POROSITY AND DIFFERENTIABILITY OF LIPSCHITZ MAPS FROM STRATIFIED
GROUPS TO BANACH HOMOGENEOUS GROUPS

VALENTINO MAGNANI, ANDREA PINAMONTI, AND GARETH SPEIGHT

ABsTRACT. Let f be a Lipschitz map from a subset A of a stratified group to a Banach homogeneous
group. We show that directional derivatives of f act as homogeneous homomorphisms at density
points of A outside a o-porous set. At all density points of A we establish a pointwise characterization
of differentiability in terms of directional derivatives. These results naturally lead us to an alternate
proof of almost everywhere differentiability of Lipschitz maps from subsets of stratified groups to
Banach homogeneous groups satisfying a suitably weakened Radon-Nikodym property.

1. INTRODUCTION

Stratified groups are a special class of finite dimensional, connected, simply connected and nilpo-
tent Lie groups (Definition [2.4). These groups, equipped with the so-called homogeneous norm,
were introduced by Folland in the framework of subelliptic PDE [14]]. They subsequently appeared
in the work of Pansu under the name of Carnot groups, where their metric structure was defined by
the so-called Carnot-Carathéodory distance [29]. In the last two decades there has been increasing
interest in the relationship between the geometry of stratified groups and other areas of mathematics,
such as PDE, differential geometry, control theory, geometric measure theory, mathematical finance
and robotics [11 15, 16, [11} 17,128 [39]].

Nevertheless several interesting and challenging problems remain open, since the geometry of
stratified groups is highly non-trivial. For instance, rectifiability of the reduced boundary in higher
step groups, the isoperimetric problem, the regularity of minimal surfaces, the regularity of geodesics
and the validity of general coarea formulae for Lipschitz mappings. One of the basic reasons for
these difficulties is that any noncommutative stratified group contains no subset of positive measure
that is bi-Lipschitz equivalent to a subset of a Euclidean space [3} 18,25, [38]]. In all of these results,
a key role is played by Pansu’s generalization of Rademacher’s theorem to Carnot groups [29]].

This differentiation theorem states that every Lipschitz map from an open subset of a stratified
group to another stratified group is differentiable almost everywhere with respect to the natural Haar
measure. Here differentiability is defined like classical differentiability, but takes into account the
new geometric and algebraic structure (Definition[2.18)). More broadly, a great effort has been made
to understand differentiability properties of Lipschitz functions in different settings, like stratified
groups, Banach spaces and more general metric measure spaces. We mention only a few papers
(2,4, 7,18, 190 10, 1164 21} 22, 26, 130} 134, 35, 136]] to give a glimpse of the many works in this area.
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In the setting of noncommutative stratified groups, the first named author and Rajala extended
Pansu’s theorem to Lipschitz mappings on a measurable set of a stratified group and taking values
in a Banach homogeneous group (Definition [2.3). They proved the following theorem [27].

Theorem 1.1. Suppose M is a Banach homogeneous group whose first layer H C M has the
RNP. If f: A —» M is Lipschitz, A C G and G is a stratified group, then f is almost everywhere
differentiable.

It is easy to notice that every stratified group is a Banach homogeneous group and the class of
finite dimensional Banach homogeneous groups coincides with that of homogeneous groups, as
defined in [13]. Commutative Banach homogeneous groups coincide with Banach spaces. The
simplest example besides these is an infinite dimensional version of the Heisenberg group H? x R.
We consider the infinite dimensional real Hilbert space H with scalar product (-,-) and the group
operation is defined as follows:

(hi, ho, t1) - (WY, Ry, 1) = (i + Wi ho + By, 1+ 1 + (o, By) — (o, BY)),

for any (hy, ha, t1), (R}, h), 1)) € H? x R. We refer the interested reader to [27]] for more examples.

The present paper continues the investigation started in [31]], on the relationship between porosity
and differentiability of Lipschitz maps on stratified groups. A set in a metric space is (upper) porous
(Definition [2.19) if each of its points sees nearby relatively large holes in the set on arbitrarily small
scales. A set is o-porous if it is a countable union of porous sets. Proving a set is o-porous is useful
because o-porous sets in metric spaces are first category and have measure zero with respect to any
doubling measure [40, 41]]. Showing a set is o-porous usually gives a stronger result than showing
it is of first category or has measure zero.

It is well known that porosity is a useful tool to study differentiability of Lipschitz mappings.
We refer the reader to the survey articles [40, 41]] for more information about porous sets and their
applications. Porosity has been also recently used in Euclidean spaces to obtain the following result:
for any n > 1, there exists a Lebesgue null set in R” containing a point of differentiability for every
Lipschitz mapping from R” to R""! [35]. In the Banach space setting, [22, 23] give a version
of Rademacher’s theorem for Frechét differentiability of Lipschitz mappings on Banach spaces in
which porous sets are negligible in a suitable sense. Other results have also been studied in stratified
groups (20, 30,32} 133].

In [31]], the second and third named authors used porosity to study some fine differentiability
properties of Lipschitz mappings from stratified groups to Euclidean spaces. In the present paper, we
improve upon [31] in two directions: we consider more general classes of domains and targets of the
Lipschitz mapping. We allow the mapping to be defined on a measurable subset of a stratified group.
Due to the absence in general of Lipschitz extensions between stratified groups, some technical
difficulties appear. The Euclidean space in the target is replaced by a Banach homogeneous group.
Thus, the noncommutative infinite dimensional structure of a Banach homogeneous group adds
further difficulties.

Let A be a subset of a stratified group G, M be a Banach homogeneous group, and consider a
Lipschitz map f : A ¢ G — M. Our first result states that directional derivatives of f at density
points of the domain act as homogeneous homomorphisms outside a o-porous set. Here it is worth
to emphasize that the notion of directional derivative (Definition[2.9) takes into account the fact that
f need not be defined on a whole neighborhood of the point. For the definition of homogeneous
homomorphism, see Definition Note that d* f(x, ¢) and 6,¢ denote directional derivatives and
dilations, as defined in Section [2]and D(A) denotes the set of density points of A C G.
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Theorem 1.2. Suppose A C G is measurable and f: A — M is Lipschitz. Then there is a o-porous
set P C G such that whenever x € A N D(A) \ P the following implication holds: if 0% f(x,{) and
0" f(x,n) exist for some {,n € G, then d* f(x,6,{6pn) exists for every a,b > 0 and

9" f(x,6408pm) = 640" £ (x, {)6p0" f (x, 7).

Surprisingly, the techniques of [36, Theorem 2] can be extended to the nonlinear framework of
stratified groups. Nontrivial obstacles arise from the structure of both the domain and the groups
involved. Theorem|[I.2]precisely generalizes [31, Theorem 3.7] from real valued Lipschitz mappings
to Banach homogeneous group valued Lipschitz mappings.

For real valued Lipschitz mappings, directional derivatives were defined using the Lie algebra
of the stratified group and only horizontal directions were used. In the present paper we realize
that directional derivatives must be introduced for all directions, using the Lie group structures of G
and M. This important difference is necessary to reflect the noncommutative structure of the target
and it was rather unexpected. We notice, indeed, that the restriction of a Lipschitz mapping to a
nonhorizontal curve is no longer Lipschitz in the Euclidean sense.

Our second main result characterizes points of differentiability at density points of the domain.
For the definition of directional derivatives, see Definition

Theorem 1.3. Suppose A C G is measurable, f : A — M is Lipschitz and x € A N D(A). Then f is
differentiable at x if and only if the following properties hold:

(1) f is differentiable at x in any direction { € G \ {0}
(2) the mapping G 3 ¢ — 9" f(x,{) € M is a homogeneous homomorphism.

As a consequence of Theorem and Theorem we prove that, at density points of the do-
main except for a o-porous set, existence of directional derivatives in a spanning set of horizontal
directions implies differentiability. If the horizontal space of M satisfies the RNP then directional
derivatives in this finite set of directions exist at almost every point of A (Theorem [2.16). As a
byproduct, taking into account that porous sets have measure zero, we are lead to a different and
simpler way to establish both Theorem I.1]and then also Pansu’s Theorem [29].

The results of this paper illustrate the role played by porosity to pass from almost everywhere
existence of horizontal directional derivatives [27, Theorem 3.1] to almost everywhere differentia-
bility of Lipschitz maps. The use of porosity provides a more natural approach to differentiability
and provides more precise information about how differentiability occurs.

We now describe the structure of the paper. In Section[2)we give the main definitions. In Section[3]
we prove Theorem [I.2] while in Section ] we prove Theorem [I.3] Section [3]is devoted to a few
technical facts. The first one is the construction of a separable Banach homogeneous target for
our given Lipschitz mapping. We then give a proof of a technical lemma that we use earlier for
estimating distances. Finally we prove that the set of points where f is differentiable in some
directions is measurable. This measurability is important to establish Theorem [2.16]and its proof is
rather technical since our Lipschitz mapping cannot be extended to the whole space.

Acknowledgement. The second and third named authors thank the organizers of the workshop
“Singular Phenomena and Singular Geometries”, Pisa, 20-23 June 2016, for the warm hospitality
and for the scientific environment, where the project of the present paper started.

2. PRELIMINARIES

This section describes the main notions used throughout the paper.
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2.1. Banach Lie algebras and Banach homogeneous groups. We recall only basic facts about
Banach homogeneous groups. More information and additional examples can be found in [27].

Definition 2.1. A Banach Lie algebra is a Banach space M equipped with a continuous Lie bracket,
namely a continuous, bilinear and skew-symmetric mapping [-,-] : M X M — M that satisfies the
Jacobi identity:

[x, [y, 2]l + [y, [, 11 + [z, [x,y]] =0 forallx,y,z € M.

A Banach Lie algebra M is nilpotent if there is v € N such that whenever x1, x2, ..., x,+1 € M, we
have

[[[ ot [[X], -x2]’ x3] e ]’ xv], xv+]] = 0
and there exist y;, 2, ...,y, € M such that

([~ [y, y21 31+ 1wl # 0.
The integer v is uniquely defined and is called the step of nilpotence of M.

A nilpotent Banach Lie algebra M can be equipped with the Lie group operation

@.1) XY= XY+ ) Puln),

m=2

which is the truncated Baker-Campbell-Hausdorff series where the Banach Lie bracket is used. For
any m > 2, the polynomial P,, above is given by Dynkin’s formula

q) times qi times
—1 k-1 -1 —_— e N—
(2.2) Pm(x’y)zz( ]Z pl'qlvn:l”pk'qkyxo...Oxoyo...oyo...oxo...oxoyo-..oy.
p1 times Pk times

Here we used the nonassociative product
xi| o xiz ©:---0 -xik = [[ o [[xi|7xi2]7xi3] tte ]9~xik]

and the sum is taken over the 2k-tuples (p1, g1, p2, g2, - - - » Pk» qx) such that p; +¢g; > 1 for all positive
i,k € N and Zf.‘zl pi + gi = m. Note that P, has the simple form P>(x,y) = [x,y]/2. The explicit
formula for the group product will only be used in the technical Section 5]

Definition 2.2. A nilpotent Banach Lie algebra equipped with the group operation (2.1)) is called a
Banach nilpotent Lie group.

IfS,8,,...,5, c Xare closed subspaces of a Banach space X such that the mapping

n

J: S x---xS8S,— X with J(sl,...,sn):Zsl
=1

is a Banach isomorphism (continuous linear bijection), then we write X =S1®--- ® §,,.

Definition 2.3. We say that a Banach nilpotent Lie group M of step v is a Banach homogeneous
group if it admits a stratification. This means there exist v closed subspaces Hi, ..., H, such that

M=H&---®H,,

where [x,y] € H;,jif x€ Hiandy € H;and i + j < v, and [x, y] = O otherwise.
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The stratification equips any Banach homogeneous group M with dilations 6,: M — M, r > 0.
These are Banach isomorphisms defined by
Som=rm

where ; : M — H; is the canonical projection for all i = 1,...,v. These dilations respect the Lie
bracket and Lie group structure:

[0,x,0,y] = 6,[x,y] and 6,.(xy) =8,(x)5,(y) forallx,ye M, r>O0.

Throughout this article we denote by | - | the underlying Banach space norm on M. It can be
shown there exist positive constants oy, ...,0, with o = 1 such that || - ||: M — R defined by:
(2.3) llx || = max{orilm(x)[V/7: 1 <i<v)

satisfies the standard properties
l0,xll = rllxl]] and [lxyll < ||xl| + [yl forall x,y € M, r > 0.
We say that || - || is a Banach homogeneous norm on M. The map p(x,y) = ||x‘]y|| is a distance on
M satisfying
2.4) p(zx,zy) = p(x,y) and p(d,x,08,y) =rp(x,y) forall x,y,ze M, r> 0.
We say that p is a Banach homogeneous distance on M. We also write p(z) = p(z,0) for z € M.

An important subclass of Banach homogeneous groups are stratified groups.

Definition 2.4. A stratified group G is a Banach homogeneous group for which the underlying
Banach space is finite dimensional and whose first layer V| of the stratification G = V; @ --- & Vj
satisfies

[V1,Vj] = Vi for j > 1 and V;={0} for j > s.

As a finite dimensional Lie group, G is equipped with a Haar measure which we denote by u.

Remark 2.5. While any stratified group is also a finite dimensional Banach homogeneous group,
the converse does not hold. To see this it suffices to consider a commutative Banach homogeneous
group M = H|®H,, where H| and H; are finite dimensional vector spaces. Clearly the commutative
Lie product yields [H, H;] = {0} € H>, so M cannot be a stratified group.

We can equip any stratified group G with a homogeneous distance, i.e. a distance satisfying (2.4).
We define the integer

N
Q=) jdim(V),
j=1
the corresponds to the Hausdorft dimension of G with respect to any fixed homogeneous distance.
It is a standard fact that the Haar measure u satisfies

u(xA) = u(A) and u(6,(A)) = rQu(A) for measurable A ¢ G, x € G and r > 0.
We consequently have
w(B(x,r)) = ru(B(0,1)) for every open ball B(x, r) C G.

Fixing a basis compatible with the stratification identifies G with R” for a positive integer n.
In these coordinates, the Haar measure is simply the n-dimensional Lebesgue measure £" (up to
constant multiplication).
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From now on M will be a Banach homogeneous group with stratification M = H; & ---® H,
equipped with the Banach homogeneous norm || - || and corresponding homogeneous distance p.
We denote by G a stratified group of step s with stratification G = V| @ --- @ V; equipped with a
homogeneous distance d. We also use the notation d(x) = d(x, 0).

2.2. Directional derivatives and differentiability. For functions defined on general measurable
domains we may not be able to approach each point from every direction inside the domain. We
will introduce an unusual but flexible definition of directional derivative, based on the following
approximation of directions inside a domain.

Definition 2.6. Let A C G be measurable and x € G. We say that points £ € G for 7 > 0
approximate in A the direction { at the point x if

dgkoi0)
t

(2.5) x{t € Aforeveryt>0 and 0 as t]O.

Definition 2.7. Let A ¢ G be a measurable set. We say that x € G is a density point of A if
ANB

p HANBE)

rlo - u(B(x,r))
We denote by D(A) the set of density points of A.

Since u is doubling, the Lebesgue differentiation theorem applies and u(A \ D(A)) = 0 for any
measurable set A C G. It is a standard fact that at every density point x € D(A) we have
dist(A, y)
d(x,y)

At density points of a measurable set, we can approximate in every direction.

(2.6) -0 asy—x.

Lemma 2.8. Suppose A C G is measurable and x € D(A). Then for every { € G there exist
approximating points £’ in direction { at the point x. In addition, we can choose ' such that the
limit in 2.3) is uniform for 0 < d({) < 1.

Proof. For each t > 0, choose y, € A such that
d(y;, x6:0) < dist(A, x6,0) + £2d(().
To conclude the proof, apply with y = x6, and define /% = x7ly;. o

Definition 2.9. Let A C G be measurable and f: A — M. Suppose x € A and { € G \ {0} for which
there exist points which approximate in A the direction ¢ at x.

We say that f is differentiable at x in direction { with directional derivative d* f(x, ) € M if for
any choice 7 — ! of points approximating in A the direction ¢ at x, we have

lim 81, f(0™" f(x2) = 0" (5,0

Proposition 2.10. Assume the hypotheses of Definition[2.9) Then the direction §,{ can be approx-
imated at x for every a > 0. Further, if 0" f(x, {) exists then also 0" f(x, 6,0) exists for every a > 0
and we have 0" f(x,6,0) = 6,07 f(x,0).

Proof. Let ' approximate the direction { at x. Then x{¢' € A and

Ay, 61040)  ad(LY, 6uid) R
t B at

0.
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Hence ¢¢" approximates the direction 6,¢ at x.
Now suppose 77, approximates the direction 6,¢ at x. By the above argument, n;/ ¢ approximates
the direction ¢ at x. Using differentiability in direction { gives

lim S1(F() ! fanl)) = 6, lim S1(f) L F i) = 6,07 f(x, 0).

Hence 0" f(x,040) = 6,0 f(x, ). m]

Remark 2.11. Let A c G be measurable, f : A — M be Lipschitz and x € A. Suppose there exists
one curve £t € G approximating direction ¢ at x with

: -1 N
lim 514( 007 fO) = w € M.
Then for any other curve 7', approximating direction ¢ at x, we also have
: -1 Y - 1; -1 N
lim 514( 00" fCar) = Tim o f0 7! (L)) = w e M.
In other words, f is differentiable at x in direction ¢ and w = 9% f(x, 0).

Remark 2.12. In the simple case where A C G is open, we may choose the simplest curve .. = §,¢
for sufficiently small 7. Hence, by Remark[2.11] to verify directional differentiability for a Lipschitz
function f : A — M, we have only to check the existence of the limit

lim 81,4(£(0™' f0,0) = 9" f(x, ).

Since for Lipschitz functions directional differentiability requires only one curve £, it is useful
to find those points of the domain where we have a natural choice.

Definition 2.13. Let A C G and x,{ € G. We say that A is dense at x in direction { if

LY {0<0<t: x6pl ¢ A))
t

Proposition 2.14. Suppose A C G is measurable and dense at x € A in direction (. Let f : A > M
be Lipschitz. Then the following are true:

-0 ast|O0.

(1) there exist £’ approximating in A the direction { at x
(2) defining A(x,{) = {t € R| x6,{ € A}, we have 0 € A(x,{)
(3) f is differentiable at x in direction { if and only if the following limit exists:

2.7) lim 810 f(x5:0)).

110, teA(x,0)
In either case, the above limit equals 0% f(x, ).
Proof. Fort > 0, choose 0 < T(#) < t such that x67(){ € A and
=T <inf{t—a: 0<a<t, x6,0 € A} +1°.

Density of A at x in direction ¢ implies T(r)/t — 1. The curve defined by ¢ = 67(;)¢ then satisfies
property (1).

Property (2) is clear from the definition of directional density.

Suppose now that the limit exists. Choosing the previously defined curve %, this gives the
existence of the limit

lim, (/0™ () = lim i (5, (P f5700)-



8 VALENTINO MAGNANI, ANDREA PINAMONTI, AND GARETH SPEIGHT

By Remark [2.11] f is differentiable at x in direction ¢ with 0" f(x, {) equal to the limit in (2.7).
Conversely, assume that f is differentiable at x in direction . Considering again the previous
curve % = 67, it follows that

(2.8) O f(x,)= lim )61/t(f(x)“f(x§§))= o im

t]0, teA(x,{ €A(x,0)

(614(f ) F(x6,0)) Ev i

where we clearly have

p(Exca) = p (51 f (6.0 F (L) < % R

This proves property (3). O

0.

Recall that a Banach space X has the Radon-Nikodym property (RNP) if every Lipschitz map
f:10,1] — X is differentiable almost everywhere. We say that a subspace of a Banach space
has the RNP if it does when considered as a Banach space in its own right. To obtain directional
derivatives we use the following theorem [27, Theorem 3.1].

Theorem 2.15. Suppose Hy C M has the RNP. Let A C R and y: A — M be a Lipschitz mapping.
Then vy is almost everywhere differentiable.

Theorem 2.16. Suppose Hi C M has the RNP. Let A C G be measurable and { be horizontal,
namely £ € Vi \ {0}. If f: A — M is Lipschitz, then for almost every point x € A:
(1) A is dense at x in direction ,
(2) f is differentiable at x in direction (.
Proof. Choose V; c V; such that V| @ span{¢} = V| and consider a basis (e1, ..., e,_1) of
N=VieV,& -0V,

for which each e; belongs to some subspace V. The basis (ey, ..., e,_1,{) of G allows us to define

¥ : R" — G as follows
n—1
WE ) = [Z sjej] (1),
j=1

The map ¥ is a global diffeomorphism (see [26, Proposition 7.6]). By 3.1.3(5) of [12], for a.e.
(é,1) € ¥71(A) the set of points

[BeR:(£0 ¢ ¥ (A)
has density zero at ¢. Since { € Vi, hence W(&,1) = W(£,0)0,{, the previous statement implies that
for a.e. x = W(&,1) € A, the set A is dense at x in direction {. We denote the set of these points by
A, observing that is measurable and u(A \ A;) = 0.

Let Dy, C A; be the set of points at which f is differentiable in direction . Our proof is
completed once we have u(A; \ D) = 0, that is L" (‘P_l(Aév \D f,g)). By the measurability of Dy,
(whose proof is technical and postponed to Section[5.3), the set Zy, = A; \ Dy, is also measurable.
We can then apply Fubini’s theorem to the measurable set

¥7(Zro),

whose measure can be recovered by integration of measures of the 1-dimensional sections

(¥7'Z10), = &) Zro).
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where £ € R"™!. The composition t — f(W(&,7)) € M is Lipschitz on (¢, -)‘1(A{) C R, therefore
Theorem provides its a.e. differentiability on W(¢&,)"1(A;) c R. It follows that W(&,-)"1(Zss)
is negligible, hence so is ¥~!(Z .0 O

Definition 2.17. A homogeneous homomorphism, in short h-homomorphism, from G to M is a map
L: G — M such that L(xy) = L(x)L(y) and L(6,(x)) = §,(L(x)) for all x,y € G and r > 0.

Any h-homomorphism is automatically Lipschitz. Indeed, since G is stratified there exist a posi-
tive integer N and vy, ..., vy € Vj such that for some T > O the set

V.= {(5“1/1 .- ‘61NVN: |t;] < T}

contains the unit ball. The h-homomorphism property then yields the Lipschitz continuity. The
reader may also see [24, Proposition 3.11], which is stated there for stratified group targets, but
works equally well for Banach group targets.

Definition 2.18. Let A ¢ Gand x € A N D(A). We say that f: A — M is h-differentiable at x, or
simply differentiable at x, if there exists an h-homomorphism L: G — M such that

P~ f(x2), L(2)) .
d(z)
The mapping L is unique and called the h-differential of f at x.

0 aszex 'Aand d(2) | 0.

2.3. Porous sets. We now define porous sets and o-porous sets.

Definition 2.19. Let (M, p) be a metric space, E C M and a € M. We say that E is porous at a if
there exist A > 0 and a sequence x;,, — a such that

B(x,, Ap(a,x,)) NE =0 for every n € N.

A set E is porous if it is porous at each point a € E with A independent of a. A set is o-porous
if it is a countable union of porous sets.

Porous sets in stratified groups have measure zero. This follows from the fact that Haar measure
on stratified groups is Ahlfors regular, hence doubling, so the Lebesgue differentiation theorem
applies [19, Theorem 1.8].

3. DIRECTIONAL DERIVATIVES ACT AS H-HOMOMORPHISMS OUTSIDE A 0"-POROUS SET

In this section we study applications of porosity to directional derivatives. Recall that G is a
stratified group of step s and M is a Banach homogeneous group of step v. We will need the
following estimate for the Banach homogeneous distance in M.

Lemma 3.1. Let N e Nand A;,B; € M for j = 1,...,N. Suppose there exists b > 0 such that
p(Bij+1"'BN)Sb and p(Aj,Bj)Sb forj=1,...,N.

Then there exists Cp > 0, depending on b, such that

N

3.1) p(A1As -+ Ay, BiBy -+ By) < Cp ) p(A;, B)'V".
J=1
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The finite dimensional version of Lemma can be found in [26, Lemma 3.7]. The proof
works in a similar way for Banach homogeneous groups. However, due to the key role played by
Lemma [3.1]in our arguments, we will present its proof in Section[5.2] Since any stratified group is
a Banach homogeneous group, we can also apply Lemma|3.1|in G, replacing v by s and p by d.

We will also need the following estimate for distances in stratified groups [[15, Lemma 2.13].

Lemma 3.2. There is a constant D > 0 such that
d(x"'yx) < D(dO) + d(x)d() T +dx)T dy)7) forxyeG.

Unless otherwise stated, we denote by f: A — M a fixed Lipschitz function on a measurable set
A c G with Lipschitz constant L.

Definition 3.3. Fix {,7 € G, y,z € M and &6 > 0. Let C; and C; respectively be the con-
stants obtained from applying Lemma [3.1 in M with b = max{e, p(y) + p(z)} and in G with
b = max{e, /L, d({) + d(n)}.
We define P(¢, 1,9, 2, €, 6, A) to be the set of points p € A for which the following properties hold:
e Forall 0 <t < § there exist £, 77, € G satisfying

(3.2) plieA and d(h,60) < et,
(3.3) pn, €A and d(y,,6m) < &t
(34 P(f ()" F(pL}), 61y) < e,
(3.5) p(f(p)~ f(pr}).6:2) < et
e For arbitrarily small # there exist w/, € G such that
(3.6) pw, €A and d(w,,d(Ln) < et,
G.7 P(F(P) ™ f(pw)y). 6,:(y2)) > (3C18" + Le + LCy (2+ L7V%) £!/)1.

Intuitively, P(¢,n,y, 2, €, 6, A) consists of points for which the directional derivatives in direction
{ and n look like y and z respectively, at scales less than § and with accuracy ¢.

Notice that provided € and ¢ are bounded by some fixed constant K, the constants C; and C, in
Definition [3.3]are bounded by constants independent of the precise value of & and 6.

Lemma 3.4. The set P({,n,y,2,€,0,A) is porous.

Proof. For this proof we abbreviate P = P((,n,y,z,&,06,A). Let x € P and choose 0 < ¢ < §/2 for
which there exist «', € G satisfying (3.6) and (3.7). Fix also £’ satisfying (3:2)) and (3.4). Since x
was any element of P and 7 could be chosen arbitrarily small, to prove P is porous it suffices to show
that B(x{%, et/L)yN P = 0.

We suppose B(x{%, &t/L) N P # 0 and deduce a contradiction. Choose p € B(x{%, &t/L) N P. Use
the definition of P to choose 77}, € G satisfying (3.3) and (3.5)). We first estimate

p(f) " f(pn), 6:(372)).

To this end, observe we can write

S1:(f ()~ f(pr)) = A1A243, yz = Bi1B,B;s,
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where

A1 =681 (f) 7 L)), Ax =81 (fLDT (). As = S1(f() ! £y,

and
Bi=y, B,=0, B3=z
We check A;, B; satisfy the hypotheses of Lemma [3.1] with b = max{e, p(y) + p(z)}. Using (3.4)

gives

1
p(A1, B) = p(B1:(f(x) F(xZL)), y) = ;p(f(x)‘lf(xéi), 6y) < e

Recalling that p € B(x{%, et/L), we obtain

1 L
p(A2, Ba) = p(61/(f(xL) ™" £(p)), 0) = ;P(f(P), f(xg)) < 7d(x§;,l?) e
Using (3.5)) also gives

1
P43, Bs) = p@1(f(p) f(prp)), ) = —p(F () F(pmy),0,2) < e

Hence p(A;, B;) < & for each i. Clearly also p(B;B;+1--- B3) < p(y) + p(z) for each i. Hence the
hypotheses of Lemma [3.1] are satisfied for our choice of b and we get

3
(3.8) P(F) ™ Fpny). 8i32) < Cut ) d(Ai B)'" <3C18'
i=1

Now let ¢, = x~! pry’,. Then x#', = pr\, € A and (3.8) gives

(3.9) p(f0) f(x,),6:(y2)) < 3C1€'.
Now we estimate d(¢', §,(¢{n)). Since p € B(x{.,et/L), we may choose h' € G with d(h") < et/L
and p = x{*h'. Therefore
d(6, 6:(&m) = d(x_ll’ﬂ;p 6:(&m) = d(&h'n,, 6.(Ln)).
Now define
A =61l Av=dudt, Az =6ym),

and

Bi=¢, B,=0, Bi=n.

Let b = max{e, /L, d({)+d(n)}. Using (3.2)) and (3.3) shows d(A,, B;) and d(A3, B3) are bounded
by &. Using d(h') < &t/L gives d(A;, By) < g/L. Clearly d(B;Bj,1 - -- B3) < d({) + d(n) for each i.
Hence the hypotheses of Lemma 3.1 are satisfied, giving

3
d(E,.5,Lm) < Cat Y p(A BYV < Cy (24 L71°) Ml
i=1



12 VALENTINO MAGNANI, ANDREA PINAMONTI, AND GARETH SPEIGHT

Recall ', were chosen satisfying and (3.7). Using also (3.9), we estimate as follows:
P )™ ), 6,(v2) < p(f ()" f(x8), 8:(2)) + p(f (xl), f(x6,))
<3C1e"t + Ld(w', 0.)
< 3Ci&"1 + L(d(w, 5/¢) + d(@,, 6,{m)))
<3C1eYt + Let + LC, (2 + L_l/s) gl/st
=(3C1e"" + Le + LCy (2+ L71%) 691,

This contradicts the choice of «',, forcing us to conclude B(x{%,et/L) N P = (. Hence P is porous,
which concludes the proof. O

We now prove Theorem [1.2] by putting together countably many of the sets from Definition 3.3

Proof of Theorem Using Theorem[5.2]we can assume that the Banach homogeneous group M is
separable. Let P be the countable union of sets P({, 1, , z, €, 6, A) for £, in a countable dense subset
Ng of G, y, zin a countable dense subset Ny of M, and &, § positive rationals. By Proposition|2.10}
it is enough to show that for points x € A N D(A) \ P we have

0" f(x,4m) = 0" f(x,)0" f(x,m)

whenever £, n € G for which 8" f(x, £), 8* f(x, n) exist.

Suppose x € A N D(A) \ P and 9" f(x, ), 0" f(x,n) exist for some £, € G. Fix £ > 0 rational.
Choose %, 7', € G for t > 0 with x%, xn'. € A and d(%, 6,0)/t,d(n'., 6,m)/t — 0. Using the existence
of 8* f(x,0), 0" f(x,n), choose & > 0 rational such that for 0 < 7 < §:

d(l,6:0) < et/2 and  p(51(f(x)" f(xZL)), 0 f(x, ) < €/2,
d(n;, om) < &t/2 and p(él/t(f(x)_]f(xn;)), a* f(x,m) < &/2.

Now choose y, z € N such that
(3.10)  p@" f(x,0).y) <&/2, p@ f(x,n),2) <&/2, p@ f(x,0)0" f(x,m),y2) < Cr&'"”.

In particular, we have

GBI p@(fW ) <e and  p@u(f() fm)).) <& for0 <1<,
Now choose ¢, € Ng such that d(¢, ") < €/2,d(n,n’) < €/2 and d({n,{'n’) < €/2. Then
(3.12) d(lt,6:0) <et and d(,o6m') <et forO<t<§.

Equations (3.11) and (3.12) show that the point x satisfies the first four conditions of the set
P 1, y,2,€,6,A), i.e. B-2)—(3.3) hold with ¢, replaced by ¢/, 1" and p replaced by x.

Since x ¢ P D P({',7,y,2,&,6,A), the analogue of or (3.7) for the set P({', 1, y,2,&,6,A)
must fail for sufficiently small . Hence whenever ¢ is sufficiently small and ', satisfy the two
conditions

(3.13) xo' €A and d(W,06,('N)) < et,
then we must have

(3.14) P(f(0) Fxw!), 81(32)) < (3C18"" + Le + LCy (2+ L7%) ') 1.
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Let ', approximate in A the direction {n at x. Then x«', € A and d(w',, §,(¢{n)) < &t/2 for sufficiently
small 7. Since d({n,¢'n’) < /2 it follows that «' satisfy (3.13) and hence (3.14) for sufficiently
small 7. Taking into account the third inequality of (3.10), we obtain for sufficiently small 7:

B15)  p(f@) 7 fxwl). 6,07 F(x, 0O f(x,m) < (4C18'” + Le + LCy (2+ L7V) &!19)1.

To summarize, if ' approximate the direction {7 at x then (3.13) holds for sufficiently small z.
Provided &,0 < 1, the constants C; and C, are independent of the precise value of € and 6. We
conclude that 0" f(x, {n) exists and is equal to 9" f(x, )" f(x, n). m|

4. FROM DIRECTIONAL DERIVATIVES TO DIFFERENTIABILITY

We now prove Theorem [I.3] which gives conditions for pointwise differentiability. Combining
these results with those of Section [3|will yield Theorem [I.1]

Proof of Theorem|[I.3] First we suppose f is differentiable at x € A N D(A). Then there exists an
h-homomorphism L, : G — M such that

“4.1) p(f(x)_]f(xz), L(2)) = o(d(2)) aszex'A and z-0.

Let { € G. Using Lemmal[2.8| choose £% such that x{% € A and d({%,6,{)/t — O ast | 0. Then @I)
gives

(4.2) p (f(x)_lf(x{;), Lx({;)) = o(d({)) ast ] 0.

Since d(£,6,0)/t — 0, there exists K = K({) > 0 such that d({%) < Kt for sufficiently small ¢.
Combining this with (.2)) gives

43) limp (616 (/0™ (L), 811L4(£)) = 0.

Since Ly is an h-homomorphism (and hence Lipschitz), we have

d(6.L, 2,
DL S LA = p(LD). Lil1i81) < Lip(L) S5 f & o,

Combining this with @.3) shows 9" f(x, {) exists and is equal to L(¢) for any ¢ € G. Since L, is an
h-homomorphism, the h-homomorphism property of directional derivatives follows.

For the converse statement, we assume 0" f(x, {) exists for any £ € G and L, : G — M defined
by L({) := d* f(x,{) is an h-homomorphism. For every { € G with d({) < 1, use Lemma to
choose % for r > 0 with x% € A and d({%,6,{)/t — 0 as ¢ | 0 uniformly for £ € G with d(¢) < 1.
We first show that

4.4 61/,(f(x)_1f(x§§)) — 0" f(x,¢) ast | 0uniformly for £ € G withd() < 1.

Let K = 1+ Lip(Ly) + 3L > 0 and fix € > 0. Choose a finite set S C G such that for any n € G
with d(n7) < 1, there exists £ € S with d({,n) < &/K. Choose ¢ > 0 such that

(4.5) p (01 (f) ™ (). 0" f(x,0)) < &/K  foreveryf €S and 0 <1<,

and

4.6) d(nfr, om/t <e/K foreveryn e Gwithd(n) < land 0 <t <.
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Given np € G with d(n7) < 1, choose ¢ € S with d({,n) < &/K. We observe that
@7 (61T FOR .07 F ) < p (S1(f@) T F(LD). I £(x.0)

+ 0 (61(F ™ FOa)), 81 f(0) ! F(x22))
+p (0" f(x,0),0" f(x,m) .

The first term in (@.7) is estimated by (@.3) for 0 < # < §. We estimate the second term of (@.7) as
follows:

1
P (81 FCaf ), 51 FOO™ FOL))) = < (FOml). f(x2)

L
< ;d(ni, ')
< L(d(ni, om) d({)’c;&{)

; +d(C, 77))-

Using our choice of £ and (4.6), we obtain

(4.8) P (817 FCn ), 61(f() ' f(xL))) < BLe/K  for 0 <t <.
We estimate the final term in (.7) as follows:

4.9) PO f(x,), 07 f(x,m) = p(Lx({), Lx()) < Lip(Lx)d({, 1) < eLip(Ly)/K.
Using @.3), (@-8) and @.9) in (.7) together with the definition of K yields

p (81,7 ), 8" flxm) < &

This proves the uniform convergence (4.4).
To conclude we will show that p(f(x)~! f(xz), Lx(z)) = 0(d(z)) as z — 0 with z € x'A. First
notice that for £ € G with d({) < 1:

1
;p(f(x)—lﬂxg;), L(Z%) = p(B1/:(f () F(xZL)), 61 7L(LL))

< p@1(F() 7 FOLD), 0" (6, ) + (0" f(x, 0, 617Lo(L)
= p@G1/:(f() ™! F(L)), 0" F(6, ) + p(L(D)s Li(61/13))
< PO (f) ™ F L), 8" F(x, ) + Lip(L)d(L, 81/6%).

Hence (4.4) and our choice of £% gives
1
(4.10) ;p(f(x)_lf(ngc), L,({)) —> 0 as t | 0 uniformly for d(¢) < 1.

Given & > 0, use (4.10) and our choice of . to choose § > 0 such that

d(6:4,4%) e amd PY (0~ f (), L&) e
t t

ford(¢) < 1and0 <t <é.
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Now let z € x~'A with d(z) < 6. Choose ¢ € G with d(¢) = 1 such that z = 6,¢ for some 0 < 7 < 6.
We then estimate as follows:

U~ f(x2), Li(2) L P 0~ f (6,0, F) T F(xZ) L PY )~ fLDs Le(@D)
d(z) B t t

N P(Lx({3): Lx(6:0))
t

d@id.&) | p(f)™ F(xZL), Le(Zh))
t t

< (L + Lip(L,))
<(L+Lip(Ly)+ D)e.

This shows that f is differentiable at x.
m|

Using our results above, we can now quickly show how Theorem[I.3|gives Theorem|[I.1] By [26]
Lemma 4.9], there exists a spanning set of directions vy, ...,vy € V| for some N € N, namely there
exists T > 0 such that

{64, v185,v2 -+ 6pyvn 1 0 < t; < T}
contains the unit ball of G. If H; € M has the RNP then Theorem [2.16]yields a null set Z C A such
that for every x € A\ Z: A is dense at x in direction v; and d* f(x, v;) exists for every i = 1,..., N.
By Theorem [I.2] we can find a o-porous set P C G such that directional derivatives at x act as
h-homomorphisms whenever x € A N D(A) \ P.

Combining these with the spanning property of vi,..., vy, it follows that f is differentiable at
each x € AND(A)\(PUZ) in any direction { of the unit ball. Proposition[2.10|extends this directional
differentiability to all directions ¢ of G. The same Theorem|I.2]shows that for x € AND(A)\ (PUZ)
the directional derivative G > ¢ — 0" f(x, {) defines an h-homomorphism. We have established both
conditions 1 and 2 of Theorem[I.3] therefore f is differentiable at every point of AN D(A) \ (PUZ).
Since HE(A \ D(A)) = 0 and porous sets have measure zero, our claim follows.

Remark 4.1. Taking into account Remark [2.12] when the domain A of f is an open set, properties
(3-2) and (3.3) of Definition [3.3] are automatically satisfied. Hence several arguments in the proofs
of both Theorem[I.2] and Theorem [T.3|become simpler.

5. APPENDIX

5.1. Separable Banach Homogeneous Groups. Let M be a Banach homogeneous group of step
v. Forevery v = (vf,..., ) € MX, k > 1, we define the nonassociative product

pe(0) = [+~ [[vi,v2l,val - Lvil =viovyo-- o,
where py : M¥ — M is clearly a continuous multilinear mapping. For any countable subset
N={xjeM:jeN],
we define its rational homogeneous span as follows

(N = {Z D dimx): A€ Q, ne N} cM.

j=0 =1
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The closed homogeneous span of N is simply (N) = ((N)) € M. This is clearly a linear subspace
of M that is also homogeneous, that is 6,{(N') C (N) for every r > 0. SEICG (({N)) is countable, (N)
is a separable homogeneous Banach space, that in particular contains N.

Theorem 5.1. There exists a separable Banach homogeneous subgroup V¥ C M such that (N) C V.

Proof. Let Y| = (N) be the separable and homogeneous Banach space spanned by N and consider

Y. = {Z p(0): I C Y'l‘ is ﬁnite}

vel
for each k = 2,...,v. Since dilations are also Lie algebra homomorphisms and Y is closed under
dilations, it follows that 6, Y; € Yi foreachk = 1,...,v and r > 0. It is clear that Y is a linear
subspace also fork =2,...,v.

We wish to show that for any couple of finite subsets J C Y’lC and J C Yll with
D@ eYe and > ww) ey,
vel weqg
the following conditions hold

¥ ) piw)

wedJ
where y € Y;. Notice that the nilpotence of M gives Y;; = {0} whenever k + [ > v. The first
condition of (5.1) is straightforward:

(5.1) €Yu and | D p), ). piw)

vel weqJ

€ Yiu

s Z Pz(m)] =- Z Pr+1((w,y)) € Yiu1.
vey vey

The second one for k = 2 is a consequence of the Jacobi identity, that yields

{[VlaVﬂ’ Z Pz(m)} = —[ V2, Z Pz(m)} ,Vl} - Z pl(m)’m} ,Vz}
wey

weqg weJ
= Z Pr2((w, v2,v1)) — Z Prr2((w,v1,12)) € Yiiz
weg weg
for every positive integer /. If we assume the second condition of (3.1]) to hold for a fixed k > 2 and
every [ > 1, then setting

k+1 = k
D=(V1,V2,...,Vk+1)€Y1 and D=(V1,V2,...,Vk)€Y1,
we consider the product

meZmﬁ%mmmmZmﬁ

weg weg

:_me§]mmkm@4—

weJ

Z pi(w), Pk(ﬁ)} , Vk+1}

weJ

+ > Tpk(®), @), v ]

= — |:pk(ﬁ), Z p[+1((m’ Vk+1))
wed

weyJ
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All addends of the previous sum belong to Y441 by the inductive assumption, hence establishing
conditions (5.1)). The linear subspace

V=Y1+Y+---+Y,cM
is closed under dilations, since so are all the subspaces Y ;. Conditions (5.1)) immediately show that
V is a Lie subalgebra of M. It turns out that its closure
V=V
is a Banach Lie subalgebra, that is also closed under dilations, due to the continuity of the Lie
product and of dilations. Then the same argument in the proof of [26, Proposition 7.2] shows that
V is actually a direct sum of subspaces Uy, ..., U, with [U;, U] C U;;; and U;;; = {0} whenever
i+ j > v. Since the group operation is given by the Baker-Campbell-Hausdorff formula, it turns out

that V is a Banach homogeneous subgroup of M.
To show that V is also separable, we first consider the countable subsets

(N = {Z mv) s I c (N s ﬁnite}

vel
where 2 < k < v and define the closed subset

W =N+ N2+ + Ny

Clearly W is separable, being all the addends ((N)) and ({(N)); countable. The simple inclusion
ANk € Y for k > 2 joined with Y| = ((NV)) immediately lead us to the following

(N + N2+ -+ Ny C Y,

that gives W C V.
The opposite inclusion follows from the following

(5.2) WoV.

To prove this, we consider any element

w=V+zV:Zpk(D)€V,

k=2 vely

with v € Y, and 7 finite subset of Y’f . Since m = Y, we find a sequence {y,} of ((N)) with
yp — v. For k > 2 and any v € J; we find a sequence {v,} C ((UNYY* such that v, — v. By the
continuity of p, we get

Pk(0n) — P(v)  asn — oo.
We conclude that

=Y+ Y > Pk0n) € AN + (D)2 + -+ + (N,

k=2 vel;

and z, — w € W, showing the validity of (5.2)) and then concluding the proof. O

Theorem 5.2. If A € Gand f : A — M is continuous, then there exists a separable Banach
homogeneous group Mo C M such that f(A) C My.

Proof. Let N C M be a countable subset such that f(A) C N._Then Theoremprovides us with a
separable Banach homogeneous group My C M containing N, therefore concluding the proof. O
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5.2. Proof of Lemma 3.1} Fix b > 0. Since each map 7; is continuous and linear, the following
inequality holds for |x| < b, where ¢ > 0 only depends on IM:

1/i
(5.3) ol < il = Mgt + b)Y (—1 'i'b)

< M+ by

< max{c, 1}(1+5)"7% |7,
By (2.3) and there exists Cy > 0, depending on b, such that
(5.4) llxll < C1p | for |x| < b.
Conversely, from (2.3)) one may easily see that there exists C»; > 0 such that
(5.5 |x| < Cyp  for |ix]| < b.

The same formula also yields

1 ) v i-1
(5.6) < Z ri(x)] < max { = }Z (Crob™) " lxl = Caplixl for | < b.

<i<y

We observe that for the addends in (2.2) to be non-zero, the iterated nonassociative product must
always start from the factor x o y or y o x. Thus, the continuity of the Lie bracket yields

q1 times qi times
— e — —
(5.7) lxo--0x0yo--r0yo---oxo---oxoyo--oy|<C" " 2|x,y]
— SN——
p1 times Pk times

where Zle(pi + ¢g;) = m and we have assumed in addition that |x|, |y| < b for some b > 0.
Claim 1. Let b > 0. Then there exists Cayp, > 0, depending on b, such that
(5.8) Iy~ ool < Cap 1" for |xl, [yl < b.

Proof. Recalling y~' = —y and applying Dynkin’s formula with the pairs —y, xy then x, y, we obtain
v 4
(5.9) vy = x4 D P y) + ) Pul=y, xp).
m=2 m=2

Taking into account (5.7), it is easy to see that there exists Cs; > 0, such that

2 Pm(_y’ Xy) .

m=2

Another application of (5.7), joined with (2.2)), gives a constant Cg;, > 0 such that

by~ ayl < Cs plal +

lxyl < Cep  for|xl, Iyl < b.
Again using (5.7), it follows that
(5.10) |Pm(=y, xy)l < C7, [y, xy]l

for each m = 2,...,v and a suitable constant C7, > 0, depending on b. Thus, we have proved the
existence of Cg; > 0, depending on b, such that

(5.11) vyl < Csp (X + [y, xy1).
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Now, we observe that
[y, xy] = [y x + Z Ppu(x, )] = [y, 2]+ Z Ppu(x, y)]-

This together with the continuity of [-, -] leads us to the estimate

Iy, 211 < Co (xllyl + 1 ) 1Pmx )

m=2

where Cop > 0 only depends on the Banach norm chosen on M. As a consequence, there exists
Cyp > 0 such that

(5.12) Iy, xy]l < Coplx| for |x],|yl < b.

The previous inequality joint with (5.11) gives Iy‘lxyl < Cyop for some Ciop > 0 depending on b.
This bound on |y~!xy| allows us to apply (5.4), that joined with (5.11)) and (5.12) gives (5.8). o

Claim 2. Let N be a positive integer and let Aj, B; € M with j =1,...,N. Let b > 0 be such that
|BjBji1 -+ Byl < band IBJ_.IAJ-I < bforevery j=1,...,N. Then there exists C > 0 such that

N-1
(5.13) p(A1As -+ Ay, BiBy - By) < p(Ay, By) + C ) |A7' B!V,
j=1
Proof. Define Bj = B;Bj;1---By and Aj = AjAji1---Ay. Using the left invariance of p and
Claim [T} we obtain
p(A1, B1) = p(A2,AT' B1By) < p(As, By) + 1By AT B1 Bl
< p(As, By) + CaplAT By
< p(As, B3) + C4plA3 ' Bal'” + CaplAT' By
N-1

< p(Ax, By) +C Y 1A' B, O
j=1

From the hypotheses of Lemma [3.1] taking into account (5.3)), we see
IBjBji1--- Byl < Cyp and |A7'Bjl<Cayp  forj=1,...,N
Hence we may apply Claim 2] Recalling that p(Ay, By) < b and using (5.6) we obtain

N-1
p(A1As--- Ay, BBy -+ By) < p(An, By) + C3c,, Z A 'BiI'Y < ¢y ZP(AJ,B I,
j=1 j=1

where C;, = max {bl_é , C3,C2,b}. This concludes the proof of Lemma

5.3. Measurability of points where a directional derivative exists. The aim of this section is to
prove that the set Dy in the proof of Theorem [2.16 is measurable. Recall that f : A — M is
Lipschitz and A C G is measurable. It was shown earlier that the set A; of points at which A is
dense in direction £ is measurable and u(A\ A;) = 0. The set Dy, is the subset of points in A, where
f is differentiable in direction . By Theorem[5.2] we can assume that the target M is a separable
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Banach homogeneous group. Fix z; € M with_{zi 1 € N} = M. Let Pi(z) = p(z,z;) for z € M. For
y € Aand 1 > 0, define measurable functions g;, ., g;, _ : Ay = R U {+00, —co} by:

L) = { P (51/t (f(x)_lf(y))) ify e AN B(x6,L, 1)
8y« +00 ifye A\ B(x8:Z, ).

Fix a countable set S C A with A ¢ S. Define

X — @(x)= lim sup sup sup (giy,_(x) - gi’z’ +(x)) ,
R—+00 ieN 0<s,1<1/R (y,z)eS?
s5,t€Q

which is well defined and measurable on A;. We claim that f is differentiable at x in direction ¢ if
and only if ¢(x) = 0.
First suppose x € A; and f is differentiable at x in direction ¢. Proposition [2.14]implies that

lim 81 (07 f(x6:0)) = 0* £(x,0).

110, x8,0€A

Since x is a density point of A in direction £, there exists 7, > 0 with x67,{ € A and T;/t — 1 as
t 1 0. Fory € B(x6,{,1%), let

Evyi =61 (f(x67,0)7" f)

Taking into account that { is horizontal, we have

d(x6rd.y) L
P(Erys) € L= < = (IT, = d() + 1) = L6,

where 6; —» 0ast | 0. We set
(O F e = 01t (FO0 f(x67,0)),
observing that (6f)xs; — 0% f(x,{) ast | 0. The following estimates hold
|Pi (61 (£ £5))) = Pi(6ne)| = |Pi (@F)rerErns) = Pr (6 ns)

uniformly in y € B(x6,(, ) andi € N. Since P : M — £°, z — (Pi(2))jey is an isometric
embedding, we get

< p(Ex,y,t) < L6,

sup P ((6f)rzs) = P (0" fx, )] = 0 ast Lo
If we fix £ > 0, then for some R, > 0 we obtain
|P: (614 (£ F ) - Pi 0" £ 00)| < 22

forO <t < 1/R.,i € Nand y € B(x6,¢, ). In particular, for y € B(xd,{, ) and z € B(x04¢, s%), it
follows that

|Pi (61 (£ £5))) = Pi (6175 (07 £))| < &

for0 < t,s < 1/R; and i € N. The fact that A is dense at x in direction £ implies that, up to taking a
larger R., the following
sup  sup (gl () - ghos ()

0<s,t<1/Rg (y,Z)GSZ
s,t€Q
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exactly equals

sup sup Pi(81/ (f@ 7 F ) = Pi (615 (F0 7' f@)) < &
0<s,t<1/Rg (,2)eS?
SIEQ e B(x8,L.2), 2€B(x6,L.5%)

for every i € N. This proves that ¢(x) = 0.
Conversely, we assume that ¢(x) = 0 and wish to prove that f is differentiable at x in direction (.
Let & > 0 be arbitrarily fixed and choose R. > 0 such that

(5.14) sup sup sup (gl (0 - g, (0) <&
iEN 0<s,t<1/R; (y,7)eS?
5,t€Q
Observing that in the expression (5.14) we can exchange (¢, y) with (s,z), if y € B(x8,Z,1%) and
Z € B(xd4¢, s%) we get
|Pi (61 (£ £5))) = Pi (6175 (07 £))| < &

for 0 < s,t < 1/R.. Since x € A is a density point in direction £, we may consider again 7; > 0
such that x67,{ € Aand T;/t — 1 ast | 0. Fix 69 > O such that 7, < 2¢ for 0 < ¢ < §o. Whenever
0<s,t<1/2R,, wehave 0 < T, T; < 1/R, and then

(5.15) |Pi (617, (fO! F81,))) = Pi (617, (0™ FO7,0)))| < &

for all i € N. In particular, there exists
—1; . -1
b= tim Py (817, (f00' £0x67,0))
and we can pass to the limit in (5.15]) with respect to s | 0, that yields
|Pi (617, (fO0! fasr,)) - 1] < e

In particular, w = (I;) € £ and

1P (817, ()" F(x67,0))) = Wlle= — O ast L 0.

Hence the following limit exists
: -1
tim o1, (07 (e57,0)).

By Remark [2.11] this shows that f is differentiable at x in direction .
We conclude that Ds; = {x €A p(x) = 0}, from which the measurability of ¢ gives our claim.
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