is differentiable at x, see
[13]. However, a general Lipschitz map may not have such a maximal directional
derivative. In [30] it was shown that any Lipschitz map f: R™ — R admits a linear
perturbation that has an almost mazximal directional derivative at some point x in
a direction v. They also show that almost maximality suffices for differentiability
and the point z can be chosen inside a measure zero set N that is independent of
f. Combining the two facts we have that N is a universal differentiability set of
measure zero.

In [28, 17], the present authors and E. Le Donne showed that if f: G — R is
a Lipschitz map on a step two Carnot group and Ef(z) is a maximal directional
derivative (Definition 2.13), then f is differentiable at x in the sense of Pansu, see
Definition 2.8). Moreover, in step two Carnot groups, it was also shown that almost
maximality of a directional derivative suffices for differentiability. Generalizing the
Euclidean techniques one can then construct a measure zero and Hausdorff dimen-
sion one universal differentiability set. Moreover, for each horizontal direction F in
an arbitrary Carnot group, differentiability of the CC distance at exp(FE) is equiv-
alent to validity of the following implication: maximality of Ef(z) for Lipschitz
f+ G — R implies differentiability of f at x (Proposition 2.14). However, in the
Engel group, which represents the simplest step 3 Carnot group, neither of the



UDS IN CARNOT GROUPS OF ARBITRARILY HIGH STEP 3

above properties hold. The counterexample is simply given by the horizontal direc-
tion Xo, since the CC distance fails to be differentiable at exp(X3). It is then clear
that the geometry of the space impacts the differentiability of its Lipschitz maps.

The reason why maximality implies differentiability (Proposition 2.14(2)) fails
for the direction X, in the Engel group is that horizontal lines in the direction
X, cannot be modified to pass through nearby points without increasing too much
their length. If ‘maximality implies differentiability’ fails, then so does the stronger
implication ‘almost maximality implies differentiability’. This stronger implication
depends upon the possibility of modifying horizontal lines with some controlled
bounds on both their length and their direction. This stronger modification is useful
because in ‘almost maximality’ the directional derivative is maximal only compared
to directional derivatives coming from pairs of points and directions which satisfy
estimates expressed using difference quotients of the Lipschitz map. A direction is
deformable if suitable deformations of horizontal lines are possible. All horizontal
directions in step two Carnot groups are deformable. This was proved in [17],
though the word deformable was not used there. In the present paper we show that
in model filiform groups E,,, any horizontal direction other than +X5 is deformable
(Theorem 4.4). We also show that £X5 are deformable in E,, if and only if n = 2
or n = 3 (Corollary 3.4).

A set N in a Carnot group G is a universal differentiability set if every Lipschitz
map f: G — R is differentiable at some point of N (Definition 2.10). We say that a
set has CC Hausdorff dimension one if it has Hausdorff dimension one with respect
to the CC metric. Our main result is the following.

Theorem 1.1. Let G # R be any Carnot group that has a ball of uniformly de-
formable directions (see Assumptions 6.1). Then G contains a universal differen-
tiability set N C G of CC Hausdorff dimension one (in particular measure zero).

In particular, all model filiform groups E,, for n > 2 contain a CC Hausdorff
dimension one universal differentiability set.

A ball of uniformly deformable directions is needed in Theorem 1.1 because one
constructs the measure zero UDS using countably many horizontal curves which
are dense in some sense. To prove that ‘almost maximality implies differentiabil-
ity’ (Theorem 6.6) one needs to approximate the almost maximal direction with
a sequence of deformable ones. If we do not require that the UDS has measure
zero, then only one deformable direction is needed to show that almost maximality
implies differentiability.

Notice that Theorem 1.1 applies to the Engel group E,, which was the problem-
atic group in [17]. Hence one may ask whether Theorem 1.1 holds without assuming
Assumptions 6.1. Our second result shows that, unless one fundamentally changes
the techniques used, the class of Carnot groups must indeed be restricted.

Theorem 1.2. In the free Carnot group IFo 3 with rank two and step three, the CC
distance is not differentiable at exp(E) for any horizontal direction E € V.

Consequently, ‘maximality implies differentiability’ fails in Fa 3 for every hori-
zontal direction.

This improves in a strong way upon [17], where it was shown that maximal-
ity implies differentiability fails for one direction in the Engel group. It would be
interesting to know whether Fy 3 contains a measure zero UDS or instead the op-
posite result holds: for every null set N C Iy 3, does there exists a Lipschitz map



4 ANDREA PINAMONTI AND GARETH SPEIGHT

f:Fa3 — R which is differentiable at no point of N7 At present we do not know
the answer to this question.

The notion of deformability introduced in the present paper seems to share some
analogy with the property of not being an abnormal curve, see [35] for the defi-
nition of abnormal curves. For example, it is known that in 53 the set of all
abnormal curves coincides with the set of horizontal lines [1]. This phenomenon
could explain why ‘maximality implies differentiability’ fails in IFy 3 for every hor-
izontal direction. A similar characterization holds in model filiform groups, which
admit only one abnormal curve which is given by the +X, direction [1]. However
the picture is far from being clear. For example in F3 5, where ‘maximality implies
differentiability’ holds for every horizontal direction [17], every horizontal line is an
abnormal curve and viceversa, see [16, Proposition 3.11, Theorem 3.14] and [26].
We plan to investigate this possible relation in future works.

We now describe the structure of the paper. In Section 2 we recall the necessary
background on Carnot groups and differentiability. In Section 3 we investigate the
differentiability of the CC distance. We show that, if E is a deformable direction,
then the CC distance is differentiable at exp(E) (Proposition 3.1) and that in any
model filiform group E,,, with n > 4, the CC distance is not differentiable at
exp(£Xs) (Proposition 3.3). We eventually prove Theorem 1.2. In Section 4 we
prove Lemma 4.1 and Lemma 4.2 which allow us to construct suitable horizontal
curves in model filiform groups. These are then used to show that in every model
filiform group all horizontal directions other than +X, are deformable (Theorem
4.4). In Section 5 we prove an estimate for distances between piecewise linear curves
with similar directions (Lemma 5.2). In Section 6 we consider Carnot groups G
that contain a ball of uniformly deformable directions with parameters. With this
assumption we construct a universal differentiability set (Lemma 6.2) and prove that
almost maximality implies differentiability if the direction belongs to the given ball
(Theorem 6.6). In Section 7 we show that any Lipschitz map f: G — R admits a
group linear perturbation which has an almost maximal direction derivative at some
point x in some horizontal direction F (Proposition 7.1). Moreover, the point « can
be found inside a given measure zero G set and the direction E can be found close
to a starting direction Ey. A proof of Theorem 1.1 is given by combining Theorem
6.6 and Proposition 7.1.

Acknowledgement. The authors thank helpful referees for numerous suggestions
which improved the paper. Part of this work was done while G. Speight was visiting
the University of Trento; he thanks the institution for its hospitality. This work
was supported by a grant from the Simons Foundation (#576219, G. Speight). A.
P. is a member of Gruppo Nazionale per I’Analisi Matematica, la Probabilita e le
loro Applicazioni (GNAMPA) of Istituto Nazionale di Alta Matematica (INAAM).

2. PRELIMINARIES

In this section we recall concepts which will be important throughout the paper.

2.1. Basic notions in Carnot groups.

Definition 2.1. A Carnot group G of step s is a simply connected Lie group whose
Lie algebra g admits a decomposition as a direct sum of subspaces of the form

g=V1aVo®--- DV
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such that V; = [V4,V;_4] for any i = 2,...,s, and [V4,V,] = 0. The subspace V;
is called the horizontal layer and its elements are called horizontal left invariant
vector fields. The rank of G is dim(V7).

The exponential mapping exp: g — G is a diffeomorphism. Given a basis
Xq,..., X, of g adapted to the stratification, any = € G can be written in a unique
way as

x=exp(x1 X1+ ...+ 2, X,).
We identify = with (z1,...,2,) € R™ and hence G with R™. This is known as expo-
nential coordinates of the first kind. To compute the group law in these coordinates,
one uses the equality

exp(X)exp(Y) =exp(X oY) forall XY €g.
Here ¢ is defined by the Baker-Campbell-Hausdorft (BCH) formula

%[X,Y]+1—12([X,[X7Y]]—s—[Y,[Y,X]})—F..., (2.1)

where higher order terms are nested commutators of X and Y [34], see e.g. [4,
Theorem 2.2.13].

Unless otherwise stated, G will be a Carnot group of step s and rank r with
dim(g) = n which is represented in exponential coordinates of the first kind.

We say that a curve v: [a,b] — G is absolutely continuous if it is absolutely
continuous as a curve into R™. Fix a basis X1,..., X, of V; and an inner product
norm w on V; making the chosen basis orthonormal.

XoY=X+4+Y +

Definition 2.2. An absolutely continuous curve 7: [a,b] — G is horizontal if there
exist uy,...,u, € L[a,b] such that

v (t) = Zuj (t)X;(y(t)) for almost every t € [a, b].
j=1

The length of such a curve is Lg(y) := ff |-

Since G is identified with R™ as a manifold, its tangent spaces are also naturally
identified with R™. We say that a vector v € R™ is horizontal at p € G if v = E(p)
for some E € V;. Thus a curve 7 is horizontal if and only if 4/(¢) is horizontal at
~(t) for almost every ¢. All the curves of the form ¢ — pexp(tV) for some p € G
and E € V] are horizontal and they will be called horizontal lines.

Chow’s theorem [6] asserts that any two points in a Carnot group can be con-
nected by a horizontal curve. Hence the following definition gives a metric on G.

Definition 2.3. The Carnot-Carathéodory (CC) distance between any two points
z,y € G is defined by

d(x,y) = inf{Lg(v): 7 is a horizontal curve joining = and y}.
We also use the notation d(x) := d(x,0) for z € G.
Left group translations preserve lengths of horizontal curves. This implies
d(gz,gy) = d(z,y) for every g,z,y € G.

Even though the CC distance and the Euclidean distance are not Lipschitz equiv-
alent, they induce the same topology. Hence Q" is dense in R™ with respect to the
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CC distance. The following proposition will be useful to compare the two distances
[24], see also [4, Corollary 5.2.10 and Proposition 5.15.1].

Proposition 2.4. Let G be a Carnot group of step s and K C G be a compact set.
Then there exists a constant Cy > 1 depending on K such that

Cq'le —y| < d(z,y) < Culz —y|/* forallz,y € K.
We will also need the following estimate for the CC distance [14, Lemma 2.13].

Proposition 2.5. Let G be a Carnot group of step s. Then there is a constant
Cp > 1 such that

d(z™'yz) < Cp (d(y) +d(z)rd(y) S + d(x);ld(y)l) for z,y € G.
Definition 2.6. For any A > 0, we define the dilation §): G — G in coordinates
. In(x1,. . ymn) = (A2, ., A%y,
where a; € N is the homogeneity of the variable x;, which is defined by

a; =1 whenever hi-1+1<j<h,,
where h; := dim(Vy) +. .. +dim(V;) for ¢ > 1 and hg := 0. For our purposes, it will
be enough to know that oy = --- = o, = 1, where r = dim(V4).
Dilations are group homomorphisms of G and they satisfy
d(0x(z),x(y)) = Ad(x,y) for every x,y € G and A > 0.
We will also use the fact that §y(exp(E)) = exp(AE) for every A > 0 and F € V;.
Carnot groups have a Haar measure which is unique up to scalars. When G is

represented in first exponential coordinates as R", the Haar measure is simply the
Lebesgue measure L™, which satisfies

Lr(gA) = L™(A)  and  L"(6x(A)) = AL (A)

for every g € G, A > 0 and A C G measurable. Here Q := .7, idim(V;) is
the homogeneous dimension of G, which is also the Hausdorff dimension of G with
respect to the CC metric.

2.2. Differentiability in Carnot groups.

Definition 2.7. Let f: G — R be a Lipschitz function, z € G and E € V;. The
directional derivative of f at x in direction E is defined by

Ef(z) = lim LEOPUE) = f(2)

t—0 t

whenever the limit exists.

Pansu defined the notion of differentiability in Carnot groups and proved a
Rademacher theorem for maps between general Carnot groups [27]. We will only
be concerned with the case where the target is R.

Definition 2.8. A function L: G — R is G-linear if L(zy) = L(z) + L(y) and
L(6;(x)) =rL(z) for all z,y € G and r > 0.

Let f: G — R and x € G. We say that f is differentiable at x if there is a
G-linear map L: G — R such that

i W) = f@) L(z~'y)|

—0.
y—o d(x,y)
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In this case we say that L is the Pansu differential of f at x.

Theorem 2.9 (Pansu). Every Lipschitz function f: G — R is differentiable almost
everywhere with respect to the Haar measure on G.

Note that Theorem 2.9 also holds for Carnot group targets [27] and even for
suitable infinite dimensional targets [21, 22].

Definition 2.10. A set N C G is called a universal differentiability set (UDS) if
every Lipschitz map f: G — R is differentiable at a point of N.

Theorem 2.9 implies that every positive measure subset of G is a UDS [19]. In
FEuclidean space R™ for n > 1, where the group law is simply addition and the step
is 1, measure zero UDS exist and they can be made compact and of Hausdorff and
Minkowski dimension one [30, 10, 12]. All step 2 Carnot groups contain a measure
zero UDS of Hausdorff dimension one with respect to the CC metric [28, 17]. Note
that the Hausdorff dimension of any UDS must be at least one [17].

Define the horizontal projection p: G — R” by p(z) := (z1,...,2,). We now
recall some relevant results from [17].

Lemma 2.11. Let u = exp(E) for some E € Vi. Then
d(uz) = d(u) + (p(2),p(u)/d(u))  for any z € G.

Moreover, if the CC distance d: G — R is differentiable at u = exp(E), then its
Pansu differential at u takes the form z — (p(z),p(u)/d(u)).

Recall that w is an inner product norm on V7 making the basis Xi,..., X, of
V1 orthonormal. We have the following connection between directional derivatives
and the Lipschitz constant of a Lipschitz map.

Lemma 2.12. Let f: G — R be a Lipschitz map. Then
Lip(f) = sup{|Ef(2)|: 2 € G, E € V1, w(E) =1, Ef(x) exists}.
This justifies the definition of maximal directional derivative.

Definition 2.13. Let f: G — R be Lipschitz and let F € V; with w(E) = 1. We
say that a directional derivative Ef(x) is maximal if |E f(z)| = Lip(f).

In Euclidean spaces (and Banach spaces with a differentiable norm), maximality
of a directional derivative suffices for differentiability. The following proposition
from [17] gives a condition for ‘maximality implies differentiability’ using the dif-
ferentiability of the CC distance.

Proposition 2.14. Let E € V; with w(E) = 1. Then the following are equivalent.

(1) The CC distance d is differentiable at exp(E).
(2) The following implication holds: whenever f: G — R is Lipschitz and
Ef(x) is maximal for some x € G, then f is differentiable at x.

Known constructions of measure zero UDS rely upon a stronger implication,
namely that the existence of an almost maximal directional derivative suffices for
differentiability. To investigate this stronger implication, deformability as defined
below will be important. First recall that two horizontal curves fi: [a,b] = G
and fo: [b,c] = G with f1(b) = f2(b) can be joined to form a horizontal curve
fila,c] = G given by f(t) = fi(t) if a <t < band f(t) = fot) if b < ¢t < c.
Similarly one can join any finite number of horizontal curves provided the end of
each curve agrees with the start of the subsequent curve.
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Definition 2.15. We say that E € V; with w(F) = 1 is deformable if there exist
Cg, Ng and a map Ag: (0,00) — (0,00) such that the following condition holds.
For every 0 < s < 1,n € (0,00),0 < A < Ag(n) and v € G with d(u) < 1, there

is a Lipschitz horizontal curve g: R — G formed by joining at most Ng horizontal
lines such that

(1) g(t) = exp(tE) for |t] > s,

(2) g(C) = 5As(u)7 where ¢ := <5As(u)a E(0)>7

(3) Lipg(g) < 1+4nA,

(4) |[(pog)(t)—p(E)| < CgA for all but finitely many ¢ € R.
Remark 2.16. Consider the restriction of the curve g from Definition 2.15 to the
interval [—s,(]. By applying left translations and reparameterizing, we obtain a
curve @: [0,s 4+ ¢] = G with ¢(0) = 0, ¢(s + ) = exp(sE)das(u), and satisfying
conditions 3 and 4 of Definition 2.15.
2.3. Useful facts about exponential coordinates of the first kind. In the
first r coordinates, the group operation and dilations J) read as

p(zy) = p(x) + ply) and p(dx(z)) = Ap(x) for z,y € G and A > 0.

Let eq,..., e, be the standard basis vectors of R™. If 1 < j < r, the basis element
X; of Vi C g can be written as

X;@) = 5+ 3 aig(@)es, (2:2)
i>r
where g; ; are homogeneous polynomials, in particular, ¢; ;(0) = 0. Using (2.2),
it follows that exp(E) = FE(0) for any E € V;. Thus points u = exp(E) for
some E € Vj are exactly those of the form u = (up,0) for some u, € R” and
therefore exp(E) = (p(exp(F)),0). If E € V1, it follows from (2.2) that p(E(x)) is
independent of x € G. Hence one can unambiguously define p(E) € R" for every
E € Vi. The inner product norm w is equivalently given by w(E) = |p(E)|.
From Definition 2.2 and (2.2) we notice that Lg(y) = Lg(po-y), where Lg is the
Euclidean length of a curve in R”. This implies that

d(z,y) > |ply) —p(z)| forall z,yeG.
Lemma 2.17 and Lemma 2.18 below give useful facts about length and distance
in coordinates. They can be proved exactly as in [28, Lemma 2.8 and Lemma 2.9].
Lemma 2.17. If E € Vi then the following facts hold.
(1) [E(0)] = w(E) = d(E(0)),
(2) d(z,zexp(tE)) = tw(E) for any x € G and t € R.
Lemma 2.18. Suppose that v: I — G is a horizontal curve. Then

Lipg (y) = Lipg(p o 7).
The following lemma gives easy facts about the simplest G-linear maps. It can
be easily proved, e.g. as in [28, Lemma 5.2].
Lemma 2.19. Suppose E € Vi with w(E) =1 and let L: G — R be the function
defined by L(x) = (x, E(0)). Then the following facts hold.
(1) L is G-linear and Lipg(L) = 1,
(2) for every x € G and every E € Vi one has

EL(z) = L(E(0)) = (p(E), p(E)).
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2.4. Free Carnot groups and model filiform groups. Recall that a homomor-
phism between Lie algebras is a linear map that preserves the Lie bracket, while
isomorphisms are bijective homomorphisms. Free-nilpotent Lie algebras are then
defined as follows (e.g. [4, Definition 14.1.1]).

Definition 2.20. Let » > 2 and s > 1 be integers. We say that F, ¢ is the
free-nilpotent Lie algebra with r generators x1,...,x, of step s if:

(1) Fps is a Lie algebra generated by elements z1, ..., z,,

(2) F s is nilpotent of step s (i.e., nested Lie brackets of length s+ 1 are 0),

(3) for every Lie algebra g that is nilpotent of step s and for every map
®: {z1,...,2,} — g, there is a unique homomorphism of Lie algebras
P Fr.s — ¢ that extends ®.

We next define free Carnot groups, e.g. [4, Definition 14.1.3].

Definition 2.21. The free Carnot group with rank r and step s is the Carnot
group whose Lie algebra is isomorphic to the free-nilpotent Lie algebra F,. ;. We
denote it by F, ;.

By saying that two Carnot groups are isomorphic we simply mean that they are
isomorphic as Lie groups, with an isomorphism that preserves the stratification.
Since Carnot groups are simply connected Lie groups, any homomorphism ¢ be-
tween their Lie algebras lifts to a Lie group homomorphism F' between the Carnot
groups satisfying dF' = ¢.

Intuitively, model filiform groups are the Carnot groups with the simplest Lie
brackets possible while still having arbitrarily large step. The formal definition is
as follows.

Definition 2.22. Let n > 2. The model filiform group of step n — 1 is the Carnot
group E,, whose Lie algebra &, admits a basis Xi, ..., X, for which the only non-
vanishing bracket relations are given by [X;, X1] = X;41 for 1 < i < n.

The stratification of &, is &, = V1 @ --- @ V,,_1 with V] = Span{X;, X5} and
V; = Span{X,_1} for 1 <i < n.

Throughout the paper, we will view the model Filiform group E,, in first expo-
nential coordinates as R™ with group operation obtained from the Lie brackets by
the BCH formula (2.1).

3. DIFFERENTIABILITY OF THE CC DISTANCE IN CARNOT GROUPS

In this section we investigate the differentiability of the CC distance at endpoints
of horizontal vectors. By Proposition 2.14, this is equivalent to the implication
‘maximality implies differentiability’.

3.1. Deformability implies differentiability of the CC distance. We first
observe that if F is a deformable direction then the CC distance is differentiable at
exp(F). At present we do not know whether the converse holds.

Proposition 3.1. Suppose G is a Carnot group and let E € Vi with w(E) =1 be
deformable. Then the CC distance is differentiable at exp(E).

Proof. First notice that Lemma 2.11 gives d(exp(F)z) > 1+ (exp(FE), z) for any
z € G. Hence it suffices to derive a suitable upper bound for d(exp(E)z).
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Let n > 0 and Ag: (0,00) — (0,00) be as in Definition 2.15. Suppose z € G
satisfies d(z) < min(Ag(n)/2, 1) and let s = 1/2. Then we may choose v € G with
d(u) =1and 0 < A < Ag(n) so that z = das(u). By applying Definition 2.15 with
this choice of n,s,u, A we find a Lipschitz horizontal curve g: R — G satisfying
Lip(g) < 14 nA, g(—1) = exp(—FE) and g({) = z, where ¢ = (exp(E), z). Since
I¢] <1, we now estimate as follows:

d(exp(E)z) = d(exp(—E), z) = d(9(=1), 9(C))
< (1 +nA)1+(]
< 1+ (exp(E), 2) + 4nd(2).

This shows that given n > 0 we have d(exp(E)z) < 1+ (exp(E), z) + 4nd(z) for all
sufficiently small z. This completes the proof. ([

3.2. A strong example of non-differentiability of the CC distance. The
CC distance in the Engel group (which is the model filiform group E4) is not
differentiable at exp(Xa2) [17]. In other words, the implication ‘maximality implies
differentiability’ fails for the direction X5 in the Engel group. We now derive some
consequences of this result for other Carnot groups.

Fix two Carnot groups G and H of rank r which have horizontal layers V' and
W with the following property. There exist bases X = (Xi,...,X,) and Y =
(Y1,...,Y,) of V and W respectively, together with a Lie group homomorphism
F: G — H such that Fi.(X;) =Y; for 1 <i <.

Equip G and H with the CC metrics dg and dy induced by the bases X and Y
respectively. We view both G and H in exponential coordinates of the first kind
and let pg: G — R” and pyg: H — R" denote the horizontal projections. For any
u € G we have pg(F(u)) = pg(u). Also if u = (up,0) € G for some uj, € R”, then
F(u) = (up,0) € H.

The following proposition was proven in [17].

Proposition 3.2. Suppose the CC distance in G is differentiable at exp(E) for
some E € Vi. Then the CC distance in H is differentiable at exp(Fy(E)).

Our first result about non-differentiability of the CC distance is the following.

Proposition 3.3. In any model filiform group E, with n > 4, the CC distance is
not differentiable at exp(Xa).

Proof. Let X;,...,X, be a basis of the Lie algebra &, such that the only non-
vanishing bracket relations are given by [X;, X1] = X;41 for 1 < i < n. Let
Y1, ..., Y, denote a similar basis for the Lie algebra £,. Define a linear map ®: £, —
Eysby @(X;) =Y, for 1 <i<4and ®(X;) =0fori > 4. Itis easy to see that ® is a
Lie algebra homomorphism, hence lifts to a Lie group homomorphism F': E,, — E,4
satisfying F,(X;) =Y; for 1 <4 < 2. By [17, Theorem 4.2], the CC distance in Ey4
is not differentiable at exp(Y2). Hence, by Proposition 3.2, the CC distance in E,
is not differentiable at exp(Xs). O

Recall that Ey is just R? and Es is a Carnot group of step 2. Combining the
results of [17] with Proposition 3.1 and Proposition 3.3 for n > 4, we obtain the
following corollary.

Corollary 3.4. In the model filiform group E,,, the directions =Xs are deformable
forn =2 and n = 3. They are not deformable for n > 4.
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Our second result addressing non-differentiability of the CC distance gives an
example of a Carnot group where the CC distance fails to be differentiable at the
endpoint of every horizontal vector. This is Theorem 1.2.

Proof of Theorem 1.2. Fix an orthonormal basis X7, X5 of the horizontal layer of
Fy 5. It suffices to show that the CC distance in Fy 3 is not differentiable at exp(E)
whenever E = aX; + bX5 with a® + > = 1. Let Y3, Y5 be a basis of the horizontal
layer in the Engel group E4, where the CC distance defined using Y7, Y5 is not
differentiable at exp(Y2).

Define Wy = bY; + aYse, Wy = —aY; + bY5. Notice Wi, W5 are orthonormal
with respect to the inner product induced by Y7, Y5. Hence the CC distance in E,4
obtained from Wy, W5 is the same as the CC distance obtained from Y7, Y. Now
define a linear map @ from the horizontal layer of Fg 5 to the horizontal layer of
E4 by ®(X;) = W; for i = 1,2. Using the definition of free Lie algebra and lifting,
we obtain a Lie group homomorphism F': Fy 3 — E4 such that F,.(X;) = W; for
i =1,2. Since a® + b = 1, we have:

F*(aXl + bXQ) = an —+ bWQ = Y—Q

Since the CC distance in E4 is not differentiable at exp(Y3), we deduce using Propo-
sition 3.2 that the CC distance in F3 3 cannot be differentiable at aX; +bX,. O

4. DEFORMABILITY IN MODEL FILIFORM GROUPS

In this section we work in E,, for some n > 3. Our goal is to prove that every
horizontal direction in E,, except possibly +Xs is deformable. For simplicity of
notation, in this section we identify the model filiform group [E,, with its Lie algebra
En. Hence for E € &, we will simply write F instead of exp(E).

4.1. Construction of horizontal curves in filiform groups. We start by prov-
ing two lemmas that show how a horizontal line can be perturbed to reach a nearby
point. The first lemma shows how to reach a point whose n’th coordinate is known,
with small errors in the other vertical coordinates. Given A € R, we will use the
notation

FE = X1 +AX2 and El = AX1 —XQ. (41)
Note that F and E’ are orthogonal with respect to w, for any A € R.

Lemma 4.1. For all A € R there exist polynomials P;(z) for 3 <1i <n depending
on n such that

e cach Pi(x) is divisible by x°
e the coefficients of each P;(x) are polynomials in A

and the following holds.
There exist o; € {£1} for 1 <i < 2"~2 independent of A such that

on—2 n

1
H W(E +omE") = E+ Co(A? + 1)nX, + Z Pi(n) X,

i=1 =3

where Cp, # 0 is a constant depending on n.
Proof. We define products pg(n) inductively by
pi(n) == (E +nE')(E - nE') (4.2)
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and
Pr+1(n) := pr(n)pr(=n) (4.3)
for all k> 1. Choose n; € {£n} for 1 <i < 2”72 such that
g2
pn2(m) = [[ (E+nE").
i=1

To establish the lemma, it suffices to prove there exist C' = C,, # 0 and polynomials
P;(z) as in the statement such that

Pn2(n) = 2" 2E 42" 2C(A* + )nX, + Y Pi(n)Xi. (4.4)
1=3

To do so we prove by induction that, for every 1 < k < n — 2, pi has the form
n n
pe() =2"E+ ) Sin)Xi+n Y \X, (4.5)
i=4 i=k+2

where \; are constants with Ay 2 # 0 and S;(x) are polynomials divisible by 2.
To begin proving (4.5), notice that Definition 2.22, (2.1), (4.1) and (4.2) give

p1(n) =2E — (A* + 1)nX; + Z Qi(n) X, (4.6)

where the polynomials @Q;(x) are divisible by x. Hence (4.5) holds for k = 1.
Next we suppose that py satisfies (4.5) for some 1 < k < n — 3; we will show
that pr11 has the desired form too. Firstly, the BCH formula (2.1) gives

Pr+1(n) = pe(n)pr(—n)

1
= pr(n) +pr(—n) + B [P (1), pr(—=n)]
+ brackets of length > 3. (4.7)

A simple computation using (4.5) yields

pr(n) + pr(—n) = 2L E+ > (Si(n) + Si(—n) X; (4.8)
i=d
and
%[pk(n),pk(*n)] =2y i AiXiy1 + 2871 2(51(77) = Si(-=n)Xiv1.  (4.9)
1=k+2 i=4

Note that (S;(n) — Si(—n)) is divisible by n? because each polynomial S;(z) is
divisible by 22. The coefficient of X} 3 in the first term on the right hand side of
(4.9) is 28\ 0, with A\jyo # 0 coming from the induction hypothesis. The other
terms in (4.7) are linear combinations of nested commutators of length greater or
equal than three, i.e.

(24,22, .. [Zy-1, Zu]] - - ]
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where Z; € {pr(n),px(—n)} and M > 3. By the definition of Z; we get that each
of the previous commutators is a constant multiple of

(X1, (X1, [Zore, Zad]] - ]

n+l—M n+1—M
= 2k+177 Z XN Xiym—1+ 2k Z (Si(n) = Si(=n)) Xitrr-1-
i=k+2 i=4

The leading term in the first sum above is a multiple of X; with j > k + 4, while
the second sum consists of terms with coefficients divisible by 2. Combining this
with (4.8) and (4.9) shows that pyy; satisfies (4.5) with k replaced by k + 1.

It follows by induction that p; has the desired form for every k. Evaluating (4.5)
at k =n — 2 gives (4.4). This proves the lemma. O

We now use the Lemma 4.1 and an induction argument on the dimension of the
filiform group to show how a horizontal line can be perturbed to reach a nearby
point, without changing too much its length or direction.

Lemma 4.2. For every Ay € R, there are numbers
=¢e(Ap,n) >0, K = K(A4p,n) > 0, N =N(n)eN
so that the following holds for A € (Ag —e,Ag +¢) and aq, ..., a, € (—&,¢).

There exist 01,...,0n € R which depend smoothly on as,...,a, with |6;] <
K max;>g|aj| for 1 <i <N and

1
E+0E =FE+aFE +a3Xs+ -+ a, X, (4.10)

,’:]2

7,:1

Proof. We prove the lemma by induction on n. If n = 2 the result is clear as Eq
is simply Euclidean space R? as a Carnot group. Suppose the statement holds in
E,,_1; we will show that it also holds for E,,.

By the induction hypothesis, there exist

=¢e(4p,n—1) >0, K =K(Ag,n—1) >0, N=N(n-1)eN

such that the following holds in E,_;. For any choice of A € (Ag — ¢, Ag +
) and asg,...,an—1 € (—¢,¢), there exist 61,...,0x which depend smoothly on
az, ..., an—1 with |6;] < Kmax;>s |a;| for 1 <i < N and

N

1
H (E+0,FE)=E+aE +asXs+ - +apn1Xn1 mE,_;. (411
=1

We now lift the above equation to E,. In other words, we consider E and E’
as elements of the Lie algebra of E, in the natural way. All calculations when
computing the product using the BCH formula (2.1) remain the same, except for
[X1—1,X1] which will be equal to X,, rather than 0. An easy calculation shows

[E40.E' E+6,E') = (1+ A%)(6; — 01)X5. (4.12)
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From now on we work in E,,. By the BCH formula (2.1), (4.11) and (4.12):
Al

R . /

=E+aE +a3Xs+- - +an1Xn_1+L(b1,...,0n0)X,

= (14 Aaz) X1 + (A —a2)Xo+a3Xs+ -+ an_1 X1+ L(01,...,08) Xy,
where L(6;,...,0y) is a polynomial in 6,,...,0x (with coeflicients depending on
A) with no constant term due to (4.12). By using Lemma 4.1, for any n € R we
can choose 1; € {£n} for 1 < i < 2"~2 with sign depending on i but not 1 such
that

1
poi= I 5o Bt ml?)

= E+C(A*+1)nX, + Y P(n)X;
=3

= X) + AXy + C(A% + )X, + > Pi(n)X;,
=3

where P;(x) are polynomials divisible by 22 and C' = C,, # 0.
We now analyze pips. First notice that

p1+p2 = (2 + Aag)Xl +(2A—-a2)Xo+asXs+...+an_1Xn1
+ (L0, 0n) + C(A% + 1)) Xy + > Pi(n)X;
=3

and

[pl,pg] = 7(142 —+ 1)(12X3 —+ (13X4 + ...+ CLn_an
— Z(l + Aag)PZ_l(’I])XZ
i=4

By using the BCH formula (2.1), the coefficients of F, E’', X3,..., X, in p;py are
given by

E 2

El as

X3 az + F3(az) + Q3(n)

X a; + Fi(az,...,a;-1) + Qi(n, az)

Xn L(ala s 791\7) + O(A2 + 1)77 + Fn(a27 s 7an—1) + Qn(na a?)a
where, for : = 3,...,n,

e Fi(ag,...,a;—1) is a polynomial with no constant term whose coefficients

depend smoothly on A,
e (Q;(n,as) is a polynomial divisible by 72 whose coefficients depend smoothly
on A.
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Define ®4: (—¢,€)" — R"~! to be the function of as, . .., a,_1,n whose coordinates
are given by the coefficients of E’, X3, X4, ..., X, in the above table. Recall that
e = €(Ap,n—1) was chosen using the induction hypothesis, which implies 61, . ..,0n
depend smoothly on as, ..., a,—1 whenever (asg,...,a,_1,7) € (—¢,¢)". Notice that
®4(0) = 0 and the equality

01/2(p1p2) = E4+bo B + bs X3+ ... + b, X, (4.13)
is equivalent to
Da(ag,...,an_1,m) = (2bg,2%bs, ..., 2D, ..., 2",). (4.14)

Claim 4.3. There exists € = £(Ag,n) > 0 and K = K(Ag,n) > 0 such that for all
A€ (Ag—E, Ao+ ¢E) and b, ..., b, € (=£,€), the equation (4.14) can be solved for
as,...,0,_1,1. One can choose the solutions so that:

(1) ag,...,an—1,n depend smoothly on by, ..., by,

(2) lasl, [n] < K maxj>1 [b].

Proof of Claim. Notice first that (0Q;/9n)(0) = 0 for each i, since @ is divisible
by n%. Hence T := ®,(0) is a lower triangular matrix with determinant C'(A? +
1) # 0. By the inverse function theorem, ®4 is invertible with a C'! inverse in a
neighborhood of 0. In other words for each A and n, given bo,...b, sufficiently
small, there exist as,...,a,—1,n which depend smoothly on bs, ... b, such that
(4.14) holds. We must show that one can use a uniform neighborhood for all
A€ (Ag—¢,Ag+E), where € > 0 is sufficiently small and depends on Ay and n. To
establish such a neighborhood and the desired bounds on |a;|, ||, we briefly study
the proof of the inverse function theorem from [33, 9.2.4 Theorem)].

Define A(A) > 0 by 1/A(A) = 2||T; " [|lop- As the determinant of T4 is C'(A% +1)
and the entries of the adjoint of T4 are linear combinations of products of entries
of T4, there exists A > 0 depending on Ay and n such that A(A) > A whenever
A € (Ag—¢e, Ap+e€). By the mean value theorem, there is 0 < £ < e depending on Ag
and n such that | @y () —Tallop < A whenever ||z]| < £and A € (Ag—¢€, Ag+£€) =: 1.
It follows from [33] that for A € I, the restricted map ®4: B(0,&) — ®4(B(0,¢))
is bijective with C! inverse. Since the entries of (®,')/(x) are bounded for every
A € I and every xz € B(0,£), it follows that ® 4 is bi-Lipschitz for A € I, with bi-
Lipschitz constants depending on Ag. Hence ® 4(B(0,£)) contains a ball B(0,&/K),
where K > 1 is some constant depending on n and Ay. Replacing & by a slightly
smaller constant (still depending only on Ay and n) gives the desired neighborhood
for the inversion.

Next, since @;1 is Lipschitz with some Lipschitz constant K depending on Aq
and n we have

| (2bg, ..., 27D,)| < K|(2ba, ..., 2"b,)|,
which yields
l(agy...,an-1,m)| < 2"K|(ba,...,by)|

This gives the desired bounds on |a;| and |n|. O

Since 0; and n; depend smoothly on as,...,a,—1 and 7, Claim 4.3(1) ensures
that 6; and 7, depend smoothly on bs,...,b,. Since |6;] < K max;>2|a;|, Claim
4.3(2) implies that |6;],|n] < KK max;>, |b;|. To conclude, since (4.13) and (4.14)
are equivalent, it suffices to check that 6, /o(p1p2) is of the form of the left hand side
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of (4.10). Indeed, since the BCH formula (2.1) implies X X = 2X for any element
X of the Lie algebra, we have

271—2

N
1 1
s = [[ 5 (B +6:E) [ 5y (B + il

i=1 i=1

N27172 N2n72

1 o 1 .
= 21;[1 W(E+91E) };[1 W(E+WE),

where the sequence 0, repeats each term of §; for 272 times and the sequence 7;
repeats each term of n; for N times. Hence we can write

N2m !
1
dipmp) = [ g (B +6:E), (4.15)
i=1

where the terms of the sequence ©; consist of the terms of 8; followed by the terms
of 7;. Notice that (4.15) is of the form given in (4.10). This completes the proof. O

4.2. Deformability in filiform groups. We now use the horizontal curves built
in Lemma 4.2 to show that every horizontal direction in E,, except possibly £X5,
is deformable. Recall that by Corollary 3.4, the directions X, are deformable if
and only if n =2 or n = 3.

Theorem 4.4. Forn > 3, every E € &, with w(E) = 1, except for possibly £X,
is deformable. Moreover, the parameters Cg, Ng, Ag related to the deformability
of E can be chosen so that any E sufficiently close to E is also deformable with the
same parameters

Cp=Cg,  Np=Ng,  Ap(n)=A~Ax").

Proof. Fix E € &, with w(E) =1 and E # £X5. We need to show that for some
Cg,Ng and Ag: (0,00) — (0, 00) the following holds. Given 0 < s < 1, 7 € (0, c0),
u € E,, with d(u) <1 and 0 < A < Ag(n), there is a Lipschitz horizontal curve
g: R — E,, formed by joining Ng horizontal lines, such that

(1) g(t) = exp(tE) for [t] = s,

(2) 9(¢) = das(u), where ¢ := (0as(u), E(0)),

(3) Lip(g) < 1+nA,

(4) |(pog)(t)—p(E)| < CgA for all but finitely many t € R.
Moreover, the same parameters Cg, Ng, Ag should work for any direction suffi-
ciently close to F.

Notice that for || > s the curve is explicitly defined by (1) and satisfies (3) and
(4). Hence our task is to extend g(t) for —s < t < ( and ¢ < t < s. Since the two
cases are similar, we show how to handle —s < ¢t < . Up to left translations and
reparameterizations of the curve, it suffices to verify the following equivalent claim.

Claim 4.5. There exist Cp, Ng and Ag: (0,00) — (0,00) such that the following
holds.

Given any 0 < s <1, n >0, u € E, with d(u) <1 and 0 < A < Ag(n), there is
a Lipschitz horizontal curve ¢: [0, s+¢] — E,,, where ¢ := (das(u), E(0)), formed by
joining at most Ng horizontal lines, such that p(0) =0, p(s+¢) = exp(sE)das(u),
and

(A) Lip(p) < 1+nA,
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(B) |(pop)(t) —p(E)| < CgA for all but finitely many t € R.

Moreover, the same parameters Cg, Ng, Ag(n) work for any direction sufficiently
close to E.

Proof of Claim. Since E # +X,, we can write £ = aX; + bXy, where a® + b*> = 1
and a # 0. Without loss of generality, up to changing the direction of the curve,
we can assume a > 0. Let v := u1 X7 + usXo + -+ - + u, X,,. Identifying E,, and &,,
since E € V] we have

(sE)das(u) = d5(Eda(u)),

and a simple computation gives

E —+ 6A(u) = (a —+ Aul)Xl + (b + A’LLQ)XQ =+ A2U3X3 + e 4 A"_luan,

[E,0a(u)] = A(buy — aug) Xz — aAuz Xy — -+ — aA" 2up, 1 X,
By the BCH formula (2.1), it is then clear that Eda(u) has the form

E(sA(U) = (a + Aul)Xl + (b + AUQ)XQ + Z?]le,
=3

where 7; satisfy |n;| < QA for a constant Q depending only on n. Next we write

b+ AUQ "
K = Oa+Auy X Xi 5
oa(u) = ot < 1+ —— Yy Au1 Z; (ot Aul )

and we define

b+ Aug Uz .
20 =0, ="ty 3<i<n.

a+ Auq’ @2 “ (a+ Auq)i—1 orost=m
Let Ag := b/a and let ¢ = (Ag,n), K = K(Ag,n) and N = N(n) be defined
according to Lemma 4.2. By making A sufficiently small, we can ensure that
A€ (Ap—e, Ag+e¢) and |aj| < e. If we consider a direction F = aX; +bX, with a
and b sufficiently close to a and b (bound depending on a, b, ), then we can ensure
that if

A:— 6+AU/2 - - i

= =0 = —————— for3<i<
(~Z+AU1’ ag 5 a; (a+AU1)271 or ST,

then A € (Ag — ¢, Ag +¢) and |@;| < e. Hence, in what follows, everything which
applies to the direction E will also apply to every direction E sufficiently close to
FE with the same parameters.

Applying Lemma 4.2 with Ey = X; + AXs and E) = AX; — X5 gives smooth
functions 61, ..., 0y satisfying |6;| < K max;>2 |a;| such that

Il

By definition of a;, it follows that |6;] < QA for some constant ) depending on
E, provided that A is small compared to a. Using the definitions of Ey, E{ and

(Eo + 0,E)) = Eo + a2 E) + a3 X3 + - + an Xp. (4.16)

2\'*
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dilating both sides of (4.16) by a 4+ Au; gives

1
L1 N
i=1

((a A X1+ (b+ Aug)Xo + 0;((b + Aus) X1 — (a+ Aul)Xz))

= (a+ Aup) X1 + (b + Aug) Xo + i 7: X
= Eda(u). -
Then, dilating both sides by s and recalling that
¢ = (das(u), E(0)) = As(auy + buz),

we get

N
I1° ]+V< . j’_ ; ((a + Aup) X1+ (b+ Aug) X + 0;((b+ Aug) Xy — (a + Aul)X2)>
i=1

= (sE)ds(u).

Define the horizontal curve ¢: [0,s 4 (] = E, by ©(0) = 0 and

@) = - —i : ((a £ AW)X1 + (b4 Aug) X + 0;((b+ Auz) Xy — (a+ Aul)X2)>

whenever

(t=1)(s+¢) i(s+Q) )
. <i<N.

tel; < N , N , 1<i<N
Then ¢(0) =0, (s + () = (sE)das(u) and ¢ is a Lipschitz horizontal curve formed
from joining N horizontal lines. It remains to check that conditions (A) and (B)
hold.

To verify (A), notice that by Lemma 2.18 it suffices to bound |(p o ¢)’|. Recall
that |0;] < QA for 1 <¢ < N and (1 —|—x)1/2 <1+ax/2forx > —1. For any t € I;
and any sufficiently small A one has

A S . — .
(po)| = 7s+<‘((a+Au1)+01(b+AuQ), (b+ Auy) 91(a+Au1))’
1 1/2 1/2
= 1+2A A%(u? 4+ u? 1+6?
1+A<au1+bu2)( 20 (aur + buo) + A% +ud)) T (1+62)
< 1
- 1+A(au1+bu2)
<1414,

(1 + Aaug + bug) + A2(u? + @/2) (1 + 93/2)

where in the last inequality we used that |6;| < QA and made A sufficiently small
relative to 7. This proves (A).
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To verify (B), we estimate as follows. For any ¢ € I; and any sufficiently small
A one has

s
o) (t) —p(E) <CA + -1
o (® B <oa| S 1]
=CA+ ¢
s+¢
A(auy + bus)
=CA
+ 1+ A(aug + bug)
< CA.
This shows that (B) holds. Since our conclusions also hold for any direction suffi-
ciently close to F, the claim is proved. (I
As described earlier, Claim 4.5 suffices to prove the theorem. O

Since deformability implies differentiability of the CC distance by Proposition
3.1, combining Proposition 3.3 and Theorem 4.4 shows that a horizontal direction
in a model filiform group E,, for n > 4 is deformable if and only if it is not +X5.

5. DISTANCES BETWEEN PIECEWISE LINEAR CURVES

In this section we prove a simple estimate for the distance between piecewise
linear curves with similar directions in a general Carnot group G. This will be
needed to prove ‘almost maximality’ implies differentiability. We first recall the
following useful lemma [20, Lemma 3.7].

Lemma 5.1. Let G be a Carnot group of step s. Given any v > 0, there exists
a constant K, > 0 with the following property. If N € N and A;, B; € G defined
forj=1,...,N satisfy d(B;jBj+1---Bn) <v and d(4;,B;) <v forj=1,...,N,
then it holds that

N
d(A1Ay - Ay, BBy By) < K, Y _d(A;,B;)"*.
j=1

Our estimate for the distance between curves is given by the following lemma.

Lemma 5.2. Let G be a Carnot group of step s. Then there is a constant Cy > 1
depending on G for which the following is true.

Suppose E € Vi with w(E)<1,0< D <1and N €N. Let g: (—R,R) — G be
a Lipschitz horizontal curve with g(0) = 0 satisfying the following conditions:

(1) g is formed by joining of at most N horizontal lines,
(2) |[(pog)(t)—p(E)| < D whenever (pog)'(t) exists.

Then d(g(t),exp(tE)) < C’aNDl/Sz\ﬂ for every t € (—R, R).
Proof. Fix t > 0 without loss of generality. We may write

g(t) = exp(t1E1) exp(taE2) - - - exp(tn En),
where t =t1 +to + ... +tny with ¢; > 0 and E; € V4 with |p(E;) — p(E)| < D for
1 <7 < N. We intend to apply Lemma 5.1 to estimate
thWE tvE
(7)o (%))

d(g(t),et)|(p(tE)) d(eXp (%) ...exp(tNtEN), ex
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We first check that the hypotheses of Lemma 5.1 hold with the choice
Aj = exp((t;/t)E;), Bj :=exp((t;/t)E), v:=3.

We first notice
d(B;Bj.1---By) =d <eXp (M))
(tj+...+tn)

= TN dfexp(B))

<1.
Second, we can estimate as follows
d(A;j, B;) = (t;/t)d(exp(E;), exp(E))
< d(exp(E;)) + d(exp(E))
<3.
We can then combine Lemma 5.1 with Proposition 2.4 to get

d(g(t), exp(t))

N
i < Ks ) d(exp((t;/t)E;), exp((t;/t)E))"/*

Jj=1

d(exp(E;), exp(E))'/*®

M=

IN

K3
1

IN

M= 5

O |exp(EB;) — exp(B)V*

j=1

IN

-

S Ip(E)) - p(B)V*

7=1

< CNDY*",
The proof is complete noticing that C' > 1 is a constant depending only on G. [

6. ALMOST MAXIMAL DIRECTIONAL DERIVATIVES AND THE UDS
In this section we fix a Carnot group G satisfying the following condition.

Assumptions 6.1. Assume G # R. We say that G admits a ball of uniformly
deformable directions if there exists an open ball B C Vi of directions such that
every E € B is deformable with the same parameters Cg, Ng and Apg.

We will show that every Carnot group G which admits a ball of uniformly de-
formable directions contains a CC-Hausdorff dimension one (hence measure zero)
set IV so that almost maximality of a directional derivative E f(z) implies differen-
tiability if z € N and E € B. Combining this with Proposition 7.1 will lead to a
proof of Theorem 1.1. By Theorem 4.4, all model filiform groups E, with n > 2
admit a ball of uniformly deformable directions. In particular, Theorem 1.1 applies
to Carnot groups of arbitrarily high step.

The Carnot group G will be identified with R™ by means of exponential coordi-
nates of the first kind. Let By denote the set of E € B with w(E) = 1 which are a
rational linear combination of the basis vectors Xi,..., X, of V;. Note that Bg is
dense in B since the Euclidean sphere contains a dense set of points with rational
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coordinates. The construction of our universal differentiability set is given by the
following lemma.

Lemma 6.2. For each choice of E € Bg, v € Q"™ with d(u) <1 and rationals
0<s<1, n >0, 0<A<Agpn),

let YE u,s,A,n denote a curve granted by Definition 2.15 with parameters Cg, Ng, Ag(n).
Let L be the countable union of images of all translated curves xyg u,s,An, where

x € Q" and E,u,s,A,n are as above. Then there is a G5 set N C G containing L

which has Hausdorff dimension one with respect to the CC metric.

The proof of Lemma 6.2 is essentially the same as that of [17, Lemma 5.4]. We
also recall the following mean value type lemma for future use [30, Lemma 3.4].

Lemma 6.3. Suppose |{| < s < p, 0 < v < 1/32, 0 > 0 and L > 0 are real
numbers and let @,1: R — R be Lipschitz maps satisfying Lipg(¢) + Lipg () < L,
o(t) = (t) for |t| > s and p(C) # ¥(C). Suppose, moreover, that ¢'(0) exists and
that

[6() — 9(0) — 19/ (0)] < oLl

whenever [t| < p,

p>sv/(sL)/(v|e(C) — (0],

o< ”3(¢(<)3_Lw(<))2'
Then there is 7 € (—s,5) \ {C} such that ¢'(7) ewxists,

©'(1) > 4"(0) +v[p(C) — ¥(O)I/s,

and

and

(@7 + ) = (1)) = (1) = 1(0))] < 4(1 +200)/ (' (T) — ¢/ (0))L¢|
for every t € R.

Remark 6.4. By examining the proof of Lemma 6.3 in [30]. one can see that 7 can
additionally be chosen outside a given Lebesgue measure zero subset of R.

From now on we fix a set N C G as given by Lemma 6.2.
Notation 6.5. For any Lipschitz function f : G — R, define:
D’ :={(z,E) € N x Vi: w(E) = 1, Ef(x) exists}.
Theorem 6.6. Let G be a Carnot group of step s which admit a ball of uniformly
deformable directions (Assumptions 6.1).

Let f: G — R be Lipschitz with Lipg(f) <
E. € B. Let M denote the set of pairs (z, E
and for every t € (—1,1):

|(f(zexp(tEy)) — f(z)) — (f (@« exp(tEy)) — f(z4))]

<6t|((Ef(x) — E*f(w*))LipG(f))l/%z.

1/2 and suppose (z, E,) € D/ with
) € Df such that Ef(x) > E.f(z.)

If
%iirgsup{Ef(:c): (x,E) € M and d(z,x.) <} < E, f(zx),

then f is differentiable at x, and its Pansu differential is given by
L(z) := E.f(z.){x, E«(0)) = E. f(2.)(p(z), p(Ex)).
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Proof. We assume Lipg(f) > 0, since otherwise the statement is trivial. Fix the
following parameters:

(1) € > 0 rational,

(2) 0 < v < 1/32 rational such that 4(1 4 20v)+/(2 4+ v)/(1 —v) + v < 6,
(3) n = ev3/3200,

(4) Ap(n/2), Cp and C, according to Lemma 5.2 and Assumptions 6.1,
(5) rational 0 < A < min{nv?, Ag(n/2), T}, where

T := ev? !
SCRCE"NE Lipa ()71
(6) o = 9s20v°A? /256,
(7) 0 < p <1 such that
|f(zx exp(tE.)) = f(zs) = tE.f(2.)] < oLipe(f)[t| for [t <p,  (6.1)
(8) 0 < & < pV3cvA3/4 such that
Ef(z) < Eif(x.) +evA/2
whenever (z, E) € M and d(z,z.) < 45(1 + 1/A).
To prove Pansu differentiability of f at x., we will show that

|f(2:0e(h)) — fze) — tELf(24)(u, E4(0))| < et for d(u) <1,0 <t <é.

Suppose this is not true. Then there exist v € Q™ with d(u) < 1 and rational
0 < r < 6 such that

P28 (w) = F() = rEf () u, B (0)] > er. (6.2)

Let s = r/A € Q. To contradict (6.2), we first construct Lipschitz horizontal curves
g and h for which we can apply Lemma 6.3 with ¢ := fog and ¢ := foh.

Construction of g.

To ensure that the image of g is a subset of the set IV, we first introduce rational
approximations to x, and F,. Let

A= (ca&;m)sz (6:3)

; 2 (cvAL 1/2
a = (6= (10200 (F15) " 0) e B

Notice that A;, Ao > 0. We choose Z, € Q" and E’* € By sufficiently close to z,
and F, respectively to ensure:

and

(6.4)

d(Z.0,(u), zs) < 2r, (6.5)
d(Z40,(u), 240, (u)) < or, (6.6)
w(E, — E,) <min{o, CgA, Ay, A} (6.7)

Recall that 0 < r < A and s = /A are rational and that 0 < s < 1. To construct
g we first apply Definition 2.15 with E = E, and parameters 7,8, A, 6,(u) and
u as defined above in (6.2). We then left translate this curve by Z.. This gives
a Lipschitz horizontal curve g: R — G which is formed by joining at most Np
horizontal lines such that

o g(t) = &, exp(tE,) for |t| > s,
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e g(¢) = .6, (u), where ¢ := r{u, E(0)),
o Lipe(g) <1414,
e for all but finitely many ¢ € R, ¢/(t) exists and |(po g)(t) — p(E.)| < OpA
for t € R.
Since all the relevant quantities are chosen to be rational and N is built according
to Lemma 6.2, it follows that the image of ¢ is contained in V.

Construction of h.

Claim 6.7. There exists a Lipschitz horizontal curve h: R — G such that

h(t) = E.exp(tE,) if [t| >,
) aeexp(tE,) if [t| < s/2,and

in each of the regions (s/2,s) and (—s,—s/2), h is formed by joining at most Ng
horizontal lines. Moreover
e Lipg(h) <1+nA/2,
o for all but finitely many t € R, B'(t) and satisfies the bound |(p o h)'(t) —
p(E.)| < min{A;, As}.

Proof of Claim. Up to a left translation, we may start by assuming that . = 0.
Clearly h(t) is defined explicitly and satisfies the required conditions for [¢t| < s/2
and [t| > s. We now show how to extend h in (s/2,s). The extension to (—s, —s/2)
is essentially the same.

Recall Ap(1) and Cp from Assumptions 6.1. Choose 0 < T" < A(1) satisfying

(14+0)><1+4nA/2
and
CBF(l + F) + r S min{Al, AQ}
Define A =sI'/2 < T". Choose v € G with d(v) < 1 such that
0x(v) = exp(—sE,)Z, exp(sE,).
This is possible if the rational approximation introduced earlier is chosen correctly;
note that the rational approximation was introduced after all quantities upon which
A depends. We now apply Remark 2.16 with
e n =1 and A replaced by T,
s replaced by s/2,
u replaced by v,
¢ replaced by ¢ := (0sr/2(v), £+ (0)).
We obtain a Lipschitz horizontal curve ¢ : [0, S/2+§~] — G that is formed by joining
at most Np horizontal lines such that
90(0) = OL -
©(s/2 + ¢) = exp(—(s/2) E. )T« exp(sE.),
Lipg(p) < 14T,
¢'(t) exists and |(p o ¢)'(t) — p(Ex)| < CpI for all except finitely many
te[0,s/24(].
Then @ : [0,1] — G defined by 3(t) = ¢((s/2 + ¢)t) is a Lipschitz horizontal curve
such that

(0)
(1) =

07
xp(—(s/2)E,)Z. exp(sE,),

ASYIRSY
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o Lipg(@) < (1+1)(s/2+0), ) )
o O'(t) exists and |(p o @) (t) — (s/2 4+ Q)p(Es)| < CpI'(s/2 + ¢) for all but
finitely many ¢ € [0, 1].
Define hy : [s/2,s] = G by
ha(t) = exp((s/2) E)p((2/5)(t — 5/2)).

Then hy is a Lipschitz horizontal curve which satisfies h1(s/2) = exp((s/2)E.) and
hi(s) = Z. exp(sE,). Note that |p(v)| < d(v) < 1 implies |¢| < A. Hence we have
2(1+T)(s/2 +¢)
s
(
s

Lipg(h1) <

20 +1)(s/2+ N)

IN

(1+T)
<14nA/2.
Then, for all but finitely many ¢ € [s/2, 5]
(o ) (t) = (1+2(/9)p(E.)| < CT(1+2(/5),
and this implies
|(po i) (t) = p(E)| < Cpl(1+2¢/s) +2/C] /s
<Cpl'14+I)+T
S min{Al, AQ}
Defining h(t) := hi(t) for any t € [s/2,s] we obtain the desired properties. The

extension of h in [—s, —s/2] is similar. O

Application of Lemma 6.35.

We now prove that the hypotheses of Lemma 6.3 hold with L := (24+nA)Lipg(f),
p:= fogand ¥ := foh. The inequalities [{| < s < p, 0 < v < 1/32 and the
equality ¢(t) = ¥(t) for |t| > s are clear. Since Lipg(g), Lipg(h) < 1+ nA/2, we
have Lipg () + Lipg(¢)) < L.

Notice that (6.6) implies

|f(Z20,(uw) = f(2:6,(w))] < orLipg(f).
Since |¢| < r < p, we may evaluate (6.1) at t = ¢ to obtain
|f(zxexp(CEy)) — f(24) — CE. f(2:)| < oLipg(f)IC]
< orLipg(f).
Next, note that (6.7) implies |E,(0) — F,(0)| < 0. Recalling that ¢ = 7(u, E,(0))
we can estimate as follows:
CE.f(a2) = r(u, B(0)) Bu f ()| = [ Bif (20)||{u, E< (0) — B (0))]
< rLipg (/)| E«(0) — E.(0)]
< orLipg(f).

Hence we obtain,

|f (2. exp(CEL)) — f(2:) — 7{u, E«(0)) B, f(2.)| < 207Lipg (f). (6.8)
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Since (] < r = As < s/2 we have h({) = x. exp(CE,). The definition of g gives

9(¢) = &40, (u). Using also (6.2) and (6.8), we can estimate as follows:
[p(€) = () = [£(9(0)) = F(A(O))]
= (20, (u)) = f(z. exp(CEL))]
> | f(x:0r(u)) = f (2 exp(CEL))| — | f(Z:0r(w) — f (@0, (u))]
) =

> | f(220r(u) = f(2s) = rE.f(22) (u, EL(0))]
| f (e exp(CEL)) — () — TE. f(.) (u, B (0))
~ orLipg(f)
> er — 20rLipg(f) — orLipg(f)
= er — 3orLipg(f)
> 3er/4. (6.9)
In particular, ¢(¢) # ¥(¢).
The derivative 1'(0) exists and equals E, f(x.), since ¥(t) = f(x. exp(tEy)) for
every |t| <s/2. We next check that
() — 9(0) — 1 (0)] < aLlf] for |t < p. (6.10)

Recall that h(0) = x., |(poh) —p(E.)| < A; (see (6.3) for the definition of A;) and
h is formed by joining at most Np + 2 horizontal lines. Hence Lemma 5.2 implies
that

d(z.exp(tEy), h(t)) < Co(Np + 2)A; AV [t| < nAlt| for every t € R.
Hence, using also (6.1) and L = (2 + nA)Lipg(f), one has
[W(t) = ¢(0) =t (0)] < | f (2« exp(tEL)) — f(s) — tE. f(2.)]
+ | f(za exp(tEL)) — f(R(1))]

< oLipg(f)|t| + Lipg (f)nAlt|
<oLlt| for|t| <p.

Since Lipg(f) < 1/2 we have L < 4. By using r < 4, s = r/A, (6.9) and the
definition of r,d, A and s we deduce

sv/sL/(v]e(¢) — (Q)]) < 4s\/s/(3erv)
= 4r/V3evA3
< 4§/vV3evA3

<p.

Finally we use (6.9), L < 4 and the definition of o to get
v (l9(Q) = ¥ (Q)I/(sL))* = v*(3er/16s)*
= 9203 A? /256
> 0.

We can now apply Lemma 6.3. We obtain 7 € (—s,s)\ {¢} such that ¢’(7) exists
and satisfies

(1) = ¥'(0) + vle(C) = ¥(O)I/s, (6.11)
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and for every ¢ € R:

[(p(7 + ) = (1)) = (1) = $(0))] < 4(1 +200)y/(¢'(r) — ¢'(0))LIt|  (6.12)
Since g is a horizontal curve, we may use Remark 6.4 to additionally choose T such
that ¢’(7) exists and is in Span{X;(g(7)): 1 <i <r}.

Conclusion.

Let z := g(7) € N and choose E € V; with E(g(7)) = ¢'(7)/|p(¢'(7))|, which
implies that w(E) = 1. From (6.11) and (6.12) we will obtain

Ef(z) > E.f(x.) + evA/2, (6.13)
(x,E) e M. (6.14)
We first observe that this suffices to conclude the proof. Indeed, by (6.5) and since
9(¢) = .0, (u) one has
d(w,,) < d(g(r), 9(0)) + d(F.0,(u), 2.)
< Lipg(g)|7 — | +2r
<Ad(s+r)
=4r(1+1/A)
<46(1+1/A).

Since x € N, combining this with (6.13) and (6.14) contradicts the choice of . This
forces us to conclude that (6.2) is false, finishing the proof.

Proof of (6.13).
Using (6.9) and (6.11) we have that
@' (1) — ' (0) > 3evr/4s = 3evA /4. (6.15)

Notice that, by the definition of E, by Definition 2.7, and the fact that g is a
concatenation of horizontal lines, we have ¢'(7) = Ef(z)|p(¢'(7))|. Since w(E) =1,

we deduce that |¢'(7)[/|p(¢'(7))| < Lipg(f). Similarly [p(¢'(7))| < Lipg(g) <
1+ nA. Since ¥'(0) = E, f(x.), by (6.15) we have

Ef(z) = Eif(z:) — (1 = v)(¢'(1) = 4'(0))
= (¢ (1) = ¢'(0)) + (1 = [p(g'("))¢'(7)/p(g' (7))
> 3ev”A /4 — nALipg (f)
> 0.

In the last inequality we used Lipg(f) < 1/2 and n < 3gv?/2. From this we use
0 <wv<1/32 and (6.15) again to deduce

Bf(2) = Buf(z.) > (1-0)(¢(r) - 0/(0)) > evA/2, (6.16)
which proves (6.13).
Proof of (6.14).

Recall that |(po g)'(t) — p(E.)| < CA for all but finitely many . Using (6.7),
this implies |(po g)’'(t) — p(E.)| < 2CpA for all but finitely many ¢. Since 2 = g(7)
and g is formed by joining at most Np horizontal lines, we can apply Lemma 5.2
to obtain

d(g(T +1t),zexp(tE,)) < CQNB(2CBA)1/S2|H for every ¢ € R.
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By (6.16) we have A < 2(Ef(z) — E«f(z.))/(ev). Combining this fact with the
definition of A, we deduce that

|(f(zexp(tEL)) — f(2)) = (f(g(T + 1)) — f(g(7)))]
= |f(zexp(tEy)) — f(g(1 +1))]
< Lipg(f)d(g(t + 1), xexp(tEy))
< C,Np(2C5A)Y* Lipe ()|t]

- E*f(:c*)))ﬁ

EV

< CuNp(205 V) Lipg (P)el (2212

1 2 ~2s? n72s? i 2521 Sk
< olt|((Bf(z) = Eof(x.))Lipg(f)) > (8030“ vaasAzipG(f) )
< lt|((Ef(x) — E.f(x.)Lipe(f))®®  for t € R. (6.17)
Combining (6.12), (6.16) and L = (2 4+ nA)Lipg(f) < (2 + v)Lipg(f) gives
[(p(T+ 1) = @(7) = ($(t) — ¥(0))]

2+ oline(NBIw) = ES@I fpcr gy

< 4(1+ 20v)|t
< 4(1 +200) 1] —

Since Lipg(f) < 1/2, we easily get

(Ef(z) — Euf(z.))Lipg(f))? < (Ef(z) — B, f(x.))Lipg(f))77

since both sides are less than 1. Hence adding (6.17) and (6.18) and using the
definition ¢ = f o g gives for t € R:

faexpt) = f(z) = (6(0) = ¥(0)
< (4004 200) () 4 0) (B S@) — B @) Lins ()7 (6.19)

Recall that ¢ = foh and that h is a concatenation of at most Nz + 2 horizontal
lines such that h(0) = x, and the inequality |(p o h)" — p(E,)| < As holds for all
but finitely many ¢ € R. Then, by Lemma 5.2, (6.4) and (6.13), we have

[(¥(t) = ¥(0)) — (f (s exp(tEL)) — f(24))]
= [f(h(t)) — f(z« exp(tEL))|
< Lipg (f)d(h(t), z. exp(tE.))
< Lipg (f)Ca(N5 + 243" |1
= (6 (401 +200) (f s Z) T +0))lt(e0A/2)Ling ()77
< (6 — (41 + 200) (%) Ty v)) tl((Ef(z) — E.f(z.))Lipg(f))7? for t € R.
(6.20)

Adding (6.19) and (6.20) gives for every t € R
|(f(z exp(tEL)) — f(2)) = (f(zx exp(tEL)) — f(x4))|

1
< 6/t ((Ef () — B f(2.))Lipg(£)) ™.
This implies (6.14), hence proving the theorem. 0
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7. CONSTRUCTION OF AN ALMOST MAXIMAL DIRECTIONAL DERIVATIVE

Assume G is a Carnot group of step s, rank r and topological dimension n.
Fix a G5 set N C G. The main result of this section is Proposition 7.1, which is
an adaptation of [9, Theorem 3.1] and of [28, Theorem 6.1] to G. It shows that
given a Lipschitz function fy: G — R, there is a Lipschitz function f: G — R such
that f — fy is G-linear and f has an almost locally maximal horizontal directional
derivative at a point of V.

Recall Notation 6.5. Note that if f — fy is G-linear then Df = Do and also the
functions f and fy have the same points of Pansu differentiability.

Proposition 7.1. Suppose fy : G — R is a Lipschitz function, (zq, Fo) € D and
0o, > 7, K > 0. Then there is a Lipschitz function f : G — R such that f — fo is
G-linear with Lipg(f — fo) < i, and a pair (v., E.) € D¥ with d(z«,70) < 8 and
w(Ey — Ey) < 7 such that E, f(z.) > 0 is almost locally mazimal in the following
sense.

For any € > 0 there is 5. > 0 such that, whenever (x, E) € D' satisfies both:

(1) d(x,2.) <6, Ef(x) > Eif(x.) and
(2) for anyte (—1,1)
|(f(zexp(tEy)) — f(x)) — (f(z.exp(tEy)) — f(z4))|
< K[t|(Bf(x) = B f(z.))27,

then
Ef(x) < E.f(zs) +e.

We use the remainder of this section to prove Proposition 7.1. We recall the
following constants:

e (C, > 1 chosen as in Lemma 5.2,
e Cp > 1 as in Proposition 2.5.

Fix fo,x0, Fo, do, T, 1, K as given in the statement of Proposition 7.1 and define
to := min{1/4, u/2}.

Assumptions 7.2. Without loss of generality, we make the following assumptions:

e K > 452, since increasing K makes the statement of Proposition 7.1 stronger,

e Lipg(fo) < min{1/2,t472/32}, after multiplying fo by a positive constant
and possibly increasing K,

e Eyf(xo) > 0, by replacing Ey by —Ey if necessary.

We prove Proposition 7.1 using a technique similar to the one implemented in
[28, Theorem 6.1], namely by using Algorithm 7.4 below to construct a sequence of
Lipschitz functions (f,,) and a sequence of pairs (x,,, E,,) in D/ so that E,, f(x,,)
converges to an almost locally maximal directional derivative for f. More precisely,
we show the limits (z,, E,) and f have the properties stated in Proposition 7.1.

Notation 7.3. Suppose h : G — R is Lipschitz, the pairs (z, F) and (2, E’) belong
to Dh, and o > 0. We write

(@,F) <(noy (', E')
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if Eh(z) < E’'h(2’) and for all t € (—1,1)
|(h(2" exp(tE)) — h(2')) — (h(zexp(tE)) — h(z))]
< K(o+ (E'f(2') = Ef (@)=}t

In the language of Notation 7.3, Proposition 7.1(2) means (z., E.) <0y (7, E).

Since N is G5 we can fix open sets U, C G such that N = N2 U,. We may
assume that Uy = G. We point out that, in Algorithm 7.4 below, the order in which
the parameters are chosen plays a crucial role in what follows.

Algorithm 7.4. Let fy,xo, Eg, 7 and 09 be as in the assumptions of Proposition
7.1. Let 09 := 2 and to := min{1/4, pu/2}.

Then we can recursively define
1) fm(x) = fmfl(x) + tm,1<.’t, Em71(0)>7
) om € (0,0m-1/4),
) tm € (0,min{t,,—1/2, om—1/(s*m)}),
) A € (0.min{t o7 /(2C7), > /2750)),
) Dy to be the set of pairs (v, E) € Dfm = Dfo such that d(x,xm_1) < dpm_1

and
(-Tmfla Emfl) S(fm,a'm_l—s) (1’, E)
for some € € (0,0,,—1),
(6) (Tm, Em) € Dy, such that Efp(z) < Epfm(@m) + A for every pair
(x,E) € Dy,
(7) em € (0,0m-1) such that (-1, Em—1) <(f1n.0m-1—em) (@Zms Em),
(8) dm € (0, (6—1 — (T, Tm—1))/2) such that Bg(xm,om) C Uy and for all
1
[t| < Cpdim/em
|(fon(@m exp(tEm)) — fim(zm)) = (fm(@m—1 exp(tEnm-1)) = fo(Tm-1))]
S (Emfm(xm) - Emflfm(xmfl) + 0m71)|t|~

Proof. Clearly one can make choices satisfying (1)—(5). For (6)—(8) we can proceed
exactly as in [28, Proof of Algorithm 6.4] using Lemma 2.19 and Lemma 2.12 instead

of [28, Lemma 5.2] and [28, Lemma 3.3], respectively.
[

We omit the proof of the following Lemma since it is exactly the same as the
one of [28, Lemma 6.5] for the Heisenberg group.

Lemma 7.5. The sequences 0m, tm, Ams Om, Em converge to 0, and for every m > 1
the inclusion

BG(xvm 6m) C BG(:Em—ly 6m—1)
holds.
We record for later use that Lipg(fm) < 1 for all m > 1 and we define ], > 0
by letting
el :=min{e,;n /2, om_1/2}. (7.1)
We next show that the sets D,,, form a decreasing sequence. This is an adaptation
of [9, Lemma 3.3].

Lemma 7.6. The following statements hold.
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(1) If m>1 and (z, E) € Dypi1, then

(xmflv Emfl) S(fm,crm—sgn) ({177 E)

(2) If m > 1, then Dy C Dy
(3) If m >0 and (x, E) € Dy,11, then d(E(0), E,(0)) < 0.

Proof. If m = 0 then (3) holds since
d(E(0), Eo(0)) < d(E(0),0) +d(0, Eo(0)) < 2 = 0o.

It is enough to check that, whenever m > 1 and (3) holds for m — 1, then (1), (2)
and (3) hold for m. Fix m > 1 and assume that (3) holds for m — 1, i.e.

d(E(0),Eyn—1(0)) < opm-1 forall (z,E) € Dy,.

Proof of (1). Algorithm 7.4(6) states that (z,,, Em) € Dy, and hence
d(Em(0), Ern—1(0)) < o4p1. (7.2)

Let (z,E) € Dpy1. In particular, by Algorithm 7.4(5) we have Ef,11(x) >
Ep fnt1(xm). Notice that, since w(Ey,) = w(F) = 1, we have (E,,(0), B, (0)) =1
and (E(0),E,(0)) < 1. Let A := Efpn(r) — Enfm(zm). Lemma 2.19 and the
inequality Efmi1(x) > Emfmi1(2m) give

Efmi1(x) = Em fmi1(m) = tm(E(0), B (0)) + tm = 0.
Combining again Algorithm 7.4(5) with the above inequality, gives

In particular, E fp,(2) > Ep—1 fm(2m—1) which is the first requirement for (2,1, Em—1) <(f,,.0m—e’ )
(z, E).

Let B := Efp(z) — Ep—1 frm(@m—1) > 0. Lemma 2.12 and Lipg(f) < 1 implies
that 0 < A < B < 2. Using these inequalities and K > 4s? gives

1 1 2521 2s2-2 1 1 2522 2521 1 1
K(stZ —A252)Z<B 22 + B 22 A22 4+ ...+ B22 A 27 4+ A 22 )(3252 —A252)
—B-A
= Emfm(xm) - Emflfm(xmfl)- (73)

Since A > Efpi1(x) — Ep frt1(2m), (7.3) implies that

1

Emfm(l’m) - Em—lfM(xm—l) + K(Efm+1(x) - Emfm-&-l(xm))F
< KBz, (7.4)

To prove the second requirement of (2,1, Em—1) <(f,.,00m—c) (z, E) we need to
estimate

|(fin(z exp(tEm-1)) = fm(2)) = (fm(Tm-1exp(tEm-1)) = fm(zm-1))[.  (7.5)

We consider two cases, depending on whether ¢ is small or large.
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Suppose |t| < 3CD5§1/€m. Estimate (7.5) as follows
|[(fm(zexp(tEm-1)) = fm(2)) = (fm (Tm-1exp(tEm-1)) = fm(Tm-1))|
<|(fm(zexp(tEm)) = fm () = (fm(2m exp(tEm)) = fin(2m))|
+ |(fm(@m exp(tEm)) — fm(zm))
= (fm(@m—1exp(tEm—1)) = fm(Tm-1))|
+ [fm (2 exp(tEm—1)) = fm(x exp(tEm))|. (7.6)

We consider the three terms on the right hand side of (7.6) separately.
Firstly, Algorithm 7.4(1) and Lemma 2.19 give

(fm(zexp(tEm)) = fm (%)) = (fin(Tm exp(tEm)) = fim(Tm)) (7.7)
= (fmt1(xexp(tEn)) = fm+1(2)) = (fm+1(@m exp(tEm)) = fms1(Tm))
—tm{zexp(tFEm), Em(0)) + tm{z, Emyn(0))
+ trm{Tm exp(tEm), Em(0)) — tim(Tm, Em(0))
= (fmtr(@exp(tEm)) = fmt1(2)) = (fms1(@m exp(tEm)) = frnt1(Tm))-
Since (z, E) € D41, using (7.7) gives
|(fm (@ exp(tEm)) = fim(2)) = (fm(@m exp(tEpm)) = fu(2m))]
< K(0m + (Efn1(2) = B frnr (€) 77)]. (78)

For the second term in (7.6) we recall that, for the values of ¢ we are considering,
Algorithm 7.4(8) states that

|(fm (@m exp(tEm)) = fin(zm)) = (fm(Zm—1 exp(tEm 1)) = fm(zm-1))]  (7.9)
S (Emfm(mm) - Emflfm(xmfl) + O'mfl)|t|~
The final term in (7.6) is estimated using Lipg(fr) < 1 and (7.2):
|fm (z exp(tEm—1)) = fm(xexp(tEm))| < d(z exp(tEm 1), vexp(tEy))  (7.10)
=d(tE;,-1(0),tE,(0))
S O'm_1|t‘.
Adding (7.8), (7.9) and (7.10), then using (7.4), (7.1) and Algorithm 7.4(2), gives
|[(fm(zexp(tEm-1)) = fm(2)) = (fm (Tm-1 exp(tEm-1)) = fm(Tm-1))|
< K(om + (Efm+1(z) — Emfm+1($m))2‘%)‘t|
+ (Emfm(xm) - Emflfm(xmfl) + o'mfl)|t|
+ Um—l|t|
< K(0me1 — &y + (Bfon(@) = By frn(@m—1)) 27 8],

which gives the required estimate of (7.5) for all ¢ with |¢] < 3CD57%1/5m.
Suppose 3C'D§§n/5m < |t| < 1. In particular, this implies
S < €5.1°/3Cp < emlt], (7.11)
where in the last inequality above we used that
emlt]/3Cp < e, /3Cp <1,
which follows from &, < 2 and Cp > 1.
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We estimate (7.5) as follows:
|(fm(zexp(tEm—1)) = fm(2)) = (fm(@m—1 exp(tEp-1)) = fm(@m-1))|
< |(fm(zm exp(tEp—1)) = fm(Tm))
= (fm(@m-1exp(tEp—1)) = fm(Tm-1))I
+ [ fm(x) = fm(Tm)]
+ | fm (@ exp(tEm—1)) = fm(Tm exp(tEm-1))|,

and again we separately consider the three terms on the right hand side.
By Algorithm 7.4(7) we have

(xm—la Em—l) S(fm,am,lfem) (J?m, Em)a
which gives

|(fm(@m exp(tEm-1)) = fm(@m)) = (fm(@m -1 exp(tEm-1)) = fm(Tm-1))]

< K(Umfl —&m+ (Emfm(xm) - Emflfm(xmfl))ﬁ)lﬂ' (712)
For the estimate of the second term we use Lipg(fn) < 1 and (7.11) to get
[fn (@) = fn(@m)| < d(,20) < 6 < emt] < Keplt]/(45°). (7.13)

Notice that zexp(tE,,—1) and ., exp(tEm,—1) belong to Bg(xo,2 + Jp). Using
Proposition 2.4 and Proposition 2.5, recalling that §,, < 1, we get
|fm (x eXp(tEmfl)) — fm(Tm exp(tEm,l))|
< d(@ exp(tEm1), T exp(tEm—1))
= d(exp(tEy_1) 'z, ' xexp(tEp_1))

s—1

< Cp(d(zm,x) +t+d(m, z) —|—t%d(xm,x)

2

s—1
s

< Cp(Om + 300 +15505)
< 3Cpbi < emlt] < Kenlt]/(452). (7.14)
Combine (7.12), (7.13) and (7.14) to obtain
|(f7rL(xeXp(tEm—1)) - fnL(x)) - (f'rn(xm—l eXp(tEm—l)) - f’m(xm—l)”
< K(Um—l - Sm/z =+ (Emfm(xm) - Em—lfm(mm—l))ﬁ)
/ 1
< K(om-1—¢ep + (Efm(z) = Em—1fm(Tm-1))27),
which gives the required estimate of (7.5) for all ¢ satisfying 3C’D57%;L/5m <t < 1.

This completes the proof of (1).

Proof of (2). Suppose (x, E) € D,,11. Then (z, E) € Df»+1 = Df» and Lemma
7.5 implies that d(z, z;,—1) < 0m—1. Combining this with (1) gives (x, E) € D,y,.
This completes the proof of (2).

Proof of (3). Suppose (z,F) € Dy41. Then by Algorithm 7.4(5) we have
Ep font1(@m) < Efmy1(x). Moreover, by Algorithm 7.4(1) we have

B fm (Tm) + tin (Em (0), Em (0)) < Efin(2) + 6 (E(0), B (0)). (7.15)
By (2), we have also that (x, E) € D,,, so Algorithm 7.4(6) implies
Efm(x) < Emfm(xm) + )\m~ (716>
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Combining (7.15) and (7.16) gives t,, < ¢, (FE(0), En(0)) + Ay, which, up to rear-
rangements, implies

(E(0), Em(0)) > 1= A /tm
Therefore one has

[P(E) = p(Em)| = [E(0) = Em(0)] = (2 = 2(E(0), En(0))* < (2Am/tm)*. (7.17)
Combining Algorithm 7.4(5) and Lemma 5.2 with g(t) := exp(tE,,), N = 1 and
= (2Am/tm)?, we get

d(E(0), B (0)) = d(exp(E), exp(Em)) < Ca(2Am /tm) =2

< Omy
which proves (3). O

We next study the convergence of (z,, Fy,) and f,,,. We show that the directional
derivatives converge to a directional derivative of the limiting function, and the limit
of (Zm, Ep) belongs to Dy, for every m. This is an adaptation of [9, Lemma 3.4].

Lemma 7.7. The following statements hold:
(1) fm = f pointwise, where f : G — R is Lipschitz and Lipg(f) < 1,
(2) f— fm is G-linear and Lipg(f — fim) < 2t,, for m >0,
(3) There exist x. € N and E, € V with w(Ex) = 1 such that for m > 0 we
have
ATy, Tm) < Om, and d(E.(0), E,(0)) < op.

(4) E.f(zx *) exists, is strictly positive and Ep, fo(2m) T Exf(24),
(5) (@Tm-1,Em-1) (fr.om-1—c,) (Tx, Bx) form >1,

(6) (24, Ex) € Dy, form>1,

(7) w(E. — Ey) <.

Proof. We prove each statement individually.

Proof of (1). Algorithm 7.4(1) gives f,(z) = fo(z) + (z, 22:01 1 Fr(0)). Define
f:G—=Rby

F(@) = folz) + <g; ZtkEk(0)>. (7.18)
k=0

Notice |f(z) — fm(z)| < |z| Xpe,, t|Ex(0)|. Hence by Algorithm 7.4(3) f,, — f
pointwise and, since Lipg(fm) < 1, we deduce Lipg(f) < 1.

Proof of (2). Lemma 2.19 shows that f— f,, is G-linear. Moreover, by Algorithm
7.4(3), we have that for every m >0

Lipg(f = fm) < Ztk<t

Proof of (8). Let ¢ > m > 0. The definition of Dgy; in Algorithm 7.4(5)
shows that (x4, Ey) € Dgy1. Hence points 2 and 3 of Lemma 7.6 imply that
(2q, Eq) € Diy1, and consequently

d(E4(0), En(0)) < om. (7.19)
Since (x4, E4) € Dyyy1, Algorithm 7.4(5) implies
d(xg, Tm) < Opm. (7.20)
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Since, by Lemma 7.5, 0, 0, — 0 the sequences (z,,)5°_; and (E,,(0))59_, are
Cauchy, and therefore they converge to some x, € G and v € G, respectively.
Since E,, € Vi and w(Ey,) = 1, we know that |p(v)| = 1 and v = (p(v),0). Using
group translations, we can extend v to a vector field E, € V; with w(F,) =1 and
E.(0) = v. Letting ¢ — oo in (7.19) and (7.20) implies that d(F.(0), E,(0)) < op,
and d(z«,zp) < 6. Combining Lemma 7.5 and the fact that §,, < §—1/2, we
have the strict inequality d(z«, Tm) < dm-

We now know that x, € Bg (@, o) for every m > 1. Recall that N = NSS_yUp,
for open sets U, C G, and Algorithm 7.4(8) states that Bg (%, dm) C Uy,. Hence
T, € N.

Proof of (4). As in the proof of (3) we have (x4, Eq) € Dyy41 for every ¢ > m > 0.
Therefore, by Lemma 7.6(1), for every ¢ > m > 1 we have

(Tm—1, Em—1) S (FmsTm—1—e) (xquq)- (7.21)
Algorithm 7.4(1) and (7.21) (with m and g replaced by ¢+ 1) give
Eyfq(zq) < Eqfgr1(zq) < Egi1fgr1(xge1) for every ¢ > 0. (7.22)

Hence, since Fy fo(zo) > 0, the sequence (£, f,(7,))5, is strictly increasing and
positive.

Since Lipg(fy) < 1 for every ¢ > 1, by Lemma 2.12, the sequence (E, fq(z4))52;
is bounded above by 1. Consequently, E, f,(z,) — L for some 0 < L < 1. Inequality
(7.22) implies that also Eyfq+1(z¢) = L, and, moreover, one has

Eqof(zq) = Eqfq(xq) + Eq(f — fo)(zq)

and |Eq(f — fq)(zq)| < Lipg(f — fy) < 2ty — 0. Hence also E, f(z,) — L.
Let ¢ > m > 0 and consider

Sm,q ‘= qu(xq) - Emflfm(xmfl)

By (7.21) we have that s,, 4 > 0. Letting ¢ — oo, writing f,, = f + (fm — f), and
using the G-linearity of f,, — f one gets

S — Sm = (fme — F)(B(0)) + L — Byt fn(@m—1) > 0. (7.23)

Since Lipg(fm — f) < 2ty and Ep—1 fi(@m-1) — L, also s, — 0 as m — oo.
(7.21) implies that

|(fm(2q exp(tEm-1)) = fim(2q)) = (fm (Tm—1 exp(tEm-1)) = fm(Tm-1))]
< K(op_1 — el + (Smg)27)[t|  fort e (—1,1). (7.24)
Letting ¢ — oo in (7.24) shows that
|(fm (@ exp(tEm—1)) = fm () = (fm(Zm—1 exp(tEm-1)) = fin(Tm-1))]
< K(Om_1— ¢\, + (sm)22)[t|  fort e (—1,1). (7.25)
Since Lipg(f) <1 and d(E.(0), E;,—1(0)) < 04p—1, we obtain

|f (2 exp(tEL)) — f(@x exp(tEm—1))| < d(2.(tE.(0)), 2. (tEm—-1(0)))
<om-1lt] (7.26)
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Since f — fm, is G-linear and Lipg(f — fm) < 2t,, we can estimate
)

[(f = fm)(@s exp(tEm—1)) = (f = fm) ()| = [(f = fm) (exp(tEp—1))]
= |(f = fm) (e(exp(Epm-1)))|
< tLipg(f — fm)
< 2t |t (7.27)
Combining (7.25), (7.26) and (7.27) shows that for t € (—1,1):
|(f (s exp(tEy)) = f(24)) = (fm(@m—1 exp(tEm-1)) = fm(Tm-1))]
< |(fm (s exp(tEm—1)) = frm(2+))
= (fm(@m—1exp(tEm-1)) = fn(Tm-1))]
+ | f (2 exp(tEL)) — f (24 exp(tEm-1))]
+(f = fm) (e exp(tEm1)) — (f = fm)(2:)]
< (K(0me1 — el 4 (5m)%7) + Om_1 + 2tm)[t].
Fix ¢ > 0 and choose m > 1 such that
K(0m-1 — € + (5m)%7) + 01 + 2t < £/3
and
Bt fra(m 1) — L] < /3.
Using the definition of Eyp,—1 fr (€m—1), we find 0 < § < 1 such that for every || < §
| fn(@m—1exp(tEp—1)) = fm(Tm-1) — tEm—1 fm(zm-1)| < €lt|/3.
Hence, for every |t| < ¢
|f(z+ exp(tEy)) — f(zs) —tL]|
<[(f(@wexp(tEy)) = f(24)) = (fn(Tm—1 exp(tEm—1)) = fin(Tm-1))|
+ [fm(@m—1 exp(tEm-1)) = fm(@m—1) = tEm—1 fr(@m-1)|
+ [Em—1fm(2m-1) — L|[t]
< elt].

This proves that E.f(z.) exists and is equal to L. We have already seen that
(Eqfq(zq))52: is a strictly increasing sequence of positive numbers. This proves

(4)-
Proof of (5). The definition of L and Lemma 2.19 imply
E*fm(m*) =L+ E*(fm - f)(x*) =L+ (fm - f)(E*(()))

Using (7.23) shows s, = Fufm(2s) — Em—1fm(@m—1) > 0. Substituting this in
(7.25) gives (5).

Proof of (6). Property (6) is a consequence of (3), (4) and (5).

Proof of (7). We start by estimating w(FE; — Eg). By Algorithm 7.4(6), for every
(z, E) € D1 we have
Efi(z) < Eifi(z1) + A1,
where

fi(z) = fo(z) + to (z, Eo(0)) . (7.28)
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Clearly
Eo f1(z0) = Eofo(wo) + to
and
Eq fi(21) = Er fo(21) + to(E1(0), Eo(0)).
By Algorithm 7.4(5), (xo, Fo) € D; and therefore

Eofi(wo) < E1fi(z1) + A1 (7.29)

A simple calculation using (7.29) then gives

w(Er, Bo) = (F1(0), Eo(0)) > 1 — % ;. Bofolao) - Eufole) (75

Since w is an inner product norm we can estimate as follows:
1
w(Ey — Ey) = (w(E1)? + w(Ep)? — 2w(Ey, Ep))
— (2 - 2w(Ey, Eo))®

< (B Utz Elfom))%

to to
1
(20 e\
- to to
.
< a0
-2

where in the last inequality above we used the estimate on Lipg(fo) in Assumption
7.2 and the estimate on A in Algorithm 7.4(3). Next, as proved in (7.17), for every
m > 1 and (2, F) € Dy,41 we have

W(E — Em) < (2\m/tm)? . (7.31)

Using the estimate in Algorithm 7.4(4), this implies that for every m > 1:

T

Therefore,
W(E, — Eo) = lim w(Ey, — o) < > w(Bm — Em-1) +w(E1 — Ey)
m=2

=1 T

<T Z % + 5
m=2
=T
([

We now prove that the limit directional derivative E,f(x,) is almost locally
maximal in horizontal directions. This is an adaptation of [9, Lemma 3.5].

Lemma 7.8. For all ¢ > 0 there is 6. > 0 such that if (v, E) € D' satisfies
d(z+,7) <0 and (z4, E.) <(,0) (2, E), then

Ef(x) < Eif(zs) +e.
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Proof. Fix € > 0. By Lemma 7.5 we choose m > 1 such that

s2—
m>4/e 5 and At < £/4. (7.33)
Recall that €], = min{e,,/2, 0y,—1/2}. Using Lemma 7.7(3) and 7.7(6) , fix 6. > 0
such that
68 < 6m—1 - d(xwxm—l)

1
such that for every |t| < 3Dé¢ /el

|(fm @+ exp(tEy)) = frm(24)) = (fm(Zm—1 exp(tEm—1)) = fm(Zm-1))|
S (E*fm(x*) - Emflfm(xmfl) + Um71)|t|' (734)
Such §. exists since, by Lemma 7.7(5), we have E, fn(24) > Epm—1 fim(Tm—1)-

We argue by contradiction and we suppose that (x, E) € D/ satisfies d(z,,z) <
Oc, (w4, Bs) <(1,0) (v, E) and Ef(z) > E. f(r.) +¢. We plan to show that (z, E) €
D,,. We first observe that this gives a contradiction. Indeed, Algorithm 7.4(6) and
the monotone convergence E,, fn, () T Exf(x,) would then imply

Efm(x) < Emfm(l'm) + A < E*f(x*) + A
By Lemma 7.7(2) and (7.33) we would deduce that
Ef(z) = Eof(z.) = (Efm(z) = E.f(2.)) + E(f = fm)(2)
< Am 4 2t
< 3e/4,

which contradicts the assumption that Ef(x) > E, f(z.) + €.

Proof that (x,E) € D,,. Since f — f,, is G-linear we have D/ = D/ and
therefore (z, E) € Dfm. Next observe that

d(x, 2m-1) < d(z,2:) + d(Ts, Trm—1) < Om—1.
Hence, it suffices to show that (zm—1, Em—1) <(f,..0, 1<, /2) (¥, E). Lemma 2.12
implies
[E(f = fm)@)|s [E<(f = fm)(@4)| < Lipg(f = fm)-
Hence by definition of (x, E) and by (7.33) we have

Efm(z) = Evfm(2.) > Ef (2) = E. f(2.) = 2Lipg(fm — f)
> e — dt,, > 0.

Lemma 7.7(6) states that (2., Ex) € D,,, which implies Ep,_1 fin (@m—1) < Ey fm(x4)
and hence
In particular, the inequality E f,,(x) > Epn—1fm(€m—1) proves the first requirement
Of (xmfl’ Em*l) S(fWLvo-m—l_E;n/Q) (SE, E)
We next deduce several inequalities from our hypotheses. Let
e A= Bf(z) - B.f(z.),
e B:=Ef,(v) — Eifm(z.),
o C = Efun(2) = Bt fn(@m—1).
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By definition of (z, E') we have A > ¢, while the inequalities above give 0 < B < C.
By Lemma 2.12 we have that A, B, C' < 2. Recalling the factorization

LB AT 4 4 BEEAST 4 A )(Aziz_Bziz)
(7.35)

A-B= (32252

and using Lemma 7.7(2), (7.33) and Algorithm 7.4(3), we obtain
Anz — B3z < (A- B)je 57
= (B(f = fm)(@) = Bo(f = fm)(@2)) /e 57

< 4tm/€2"’;—;1
< mty,
< Oopm_1/5%
Since B, C < 2 and K > 4s% we have
B +B AR 4 +BzﬂA +AT <4s* < K.
Hence using (7.35) with A replaced by C gives
KC3? — KB%? >C — B=E, f(2:) — Em—1fm(Tm_1).
Combining our estimates we eventually find
E.fn(22) = B frn(@m—1) + K(Ef (z) = B.f(2.))37
= Euf(.) = Emt fn(@m1) + KAZ?
< KC3? — KB3? + K(B37 4 0y_1/5°)
= K((Efin(2) = Em—1 fn(Tm—1))77 + 0m_1/5"). (7.36)

We now prove the second requirement of (¥y,—1, Em—1) <(f,,0m 1<t /2) (T, E).
We need to estimate

|(fm(x eXp(tEm—l)) - fm(x)) - (fm(l'm—l eXp(tEm—l)) - fm(xm—l)”- (7-37)

We consider two cases, depending on whether ¢ is small or large.

1
Suppose [t| < 3Cpds [el,. To estimate (7.37) we use the inequality

|(fm(z exp(tEpm—1)) = fin(2)) = (fm (Tm—1 exp(tEpm—1)) = fin(Tm-1)]
< [(fm(z exp(tEL)) = fin(2)) = (fm (24 exp(tEL)) = fin(22))]
+ [(fm (s exp(tEy)) — fin(24))
= (fm(@m—1exp(tEm—1)) = frm(Tm-1))|
+ [fm(z exp(tEm—1)) — fm(xexp(tE,)|. (7.38)
Since (z«, Ex) <(f,0) (%, E), by Lemma 2.19 and G-linearity of f,, — f we can
estimate the first term in (7.38) by
|(fm(z exp(tEL)) = fm () = (fm (2« exp(tEy)) = fim(2))|
< |f(zexp(tEy) — f(x)) — (f (2x exp(tEL) — f(24))]
< K(Ef(z) - Bof(z.)) 77 1. (7.39)
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Since t is small, by (7.34) we get

|(frn (T exp(tEy)) = fin(24)) = (frn(Tm—1exp(tEm—1)) — fim(Tm—1))]
< (E*fm(l'*) — Em—lfm(xm—l) + U’m—l)|t|'

Lemma 7.7 implies that the third term of (7.38) is bounded above by o,,_1|t|. By
combining the estimates of each term and using (7.36) we get

|(fm(zexp(tEm-1)) = fm(2)) = (fm (Tm-1 exp(tEm-1)) = fm(Tm-1))|
< (K(Ef(2) = Bof (@) + Eefon(w:) = B fn(#m—1) + 20m-1)|f
< (K((Efm(@) = Em1fn(@m-1))77 + 0m_1/52) + 20m-1)|t]
< K(0m1 — /24 (Efm(®) = B fn(mo)) 27) 1], (7.40)
where we have used ¢/, < 0,,-1/2 and K > 4s% in the final line. This gives the
required estimate of (7.37) for small ¢.
Suppose 3CD5§ /e < |t] < 1. To estimate (7.37) we use the inequality

|(fm(z exp(tEm-1)) = fm(2)) = (fm (Tm—1 exp(tEm-1)) = frm(Tm-1))]
< |(fm (2w exp(tEm—1)) = fm(2))
= (fm(@m—1exp(tEp—1)) = fm(Tm-1))|
+ [fim(@s) = fm ()| + | fn (@ exp(tEm-1)) — fin(2x exp(tEm—1))|-

Lemma 7.7(5) shows that the first term on the right hand side is bounded above
by

K(0mr = &t (Be frn(22) = B fn(m-1)) 22) 1]
The second term is bounded by d(z.,x) < d. < e}, |t| < K&l |t|/s?. For the third
term, we use Proposition 2.5 with x = exp(tE,,_1) and y = z; 'z to get

[fm (2 exp(tEm—1)) = fm(2s exp(tEm-1))]

< d(xexp(tEm—1), 2« exp(tEm—1))

s—1

=Cp (d(z*’x)th%d(m*,w) s +t5%1d(as*,x)5)

< Cp (G + 0m +03)

< 3Cpé

< e lt]

< Kel, |t|/(45).
Combining the three estimates and using E f,,(xx) < Efp,(x) gives

[(fm(zexp(tEm-1)) = fm(2)) = (fm (Tm-1exp(tEm-1)) = fm(Tm-1))|
< K(0m1 = /24 (Efn(®) = B i (@m-1)) 27 1]
This gives the required estimate of (7.37) for large ¢ and therefore
(Tm—1, Bm-1) <(fp.om_r—e 2) (@, E),

which concludes the proof. ([l

We conclude this section proving Proposition 7.1 and Theorem 1.1.
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Proof of Proposition 7.1. Proposition 7.1 easily follows from Lemma 7.7 and Lemma
7.8. Indeed, Lemma 7.7 states that there is f: G — R Lipschitz such that f — fj is
linear and Lipg(f — fo) < 2to < p. It also states there is (z., F,) € D7 satisfying
d(z«,20) < 09 and E, f(z.) > 0. Lemma 7.8 then shows that E, f(x,) is almost
locally maximal in the sense of Proposition 7.1. (I

Proof of Theorem 1.1. Let B C V; be a ball of directions as in Assumption 6.1.
Let fo: G — R be a Lipschitz function. Multiplying fy by a non-zero constant does
not change the set of points where it is Pansu differentiable. Hence we can assume
without loss of generality that Lipg(fo) < 1/4.

Fix an arbitrary pair (zg, Eg) € Do and apply Proposition 7.1 with dy = 1,
pw=1/4 and K = 4s%. This gives a Lipschitz function f: G — R such that f — f,
is G-linear with Lipg(f — fo) < 1/4 and a pair (2., E,) € D/ with z, € N and
E. f(z.) > 0 which is almost locally maximal in the following sense.

For any € > 0 there is §. > 0 such that whenever (z, E) € D/ satisfies both

(1) d(@,2.) < 6, Bf(x) > B f(z.), and
(2) for any t € (—1,1):

(f(zexp(tE.)) — f(2)) — (f(we exp(tEL)) — f(z.))]
< 4S|t|(Ef(z) — B f(2.))77

then
Ef(x) < Eof(zs) +e.

Since Lipg(fo) < 1/4 and Lipg(f — fo) < 1/4 we have Lipg(f) < 1/2. Notice
that (x., E,) is also almost locally maximal in the sense of Theorem 6.6, since the
restriction on pairs above is weaker than that in Theorem 6.6. Hence Theorem 6.6
implies that f is Pansu differentiable at x, € N. Since a G-linear function is Pansu
differentiable everywhere, it follows f; is Pansu differentiable at z,. This proves
Theorem 1.1. O
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