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DIFFERENTIABILITY
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ABSTRACT. This paper contributes to the generalization of Rademacher’s differentiability
result for Lipschitz functions when the domain is infinite dimensional and has nonabelian
group structure. We introduce an infinite-dimensional analogue of Carnot groups that are
metric groups equipped with dilations (which we call metric scalable groups) admitting
a dense increasing sequence of finite-dimensional Carnot subgroups. For such groups, we
show that every Lipschitz function has a point of Gateaux differentiability. As a step in
the proof, we show that a certain o-ideal of sets that are null with respect to this sequence
of subgroups cannot contain open sets. We also give a geometric criterion for when such
Carnot subgroups exist in metric scalable groups and provide examples of such groups.
The proof of the main theorem follows the work of Aronszajn [Aro76] and Pansu [Pan89].
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1. INTRODUCTION

Rademacher’s theorem states that Lipschitz maps from R™ to R are differentiable almost
everywhere. This result has far-reaching consequences in Geometric Measure Theory and has
been generalized in many ways over the past few decades. In the case of considering domains
more general than R™, there have been two distinct branches. On the one side, extensions
of Rademacher’s theorem have been studied in infinite-dimensional vector spaces, where
there does not exist a Lebesgue-like measure. On the other side, there has been interest in
removing the vector-space assumption but preserving the structure of metric measure space.
Extensions to more general target spaces have also been considered, but is not the focus of
this paper.

Our goal is to extend the theorem to domains that are nonabelian and infinite dimensional.
We will concentrate on R-valued functions, although the results will hold for more general
targets like RNP Banach spaces. We now quickly review previous results, discuss the issues
present in both branches, and provide some references.

For the case of Banach space domain X, derivatives of a function f are linear mappings.
However, in infinite-dimensional case there are two ways this may be interpreted. A function
is Gateaux differentiable at g € X if there exists a linear function 7' : X — R satisfying

T(v) = %E% f(zo + ti;) — f(z0)

for every v € X. Instead, a function is Fréchet differentiable at xg if the map T satisfies
f(@o +v) = f(x0) +T(v) + o([[v]]) as [lv] = 0.

Thus, for Gateaux differentiability, the rate of convergence as t — 0 can depend on v
whereas it only depends on ||v|| for Fréchet differentiability. Fréchet differentiability clearly
implies Gateaux differentiability, but the opposite does not hold in general in the infinite
dimensional setting. In fact, Lipschitz functions f : X — R always have points of Gateaux
differentiability whereas they may lack any point of Fréchet differentiability [Aro76].

In infinite-dimensional settings, one also needs to find a good notion of “almost every-
where”. One can reinterpret Rademacher’s theorem as stating that the nondifferentiability
points lie in the o-ideal of Lebesgue null sets. Thus, one aims to prove that the nondifferen-
tiability points of Lipschitz functions lie in some suitable o-ideal A/. To guarantee at least
one point of differentiability, the o-ideal A/ should not contain open sets. Results of this type
have been found for both Gateaux differentiability and Fréchet differentiability, although the
Fréchet differentiability results are far harder and less broad [Aro76, Man73, LP03, Pre90].

When considering domains without a linear structure, one typically works in a metric mea-
sure space where “almost everywhere” has natural meaning. But resolving what a derivative
means becomes more involved, and one requires some additional structure on the domain.
For general metric spaces, one needs a collection of Lipschitz charts —which may not, in gen-
eral, exist— to differentiate the given function f against as it was done by Cheeger in [Che99].
Other works expanding on this theory of differentiation include [BL18, CK09, EB16, Sch16].
In the special case of Carnot group domains, there are in addition group structure as well
as a family of scaling automorphism. This allows us to define a derivative as the limit of
rescaled difference ratios converging to a homomorphism as it was done by Pansu in [Pan89].
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This paper seeks to bridge the infinite-dimensional framework with the Carnot group set-
ting. Specifically, we will define infinite-dimensional variants of Carnot groups and consider
Gateaux differentiability in this context. We will show that if G is a metric group with a
family of dilations (or metric scalable group, as we will call them) and has a dense collection
of finite-dimensional Carnot subgroups, then there is a nontrivial o-ideal N so that the
Gateaux non-differentiability points of any Lipschitz function f : G — R form an element
in NV.

We remark that there have been previous studies of infinite-dimensional variants of Carnot
groups. Notably, in [MR14], the authors defined so-called Banach homogeneous groups and
showed that Lipschitz functions from R to these groups are almost everywhere differentiable
in the notion of Pansu. Metric scalable groups include these groups as special cases, but
they also contain other examples.

Our investigations leave open several natural questions. Most notably, one can ask how
small the points of Fréchet nondifferentiability of Lipschitz functions are for metric scalable
groups. Even in Banach space domains, this problem is very hard and depends on fine
geometric properties of the norm, and so we leave this problem for the future. One can also
ask if there are infinite-dimensional variants of Cheeger differentiability. Here, the question
becomes more subtle as the differentiability charts must take value in an infinite-dimensional
Banach space for which there is no canonical choice. Finally, one would like to know when
a metric scalable group is generated by its finite-dimensional subgroups. Specifically, are
there geometric properties (geodicity, for example) that tell us when this is the case?

We begin by introducing the notion of scalable group that is the underlying structure of
the metric groups with which we will be concerned.

Definition 1.1 (Scalable group). A scalable group is a pair (G, d), where G is a topological
group and 0: R x G — G is a continuous map such that Jy := J(\,-) € Aut(G) for all
A € R\ {0},

(1.2) dx 00y = Oxu, VA peR,

and dy = e, where eg is the identity element of G.

Property (1.2) can be rephrased as follows: for every p € G, the map d((p): (R\{0},-) —
Aut(G) is a homomorphism. Hence it follows that d; is the identity map of G.

In an obvious way, in the setting of scalable groups, one can consider the notion of scalable
subgroups; a subgroup H of a scalable group (G,J) is called a scalable subgroup if G if
\(H) = H for all A € R\ {0}. We denote then H < G. In order to talk about Lipschitz
functions, we will endow these groups with metrics that make the dilation automorphisms
0 metric scalings in the following sense.

Definition 1.3 (Metric scalable group). A metric scalable group is a triple (G, d,d) where
(G,9) is a scalable group and d is an admissible left-invariant distance on G such that

d(6:(p), 0:(q)) = [tld(p,q),  VEeR.

By admissible, we mean that the metric induces the given topology.

Every Carnot group naturally has structure of a scalable group, where by Carnot group
G we mean a simply connected Lie group whose Lie algebra Lie(G) is equipped with a
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stratification Lie(G) = V4 @ --- @ V5. The stratification is unique up to an isomorphism,
see [LD17], and it defines a family of dilations on G. Indeed, one considers the Lie group
homomorphisms corresponding to the Lie algebra scalings defined by 63(X) = N X for
X € Vi and A € R\ {0}. Such a group can be metrized as a metric scalable group, and
the metric is unique up to biLipschitz equivalence. Vice versa, we say that a scalable group
(G, 0) has a Carnot group structure if there exists a Carnot group that is isomorphic to G
as a topological group and whose dilations given by the stratification coincide with 4.

Given a group structure with a dilation, we can define derivatives as done by Pansu
[Pan89]. First, for any g € G, let L, : G — G be the left multiplication operator. As
mentioned before, in the infinite-dimensional case, we need to take care of the distinction
between Gateaux and Fréchet differentiability. Here, we define Gateaux differentiability.
Definition 1.4 (Géateaux differentiability). Given two scalable groups G and H, a map
f : G — H is Gdteauzx differentiable at a point p € G if, as A — 0, the maps fp,)\ =
) 10 LJI(;) o foL,o00dy pointwise converge to a continuous homomorphism from G to H. We
denote this map by D f, and it is called the Gateauz differential of f at p.

Notice that if Df, exists, then it is 1-homogeneous in the sense that Df,(d\(u)) =
INDfp(u)) forall A e R and u € G.

We now introduce a notion requiring that our groups, which are possibly infinite dimen-
sional, are generated by finite-dimensional Carnot subgroups. This will be needed to show
that the o-ideal we define later is not trivial.

Definition 1.5 (Filtration by Carnot subgroups). We say that a scalable group G is filtrated
by Carnot subgroups if there exists a sequence (N, )men of scalable subgroups of G such that
each N, has a Carnot group structure, N, < Np,41, and G is the closure of U,enNp,. In
this case, we say that the sequence (N, )men is a filtration by Carnot subgroups of the scalable
group G.

We have now all the necessary data to give the definition of infinite-dimensional Carnot
group.

Definition 1.6. We call a complete metric scalable group that admits a filtration by Carnot
subgroups an infinite-dimensional Carnot group.

Necessarily, a metric scalable group that admits a filtration by Carnot subgroups is sep-
arable. Note that an infinite-dimensional Carnot group G cannot be equal to its filtration
UmenNm unless G = N, for some m € N. Indeed, each N,, C G is nowhere dense and
hence the union U,,enV,, is of first category in G. We define next what it means for a set
to be null (that is, it lies in our o-ideal).

Definition 1.7 (Filtration-negligible). Given a filtration (V,,)mnmen by Carnot subgroups of
a scalable group G, we say that a Borel set Q C G is (N,,)m-negligible if Q is the countable
union of Borel sets €2,,, such that

voln,, (Npm N (g2)) = 0, vm € N,Vg € G,

where voly, denotes any Haar measure on N,.
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We can now state the main theorem of this paper, which is the following generalization
of Aronszajn’s differentiability result [Aro76]|, and the one of Pansu [Pan89).

Theorem 1.8. Let G be an infinite-dimensional Carnot group. If f: G — R is a Lipschitz
map, then there exists a Borel subset Q C G that is (Np,)m-negligible for every filtration
(Nm)men by Carnot subgroups of G and such that for every p ¢ Q the map f is Géateaux
differentiable at p.

Notice that the above statement is meaningful already within the class of metric scalable
groups. However, be aware that a scalable group may not admit any filtration (for example,
if the group is not separable), in which case the above theorem has no content, e.g., one can
take 2 = G. Nonetheless, there are large classes of scalable groups that admit filtrations (see
Proposition 1.10 below for a general criterion and Section 5 for more examples). The first
thing to clarify is that, as soon as there is one filtration, the whole scalable group cannot be
negligible, as the next proposition states.

Proposition 1.9. If (Ny;)men s a filtration by Carnot subgroups of an infinite-dimensional
Carnot group G and Q C G is a Borel (Np,)m-negligible set, then 0 has empty interior.

As mentioned before, this allows us to conclude that, for groups admitting at least one
filtration by Carnot subgroups, every Lipschitz function f : G — R has at least one point
of Gateaux differentiability.

Finally, we would like to have geometric conditions that tell us when our group admits
filtrations by Carnot subgroups. For a scalable group G define its first layer as

Vi(G) :={p e G:t R~ (p) is a one-parameter subgroup},

where by one-parameter subgroup we mean that for all ¢, s € R,

Or+5(p) = 6:(p)ds(p)-
Note that if p € V1(G), then 0,(p) € V1(G) for all r € R, since

Ot+5(0r(P)) = Otrtsr(p) = 6tr(P)dsr(p) = 0t(r(p))ds(0r(p)),

We say that a set A C G generates G as a scalable group or simply that A generates G if G is
the closure of the group generated by {d:(a) : a € A, t € R}. Note that V;(G) is completely
analogous to the generating first layer of a finite-dimensional Carnot group. Moreover, the
following proposition holds.

Proposition 1.10. Let G be a scalable group. If G admits a filtration by Carnot subgroups
then V1(QG) generates G as a scalable group. Vice versa, if G is nilpotent, V1 (G) is separable,
and V1(G) generates G as a scalable group, then G admits a filtration by Carnot subgroups.

We point out that the nilpotency assumption in the previous proposition cannot be re-
moved, since there exist scalable groups with generating first layer that do not admit fil-
trations (see Proposition 5.11). However, not every metric scalable group having filtrations
is nilpotent, as shown in Proposition 5.10. We will discuss this relation in more detail in
Section 2.

Relying on the result of Siebert, it is rather straightforward to show that scalable groups
having Carnot group structure are exactly those scalable groups that are locally compact
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and have generating first layer (see Theorem 2.14 and the proof of Proposition 2.2). There-
fore, keeping Proposition 1.10 in mind, our definition for infinite-dimensional Carnot groups
(Definition 1.6) appears in this sense to be a natural non-locally compact generalization of
Carnot groups.

We begin by proving Proposition 1.10 in Section 2. The crucial observation is that any
nilpotent group generated by finitely many elements of V;i(G) has structure of a Carnot
group. In Section 3 we make a closer study of filtration-negligible sets and prove Proposition
1.9. Section 4 is devoted to the proof of Theorem 1.8 and finally in Section 5 we give examples
and introduce a class of metric scalable groups that admit filtrations by Carnot subgroups.

2. CARNOT GROUPS GENERATED

The aim of this section is to prove the following proposition, which easily implies Propo-
sition 1.10.

Proposition 2.1. Let G be a scalable group. The following are equivalent:

i) G admits a filtration by Carnot subgroups;
ii) there exists a sequence (an)n C Vi(G) such that {an}nen generates G as a scalable
group and the group generated by {ai,...,an} is nilpotent for every m € N.

The challenging part is to prove that ii) implies i). In the core of the argument there is
the following result, which we state as a proposition.

Proposition 2.2. Let (G,0) be a scalable group that is generated by x1,...,z, € Vi(G),
with r € N. If G is nilpotent, then it has structure of a Carnot group.

We give now a proof of Proposition 2.1 using Proposition 2.2 and devote the rest of the
section for the proof of Proposition 2.2.

Proof of Proposition 2.1. Assume first that (N,),, is a filtration by Carnot subgroups of G
and denote by n,, the corresponding Lie algebras. Since the groups (Ny, )., are Lie subgroups
of each others, we may define inductively a basis {ej,...,e;, } for Vi(n,,) as an extension
of the basis for Vi(ny,—1). By Chow-Rashevskii theorem, the set {exp(e;),...,exp(e;,, )}
generates IV, as a scalable group, and since U,,, NV, is dense in G we may take (exp(ey,))n
as the desired sequence.

Next, let (an)nen € V1(G) be the sequence given by ii). This sequence generates a dense
subgroup of G, and choosing N,,, to be the scalable group generated by {ai,...,an} gives
G a filtration by Carnot groups by Proposition 2.2. O

We begin by fixing the notation in Section 2.1. Analogously to Definition 1.1, one can
consider Q-scalable groups for which the dilation automorphism is defined on the rationals:
0: Q x G — G. In Section 2.2 we prove that if G is a nilpotent Q-scalable group of step
s that is generated by finitely many elements, then G(*) has structure of finite-dimensional
Q-vector space. Here G is the last element of the lower central series of the nilpotent
group G. Some of the simple commutator identities that we use are proved in Appendix A.

In Section 2.3 we use the result of Section 2.2 to show that under the assumption that
G is a nilpotent scalable group generated by finitely many elements, the last layer G() is
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a real finite-dimensional topological vector space, and in particular it is locally compact.
Consequently, see Theorem 2.11, also G is locally compact. The proof of Proposition 2.2 is
concluded by the result of Siebert (Theorem 2.14), which says that any connected, locally
compact, contractible group is a positively gradable Lie group. Namely, we find a gradation
@i~o Vi of the Lie algebra Lie(G) such that V; generates Lie(G), and hence @;~o V; is a
stratification of G.

2.1. Notation. For a group GG and elements g, h € G we define the group commutator by
g, h] == ghg~'h™".

The elements of lower central series are defined by G = G and G¥) is the group generated
by [G,G* 1], We say that G is nilpotent of step s if GCHT) = {e} but G # {e}. Notice
that in this case G is an abelian subgroup of G. We denote by Z(G) the center of G.

We follow the terminology of [Khu98| and define recursively commutators of weight k
for k € N in the variables x1,xo,... as formal bracket expressions. The letters x1,zs. ..
are commutators of length one; inductively, if ¢1, ¢o are commutators of weight k1 and ko,
then [c1, co] is a commutator of weight k1 + ko. We also call the commutator of the form
[x1, [T2, ..., [Tr—1, k] ...]] & simple commutator of x1,..., z.

During this section, it is useful to keep in mind the following lemma. We remark that
in [Khu98| the definition of commutator is related to our notation by [a,blkp, = [a™1, b7
However, since in the following lemma the generating set can equivalently be taken sym-
metric, it applies in our case without modifications.

Lemma 2.3 (Lemma 3.6(c) in [Khu98|). Let G be a group and M C G a subset of G. If
M generates G as a group, then G*¥) is generated by simple commutators of weight > k in
the elements m*', m € M.

We also write down the definition of vector space to ease the discussion later on.

Definition 2.4. Let K be a field. A K-vector space is an abelian group G equipped with
an operation o: K x G — G satisfying

(i) o(q,0(p,9)) = o(qp,9)

(ii) o(q,9)o(p,9) = o(q+p,9)
(iii) o(1,9) =g
(iv) o(q,9)o(q,h) = o(q, gh),

for all ¢,p € K and g, h € G. We denote the map o(q,-) by oy.

2.2. @-scalable groups. In this section, G will always denote a nilpotent QQ-scalable group
of step s with dilations d;, generated by z1,...,z, € V1(G). We will show that the last
element G®) of the lower central series admits a structure of finite-dimensional Q-vector
space.

Lemma 2.5. Let m € N and y € G%) be a simple commutator of k elements of Vi(G) for
some k € {1,...,s}. Then 6,,(y) = hy™ for some h € Gk,
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Proof. The proof is by induction on k. If & = 1, then 0,,(y) = 3" since t — 0(y) is a
one-parameter subgroup. Assume that the claim holds for k — 1 and let y € G*®). Now

y = [z, w], where z € Vi(G) and w € G*#~Y is a simple commutator of k — 1 elements of
Vi(G). Hence

Sn(y) = [ (@), (w)] = [ 2™ )
where z € G*). By Lemma A.1 and Corollary A.3, we get

k-1 k—1 k

Om(y) = halz™, 2][z™, w™ | = hq[z™, z]ho]x, w]™™ = hlz,w]™,

where h = hy[z™, z]hg € GHHD), O

Lemma 2.6. The abelian group G is a Q-vector space with the scalar multiplication
on(2) =6, 1(z"""). Moreover, if z = [z,w] € G with x € Vi(G) and w € GG~V then

m

0q(2) = [6(2),w].

Proof. If the step s = 1, the group G(®) = G and the Q-vector space structure is given
by the dilation automorphisms 6: Q x G — G, as the maps ¢t — d0;(x;) are one-parameter
subgroups.

For step s > 2, let first z € G®) be a simple commutator of s elements of Vi(G). In
particular, z = [z, w], where z € V;(G) and w € G~V is a simple commutator of s — 1
elements of V;(G). Define o: Q x G®) — G for simple commutators by

oq([z,w]) = [04(x), w].
If z is a product of simple commutators z1, . ..,z € G, we set
oq(z1--21) = 04(21) -+ - 0q(2k)-

By Lemma 2.3, this is enough to define the map o for all z € G©).
We show next that

on(2) =8, ("),

which proves that the map is well defined. Let first z = [z,w], where z € Vi(G) and
w e GV is a simple commutator of s — 1 elements of V;(G) and ¢q = ~€Qq, n,meN.
Lemma 2.5 gives us that

s—1 s—1

m(0g([2,w])) = [0m(0n/m (7)), Om (w)] = [2", hw™ ] = 2", w™ ],

where h € G C Z(@G). Since [z,w] € Z(G) as well, we get by iterating Corollary A.2 that

5m(0'q([a7,u)])) = [l’,w]nm571 — an3*1

1

If ¢ € Q_, we replace x by 2! in the above calculation as §_4(z) = J,(z~!) and use

Lemma A.4, which gives

-1

since now [z, [w, z]] = eg.
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If z € G is a product of simple commutators z1, ..., z, € G,
Om(0q(21 -+ 2k)) = Om(og(21)) - - Om(og(2k))
_ Z,fmsfl . Z}gmsfl
— (21 )
TL?’TL‘571

since z; € Z(G) for all i.

Finally, let z = [z, w] be such that z € Vi(G) and w is an arbitrary element of G(*~1.
Then, by Lemma 2.3 there exist simple commutators vy,...,v; of length s — 1 such that
w = vy ---v;. By Corollary A.2

aq(lz,v1---ul) = og([z, 1] - - [z, vi]) = ag ([, 01]) - - - og ([, v1])
= [0q(x), v1] - - [04(), v1] = [0q (), 01 - - - wi].

It remains to check that the map o: Q x G®) — G() satisfies the conditions (i)(iv) in
the Definition 2.4. Condition (iv) is true by construction. The conditions (i) and (iii) follow
from the fact that §: (Q*,-) — Aut(G) is a group homomorphism:

dgp = 0q0 0, and 01 = 1d,
S0
UQ(UP([wi])) = [5(1 © 519(1')7“]] = [5917(37)77”] = UQP([wi])
and
o1([z, w]) = [01(2), w] = [z, w].
Condition (ii) holds by Corollary A.2 and because ¢ — d;(x) is a one-parameter subgroup
for all z € V1(G), namely
Tqtp([7, w]) = [0g4p(2), w] = [84(2)0p(2), w] = [04(2), w][dp(2), w] = o4 ([, w])op([x, w]).
Hence the map o defines a Q-vector space structure on G, O

Lemma 2.7. The group G equipped with the Q-vector space structure of Lemma 2.6 is
finite dimensional.

Proof. The proof is by induction on the step s. If step s = 1, G = V4 (G) is commutative and
the set {x1,...,x,} is a basis for V1(G). Suppose that the claim holds for any Q-scalable
group of step s — 1. Let K = G/G(S) and define

0:Qx K — K, 5q(gG(s)) = 6q(g)G(S).
This map is well defined since §(G®)) = G(*). Hence the group K is a Q-scalable group of
step s — 1 and it is generated by {z;G®),...,z,G)}. Notice that
[xG(S)a yG(S)]K = [l’, y]GG(S)
Let 6: Q x K — K be the map from Lemma 2.6, which makes K1 a Q-vector space.
By induction hypothesis, there exists a basis {ki,...,k} of KG=D Let 7: G — K be
the projection and choose u; € 7! (k;) C GG for all 1 < i < 1. We show that the set
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{lzi,uj] : 1 <i<r 1<j <1} spans G®). Since G®) commutes, it is enough to show that
{[wi,u;]} spans all the elements of the form [z, ], where z € V1(G) and u € GGV,
Fix z = [z,u] € G®) such that z € Vi(G) and u € G, There exist ¢1,...,q € Q,
G = %, such that
m(u) = g, (k1) - - 64, (k)
~ s—2 ~ s—2
= Oy (W GOy G (G )

s—2

5=l sl M A(s)
= Oy (ug )< Oy (1 )G

my

Hence there exists an element h € G®) C Z(G) such that u = vh. Therefore

[x,u] = [z,vh] = [z, 0]

s—2 s—2
=l ) 0 ™))

rYma my
_ nims 2 _ nym’ 2
= [xvémi(ull ! )][maémll(ull : )]

2

s—2 s—
= Gy ([ g™ D)o Gy ([ ])

= b (™) 0 ()

=0q ([z,w]) - U‘H([wv ),
where we used Corollaries A.2 and A.3. Since z € Vi(G), there exists ¢ € Q and i €
{1,...,r} such that = d4(z;). Thus, by the second part of Lemma 2.6,

[, u] = 0q,([64(@i), ur]) - - - g, ([0q(:), w])
= [0gyq(@i), ur] - - - [0g,(xi), wi]
= 0qiq([zi; u1]) - - ogq([zi, wl).

O

2.3. Proof of Proposition 2.2. Our first task is to prove that G is locally compact. To
show this, we consider the Q-scalable subgroup Gg of G that by definition is generated as a
group by {d:(z;) :t € Q,1 <i<r} = Vg. Let 0: Q x G((Qf) — G((Qf) be the continuous map

(s)

from Lemma 2.7 which makes G’ a k-dimensional Q-vector space for some k € N. We use

the following facts about topological groups to show that G() is a finite-dimensional real
topological vector space.

Theorem 2.8 (Theorem 1.22 in [Rud91]). A Hausdorff topological vector space is locally
compact if and only if it is finite dimensional.

Lemma 2.9. Every locally compact subgroup of a topological group is closed.

Proof. This proof is adapted from a Mathematics Stack Exchange post by Eric Wofsey [EW]
Let H be a topological group and let K be a locally compact subgroup of H. Then K is
also a subgroup of H, and K is dense in K. We claim that every locally compact dense
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subset of a Hausdorff space is open. Indeed, let S be a locally compact dense subset of a

Hausdorff space X and take x € S. Let also U be open in S such that z € U, U C S, and

U is compact. Take then an open set V C X such that VNS = U. Since X is Hausdorff,

U is closed in X and therefore V '\ U is open in X. But
(V\NU)NS=VnSH\U=U\U =0,

and hence V \ U = () as S is dense in X. We conclude that V' C S, which proves the claim.

Hence, by the previous claim K is open in K. Recall that every open subgroup of a
topological group is closed since the complement K¢ of an open subgroup K is the union of
open sets; K¢ = U,cgxexK. Hence K is closed in K and therefore also in H. O

Lemma 2.10. G equals to G(S) and it is a k-dimensional real topological vector space.

Proof. Let {v1,...,v;} be a basis for G((Q‘?). We claim that since Gg) C Z(@G), we may assume
that each v; is of the form [z;,w;] with x; € Vg and w; € G(Sfl). Indeed, recall that by

Lemma 2.3 any element of G is a product of simple commutators of elements of Vg of
weight s, which proves the claim. Let

W= {[6¢, (z1), w1] - - - [0, (k) w] | t; € RY,
which is a group by Corollary A.2 and since t — 0;(z;) is a one-parameter subgroup for each
ie{l,...,k}. Now G((Qf) C W by definition of ¢ and W C G((Qf) by continuity of dilations.
We define 6: R x W — W by
GA([60 (1), wa] -+ [0, (), w]) = [Oxe, (x1), 1] - -+ [6xe, (), wie].

This map is continuous and it defines an R-vector space structure on W: since & is a
continuous extension of o, it is easy to show that & fulfills the conditions in Definition 2.4.
Hence W is a k-dimensional real topological vector space. Therefore, by Theorem 2.8 and

Lemma 2.9, W is closed and so W = G((Q‘?). We conclude the proof by noting that G = Gy,

and hence G = %(S) = G(S), where the last equality follows form the continuity of the

group operation. ]

The following statement on topological groups will allow us to conclude that G is locally
compact.

Theorem 2.11 ([MZ74] p. 52). If a topological group G has a closed subgroup H such that
H and the coset-space G/H are locally compact, then G is locally compact.

Lemma 2.12. Let (G, ) be a nilpotent scalable group that is generated by xy,...,x, € G
as a scalable group over R. Then G is locally compact.

Proof. The proof is again by induction on the step s. If s = 1, the group G is a real
topological vector space with basis {z1,...,z,} and hence locally compact by Theorem 2.8.
Assume that the claim holds for step s — 1 and consider K = G/ G®), which is generated
by 21G®), ..., 2,G®) with dilations &;(zG®)) := §,(x)G®). Now K is indeed an R-scalable
topological group, since G is a closed normal subgroup of G by Lemma 2.10. Hence K is
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locally compact by the induction hypothesis, and by Theorem 2.8 the group G is locally
compact as well. Finally Theorem 2.11 proves the claim. O

To prove Proposition 2.2, we use the result of Siebert below.

Definition 2.13. Let G be a topological group. A continuous automorphism (¢ of G is said
to be contractive if lim,_,~ (" () = e for all x € G. A group that admits a contractive
continuous automorphism is called contractible.

Theorem 2.14 (Corollary 2.4 in [Sie86]). A topological group G is a positively gradable
Lie group if and only if it is connected, locally compact and contractible. In particular, if
¢ € Aut(QG) is contractive, then the gradation @s~o Vi given by ¢ is such that

{X € Lie(@) | (d¢ — aid)X = 0} € V_ 0

Proof of Proposition 2.2. We proved in Lemma 2.12 that the group G is locally compact. It
is also connected, since the map v;: [0,1] — G, 7,(t) = 0:(z) is a continuous path between
eq and z for every x € G. Additionally, the group G is contractible as the automorphisms
d; are contractive for all ¢t € (0, 1); for a fixed t € (0, 1),

Jim 57(z) = lim 6 (2) = dofe) = e

for all z € G. Hence by Theorem 2.14 the group G is a Lie group and each d;, t € (0, 1),
defines a positive gradation for Lie(G). We claim that, in order to prove that G admits a
structure of Carnot group, it is enough to find a gradation of Lie(G) such that V) generates
the whole of Lie(G). Indeed, a stratification of a Lie algebra Lie(G) is equivalent to a positive
gradation whose degree-one layer generates Lie(G) as a Lie algebra.

Let us consider the gradation given by ;.. By Theorem 2.14,

1
{X € Lie(G) [ (ddy/e — —id)X =0} € Von(1/e) = V1.

Let x € {x1,...,2,}. Since the map t — & (x), t € R, is now a one-parameter subgroup of
a Lie group, there exists X € Lie(G) such that

61() = exp(tX)
for all t € R. Additionally, on the one hand, since exp: Lie(G) — G is a global diffeomor-
phism,

log(d¢(x)) = tX.
On the other hand

log(d¢(x)) = log(dy(exp(X))) = log(exp(ddy(X))) = ddy(X).

Hence 1

déy,.(X)=-X

l/e( ) e

and X € V. Therefore log(z;) € Vi for all ¢ € {1,...,r}. Notice that, for any Y € Lie(G),
we have for some [ € N and i; € {1,...,r} that

exp(Y) = 6, (wi,) - - - 6y, (wi,) = exp(t1 log(z,)) - - - exp(t; log(z,))-
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Hence {log(z1),...,log(x,)} generates Lie(G) as a Lie algebra by the Baker-Campbell-
Hausdorff formula and Vi = span(log(z1), .. .,log(x;)). Thus the gradation given by ;. is
a stratification and G has structure of a Carnot group.

We still need to verify that the one-parameter family (d;);er of Lie group automorphisms
are the Carnot group dilations given by the stratification. The Carnot group dilation of
factor ¢ # 0 is by definition the unique map (; € Aut(G) such that

(2.15) dG(X) =t* X for all X € V,
and d(y is the zero map. Obviously ddg = 0, so consider the case ¢t # 0. Recall that each Vj,

is spanned by simple commutators of log(z;), i € {1,...,r} that span the first layer. Since
dd; is a Lie algebra homomorphism, we get for these elements that
do;([log(zs,), - - -, [log(zs,), log(xi, )]]) = [dé;(log(wi, ), .- - , [ddi (log (i, )), by (log (i, ))]]
= [tlog(xi,),- .., [tlog(zs,), tlog(zs,)]]
= tFlog(zi,), - - - , [log(wsy ), log(z,)]].
By linearity of dé; we conclude that the maps dd; satisfy condition (2.15). Hence the scalable

group (G,d) is a Carnot group and the dilations d;, t € R, are the unique Carnot group
dilations given by the stratification. O

It would be interesting to find geometric conditions that allow us to conclude that Vi (G)
generates G. Indeed, in the case of simply connected nilpotent Lie groups admitting dila-
tions, geodicity implies that the first layer generates the entire group since rectifiable curves
can be approximated by horizontal line segments. Thus, we make the following conjecture.

Conjecture 2.16. If G is a metric scalable group that is separable and nilpotent and its
distance is geodesic, then its first layer Vi(G) generates G.

3. NEGLIGIBLE SETS OF METRIC SCALABLE GROUPS

In this section (G,d,J) denotes a metric scalable group (according to Definition 1.3).
We begin by giving some auxiliary lemmas and then prove Proposition 1.9, which states
that filtration-negligible sets always have empty interior. After that we introduce another
notion of null-sets following [Aro76] and prove that it agrees with the definition of filtration-
negligible sets. This result is formulated in Theorem 3.6.

3.1. Elementary properties of metric scalable groups.

Lemma 3.1. For each v € Vi(G), v # e, the map t — 0,(v) is a homothetic embedding
from R to G.

Proof. Let ¢ =d(0,01(v)) > 0. We claim that d(da(v),d5(v)) = cla — B|. Indeed, as 6;(v) is

a one parameter subgroup, we get by left-invariance that
A(3a(0), 55(v)) = (0, 85-a(v)) = |8 — ald(0,v) = 8 — al. O
Lemma 3.2. Let K C G be a totally bounded set and € > 0. There exists 6 > 0 so that
d(hk, k) < e, Vh € B(0,9),k € K.
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Proof. As K is totally bounded, there is a finite number of points {yi,....,yn} € G so
that K C (Jj—; B(yj,€/4). Choose § small enough so that for any h € B(0,d), we have
maxi<j<n d(y;, hy;) < €/4. Now let k € K and y; be so that d(k,y;) < e/4. Then for any
h € B(0,9), we get

d(hk, k) < d(hk, hy;) + d(hyi, y;) + d(yi, k) = 2d(y;, k) + d(hyi, yi) < €,
where we used the left-invariance of the metric. O

Lemma 3.3. Let G be a complete metric scalable group. For everyi € N, let ¢; : R — G be
continuous such that 1¥;(0) = eq. Then for every non-empty open set U containing eq there
exists a sequence of positive numbers oy, s, ... > 0 so that the map

(Z) : ﬁ[O,ai] — G
=1
(t1,t2,...) = - a(t2) Y1 (t1)

1s well defined and has range in U.

Proof. We may assume that U contains the unit ball at eg. Note that for each & € N,
Ky, = ¢([151]0, ] x (0,0,...)) is a compact set in G. We can construct a; recursively.
First choose a1 > 0 small enough so that K7 C B(eg,1/2). Now having chosen «;, we
choose a;4+1 > 0 so that

sup  sup  d(g, ¢ir1(t)g) <27

geK; tE[0,0cH_l]
This is possible by Lemma 3.2 and the fact that ¥;+1(0) = eq is continuous at 0. Then each
sequence defining a ¢(t1,ta,...) is Cauchy and so the limit exists. The fact that the image
is in U also follows immediately. O

Here, 1); can be anything, but in the application of Lemma 3.3, we will take each 1);(t) to
be exp(tlog(v;)) for some v; € V1(G).

3.2. Non-negligibility of open sets: Proof of Proposition 1.9. Let (Np,)men be a
filtration of G by Carnot groups. Assume for contradiction that an (Np,).,-negligible set
contains an open non-empty set U.

For every m € N, choose {vg,, ,41,..., %, } C Vi(G) so that {vy,..., v, } generate Ny,
as a basis. Let 1; : R — G be ;(t) := exp(tlog(v;)). With the above choice of U, let (a)
and ¢ be as in Lemma 3.3. Notice that the maps ¢n,: RF" — Ny, dm(ty,to, ...t ) =
Ui, (tk,, ) - - Y2(t2)1(t1), are diffeomorphisms.

Let then

010,00

¢m = (Z;m‘Hicin[ B

Let p be the measure on G that is the pushforward via ¢ of the probability measure on
[1:2,[0, cii] that is the product of the rescaled probability Lebesgue measure on each of the
[O, Oéi] .
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Since ¢ has image contained in U, u(U) = 1 and hence u(2) = 1. However, we shall show
that () = 0, which will be our contradiction. Since the set Q is (/Vy,)m-negligible, then
Q = Upen§y, for some €2, such that for each m,

(3.4) voln,, (Nm N gQy) = 0, Vg € G.

It is enough to show that p(£2,,) = 0 for any arbitrary m. For doing so, fix m € N and let 14
and 15 denote the product probability measures (again with respect to the rescaled Lebsgue
probability measures) on C; = [[¥[0, ;] and Cy = 172, 1100, as], respectively. Notice
that (¢m)4(v1) is a smooth measure on some open set of IV, and hence it is absolutely
continuous with respect to voly, . In conjunction with (3.4), we get for any ty € Co,

/01 Xo—1 () (B1, t2) dvi(t1) = /C1 X (90, 2) P (t1)) dv(t1)

= [ Xerttsa e (®) dn ()

(0.t
(6 (60, t2) 7))

= (¢m)# (1) (Nm N p(0,t2) " Q)

< voly,, (N N ¢(0,t2) Q) =

Thus, () = Jo, Jo, Xo-1(Qm) dv1 dv2 = 0. O

Remark 3.5. Note that the statement of Proposition 1.9 makes sense for scalable groups
without any metric. Indeed, the notion of filtrations (and thus also negligibility) only relies
on the topology. Thus, it may be possible that the result is true for all scalable groups
although we have not verified this.

In the rest of this section we make a closer study of filtration-negligible sets of metric
scalable groups. Below we define an exceptional class of null sets analogously to [Aro76| and
prove that it is equivalent to our notion of filtration-negligible sets.

3.3. The exceptional class U. Let G be a scalable group with identity element denoted
by eq and let B(G) be the Borel sets of G. For every a € Vi(G), with a # eq set
U(a) :={A € B(G) : Vg € G,|AN (g9 - Ra)| = 0},

where we denote by Ra the image of the curve ¢ € R +— §;a and by | - | the 1-dimensional
Lebesgue measure on the curve. In other words,

AN (g-Ra)| = [{t € R: gdta € A}|.
For every countable set I and {ap}ner C Vi(G) \ {eq}, define
U{an}tn) ={A € B(G): A=UperAn, Ay, € U(an)}-

Finally, set U to be the intersection of all U({a,},) among all dense sequences {a,}, C
Vi(G) \ {ec}

Recall a class of sets F is hereditary if A C B and B € F implies that A € F. The classes
U(a),U({an}n), and U are o-additive, hereditary, and do not contain any open non-empty
set (see the theorem below). Moreover, we have the property:

{an} € {an} = U({a,}) CU{an}).
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Theorem 3.6. Let G be a metric scalable group and let {a,} C Vi(G) \ {eq} be a dense
sequence such that the group N, generated by {a1,...,an} is nilpotent for all m € N. Then
a set Q C G is in the class U({an}) if and only if it is (Npy)men -negligible.

Note that by Proposition 2.2, each N,, in the theorem above is a Carnot group and the
statement makes sense. The proof of the theorem will be a straightforward consequence of
Proposition 3.12. The proof of Proposition 3.12 needs some preparation, and we postpone
it to the end of this section.

Lemma 3.7. Let A C G be a bounded Borel set and choose a v € V1(G). Then the function
fa(x) =|AN (z-Ro)

is Borel.

Proof. Let R > 0 be arbitrary and let A denote the set of all A C B(0, R) that satisfy
the conclusion. We will prove that A contains the Borel sets of B(0, R). We first prove
that the open sets in B(0, R) are in A. Indeed, let A be open and ¢ € R. We will show
A" = f1((t,00)) is open.

As f4 is nonnegative, we may suppose without loss of generality that ¢ > 0. Let g €
1t ((t,00)) and § = fa(g) —t > 0. Let E = {s € R: gds(v) € A}, which is a bounded set
by boundedness of A and Lemma 3.1. For each s € E define d(s) = d(gds(v), A€), a positive
continuous function on E. We can choose € > 0 small enough so that

E' ={seR:d(gés(v)) > e},

satisfies |E'| > fa(g) — 3.

Note that E’ is totally bounded. By Lemma 3.1, the set {gds(v) : s € E'} is the isometric
image of the totally bounded set E’ and so it also is totally bounded. Thus by Lemma 3.2,
there exists 179 > 0 so that

sup  sup d(hgds(v), gds(v)) < e.
heB(0,n0) SEE
Since G is topological, there exists some 1 > 0 small enough so that B(g,n) C B(0,70)g.
This then gives that

sup sup d(hds(v), gds(v)) < e.
heB(g,’V]) sEE’

This shows that hds(v) € A when h € B(g,n) and s € E’ and so

fa(h) = |B| > falo) 3 >t

which proves B(g,1) C f1'((t,00)) and so f3*((t,00)) is open.

We now show that A is a monotone class of sets, which will prove that A contains all
Borel sets. Let {E;} be an increasing sequence in A and E = |J; E;. Then EN (z - Ro) =
Ui (EiN(z-Rv)), which is also an increasing family and so by monotone convergence theorem
we get

fe(x) = lim fg,(z).

1—00
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Thus, fg, the increasing pointwise limit of fg,, must be Borel and so E € A. Similarly, let
{E;} be a decreasing sequence in A and let £ = ); E;. Then EN(z-Rv) = N;(E;N(z-Ro)),
which is another decreasing sequence. As Ej is bounded, fg, (z) < co and so by dominated
convergence theorem we conclude fg(x) = lim; ,o fg,(z). Thus, E € A, which proves the
monotonicity property of A. (]

Lemma 3.8. Let A C G be any Borel set and v € Vi(G). Then the set
{ge A:|AN(g-Rov)| >0}

is Borel.

Proof. Let A, = ANB(0,n). By monotone convergence theorem, the set in question is equal
to Un2olg € 4 [An N (g-Ro)| > 0} = U%O:O(fgj(((),oo)) N A,,), which, by the previous
lemma, is a countable union of Borel sets. ]

3.4. Null decomposition. Let G be a Carnot group with dim V; = n and suppose G is
homeomorphic to R™. We let X1, ..., X;, be the vector fields in R™ that are given by left
translation of a basis in V7.

Lemma 3.9. Let M be an analytic manifold in R™ of dimension less than m. Then for
volpr-almost every p € M, there exists an open neighborhood U C M of p and an index
i€ {1,....,n} for which X;(q) ¢ T,M for any q € U.

Proof. Let k = dimM < m. For each i € {1,...,n}, let A; = {p € M : X;(p) € T,M},
which are closed subsets of M. We claim that A = (; A; has measure zero.

Suppose not. Let f : U — V be the inverse of an analytic chart map where U C R¥ and
V C M. We pushforward the basis vector fields of R* via f to get vector fields Y7, ..., Y}
that form a basis of T'V. As f is analytic, these are analytic vector fields.

Note that A; NV are precisely the points of V' for which X;(p) is in the span of the
Yj(p)’s. This is the same as the being in the zero set of the function g;(p) = [X;(p) —
Py (p),....ve (o)) Xi(D) | where P is the orthogonal projection map onto the span of the Y;(p)’s.
Note that each g; is an analytic function as projection is a combination of matrix multipli-
cation and inverses. Thus, A is the zero set of the product function g = g1 - -- g, also an
analytic function. Finally, we consider the function go f : U — R, another analytic function.
If A has positive measure, then f~!(A) has positive measure and so g o f is identically zero
[Mit15]. This means ANU = U. By definition of the A;’s, this means U is an integral
manifold. We now derive a contradiction.

This means that T'U contains the vector fields { X;|¢}. If vector fields X, Y are tangent to
U, then so is [X,Y]. As {X;} are tangent to U and generate all of R™ under Lie brackets,
this means that T, U = R"™ for all x € U. However, this is a contradiction as dim U = k < m.

We have established that A° is a full measure open set. Let p € A°. Then p € A for some
i. As Af is open, there then exists an open neighborhood p € U C A¢. This neighborhood
satisfies the conclusion of the lemma with X;. O

Given a Borel set A CR™ and ¢ € {1,...,n} we define
Ai={peA:|An(p-RX;)| > 0}.
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By p - RX;, we mean the 1-dimensional R-flow of the vector field X; that passes through
p € R™. Note that this is an analytic submanifold.

Given a word w written in the alphabet {1,...,n}, we define A,, = (A,); where w = w'i
and Ay = A. Note that A,, C A,. Let w denote the word 123 ---n, the concatenation of
all the letters. Define the word w* to be the k-fold concatenation of w (so w* is kn letters
long).

Lemma 3.10. If A C R™ is a measure zero set, then Aym = (.

Proof. Suppose otherwise. There then exists a point p € Aym = (A )y and so
|Aw N (p-RX,)| > 0.
We let H; denote the analytic manifold p - RX,,, which has dimension 1. As A,y C A m-1,
Now suppose we have a k-dimensional analytic manifold Hy that intersects A, m—x in a
positive measure set (based on the surface area of Hy). Thus, we can find a density point of
A,m—r N Hj, satisfying the previous lemma, i.e., there exists a density point p of A, m—r N H,

an open neighborhood U C Hy, of p, and an index i € {1,...,n} so that X; ¢ T, H}, for all
qeU.

Since Aym-r C (Aym-r-1)1...(i41), by definition of the set (Am-r-1)1...(i+1), for any ¢q €
Aym—r N Hy,
|(A,wm7kfl)1...i N (q . RXZ)| > 0.
Since (Aym—k-1)1.i € Aym—r—1, we get for all ¢ € Aym-r N Hy, that
‘Awm—k—l N (q . RX@” > ‘(Awm—k—l)l..‘i N (q . RXZ)’ > 0.
Let Hyq1 = Ugev(q-RX;). As Xi(q) ¢ T,U, we conclude that Hj,1 is a k + 1-dimensional
analytic manifold and |Hyy1 N Aym-k-1| > 0.

We repeat until we obtain an m-dimensional analytic manifold for which |H,, N Ayg| =
|Hy N Al > 0. But since H,, has the same dimension as R™, it follows that |A| > 0,
contradicting our assumption. O

Proposition 3.11. Let A C R™ be a Borel set of zero measure. Then there exists a
decomposition A = C1 U ... U C,, into Borel sets

m—1

Ci= | (Aurroion)\Aurr.)
k=0

so that for each i € {1,...,n},
|Ci N (z-RX;)| =0, Vo e R™.
Proof. Let By ={p € Ay : |AgN (p-RX;)| =0}. Then A = B; U A; where A; and B are
both Borel by Lemma 3.8, and so
|B1N(p-RX;)| =0, Vp € R™.
By induction, we obtain a Borel decomposition

A=BiUBjsUBjy3U...U me*11~~~(n—1) UA,m =B U...U me*11-~~(n—1)'
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Note that for every B,
|Buwri 0 (p- RX;)| =0, Vp € R™.

We take C; = UZI:_OI B to finish the proof of the proposition. O

wk1..4
Proposition 3.12. Let H be a subgroup of G with a Carnot structure generated by ay, ..., a €

Vi(G) and A C G be Borel. Then volg(H N gA) = 0 for all g € G if and only if
Ae U({al,...,ak}).

Proof. The backwards direction is clear by Fubini. We will prove the forwards direction.
Let H be homeomorphic to R™. We will reuse the notation of the previous section where
for each Borel set E C G and word w, we define Ey; = {g € Ey : |Ey N (g - Ra;)| > 0}.
Lemma 3.8 yields that these are Borel sets whenever E' is. By construction, F,,; € U(a;).

We claim that A = Cy U ... U C), where C; = U;‘»’;é (ijl,,,(i_l)\ijl,,,i>, from which the
proposition easily follows. To prove the claim, we observe that for any ¢ € A, we have by
assumption that volg(HNg 'A) =0. As ey € HNg ' A, by Proposition 3.11, there exists
some % SO that

k—1
el € U ( HNg ' A) . (i 1)\(ng_1A)wj1--~i> - U (g_lij1~-~(i—1)\g_1ij1-~-z')'
j=0
This means that g € C;. d

4. DIFFERENTIABILITY OF LIPSCHITZ MAPS

We prove now our main result, Theorem 1.8. Notice that if f: G — H is a Lipschitz map
between metric scalable groups for which D f, exists for some g € G, then it is Lipschitz as
a function from G to H, with the same Lipschitz constant as f.

Lemma 4.1. Let f : G — R be Lipschitz and (Np)men be a filtration of G by Carnot
subgroups. Then there exists an (Np,)m-negligible set Q@ C G so that if p ¢ Q then for
every Ny, the limit limy_,q pr,A(u) exists for all uw € Ny, and the resulting map on Ny, is a
homomorphism.

Proof. Fix N,, and let A denote the set of points p € G for which the limit limy_, fp7 A(u)
does not exist or the limit map is not a homomorphism. We will show voly,, (9AN Ny,) =0
for all g. This will prove the lemma.

Fix a g € G and let p € gAN Ny, If Fy(u) := f(g~'u) as a map defined on Ny,
then gp € N, is a nondifferentiability point of F. However, by Pansu’s theorem [Pan89|,
F is differentiable almost everywhere with respect to the Haar measure on N,,. Thus,
voly,, (gA N Np,) = 0, which proves the lemma. O

With the previous lemma we get our differentiability result.

Proof of Theorem 1.8. As the theorem is vacuous if G does not admit a filtration by Carnot
subgroups, we may assume that there is a filtration (V,,).,. By the previous lemma, D f,
exists and is a homomorphism when restricted to any N, for g outside of an (V,,)-negligible
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set. Take such a g. We first claim that D f; exists on all of . Indeed, this follows from the
fact that the maps

u = n(f(901/n(w) — f(9))

are uniformly Lipschitz and converge, by assumption, on the dense subset |J,,, Ny.

As Df, is a homomorphism when restricted to every IV,,, an easy density argument yields
that D f, is also a homomorphism. This proves the theorem. ]

5. EXAMPLES

In this final section we show that our derivative existence result does not generalize to
general metric scalable groups and provide a constructive way to define infinite-dimensional
Carnot groups. We start by constructing a metric scalable group GG that does not admit
filtrations by Carnot groups. We also construct a Lipschitz function f : G — R? that
is nowhere differentiable. We then introduce LP-sums of metric spaces when the indexing
set is an abstract measure space. After that we restrict the discussion to £,-sequences
of topological groups equipped with left-invariant metrics, and prove that this object is a
topological group whenever p € [1,00) (see Proposition 5.3). Finally, we prove that an ¢,-
sum of Carnot groups is an infinite-dimensional Carnot group for every p € [1,00) and give
some detailed examples.

5.1. A nowhere differentiable function on a metric scalable group. An example of

metric scalable groups not admitting filtrations by Carnot subgroups is the group (R, +)
log 3
log4 -

One can also construct a Lipschitz function f : G — R? that is not differentiable anywhere.
Indeed, let K C R? be the Koch snowflake built from an equilateral triangle of sidelength
1. We can first define a map ¢ from ([0, 1],d”) to one side of the Koch snowflake so that,
for each k € {0,1,2,3}, glo,1] is equivalent to 3g(;/4,(k+1)/4) Up to postcomposition with an
affine isometry.

endowed with the metric d”(z,y) = |z — y|? and scaling 0(z) = A\/7z where v =

We now prove nowhere differentiability of g. Recall that the derivative of g at x¢ is the
pointwise limit of

() = IO F 7"”Zy) — g(x0)

(5.1)

as r — 0. If g were differentiable, then h, must converge to a homomorphism R — R2.

For every n > 0, there exists some k € {0, ...,47" — 1} such that x( resides in [k47", (k +
1)47"]. Then hg—n|jt—4nz,,k+1—anazo] 1S equivalent to g up to postcomposition by an affine
isometry as Sng’[k4fn7(k+1)4fn] is from self-similarity. Note that the length 1 interval [k —
4"xg, k 4+ 1 —4"x] lies in [—1,1]. As g is not affine, we then get that h, cannot converge to
a homomorphism and so ¢ is not differentiable anywhere.

To extend g to a nowhere differentiable function f on all of GG, one can simply “wrap” g
periodically around K so that f|, 1] = flpn+3,n44) for all n € N.
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5.2. LP- and {p-sums. Let Q = (Q, ) be a measure space, e.g., the natural numbers N
with the counting measure. Fix p € [1,00). For each w €  fix a pointed metric space X, =
(Xw, dw, *w). We first define the collection M(€, (X)) of measurable sequences as the set
of those sequences (z,),cq with z,, € X, such that the function w € Q +— d(x,,,*,) € R is
measurable. Then we define

LP((Xw)w) = {(@w)w € M(Q, (Xu)w) : /dw(mm*w)pdﬂ(w) < oo}

and further LP((Xy),) == LP/N with

N = {(z0)0 € M(Q, (X)) : /dw(a:w,*w)pd,u(w) — 0.

We write LP(€; X) for LP((Xy)y) if X = X for all w € Q.
The distance function on LP((X,)w) between (2y)weq, (Yuw)wea € LP((Xu)w) is

d(Tw)wens (Yw)wea) == (/ dw(xw,yw)pdu(w))l/p.

Proposition 5.2. The set LP((Xy)w) s naturally a pointed metric space, which is geodesic
if all X, are geodesic.

Proof. The fact that d is a metric for LP((X,,),) follows from the usual proof of Minkowski
inequality for the norm |[(zw)weallp = d((Tw)weq, (*w)wen)-

Let us then show that LP((Xy),) is geodesic if X, is geodesic for each w € Q. Let
(Tw)ws (Yw)w € LP((Xw)w). Now for all w €  there exists a curve v,: [0,1] — X, taking x,
to Yy, such that d(zy,y,) = L(7,). We may assume that 7, are parametrized by constant
speed.

Let v: [0,1] = LP((Xw)w), Y(t) = (Yw(t))w. The curve v is well defined, since for all
t €10,1],
A0, ()" = [ dlou(t), 2P du(@) < [ Al 2 du(e) = d(w)r (7))
and so

d(v(t), (kw)w) < d(Y(t), (Tw)w) + d(Tw)ws (Fw)w) < A((Yu)ws (w)w) + 2d((Tw)w, (kw)w) < 00

Let then 0 = tp < t; < ... < t, = 1 be a partition of [0, 1]. Since -, are geodesics with
constant speed,

d(’yw(ti—l)v ’Vw(ti)) = (ti - ti—l)d(xwa yw)
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for all w € Q and i € {1,...,n}. Therefore

n

ST d(v(timr),y(t))

i=1 i

(/ d(%(ti1)’%(ti))pdu(w))l/p

I
M=

@
Il
,_.

(/(tz‘ — ti—1)Pd(zw, yw)de(W)>1/p

I
AM:

@
Il
—

I
.M:

@
I
—

(ti — tim1) d((%0)ws (Yo)w)

I
S
—~

Tw)ws (Yuw)w)-

Hence
L(’Y) = I%f( Z d(’y(tifl),’)/(ti))) = d((xw)wa (yw)w)v
t;€P
where the infimum is taken over all partitions P of [0,1]. The proof is complete. O

Notice that if each X, admits a group structure we may define a group operation for
LP((Xy)w) element wise. We focus now on £,-sums of groups. For a countable family

{Gp}nen of groups we define £,((Gy)n) by

Ep((Gn)n) = {(xn)nEN 1Ty € Gna Z d($n, en)p < OO},
neN

(Zn)n * (Yn)n = (TnYn)n-

We write £,(G) for £,((Gp)n) if Gy, = G for all n € N.

Proposition 5.3. Let (G,)nen be a sequence of topological groups metrized by left-invariant
metrics and let p € [1,00). Then £,((Gpn)nen) is a topological group.

Proof. We first show that the right translations are continuous. Fix (bn)n € £p((Gn)nen),
that is, b, € G, and Y0°, |b,|P < oo, where |b,| := d(by,e) and d is the distance on G,,.
Let (an,j)n be a sequence in £,((Gp)nen) converging to some (ap),. Fix some e > 0. We
take IV large enough so that >°° 1 [bn|P < €. Then, being N fixed and being the right

translations Ry, , ..., Rp, continuous, we take J large enough so that for all j > J and all
n=1....,N

(5.4) d((anj)n, (an)n) < €

(5.5) d(Ry, (an;), Ry, (an))” < €/N.



24 ENRICO LE DONNE, SEAN LI, AND TERHI MOISALA

Notice that consequently

Z d(an,jbn, anby)? < Z (d(an,jbn, anj) + d(anj, an) + d(an, anbyp))?
n=N+1 n=N+1
= Z ([bn| + d(an,j, an) + [ba])?
n=N+1
< 2%d((an,j)n, (an)n) + 2070 Y |0l
n=N+1
< 2P 3¢,

where we used the trick

D (a+b)P <> 2Pmax{a, b}’ <2°(>_a’ + ) bP).

Then for all j > J

d(R(bn)n (an,j)na R(bn)n (an)n) = an]bn’ Qn n)p

= (Zd Ry, (an;), Ry, (an)) >+ i d(an,jbn, anby)P

n=N+1
< Ne/N+2P-3e=(1+3-2P)e.

Therefore, the multiplication in £,((Gr)nen) is continuous since, if (apn ;)n — (an)n and
(bnj)n = (bn)n, as j — oo, then using left invariance we have

d((an,j)n(bn,j)m (an)n(bn)n) < d((an,j)n(bn,j)m (an,j)n(bn)n) + d((an,j)n(bn)m (an)n(bn)n)
< d((bn,j)m (bn)n) + d(R(bn)n (an,j)na R(bn)n (an)n) — 0.

We then show that the inversion is also continuous. Let (an j)n — (an)n. Take N large

so that 0% | |an|? < €. Since the inversions in G1,...,GN are continuous, there exists
J such that for all j > Jandalln=1,..., N,
(5.6) d((an,j)n: (an)n) < €
(5.7) d(a;i,anl)p < €/N.
Then for all j > J
N
d((ani)ns (a ) = Y dlagj an)P + Z d(an ja, ', e)’
n=1 n=N+1
o
< Ne/N+ Y (danja,sang) + d(ang, an) + d(an, €))?
n=N+1
[e.@]
< e+ 2%d((an,j)n; (an)n) + 2P+ Z |an|?
n=N+1
< (143-2P)e.



DIFFERENTIABILITY ON INFINITE-DIMENSIONAL CARNOT GROUPS 25

Remark 5.8. In a similar manner as for Proposition 5.3, one can also show that
CO((Gn)nEN) = {(xn)n € Eoo((Gn)nEN) : nhanolo d(l‘n, CGn) = 0}
is a topological group.

5.3. Examples of metric scalable groups. Using the previous subsection, we can build
examples of metric scalable groups starting with arbitrary sequences of Carnot groups
equipped with homogeneous distances.

Proposition 5.9. Let (Gy)nen be a sequence of metric scalable groups and let p € [1,00).
Then £y((Gn)nen) is a metric scalable group. Moreover, if each Gy, is complete and admits
a filtration by Carnot subgroups, then £,((Gpn)nen) is complete and admits a filtration by
Carnot subgroups.

Proof. We define the scaling map 6: R x €,((Gy)n) — £,((Gr)n) element wise using the
scalings of each scalable group G,,. By the previous proposition, ¢,((Gy)») is a topological
group. Hence it remains to see that § satisfies the conditions of a scalable group as in
Definition 1.1 and that the metric is homogeneous with respect to ¢, which is straightforward
to check. The proof for the fact that £,((Gn)nen) is complete assuming that each G, is
complete, is analogous to the proof of completeness of the classical £, spaces. Assume then
that (N)})m is a filtration by Carnot subgroups for each G,,. Then letting

Np=NL x N2 | x--ox N x {e}V

for each m € N defines a filtration by Carnot subgroups for £,((Gp)nen). Indeed, each
N,,, is isomorphic to a finite product of Carnot groups, and the union U,, N, is dense in
0,((Gr)nen) as the set of finite sequences is dense in £,((Gp)nen)- O

Proposition 5.9 gives us a simple way to construct many different noncommutative and
infinite-dimensional metric scalable groups that admit filtrations by Carnot subgroups. In-
deed, we may consider examples where each G, is a Carnot group, like G,, = H' or G,, = H",
where H" is the n-th Heisenberg group equipped with a homogeneous distance. We stress
that the last result does not require any bound on the nilpotency step of (G, )nen, in case
they are Carnot groups. In fact, an interesting example is when G, is the free Carnot group
of step n and rank 2, which we denote by Fs,,. We state this example as a result.

Proposition 5.10. Even though {3((F2,)n) is not nilpotent, it is a metric scalable group that
is complete and admits a filtration by Carnot groups. Moreover, the subset Vi(¢2((F2)n))
generates l2((Fa)n) and is separable.

Proof. The space ¢3((F2,,)n) is a metric scalable group by Proposition 5.9 and the filtration
is simply given by
Nm = }F271 X o+ X F27m.

The first layer Vi (¢2((F24,),)) is given by £2((Vi(F2,)),) as we defined the dilation map on
l3((F2,n)n) component wise. Indeed, a sequence (x,), € l2((F2n)n) is a one-parameter
subgroup if and only if each z, € [Fa, is a one-parameter subgroup. The fact that
Vi(l2((F2,n)n)) generates follows from Proposition 1.10. Moreover, Vi (¢2((F2.,)n)) = L2((Vi(F2,0))n)
is separable since now each Vi (I3 ,,) is separable. O
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The property of having a filtration by Carnot subgroups is not, however, stable under
taking subgroups, as shown by the following example in ¢2((F2,,),). It also proves that the
assumption of nilpotency cannot be removed in Proposition 1.10.

Proposition 5.11. There exists a scalable subgroup of la((Fan)n) that is generated by its
first layer but which does not admit a filtration by Carnot subgroups.

Proof. Denote for every n € N by Xl(n), Xén) the two generators of Fy,,. Let « = (%X{n))n
and y = (%Xén))n and consider the (non-nilpotent) scalable group H generated by z and y.
Now both z,y € Vi(H) but H does not admit a filtration by Carnot groups. Indeed, any
scalable group having Carnot group structure is generated by its first layer, but the only
nilpotent subgroups of H generated by one-parameter subgroups are one-dimensional. [

If H! is the first Heisenberg group, then by Proposition 5.9, for all p € [1,0), the space
ép(Hl) is a metric scalable group admitting filtration by Carnot subgroups. The space
{5(H') has the extra property of being a Banach Lie group. Indeed, it can be modelled on
(5(R?) + £1(R), following [MR14]. However, we shall show that there are metric scalable
groups, e.g. ¢1(H'), admitting filtrations by Carnot groups that are not Banach manifolds.
Hence the notion of metric scalable group strictly extends the one of Banach homogeneous
group as defined in [MR14] and studied later in [MPS17].

Proposition 5.12. The topological group £1(H') is not a Banach Lie group.

Proof. Suppose by contradiction that 1 (H) is a Banach Lie group and let Z be the center
of H. One sees that
Z = {(exp(;iZ;)); : o € R},

where Z; is the center of the ith Heisenberg Lie algebra. As Z is a closed subgroup of a
Banach Lie group, Z is a Banach Lie group as well. However, recall that the center of the
Heisenberg group is isometric to (R, /dg) and therefore

0(2) = {(an)nen = Y V]an| < 00} = £15(R).

Hence also ¢; /Q(R) has a structure of a Banach Lie group and its Lie algebra is a Banach
space. Since /1 5(R) is a vector space, the exponential map exp: Lie(¢;/5(R)) — £1/2(R) is
a linear isomorphism. But this is a contradiction as £ /5(IR) is not even locally convex (to
be proven) and so not a normed space.

That £ /5(IR) is not locally convex follows simply from the fact that the convex hull of any
ball is unbounded. Indeed, consider any ball around the origin

B(0,7) = {(a1,a2,...) : 3 /]an| < 1}.

Then x,, = (r/2n,r/2n,...,7/2n,0,...) is in the convex hull of B(0,r) (where the first n

coordinates are nonzero), but
T nr
d(zp,0) =ny/— =1/ —=
(o, 0) =my/ 50 =5

diverges as n — oc. O
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APPENDIX A. SOME USEFUL COMMUTATOR IDENTITIES

Lemma A.1. Let G be a group and x,y,z € G. Then
[zy, 2] = [z, [y, 2]][y, 2[z, 2] and [2,2y] = [z, 2][2,y][[y, 2], ] = h[z, 2][2, 4],

where h is a product of commutators of x,y, z of weight > 3.

Proof. For the first equation,

[y, 2, 2] = [y, 2wza™ 27" = [y, 2], alayzy~ 27 2 e T = [y, 2], #][wy, 2]

Since [a,b] = [b,a] ",
[zy, 2] = [z, [y, 2]lly, 2][=, z].
Using this and the identity [a,b] = [b,a] ",

[27 a:y] = [27 l’] [27 y} Hya Z]v x]
The last equation follows by reordering the terms, which produces some higher order com-
mutators into A. OJ

Corollary A.2. If [y,z] € Z(G), then
[zy, 2] = [z, 2][y, 2] and [z, 2y] = [2, ][z, y].
Corollary A.3. Let n,m € N. Then
[, y™] = hlz, y]"™™,

where h is a product of commutators of x and y of weight > 3.

Proof. The proof is by iterating Lemma A.1 for nm times and reordering the terms, which
produces some additional higher order commutators into h. ([l

Lemma A.4. Let G be a group, x,y € G. Then

eyl = [y, e,y

Proof. The statement follows from

1 ]71 -1

27 [y, 2] = 2 tyay e ey, 2] = (27 y][2, g
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