ON LOW-DIMENSIONAL UNIFORM RECTIFIABILITY
IN HEISENBERG GROUPS
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ABSTRACT. Refining an earlier result due to Hahlomaa, we provide a new Carleson-type con-
dition for k-regular sets in the Heisenberg group H™ to have big pieces of Lipschitz images of
subsets of R* for 1 < k < n. Our approach passes via the corona decompositions by normed
spaces, recently introduced by Bate, Hyde, and Schul. Along the way, we prove implications
between several notions of quantitative rectifiability for low-dimensional sets in H™.

1. INTRODUCTION

This paper concerns uniformly k-rectifiable sets in sub-Riemannian Heisenberg groups H"”
for 1 < k < n. Quantitative multiscale methods for the study of (uniform) rectifiability in H"
have been mainly developed for sets of dimension 1 (e.g., [FFP07; Juil0; LS16a; LS16b; CL17;
CLZ19; FO21; Li22; BLZ23]) or codimension 1 (e.g., [MS17; NY18; CFO19; Rigl9; FOR20;
NY22; CLY22; CLY26; CLY25; Mer23; HJ25]). A notable exception is Hahlomaa’s preprint
[Hah12], which gave the initial impetus for the present work. On the other hand, in abstract
metric spaces, a recent breakthrough by Bate, Hyde, and Schul [BHS23]| laid the foundations
for a general theory of uniform rectifiability by Lipschitz images from R*, in spirit of David
and Semmes’ work in Euclidean spaces [DS91; DS93].

A new sufficient condition for BPLI. We provide a new sufficient Carleson-type condition
for a set in H" to have big pieces of Lipschitz images (BPLI) from R* for 1 < k < n, which
implies the result in [Hah12] as a corollary. Along the way, we introduce corona decompositions
by horizontal planes and relate them to other notions of corona decompositions in the literature
[FO20; DF22; BHS23]. At the same time, we streamline the proof in Hahlomaa’s paper by
applying parts of the general metric space theory [BHS23]. This supplements the results in
[BHS23| with a family of concrete examples, namely k-regular sets in the non-Euclidean spaces
(H",d) for 1 < k < n, where characterizations of the BPLI property can be meaningfully
studied. Every Lipschitz function f: A C R¥ — (H",d) is locally Lipschitz with respect to the
Euclidean distance on H", but only Euclidean Lipschitz maps which are horizontal with respect
to the sub-Riemannian structure on H" are Lipschitz in the Heisenberg metric d [Magl0]. In
this setting, we find new sufficient Carleson measure conditions for BPLI that rely on the
structure of the ambient H" and are not covered by the characterizations of BPLI in [BHS23].

Theorem 1.1. Letn € N and k € {1,...,n}. If E C H" is a k-reqular set with the properties
E € GLem(B1 x,4@2nk),2) and E € WGL(Bx,v, ), then E has big pieces of Lipschitz images of
subsets of R”.
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This also holds with “Lipschitz” replaced by “bi-Lipschitz”. The restriction to k < n is
natural since (H",d) is purely k-unrectifiable in Federer’s sense for & > n [AK00; Mag04]. In
the range k£ > n, uniform k-rectifiability should be built on intrinsic Lipschitz graphs [FSS07]
instead of metric Lipschitz images from R¥, and this is a direction which we do not pursue here.

The concepts in Theorem 1.1 will be properly introduced in Definitions 3.1, 3.2, 3.9, 3.15,
and 3.19. For now, we simply remark that the weak geometric lemma WGL(fSw v, ) is a way of
quantifying that, for each precision level € > 0, the set E stays e-close — in a scale-invariant way
— to horizontal k-planes in all balls centered on E, except perhaps for a family of balls satisfying
a Carleson packing condition. It is known in Euclidean spaces that a weak geometric lemma
alone does not even imply rectifiability [DS91, §20] since it does not sufficiently control how
much the best-approximating planes at a point can spin around as one considers smaller and
smaller scales. In the proof of Theorem 1.1, the geometric lemma GLem (81 x a(2nk), 2) allow us
to control the amount of spinning for certain approximating horizontal k-planes. Remarkably,
unlike the coefficients fuo v, , the B a(nk) (2, r)-numbers, for x € £ and r > 0, only measure
how well the projection w(E N B(xz,r)) C R*" is approximated by arbitrary affine k-planes in
R?" but this turns out to be sufficient in combination with the WGL( y,) assumption.

Connections with geometric lemmas in the literature. Our proof of Theorem 1.1 is
modeled on Hahlomaa’s paper [Hah12], which contains a version of the result under a stronger
assumption. We recover this as a corollary of Theorem 1.1:

Corollary 1.2 (Hahlomaa). Letn € N and k € {1,...,n}. If E C H" is a k-regular set such
that E € GLem(B,y,,2), then E has big pieces of Lipschitz images of R*.

In Section 4 we present an example of a set £ C H! to demonstrate that the assumption
in Theorem 1.1 is strictly weaker than the one in Corollary 1.2. The set E' is the rectifiable
curve I' constructed by Juillet in [Juil0]. Juillet used this example to prove that the sufficient
condition stated in [FFP07] for a subset of H' to be contained in a rectifiable curve in the
spirit of the analyst’s traveling salesman theorem is not a necessary condition. To apply this
example in our context, we first verify that the curve I' from [Juil0] is in fact 1-regular. It is
then easy to see from [Juil0] that I' ¢ GLem(fSw1,,2), that is, I" violates a geometric lemma
with exponent 2 for L*°-based horizontal S-numbers; analogous examples could be constructed
for any exponent p < 4, cf. [Li22]. However, this does not a priori rule out the possibility
that ' could satisfy a corresponding geometric lemma with L!-based horizontal S-numbers as
in Corollary 1.2, at least not by standard estimates such as [DS91, (5.4)]. The main work in
Section 4 consists in verifying that the curve I' is so badly approximable by horizontal lines
that it even fails the L'-based geometric lemma GLem(f;y,,2). On the other hand, it follows
from a (quantification) of Li's work [Li22] that I' satisfies the assumptions of our Theorem
1.1. This example also shows that a characterization of BPLI by means of a geometric lemma
GLem(f,y,,2) with exponent 2, analogous to the Euclidean one [DS91], cannot hold in H".

In fact, Theorem 1.1 was partially motivated by the quest to provide sufficient conditions
for the BPLI property in H” that can be checked assuming one of the geometric lemmas in the
existing literature. We present two such applications; the first one is related to the stratified
B-numbers in [Li22], the second one to the projection t-numbers in [FV25b].

Corollary 1.3. Let n € N and k € {1,...,n}. If E C H" is a k-regular set such that
E € GLem(B1y,,4), then E has big pieces of Lipschitz images of R¥.

The curve constructed in [Juil0] does not meet the assumption in Corollary 1.2, while it
satisfies the assumption in Corollary 1.3.

Theorem 1.4. There is a 1-reqular curve ' C H' with T ¢ GLem(B1y,,2) yet ' € GLem(Bl,Vl,él).
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The BLV,C—numbers are an L'-based version of the S-numbers introduced in [Li22] for subsets
of arbitrary Carnot groups. In this paper, Li proved the following traveling salesman theorem.
A set E in a Carnot group G of step s and homogeneous dimension @) lies on a finite length
rectifiable curve if and only if

diam(FE) —l—/ / Belx,r)* dmd—g < 0.
o JG r

The exponent “4” in Corollary 1.3 corresponds to 2s in case of G = H". Corollary 1.3 can
be interpreted as partial generalization of a quantitative version of Li’s result [Li22] in H"

from £ = 1to 1l < k < n. Namely, a l-regular set £ C H" with £ € GLem(gmMA)

satisfies £ € GLem(B\lM,éL) and consequently BPLI by Corollary 1.3. It is known that every 1-
regular BPLI set in a complete, doubling, quasiconvex metric space is contained in a connected
l-regular set, see [FV25a, Corollary 4.6]. In conclusion, every l-regular set £ € H" with
E e GLem(EOO,VIA) can be covered by a 1-regular connected set I'. This fact could also be
deduced from [Li22], using the argument in [FV25a, Section 3], but Corollary 1.3 offers an
alternative approach that provides information also for k£ > 1.

Finally, we mention an application of Theorem 1.1 to the ¢;y,-numbers introduced by the
first author together with Violo in [FV25b]. Roughly speaking, these coefficients are small for a
k-regular set E at point x € F and scale r > 0, if there exists a projection Py, onto a horizontal
k-plane V' such that Py is, in L'-norm, close to an isometry on E N B(x,r); see Definition 3.9.
In particular, if ¢y y, (z,7) is very small for E, the metric on E N B(z,r) is almost isometric to
the Euclidean distance on R* under the map Py .

Corollary 1.5. Let n € N and k € {1,...,n}. If E C H" is a k-regqular set such that
E € GLem(t1y,,1), then E has big pieces of Lipschitz images of R”.

Corollary 1.5 for £ = 1 also follows from [FV25a, Thm 1.4] since the ¢y y,-numbers are
bounded from below by the L!'-based Gromov-Hausdorff numbers studied in [FV25a]. While
applicable in more general metric spaces, the approach in [FV25a] passes via Menger curvature
and is restricted to 1-dimensional sets, whereas Theorem 1.1 provides an approach via corona
decompositions that yields Corollary 1.5 for all 1 < k& < n. The latter assumes a geometric
lemma with exponent “1” instead of “4” as in Corollary 1.3. The formal reason is visible in
Proposition 3.22, but in light of [Vio22; FV25a; FV25b], we believe that “1” is in fact optimal.

A few words about the proofs. Our proof of Theorem 1.1 follows Hahlomaa’s proof of
Corollary 1.2, which is in turn modeled on David and Semmes’ work in Euclidean spaces [DS91,
(C3) = (C4) = (C6)]. We focus here on describing the main new elements in our approach.
Although not explicitly stated in this form, Hahlomaa deduces the BPLI property for k-
regular sets £ C H" from GLem(f y,,2) by passing via an intermediate corona decomposition.
Roughly speaking, this condition means that a system of dyadic cubes on F can be divided
into a family of bad cubes, of which there are not too many, and the remaining good cubes
can be further partitioned into a forest F of — again not too many — trees, so that the set F
has good approximation properties from the perspective of each tree S € F. We define corona
decompositions by horizontal planes (P-C) (Definition 3.30) and adapt Hahlomaa’s proof to
verify, for 1 <k < n, that a k-regular set £ in H" with GLem(51 x a@2n,k), 2) and WGL(8x,1,)
satisfies (P-C) (Theorem 5.1). This corona decomposition is formally stronger than the one
implicitly contained in [Hah12], and we verify the crucial approximation property in Lemma
6.6. The reason why our weaker assumption in terms of the (3 r s(nk)-numbers suffices for
(P-C) becomes visible in Lemma 6.9 and how this lemma is used to control the trees in a
certain subfamily of F. These are trees for which a large proportion of minimal cubes has
children whose best approximating horizontal planes are significantly rotated compared to best
approximating plane of the top cube Q(S). The amount of rotation is related to properties of
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the image of F under the projection 7 : H* — R?", 7(z,t) = 2. This observation allows us to
control the rotation using £ € GLem (81 x, a(2n,k),2). On the other hand, this assumption (or
the stronger condition £ € GLem(f x,,2)) alone does not imply BPLI, as can be seen by
considering a 1-regular subset of the vertical t-axis, which is mapped to a single point under
the projection 7 (Example 5.2). For this reason we need WGL(f 1, ) to establish that E is a
priori sufficiently horizontal.

Having deduced from E € GLem(f1 x a@nk),2) and E € WGL(8,y,) that E satisfies the
corona decomposition (P-C), we could conclude Theorem 1.1 by following the approach in
[Hah12]. However, to highlight that this last step is independent of the specific ambient struc-
ture of H" (unlike the first part of the proof), we apply the result in [BHS23] instead. More
precisely, we observe in Lemma 3.34 that (P-C) implies a corona decomposition by normed
spaces, as introduced in [BHS23|, and Theorem 1.1 then follows from [BHS23, Theorem B].

Connections with other corona decompositions. In Lemmas 3.32 — 3.33 we prove:

Theorem 1.6. A k-regular set E C H" (1 < k < n) satisfies (P-C) if and only if it admits a
corona decomposition by intrinsic Lipschitz graphs (ILG-C).

The (ILG-C) property is a variant of the corona decomposition studied by David and Semmes
[DS91], where from the perspective of each tree S, the set F is well approximated by an intrinsic
Lipschitz graph with small intrinsic Lipschitz constant (in the sense of Franchi, Serapioni,
and Serra Cassano [Serl6]). In contrast, (P-C), and the related corona decompositions by
normed spaces, are defined via mapping properties rather than approximation by sets. Through
the equivalence of (P-C) and (ILG-C), our approach to Theorem 1.1 via (P-C) yields several
corollaries of independent interest. These can be seen as counterparts for classical results in
the Euclidean theory of uniform rectifiability [DS91].

Corollary 1.7 (Corollary of Theorems 1.6 and 5.1). Letn € N and k € {1,...,n}. If E C H"
is a k-regular set such that E € GLem(B1 x a@2nk),2) and E € WGL(Bx,v,), then E has a
corona decomposition by intrinsic Lipschitz graphs.

Corollary 1.8 (Corollary of Theorem 1.6 and [BHS23|). Let n € N and k € {1,...,n}. If
E C H" is a k-reqular set satisfying a corona decomposition by intrinsic Lipschitz graphs, then
E has big pieces of Lipschitz images of RF.

The (ILG-C) property can be seen as a set-theoretic version of corona decompositions that
were studied for intrinsic Lipschitz functions on 1-dimensional horizontal subgroups in H"
[FO20; DF22]. In [FO20, §3.1.1], the first author and Orponen proved for n = 1 that such
intrinsic Lipschitz functions admit corona decompositions by intrinsic Lipschitz functions with
small Lipschitz constant, and applied this result to prove that certain singular integral operators
are L?>-bounded on regular curves in H'. We hope that Corollary 1.7 could find applications
for the study of k-dimensional singular integral operators in H" for all 1 < k < n, and more
generally, that the present paper will serve as a step towards developing a theory of quantitative
(or uniform) rectifiability for low-dimensional sets in Heisenberg groups. We believe that this is
a natural setting to apply and advance the results in [BHS23], as there is already a rich theory
of qualitative k-dimensional rectifiability in H" for 1 < k < n, see for instance [MSS10; AM22].

Structure of the paper. Section 2 contains standard notation and preliminaries about
Heisenberg groups. Section 3 provides an overview of known and new notions of quantitative
rectifiability for low-dimensional sets in Heisenberg groups. In particular, we introduce various
versions of geometric lemmas and corona decompositions, and prove implications between them.
In Section 4, we strengthen Juillet’s result by showing that the curve I' constructed in [Juil0] is
l-regular with I' ¢ GLem(f; y,,2). In Section 5, building on Section 3, we explain how Theorem
1.1 follows from an intermediate result about a corona decomposition by horizontal planes, and
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we deduce the various corollaries. Finally, in Section 6, we complete the proof of Theorem 1.1
by deducing the existence of the corona decomposition from the stated assumptions.

2. PRELIMINARIES

2.1. Notation. We write a < b to denote the existence of an absolute constant C' > 0 with
a < Cb. When writing a <y b, we allow C to depend on A. We write a ~bif a <band b < a.

2.2. Heisenberg groups. We recall the definition of the Heisenberg group, and introduce
objects related to its horizontal structure relevant for the study of low-dimensional subsets.

Definition 2.1 (Heisenberg group). The n-th Heisenberg group H" is defined as the set R**+!
equipped with the group product

(2.1) (z,t) - (2, 0) = (z+ 2t +1 +w(z, 7)) forz 2 e R*™ t,t' € R.
where

1 n
(2.2) w(z,z') = 3 Z(zzz;m — Znyizy)  for z, 2 € R*™,

i=1
We equip H” with left invariant vector fields
X; =0, — %znﬂ&/, 1<i<n, X;,=0,+ %zi,n(?t, n+1<:<2n, T =0.

Here 0., and 0, denote the coordinate vectors in R*"*1 which may be interpreted as operators
on differentiable functions. If |-, -] denotes the Lie bracket of vector fields, then [X;, X,,.;] =T,
while all the other commutation relations are trivial. Thus H" is a Carnot group of step 2.

Definition 2.2. A vector in R*"*! is horizontal at p € R®***! if it is a linear combination of
the vectors X;(p), 1 < i < 2n. An absolutely continuous curve v in the Heisenberg group is
horizontal if, at almost every point ¢, the derivative 4/(t) is horizontal at ().

For every absolutely continuous curve v; : [a,b] — R?", one can find va,41 : [a,b] — R so
that v := (v7,vons1) : [a,b] — H" is horizontal. If ~5,,1(a) is prescribed, the component o, 11
is uniquely determined by the horizontality condition, and ~ is called a horizontal lift of ~;.
Specifically, for n = 1, if the curve 77 is closed and + is one of its horizontal lifts, then the total
change in height v3(b) —v3(a) equals the signed area enclosed by 7r; see for instance [CDPTO7].

Definition 2.3. A vector subspace V C R?" is said to be isotropic if w(z,z’) = 0 for all
2,7 € V, where w : R?™ x R*™ — R is the form defined in (2.2).

For 1 < k < n, we denote by V} the family of k-dimensional horizontal subgroups of H™.
Every V € V! is of the form V = V; x {0} for a k-dimensional isotropic subspace V; of R*".

We call a subset V' of H" an (affine) k-dimensional horizontal plane if it can be written as
x - Vy for some z € H" and V € V). We denote by V; the collection of all affine horizontal
k-dimensional planes of H".

The family of arbitrary affine k-dimensional planes in R*" will be denoted by A(2n, k).

Definition 2.4 (Projection onto horizontal subgroups). Let V = V; x {0} € V! be a k-
dimensional horizontal subgroup of H", where V7 is a k-dimensional isotropic subspace of R?",
The horizontal projection onto V is defined by

PV :]HI”—>V, P\/(Z,t) = (WVI(Z),()),
where 7y, : R*" — V; stands for the standard Euclidean orthogonal projection onto V7.

From the structure of the group law (2.1), it easily follows that horizontal projections are
group homomorphisms. For a more thorough discussion of these mappings and their role in
geometric measure theory on H", we refer the reader to [MSS10; BFMT12].
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Definition 2.5 (Projection onto affine horizontal planes). Let V. = z - V; € Vi be a k-
dimensional horizontal plane with z € H" and V, € V. Then the horizontal projection onto V

is defined by
P, H" =V, Pyly):=z- on(x_l ).

The affine horizontal projection Py is well-defined since it does not depend on the specific
choice of the point € V; see [Hah12, §2] or [FV25b, §4.1.2] for this and other properties of Py .

It will be convenient to introduce also other kind of projections, which we may call Fuclidean
coordinate projections: if p = (z,t) € H", we define w : H" — R?" and 7; : H" — R as

(p) = w(z,t) == z, m(p) = m(z,t) :=1t.

We will denote by |- |gm, or simply by ||, the Euclidean norm on R™. The Euclidean distance is
drua(z,2') = |z—2'| for every z,2’ € R™. In the Heisenberg group H", we let d(z,y) := ||y~ - z||
to be the Kordnyi distance induced by the homogeneous Kordnyi norm

(2.3) (2, 8)]] == {/|2|gan + 16 2.

For any V' € Vj, the horizontal projection Py is 1-Lipschitz with respect to the Koranyi distance.
In addition, the space (V,d) is isometric to (R¥, |- |gx). For s > 0, we will denote by H?® the
s-dimensional Hausdorff measure associated to the Koranyi distance d, obtained via classical
Carathéodory construction. Hausdorft measures with respect to dgya will be denoted Hg,, -
The closed ball in (H",d) with center z € H" and radius r > 0 is denoted by B(x,r), while
B™(z,1) or Bgya(z,7) denotes a Euclidean ball in R™. The diameter of a set A C H" with
respect to the Kordnyi distance is denoted by diam(A).

Definition 2.6. A linear map ¢ : H” — H" is called a rotation if for all z, 2’ € R?*", ¢, € R,

7rt(90(27t)) =1,
w (m(p(2, 1), m(p(2', 1)) = w(z,2"),
m(p(2,1) — m(0(2', )] = [z — |

Any rotation is a group homomorphism and an isometry with respect to d of H". Moreover,
for any V,W € V) there exists a rotation ¢ and a point p € H" such that W = p- ¢o(V).
Rotations are exactly those maps which can be expressed in coordinates as ¢(z,t) = (Az, 1)
with A € SU(n). For more details, see, e.g., [BFMT12, Section 2]

If Ve V) is a k-dimensional horizontal subgroup of H", the complementary orthogonal
subgroup of V inside H" is defined as the (Euclidean) (2n+ 1 — k)-dimensional orthogonal com-
plement of V inside R?"*!, which is a normal subgroup of H". If W denotes the complementary
orthogonal subgroup of V', then we define Py : H* — W as Py (y) := (Py(y))~! - y. The next
definition is due to Franchi, Serapioni, and Serra Cassano [FSS07; Ser16].

Definition 2.7 (Intrinsic Lipschitz graph). Let V € VP and let W be the corresponding
complementary orthogonal vertical subgroup. A map ¢ : V. — W is called intrinsic Lipschitz
if there exists L > 0 such that

(2.4) |1 Pw (2(v)7'@(v)) || < L||Py (2()'@(v)) || for every v,0' €V,

where ® : V' — H" is the graph map associated to ¢, defined by ®(v) := v - ¢(v) for all v € V.
The intrinsic Lipschitz constant of ¢ is defined as the best constant L such that (2.4) holds.

A set I' C H" is a k-dimensional intrinsic Lipschitz graph, for 1 < k < n, if there exists
V €V and and an intrinsic Lipschitz function ¢ : V' — W such that T' = ®(V).
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If V' is a horizontal subgroup with orthogonal vertical subgroup W, and ¢ : V. — W is
intrinsic Lipschitz as in Definition 2.7, then the associated graph map ® : V' — H" is metrically
Lipschitz since we have for all v,v" € V' that

d(®(v), (")) < | Py ()71 @(v)) || + |Pw (D)7 @(v)) [| < (1 +L)[|Pv ()" @(v)) ||
(2.5) =1+ L)) vl =1+ L)d(v,v).
We will also need precise quantitative information in the opposite direction: knowing that a

graph map ®(v) = v - ¢(v) is metrically Lipschitz with constant close to 1, we can deduce that
the function ¢ : V' — W is intrinsic Lipschitz with small constant.

Proposition 2.8. Let V' be a k-dimensional horizontal subgroup of H™, with complementary
orthogonal subgroup W. Let ® : V. — H" denote the graph map associated to a function
¢V — W. Suppose that ® is (1 + n)-Lipschitz with respect to the Kordanyi metric for some
0 <n<1. Then ¢ s intrinsic Lipschitz and its intrinsic Lipschitz constant is at most 6./1).

Proof. Consider v,v" € V. Our assumption tells us that

(2.6) [2(v)~" - @(u)| < L+ )" vl = (1+n)lr(v) — m(v)[gen,
and our goal is to prove that
27) P (@) @)l < 6n | Pr(@() - @(v)]| = 6/7 |7 (v) — m(v)[gen.
From (2.6), we deduce that
\/\ V) fen + [7(6(0)) = 7(S(0) [fan = [(R(V) " (v))[z2n < [|@() - @(v)]

< (L +n)lm(v) = m(v)[gen,
which implies, squaring both sides and collecting terms,
(2.8) 7 (0(v)) = T(P(V))[ren < 2/ |m(v) — 7(V")[gen.
Again, by (2.6), we get that

\/| Mgon + 167 (@(0) - @(0) 2 < [ @) D()]| < (1+n)|7(v) — (V") g2n
Similarly as before, this implies that
(2.9) 7 ()" (v))| < Vijlm(v) = 7(V) [Ren-

We now write V = V; x {0} and consequently W = V;* x R, where V7 is an isotropic subspace
of R?". Using the definitions of Py and Py, we can explicitly write

PW(Z7t) = (Z - WVI(Z)vt - w(ﬂvl(z), Z)) = (WVIL(Z)’t - W(WVI(Z)a WVIL (Z)))
= (my2(2),1) - (0, —w(my; (2), Ty (2))),

where w : R? x R?" — R is the form appearing in the group law (2.1). Using this expression
for Py, we get by the triangular inequality

1Pw (@)~ - @(0)]| < |[[(m(6(v)) = 7(&(v))), (@) - @(v))
+][(0, —w(m(v) = w(v'), m(d(v)) — m(¢(
Now we estimate the two terms on the right-hand side.
[(7(6(v)) = m(D(")), m (@) " - @(v))) || < Im(d(v)) = 7(B(V))[g2n + 2/ |me(®(v) 71 - B(v))].
Using (2.8) and (2.9), we deduce that

[(7(6(v)) = 7 (D)), m (@) 7" - @(v)) || < 4Y/nlm(v) — 7(V])]zen-
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Concerning the other term,

1(0, ~w(m(v) = 7(v), 7($(v)) — w(B(v")) || = 2V/Jw(r(v) — 7 (v"), 7(S(v)) — 7(S(1)))]

< 2\/ 5 m(0) = w0 aonb(6(0)) — T(H(0/)) g
< 21l (v) — 7() g,

where we used (2.8) and the simple inequality |w(z, 2")|] <
Combining the previous inequalities, we finally get (2.7).

|2|R2n |2 |g2n for every z,2" € R*™.

O

1
2

3. QUANTITATIVE NOTIONS OF RECTIFIABILITY FOR LOW-DIMENSIONAL SETS IN H"

We discuss quantitative conditions that express in a multi-scale fashion how well a low-
dimensional set £ C H" is covered or approximated by “nice” objects such as Lipschitz images,
intrinsic Lipschitz graphs, or horizontal planes. This intuition is made precise with the notions
of big pieces (Section 3.1), geometric lemmas (Section 3.2) and corona decompositions (Section
3.3), originating from the work of David and Semmes in Euclidean spaces [DS91; DS93]. Here
we present new and known incarnations of these classical notions.

3.1. Big pieces of Lipschitz images.

Definition 3.1 (s-regular sets). Let s > 0. A set £ C H" is said to be AD-s-regular (or simply
s-regular) if it is closed and there exists a constant C' > 1 such that

(3.1) Colr* <H(E N B(z,r)) < Cpr®  for every x € E, 0 < r < diam(FE), r < oo.
We call the regularity constant of E the best possible constant Cg satisfying (3.1).

Definition 3.2. Let & € {1,...,n}. We say that a k-regular set £ C H" has big pieces of
Lipschitz images of subsets of RF (BPLI) if there exist constants ¢, L > 0 such that for every
r € E,0 < r < diam(F) there exist A C B*(0,r) and an L-Lipschitz function f : A — H"
with the property that

(3.2) HY (E N B(x,r)N f(A)) > er®.

Slightly different definitions are used in the literature, but in our setting they turn out
to be all equivalent. First, by the Lipschitz extension result [WY10], any Lipschitz function
f: AcCRF — H" can be extended on the full R* with controlled Lipschitz constant. Notice that
this is possible exactly when k& < n (see [BF09]). Hence it is equivalent to consider functions
defined on B*(0,7) or on R¥  and replace in (3.2) the set f(A) by f(B*(0,r)). Remarkably, this
is further equivalent to the condition where f : A C B*(0,r) — H" is required to be bilipschitz
(by [Sch09, Corollary 1.9]), as in [Hah12, Theorem 1.1]. In particular, Theorem 1.1 and its
corollaries in Section 1 all hold with the conclusion “big pieces of Lipschitz images” replaced
by “big pieces of bi-Lipschitz images” in the sense of [Hah12, p.1]; see also [BHS23, §1.2]. We
decided to focus on Definition 3.2 since in [BHS23], BPLI is taken as a definition of uniform
rectifiability in metric spaces.

Because a Lipschitz function f : R¥ — (H",d) is locally Euclidean Lipschitz, while the
converse is not true, proving that a set £/ C H" satisfies BPLI is not just a Euclidean result.
Consequently, sufficient conditions for BPLI in H"”, as introduced in the following, have to take
into account the horizontal structure and cannot be mere copies of the conditions in [DS91].

3.2. Geometric lemmas. For any £ C H" and x € H" we denote by
d(z, E) :=inf{d(z,y) : y € E}
the distance between the point x and the set F.
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Definition 3.3. Let ne N, EC H* k€ {1,...,n},p> 1,2 € H",r > 0. We define

1
: - d(y,V)\" v
_ npE R k ) k
o) = = gug (4 [ () ) e
: d(y,V)
o = pF = inf .
ﬂ ’Vk(x?r) ﬁooyk(x?r) Vlgvk yEESr}pr(x,r) r

Definition 3.4. Let £ C H" be AD-k-regular, 1 < p < o0, 1 < g < +00. We say that F
satisfies the q-geometric lemma with respect to B,y,, and we write E' € GLem(8,y,,q) if there
exists C' > 0 such that for every R > 0 and every x € E it holds

f N k
(3.3) L[ smtrrane) < or
0 JENB(z,R) r

Condition (3.3) is one way of expressing that the set E is well approximated by horizontal
planes at most places and scales. This is equivalent to saying that 3,y (y,7)7dH"(y) % is a
Carleson measure on E X RT. Some of the results we will use have been stated in terms of
different versions of geometric lemmas, so we review the relevant definitions here. Instead of
using the double integral in (3.3), geometric lemmas can be formulated with the help of systems
of dyadic cubes.

3.2.1. Carleson conditions for dyadic cubes. The following is a special case of a construction
due to Christ [Chr90], with minor modifications that we will indicate below.

Definition and Theorem 3.5 (Dyadic cubes). Assume that F C H" is a k-regular set with
regularity constant Cg. Then there exist constants o € (0,1) and D € (1,0), depending only
on Cg and k, and a collection D = U;cjD; where, for every j € J, D; is a family of pairwise
disjoint Borel sets and

(1) For each j € J, E = Ugep, Q-
(2) If Ql,Qg € D and Ql N QQ 7é @, then Ql Q QQ or QQ C Ql-
(3) If j € J and @ € D;, then diam(Q) < D¢’.
(4) For each j € J and Q € Dy, there exists xg € E such that B(zg, D"'¢/)NE C Q.

(5) H'({z € Q: d(z, E\ Q) < no’}) < DypHMQ) for all j € J, Q € Dy, i > 0.
Here J = Z if E is unbounded, and J = {j € Z : j > Jy} where Jy € Z is such that
o™ < diam(FE) < o” otherwise. We also define

D, ={Q€D: QCQy}, QoeD,

and for a given constant A > 1, we set
AQ:={r e F:dz Q) <(A—1)diam(Q)}.

Choosing D large enough, we may and will assume that
(3.4) D' <diam(Q) < D¢ and D~'o* <HMQ) < DJ*, QeDj jel,
cf. [Hah12, (14)] or similar computations leading to [FV25a, (2.8)]. If @ € D; for some j € J,
we denote by C(Q)) the set of children of @, namely C(Q) := {R € Dj4; : R C Q}. Also, for
S C D, we let min(S) to be the family of minimal (with respect to the inclusion) cubes in S.
Remark 3.6. The cubes in Definition and Theorem 3.5 are essentially as in [Hah12, (8)—(14)]
with ¢ = 1/a and D, playing the role of cubes in generation “—;”. The main difference is
that we assume that the cubes of a fixed generation cover E entirely, not only up to a H*-null
set. The existence of such cubes can be proven by modifying Christ’s original construction as

explained in [HM12, Section 4], see also [BHS23, Lemma 2.6.1]. The resulting cubes are not
necessarily open, but Borel sets, which is sufficient to run the argument in [Hah12].
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Remark 3.7. Given dyadic cubes as in Definition and Theorem 3.5 for some g € (0, 1), one can
always construct a new family that satisfies the same properties with “o” replaced by “1/2”
and some of the constants possibly depending on o, see the proof of [HMMM17, Proposition
2.12]. Since the original p can be chosen depending only on k£ and Cg, we could without loss of
generality assume in Definition and Theorem 3.5 that ¢ = 1/2. In particular, all k-regular sets
in H" admit dyadic systems with the properties stated in [F'V25a, Theorem and Definition 2.5].
We did not to specify the value of ¢ in Definition and Theorem 3.5 in order to have a more
flexible definition that allows us to apply results stated in the literature for various values of o.

Remark 3.8. The dyadic systems used in [BHS23| have all the properties required in our Defi-
nition and Theorem 3.5. In fact, [BHS23, Lemma 2.6.1] states additional properties concerning
the “centers” of the cubes and the values of constants. These will not be needed for most of
our paper, only when applying [BHS23, Theorem 9.0.1], we will restrict attention to dyadic
systems as in [BHS23, Lemma 2.6.1] (as we may by Remark 3.16).

We will compare geometric lemmas for different coefficient functions that we now introduce.
We recall from Definition 2.3 that V, denotes the family of all horizontal k-planes in H"”, whereas
A(2n, k) stands for Grassmanian of all affine k-planes in R?".

Definition 3.9 (Coefficient functions). Let n € N, k € {1,...,n}, E C H" be a k-regular set
with a dyadic system D, QQ € D, p > 1, and A > 1. We define

e the horizontal S-numbers

00 = int (£ (qls) d%’“(y)); p<oo,

. d(y,V)
Poene(AQ) = dnf - sup 0 50

e the stratified S-numbers
2 4
3 — diua (r@) (VNP g k| " dw.V) \* gk ”
Bp,Vk (/\Q) = Vlgék <[][AQ ( diam(AQ) ) dH (y)} + {][/\Q (diam(AQ)) dH (y)} ) , P < 00,

Bro, (AQ) := inf (Sup [dEucl<ﬂ(y),w(V)>r+ . [ % r>1

PN

VeVe \ yer@ dlam()\Q) YEAQ

e the horizontal projection B-numbers

e 0Q) = it (f, (m L) cmk(y))’l’ p<oe

L dEucl(ﬂ-(y)vﬂ-(V))
Preav(AQ) = 0l sub == (7))

e the projection [B-numbers

by a(0Q) = int ( ]fQ(dEucmw,Em)p d%k(y)){ .

WEA(2n,k) diam(

A
. dEuCl(ﬂ-(y)v W)
Q) = f
/80077T7A(2n7k)( Q> W€}4D(-2n’k) ;;\% dl&Hl()\Q)
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e the projection -numbers

!d x,y) — d(Py(z), Py(y))]
VEVL yerQ diam(AQ)

=

Remark 3.10. The functions h € {B,E, Basty, b : D — [0,00), have obvious counterparts
h: Ex[0,00) — [0,00) defined using balls as in Definition 3.3 instead of cubes. More precisely,

one replaces “fAQ” with “r—* fEmB M)” and “diam(A\Q)” with “r”. Abusing notation, we will

denote the values of these functions by h(y,r).

Horizontal §.,-numbers in H" were introduced for £ = n = 1 in connection with the traveling
salesman theorem [FFPO7]; the higher-dimensional L'-based variants were used by Hahlomaa
[Hah12]. The stratified S-numbers we define here are inspired by Li’s definition [Li22] for p = oo
in Carnot groups. The projection (-numbers were introduced by the first author and Violo in
[FV25b]. The projection S-numbers have to the best of our knowledge not been used before,
and we comment on them in the next remark.

Remark 3.11. The horizontal projection B-numbers f3, .y, arise naturally in relation with the

stratified S-numbers 3, -y, and the horizontal S-numbers 3,,,. Since, for any V' € Vj, the
projection 7(V') is an affine isotropic subspace of R*" (namely 7(V) = z+ W, with z € R?" and
W an isotropic subspace of R?*") and, conversely, any k-dimensional affine isotropic subspace
of R*" can be expressed as 7(V') for some V' € Vy, it follows that in the definition of 3, .y, one
can equivalently consider isotropic subspaces of dimension k in R?" instead of projections of
affine horizontal k-planes. Since the projection S-numbers are instead computed by minimizing
among all W € A(2n, k), it follows that, for any p > 1, A > 1,

ﬁp,ﬂ,A(Qn,k)()‘Q) < 6p,7r,Vk ()‘Q)

The properties stated in the next two lemmas hold more generally for all coefficient functions
in Definition 3.9, but we focus here on the statements that will be applied later in the paper.

Lemma 3.12. For any z,y,z € H", V €V} it holds
m(z) —w(y)| = [m(z-2) =m(z-y)l, d(Pv(x), Pv(y)) = d(Pev(z- 1), Poyv(z-y)).
Moreover, if z € H" and E is a k-reqular set with a dyadic system D, then {z-Q} is a dyadic

system for the k-reqular set z - E and, for all p € [1,00], A > 1,Q € D, we have the following
identities between the coefficient functions associated to E and z - E, respectively:

o (AQ) = Bon Az - Q)); Brira(ani) AQ) = B aaniy Az - Q) 1y (AQ) = tp, (A= - Q)

Proof. The claim about the dyadic systems holds due to the left-invariance of d. The property
|m(x) —7(y)| = |7(2-z) —7(z-y)| follows immediately from the structure of the group law and
the invariance under translations of the Euclidean distance. Together with the left-invariance
of d and the resulting left-invariance of HE, it implies the claimed left-invariance property of
the S-numbers and of the f,-numbers, observing also that V, = {z-V : V € V;} for all z € H",
and A(2n, k) = {u+W: W € A(2n,k)} for all u € R*".

For the second property, recall from Definition 2.5 that if V = ¢ -V with V} isotropic, then
Py(z) = q- Py(q~* - ). This implies that P,y (z-2) = z2q- Py,(¢"'27'22) = 2 - Py(x). In
particular we get that

(3.5) d(Py(z), Py(y)) = d(z - Pv(x), 2 - Pv(y)) = d(Pev(z - 1), Poyv(z - ).

This identity, together with the left-invariance properties of d and H*, implies the claimed
left-invariance property for the (-numbers. l
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Similar arguments as in the proof of Lemma 3.12 yield the following result.

Lemma 3.13. If ¢ : H* — H" s a rotation and E is a k-reqular set with a dyadic system D,
then {p(Q)} is a dyadic system for the k-reqular set p(E) and, for allp € [1,00], A > 1,Q € D,
we have

Bpm.A@n k) (AQ) = Byr A@nk) (Ap(Q)).
Lemma 3.14. Let V =z - Vy € Vy with z € H" and Vy € VY. Then

d(Pv(z), Py(y)) = d(Py (), Py (y), =,y € H"

In particular, in the definition of 1,y, we can replace “Vy,” by “V)” without changing the values

of the coefficients.

Proof. By (3.5), the fact that Vi = Vi ; x {0} is a subgroup, the structure of the group law and
the linearity of Euclidean orthogonal projections, we obtain

d(Py (), Py(y)) = d(Py (" 'x), Py (27 ') = |y, (w(2712)) — g, (w27 1))
= |mvy, (m(2)) = v, , (w())]| = d(Ps (), P (9))- O

Definition 3.15 (Geometric lemma). Let n € N, k € {1,...,n}, and let h be one of the
coefficient functions in Definition 3.9. Given 1 < ¢ < +o00, a k-regular set £ C H" with a
dyadic system D and A > 1, we say that E satisfies the g-geometric lemma with respect to h,
and write £ € GLem(h, q), if there exists a constant C' such that we have

(3.6) Y AR HNQ) < CHH(Qo), Qo € D.

QReDq,
A few remarks are in order:

Remark 3.16. Dyadic systems are not unique, but if h is one of the coefficient functions in
Definition 3.15, and E satisfies (3.6) for one dyadic system D, then it fulfills the same condition
for all possible such systems (with possibly different, but quantitatively controlled constants).
This was proven in [FV25a, Remark 2.16] for dyadic systems that satisfy the properties of
Definition and Theorem 3.5 with ¢ = 1/2. The result for arbitrary o, with C' depending possibly
on o, follows by the procedure in the proof of [HMMM17, Proposition 2.12]|. Alternatively, one
can pass via the integral characterization in Lemma 3.18 to verify that the validity of the
geometric lemma does not depend on the chosen dyadic system on FE.

Remark 3.17. For h as in Definition 3.15, the validity of (3.6) (up to changing the constant
“C” in a quantitative way) is independent of the choice of A > 1, see [FV25a, Remark 2.30]
and [F'V25a, Lemma 2.23], which holds as stated for K, > 1.

Geometric lemmas for standard Jones-type [S-numbers in Euclidean spaces can be equiva-
lently stated with a Carleson measure condition in the spirit of Definition 3.4 or with a discrete
condition in the spirit of Definition 3.15, see, for instance, the comment around (1.51) in [DS93,
p.20]. An analogous reformulation is possible in our setting.

Lemma 3.18. Let n € N, k € {1,...,n}, ¢ € [1,400), and let h be one of the coefficient
functions in Definition 3.9. Then a k-regular set E C H" satisfies E € GLem(h, q) in the sense
of Definition 3.15 if and only if there exists C' > 0 such that for any R > 0 and x € E it holds

R dr
(3.7) L[ ) < R
0 JENB(z,R) r

Since the argument is standard, we only sketch the proof.
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Proof. Assume first that F satisfies (3.7). Let D be a dyadic system on E, A\ > 1, write
p=HFE, and fix Qy € D. Let j, be such that Qo € Dj,. The coefficient function h has the

following crucial property: there exists a constant M > 1, depending only on CFg, k, and A,
such that for all ) € D;, Q C @y, we have

(3.8) h(AQ) < Mh(y, Mr), y € B(zq,0')NE, r €[, o).

This, and the k-regularity of E, allows us to bound the sum over dyadic cubes as follows:

S Q@) S S / Ty / (y, Mr)? du(y) "

Q€EDq, i=jo QeD;NDq, ¥ Bl@e:¢’)
dr
(3.9) = Z/ / Wy, Mr)T Y Xb(eg.en () di(y) —
3>jo B(rqy,C1070) Q€D;NDq,

where we have used in the last step that there exists a constant C'; > 1, depending only on
Cp and k, such that B(zg,¢’) C B(xg,, C1¢”) for all Q € D; N Dg,. By the properties of
dyadic systems (Definition and Theorem 3.5), we have d(zq,z¢) > D'’ for Q,Q € D;.
The k-regularity of E and a standard volume counting argument then imply that card(Q) €
D;NDg, : y € B(xg, o)) < 1forall y € E. This finally allows to bound (3.9) by

g~ dr
/ / by Mr) du(y) D
0 B(xQO,Cl.QJO) r

from where £ € GLem(h,q) follows (after a change of variables in r) since Qg was chosen
arbitrarily. Here, the constant in GLem(h,q) depends on the constant C' in (3.7), as well as
possibly on Cg, k, and .

In the opposite direction, assume that F € GLem(h, q) in the sense of Definition 3.15. Let
D be a dyadic system on E, pick z € E and R > 0. Let jy € Z be such that ¢ < R < g0~ !,

We begin by writing
dr
~Y / / ) duly) —
B(z,R) r

(3.10) / [ hryrauty
B(zR) J=jo

where we used that h(y,r) < h(y, 0°=!) for r € [¢/, 01| thanks to k-regularity of E. Moreover,
there exists Qo € D such that B(z, R) C KQo with R ~ diam(()y) and K depending only on k
and Cg, see e.g., [FV25a, (2.9)]. We cover KQy with a number m < 1 of cubes Qo 1, ..., Qom
from generation jy as in [FV25a, (2.12)]. An inequality similar to (3.8) with the roles of balls
and cubes reversed, and the assumption £ € GLem(h, q) (with Remark 3.17) finally allow us
to bound the expression in (3.10) by pu(Qo1) + - - - + #(Qo,m), which concludes the proof. O

Definition 3.19 (Weak geometric lemma). Let n € N and k € {1,...,n}. Given a k-regular
set ¥ C H" with a dyadic system D and h one of the coefficient functions in Definition 3.9, we
say that E satisfies the weak geometric lemma with respect to h, and write E' € WGL(h), if for
each € > 0 and A > 1, there is a constant C' = C(e, \) such that

(3.11) > HMQ = OENHY(Q), QeD.

QEDg,h(AQ)>e

Remark 3.20. Clearly, if £ C H" is k-regular, the implication £ € Glem(h,q) = E € WGL(h)
holds for any ¢ € [1,+00). The converse implication is not true in general. For an example
in Euclidean R? see [DS91, Section 20]. By isometrically embedding R? into H?, and using
[FV25b, Lemma 4.38], this also produces an example of a set £ C H? with £ € WGL(8x.1,),
vet E ¢ Glem (B, q) for ¢ = 2. Moreover, since the example in [DS91, Section 20] is not
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Euclidean rectifiable in R?, the set £ C H? fails to be Euclidean rectifiable and, in particular,
cannot have BPLI in the sense of Definition 3.2.

An example in H' that satisfies WGL(84,y,) (since it satisfies a strong geometric lemma with
exponent 4) yet fails I' ¢ Glem(fSw 1, ,q) for ¢ = 2 is provided by the curve I' in Section 4.

Remark 3.21. The weak geometric lemmas in Definition 3.19 can be equivalently stated in terms
of a Carleson set condition, similarly as the geometric lemmas allow for the reformulation in
Lemma 3.18; see for instance [BHS23, Lemma 2.6.5]. This also shows that the validity of a
weak geometric lemma does not depend on the specific choice of dyadic system D.

We next discuss relations between geometric lemmas for the functions in Definition 3.9.

Proposition 3.22. Letn € N and k € {1,...,n}. Assume that E C H" is a k-reqular set and
D a dyadic system on E. Then we have, for A > 1,

By AQ)* <y, (AQ), Q€ D.
In particular, if E € GLem(iyy,,1), then E € GLem(ﬁl,yk,éL).

Proof. Let E be k-regular with a dyadic system D. For simplicity, we denote p := HF_p. Fix
€ > 0. Then, by definition of ¢ vk(/\Q) there exists V' € Vj, such that

|d(z, y) — d(Py(2), Py (y))]
]{Q ][/\Q dlam()\Q) dp(z) du(y) < 1y, (AQ) +¢€

Therefore there exists at least a point zy € AQ) such that

|d(20,y) — d(Py(20), Py (y))|
][/\Q diam(A\Q) dp(y) <y, (AQ) +¢

(3.12)

By Lemma 3.12 it suffices to prove B\lyyk()\[zo_l -QD* <y (M2t - Q)), so without loss of

~

generality, we will assume in the following that zy = 0. Moreover, by Lemma 3.14, we can
assume that V' = V7 x {0} € V. In this case Py (y) = (mv,(7(y)),0). Then for every y € A\Q

|d(z0,y) = v (7(20)) — 7w (W) = [yl = Imv; (7 (y))]
> |7 (y)| = lmv, (m(y))]
B O S v G ))) S a0 S G VR GL )
r@ I (@) Im)] + v ()] T 2 diam(AQ)
_ dEucl( ( ) )2
2diam(A\Q)

This estimate will be useful for one of the two summands appearing in the definition of
B1v, (AQ). For the other summand, we use a similar estimate.
Denoting a := ||y|| and b := |7y, (7(y))|, we have

(3.13)

a* — b at — b
+a?b+ ab? + b* ~ diam(A\Q)3

[d(z0,y) — v, (1(20)) = Ty (m(y)ll = a = b= —
Here
at — b = |m(y)|* + 16m(y)* — Jm; (w(y)]*
= (|, (7 (W)* + 7 (7w () [*)? + 16m(y)? — |7y, (7 (y))|*
)

\
= |my,+ (m(W)|* + 2]y, (7 () )|y, + (7 (y)) ] + 16m(y)?
> P(y) " ylt > dy, V)
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where we used the fact that
1Py (y) ™" yll* = w (P (y) ™" - )" + 16(m( Py ()™ - )
= |my s (m ()] + 16(m(y) — wlmy; (7(y)
< |y, (m(y)[* + 32m(y)* + 8|mv, (7 ()
where w is the form appearing in the group law (2.1). Thus

S _dy. V)
~ diam(A\Q)3"

~—

o -

(3.14) |d(20,y) — [mv; (m(20)) — v, (m(2))|

Finally combining (3.13) and (3.14), we obtain
d(z0,y) — |mv, (m(20)) — 7, (7(y))]

diam(AQ)
_ 1d(z0,y) = |mv (7(20)) — v, (7)) | 1d(20,y) — |7y, (7(20)) — 7w, (7(y))]
2 diam(AQ) 2 diam(AQ)

> dEucl(ﬂ-(y>7 ‘/1)2 d(y7 V)4
diam(\Q)? diam(A\Q)*

Recalling the definition of 3 , and applying Jensen’s inequality with ¢(z) = 2? and ¢(z) = 2%,

respectively, we deduce that

~ distgua(m(y), V7)? d(y, V)4
AQ) < ’ ’ d
Iin (M@ = ]{Q GamOQ)? | diam(q)i M)
|d(z0, ) — |y, (7(20)) — T3 (m(y)) ] 5.12)
< L ! d < A :
~ ]{\Q dlam()\Q) :u(y> = Ll,vk( Q) te
We get the conclusion by the arbitrariness of ¢. 0

Proposition 3.23. Letn € N and k € {1,...,n}. Assume that E C H" is a k-reqular set and
D a dyadic system on E. Then we have, for A > 1,

(3.15) By (AQ)? + A1y, (AQ)' < Biv(AQ)', QeD.
Moreover, if E € GLem(Elyvk, 4), then E € GLem(B1 x a(2nk),2) and E € WGL(B,v,)-
Proof. We recall from Definition 3.9 that

B 00) = in {[ ]i? diua(r(y), 7(V)) ka(y)r . [ f d(y. V) | d%k(y)r},

Ve, diam(A\Q) o diam(AQ

which immediately implies (3.15). Clearly, this also shows that if F € GLem(BLVk,él), then
E € GLem(B1,x,,,2) and £ € GLem(f,,y,,4). Since B1x a@nk) < Bixv, by Remark 3.11, this
implies also £ € GLem(31 x a(2n,k), 2)-

To conclude the proof of the proposition, it remains to show that £ € GLem(/ y,,4) implies
E € WGL(Bw,y, ). This follows by the same argument as in Euclidean spaces, which works
irrespective of the integrability exponents; see [DS91, p.27] or [DS93, p.27]. [l

Proposition 3.24. Letn € N and k € {1,...,n}. Assume that E C H" is a k-reqular set and
D a dyadic system on E. Then we have, for A > 1,

(3.16) Bin Q) S Bn(0Q)°. QeD.
In particular, if E € GLem(Byy,,2), then E € GLem(51,,,4).
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Proof. Recalling that dgya(7(z),7(y)) < d(z,y) for all z,y € H"™, this follows directly from
Definition 3.9 since

51 (A0 — t { { ]{Q dEuzggg()ig()V)) dH’“(y)] 2 + {]{ 0 % de(y)] 4}

< {2 {i@%d%kw)r}. 0

3.2.2. Multiresolution families.

Definition 3.25 (Dyadic nets and multiresolution families). [Sch07; Juil0] Given E C H"
compact, a dyadic net in E is a collection A = (A;);ez of subsets of E such that
(i) A; C Ajqy for every j € Z;
(ii) If 21,22 € A, then 2y = x5 or d(x1, x9) > 277;
(iii) If y € E and j € Z, there exists € A; such that d(y,z) < 277.
For fixed dyadic net (A;); in £, 1 <p < 400 and d € N, let also

(3.17) Boy(B) ==Y 27> 8, (x,A27),

jGZ l‘EAj
for some constant A > 1. The corresponding multiresolution family is the collection
G:={B(z,A277):x € A;, j € Z}.

In Section 4, we will need the following connection (for k = 1) between a geometric lemma
and a multiresolution family as in Definition 3.25.

Lemma 3.26. If E C H" is bounded and k-regular with E € GLem(,,y, ,2), then Boy (E) < oo
for every dyadic net in E.

The proof is standard, so we only sketch the idea. Let D be a system of dyadic cubes as in
Definition 3.5. Recalling Remark 3.7, we may assume that the conditions hold with ¢ = 1/2,
so that a cube of generation j satisfies diam(Q) ~ 277. The idea for Lemma 3.26 is to assign
to each B € G (as in Definition 3.25) a cube @Qp € D so that BN E C KQp for a constant
independent of B, and then bound the S-number of B in terms of the corresponding number
for KQp. The same ) € D might arise as () = @ for several B € G, but this multiplicity can
be controlled using the k-regularity of E and property (ii) of the dyadic net A. The desired
conclusion then follows from the assumed geometric lemma, which we may equivalently consider
in the version with dyadic cubes or double integrals, according to Lemma 3.18.

3.3. Corona decompositions. In this section, we define different versions of corona decom-
positions for k-regular sets in H"™. All of them are based on the notion of coronization, which
is an adaptation of the original definition by David and Semmes [DS93, (3.14)-(3.18)].

Definition 3.27 (Coronization). Let n € N, k € {1,...,n}, and £ C H" be k-regular with a
dyadic system D. A coronization of E with constant C' > 0 is a decomposition D = GUB of
the dyadic cubes into a good set G and a bad set B with the following properties:

e for every R € D
> HMQ) < CHE(R);
QEB,QCR

e the good set G can be partitioned into a family F of disjoint trees S (also called stopping
time regions) such that:
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— each § € F is coherent: it has a (unique) maximal element, denoted by Q(S), that
contains all other elements of S as subsets, has the property that if Q € S,Q’ € D
with @ C Q" C Q(S), then Q' € S, and finally is such that if @ € S, then either
all of the children of @ lie in & or none of them do;

— for every R € D

(3.18) > HMQUS) < CHM(R).

SeF,Q(S)CR

Coronizations are useful if the trees S are such that E has good (approximation) properties
at the scales and locations of each ) € §. In this case we will say that £ admits a corona
decomposition (with respective properties). As in the Euclidean case ([DS91, p.20] or [DS93,
p.58]) the existence of such a decomposition should be independent of the specific choice of
dyadic system in the definition, but we will not need this fact.

We introduce three definitions of corona decomposition for regular subsets £ C H". The first
one, a corona decomposition by intrinsic Lipschitz graphs with small constants, is inspired by
the classical definition in R™ of a corona decomposition (see [DS93, Definition 3.19] or [DS91]).
It is also related to a corona decomposition for intrinsic Lipschitz functions by intrinsic Lipschitz
functions with small constants, which was established for £ = n = 1 in [FO21], motivated by
an application to singular integral operators on regular curves. Moreover, it is an instance of
the general corona decompositions studied in [BHHLN22|. By [BHHLN22, Theorem 1.1}, a set
with (ILG-C) therefore has big pieces squared (in the sense of [BHHLN22, Definition 2.11]) of
intrinsic Lipschitz graphs.

Definition 3.28 (Corona decomposition by intrinsic Lipschitz graphs (ILG-C)). Let n € N,
ke {l,...,n}, and E C H" be k-regular. We say that F admits a corona decomposition by
intrinsic Lipschitz graphs (ILG-C) if, for every n > 0, there exists a constant C' = C'(n) > 0 such
that E admits a coronization D = GUB with constant C where, for each S € F, there exists a
k-dimensional intrinsic Lipschitz graph I' = I's with intrinsic Lipschitz constant bounded by n
so that, for all @) € S, it holds that

(3.19) dist(z,T") < pdiam(Q) if z € E, dist(z, Q) < diam(Q).

Remark 3.29. We will need an improvement of (ILG-C), where we can replace “d(z,Q) <
diam(Q)” by “d(x,Q) < Ndiam(Q)” in Definition 3.28 for some constant N > 1, with the
constant C' = C(n, N) in the coronization allowed to depend also on N. This is a priori a
stronger condition, but in fact the two versions are equivalent. In the Euclidean case, this is
stated on [DS91, p.20], see also [DS93, Lemma 3.31], The proof does not use any features of
Euclidean spaces and relies purely on axiomatic properties of dyadic families and coronizations,
see the outline of the proof in [DS91; DS93].

The next version of the corona decomposition is inspired by [Hah12, Lemma 4.3]. Here and
in the following, K is a fixed constant, which will be chosen big enough depending on k£ and
Cg, as in [Hah12, p.4]. We also assume that at least Ky > 2.

Definition 3.30 (Corona decomposition by horizontal planes (P-C)). Letn € N, k € {1,... n},
and £ C H" be k-regular. We say that F admits a corona decomposition by horizontal planes
(P-C) if, for every n > 0, there exists a constant C' = C'(n) > 0 such that £ admits a coroniza-
tion D = GUB with constant C' where, for each S € F, there exists an affine horizontal plane Vs
such that, whenever z,y € K¢Q(S) are chosen in such a way that d(z,y) > nmin{hs(x), hs(y)},
then

(3.20) d(x,y) < (14 2n)d(Pys(x), Prs(y)),

where

hs(x) := inf{d(z, Q) + diam(Q) : Q € S}.
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Hahlomaa worked with a condition analogous to (P-C), but with (3.20) only required to hold
for d(z,y) > D~?min{hs(x), hs(y)} for a constant D depending on k and the Ahlfors regularity
constant of E. However, an inspection of the proof in [Hah12] reveals that in fact (P-C) can
be obtained, even under our weaker Carleson-type assumptions on F, see the proof of Lemma
6.6. The condition (P-C) can be compared more easily with other corona decompositions from
the literature.

The third type of corona decomposition we consider is the one by normed spaces, introduced
by Bate, Hyde, and Schul [BHS23, Definitions 6.4.1, 6.4.2] in metric spaces:

Definition 3.31 (Corona decomposition by normed spaces (N-C)). Let n € N, k € {1,...,n},
and £ C H" be k-regular. We say that £ C H" admits a Corona decomposition by normed
spaces (N-C) with constants Ay, Ay > 1 if for every n > 0 there exists C' = C(n) > 0 such that
FE admits a coronization D = GUB with constant C' where, for each S € F, there exists a norm
| - [ls on R*, a point ys € R¥ and a map ¢s : 3Bg(s) — Bj.|s(vs, 3diam(Q(S))) such that if
Q) € S and z,y € 3B satisty d(z,y) > ndiam(Q), then

1
A 4w y) < lles(y) — es(@)lls < Axd(z,y),
where By is defined as in [BHS23|, while B, denotes a ball with respect to the norm || - [|s.

In the subsequent Lemmas 3.32-3.34, we discuss relations between the different corona de-
compositions stated in Definitions 3.28 (ILG-C), 3.30 (P-C), and 3.31 (N-C).

Lemma 3.32. Letn € N, k € {1,...,n}, and E C H" be k-regular. If E satisfies (P-C), then
also (ILG-C).

Proof. Fix n > 0. We will find 9 = 9(n) = ¥(n, Ko, k,Cg) > 0 sufficiently small and apply
(P-C) with parameter K%. Let D = GUB be the coronization given by (P-C) applied with “n”
replaced by “Kio”; this will also serve as a coronization for (ILG-C). We only need to verify the
existence of intrinsic Lipschitz graphs as in (3.19).

Let F be the forest of trees associated with the coronization, and fix & € F. For every
z,y € KoQ(S), with & # y, let us denote by ()., a smallest — with respect to diameter —
cube in § with z,y € KoQ,,. (While the cubes in S of a fixed generation are disjoint, the
Ky-enlarged cubes generally are not, so that the choice of @), , need not be unique, but any
admissible choice will do. Moreover, the assumption that z,y € K Q(S) ensures that there
exists at least one cube with the desired properties.)

We perform a construction inspired by [BHS23, Remark 6.4.3]. Let N be a set in KyQ(S)
with the following property (P): if z,y € AN are distinct, then d(z,y) > ¥ diam(Q,,), and
N is mazimal in the sense that it is impossible to add an element to A while preserving the
separation condition. By Zorn’s lemma, the existence of A/ is guaranteed.

We claim that, choosing ¢ = ¥(n) small enough, then for every z € KyQ(S) and any cube
Q) € S such that z € KyQ, there exists zp € N satisfying d(x, xy) < ndiam(Q). In fact, let
x € KyQ for some (Q € § and assume by contradiction that

(3.21) d(z,y) > ndiam(Q) for every y € N.

In particular ¢ N. If we prove that N'U {z} still satisfies the separation property in (P),
we then conclude by maximality of N'. In other words, for fixed y € N’ we want to show that
d(z,y) > vdiam(Q,,). Let R € S be the smallest ancestor of ) such that

_ 1
(3.22) diam(R) > -

0 —

1d(x, y) + diam(Q).

If such an ancestor does not exist in S, then set R = Q(S). In the first case, we have
d(y, R) < d(y, Q) < d(z,y) +d(z,Q) < d(z,y) + (Ko — 1)diam(Q) < (Ko — 1)diam(R).
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This means that y € KygR. The same conclusion also holds in the case R = Q(S), since clearly
y € KoQ(S) = KoR. Since also x € KR, we get that diam(R) > diam(Q,,) by the choice of
()2, Then we can estimate, by the minimality of R and properties of dyadic cubes (see (3.4)
and Definition 3.5), and our counter-assumption (3.21) that

. _ (3.21)
D 2gdiam(R) < glsd(z,y) + diam(Q) < lgd(e,y) + td(e,y) = (5 + 1) d(w.y).

This holds also in the case in which we could not find the ancestor satisfying (3.22), since in
that case

D ?pdiam(R) < diam(R) <
Hence we find that

K 1d(x, y) + diam(Q).

Y .
d(z,y) > — n Tdiam(R)
Kofl n
and, choosing
D™ 2%p
(3.23) U< ———7 (Skew ),
K1 T

we finally get
d(z,y) > vdiam(R) > 9 diam(Q,.,)

and the claim is proved. Now, by construction of N, for any z,y € N, we know

d(z,y) > vdiam(Q,,) > Kiohg(x) > 2 min{hs(z), hs(y)}.

Ko
The second inequality follows by the fact that z € KyQ,,, so that hs(z) < d(z,Qu,) +
diam(Q..,) < (Ko — 1)diam(Q..,) + diam(Q,,) = Kodiam(Q,,). By (P-C), applied with 7,
we deduce that there exists an affine horizontal plane Vs such that

(3.24) d(z,y) < (1+25)d(Pys(2), Prs(y), 2,y €N

By Lemma 3.14, we may without loss of generality assume that Vs is a horizontal subgroup.
Condition (3.24) implies that the horizontal projection Py |y is injective. Thus there exists
a well-defined map ®s := (Pygly)™" : Pug(N) — N that sends Py, (z) — x, and N =
Ps(Pyg(N)) is an in intrinsic graph over Py (N) C Vs. More precisely, by the injectivity of
Py, |n, we obtain that for every v € Py (N), there exists a unique @s(v) in the complementary
orthogonal subgroup W such that v - ps(v) € N. Then ®s is the graph map of s, and by
(3.24), the latter is intrinsic Lipschitz with intrinsic Lipschitz constant < v/9 (see Proposition
2.8). Thus, by (3.23), the intrinsic Lipschitz constant of s can be bounded by <Sp.c, /7. By
[DF22], we can extend pgs to the full space Vs with a control on the Lipschitz constant. Let I's
be the associated intrinsic Lipschitz graph.

Let now @ € S and x € E with d(z,Q) < diam(Q). Then = € KyQ and, by the previous
claim, there exists z, € N satisfying d(z,y) < ndiam(Q). Therefore

(3.25) d(z,Ts) < d(z,N) < d(z,zy) < ndiam(Q).

This proves that the chosen coronization satisfies the condition required in (ILG-C). To be
precise, the intrinsic graph we have constructed may not have intrinsic Lipschitz constant
bounded by n; this is not a problem, since the constant is controlled by 7, in the sense that it
goes to 0 as 7 — 0, so by choosing ¥(n) initially even smaller if needed, we can arrange that
the intrinsic Lipschitz constant of I's is less than n while also (3.25) holds. U

Next, we consider the converse of the implication in Lemma 3.32.

Lemma 3.33. Letn € N, k € {1,...,n}, and E C H" be k-reqular. If E satisfies (ILG-C),
then also (P-C).
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Proof. Fix n > 0. Our goal is to verify the conditions of (P-C) for this parameter. Find
0 <7 < nsuch that

147

<14 2n.
167D —op =
Apply now (ILG-C) with parameter 7* and find the corresponding coronization D = GUB
with forest F and constant C' = C(7%) = C(n,k,Cg). The only property that has to be
verified is that for each § € F there exists an affine horizontal plane Vs such that, whenever
z,y € KoQ(S) are chosen in such a way that d(z,y) > nmin{hs(z), hs(y)}, then
(3.27) d(z,y) < (14 2n)d(Pys(x), Prs(y)).

Fix § € F. We take as affine horizontal plane Vs the domain of the Lipschitz graph I's
which is associated to § by the (ILG-C) property. Suppose now x,y € KoQ(S) with d(x,y) >
nmin{hs(x), hs(y)}. Assume without loss of generality that min{hs(z),hs(y)} = hs(x). By
definition of hg, there exists a cube @ € S such that d(z,y) > n(diam(Q) + d(x,Q)). Consider
now the minimal cube R O @, R € S, such that diam(KyR) > d(z,y). Such a cube exists since
diam(KyQ(S)) > d(x,y). Then there are two possibilities:

e If there exists a child R of R which contains (), then by minimality of R and by the
properties of dyadic cubes,
diam(R . = . ~
ng) < diam(R)< diam(KoR) < d(z,y),

Hence diam(R) < D?*o~td(z,y);
o If instead there exists no child of R containing (), this implies that R = (). Therefore
7 diam(R) < ndiam(R) = ndian(Q) < (diam(Q) + d(z, Q) < d(x,y),
which gives diam(R) < 777 'd(z,y).
In any case, we get diam(R) < (D?o~ ' + 7171 d(z,y).

Moreover d(z, R) < d(z,Q) < n~'d(z,y) < n~ldiam(KyR)< 2n~' Kydiam(R). Similarly, by
the triangle inequality, d(y, R) < d(z,y)+d(z, R) < (n7'+1)diam(KyR)< 2(n~' + 1) Kpdiam(R).
Therefore we can apply (ILG-C) (with the improvement from Remark 3.29 for the constant
N =2(n"'+1)K) and get
(3.28) d(z,Ts) < p*diam(R) and d(y,I's) < 7°diam(R)
since d(x, R) < Ndiam(R) and d(y, R) < Ndiam(R).

Let now zr and yr be two points on I's which realize d(z,I's) and d(y, I's) respectively. Since

I's is an intrinsic Lipschitz graph with constant smaller than 7%, we get by metric Lipschitz
continuity of the graph map (2.5) that

(3:29) d(ar,yr) < (1+7°)d(Pys(zr), Pvs(yr))-
Therefore, if 77 is small enough, (3.28),(3.29), and the 1-Lipschitz property of Py, yield that
d(z,y) < d(x,2r) + d(zr,yr) + d(y, yr)<(1 +7°)d(Pys (zr), Pys(yr)) + 27°diam(R)

< (L+7)d(Pys(), Prs(y)) + (1 +7)d(Pys (), Pyg(ar)) + (1 +7°)d(Pys (y), Prs (yr))

+ 21°diam(R)

< (L+7)d(Pys (@), Prs () + (1 +7)d(x, 2r) + (1 +7°)d(y, yr) + 277" diam(R)

< (1+7%)d(Pys (@), Pys(y)) + 67°diam(R)

< (L+77°)d(Pys (), Pys(y) + 67 (D%~ + 77 )d(x,y).

If 77 is small enough, absorbing the last term by the left-hand side of the inequality, and using
(3.26), we get the desired estimate (3.27). O

(3.26)
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If a set E admits a corona decomposition by horizontal planes (P-C) then, by definition, for
each tree § € F, there is a horizontal projection with bi-Lipschitz constant close to 1 when
restricted to cubes ) € §. Naturally, this implies an analogous condition where “close to 1”7 is
replaced by a definite constant.

Lemma 3.34. Letn € N, k € {1,...,n}, and E C H" be k-regular. If E satisfies (P-C), then
also (N-C) with constants Ay = L and Ay =1 for arbitrary L > 1.

Proof. Let n € N, k € {1,...,n}, and E C H" be k-regular. Let L > 1. If E satisfies (P-C),
then, for any 7 sufficiently small, we get from (3.20) that

(330) d(I, y) < Ld(PVs (I), PVs (y))

whenever z,y € 3Bg with d(z,y) > ndiam(Q). Then E satisfies the conditions of (N-C) where
(R*,||-]ls) is Vs (as in Definition 3.30) equipped with the induced distance, s is the projection
map onto Vs, Ay = L and Ay = 1. Notice that the constant “C” in the definition of (N-C) is
allowed to depend also on Ay = L. O

4. AN ELABORATION ON JUILLET’S CONSTRUCTION

The goal of this section is to prove Theorem 1.4 by using a construction due to Juillet.
In [Juil0], the author constructed a Lipschitz curve w : [0,1] — H' whose associated S 1,-
numbers are not square-summable, providing in this way a counterexample to the classical
traveling salesman problem (with exponent 2) in H', which shows that the condition formulated
in [FFP07] for a compact set £ C H' to be contained in a rectifiable curve is not necessary. The
curve w is obtained as a horizontal lift of a Lipschitz curve w® : [0, 1] — R?, whose construction
requires a uniform approximation by polygonal curves. Let I' denote the support of the curve
w. It was observed in [F'V25b, Proposition 4.37] that I' ¢ GLem(f.1,,2), but this does not a
priori rule out the possibility that I' could satisfy GLem(f,,,2) with some exponent p < co.
In order to show that the assumptions of our main result, Theorem 1.1, are strictly weaker
than the ones used by Hahlomaa in [Hah12], we aim to prove that T is a 1-regular set in (H', d)
(Theorem 4.2) with I' ¢ GLem(f;,y,,2) (Theorem 4.4), even if I' € GLem(gLyl,él) (Theorem

4.5). The converse implication, GLem(f; y,,2) = GLem(f;y,,4), always holds by Proposition
3.24.

As in the rest of the paper, we work here with the Kordnyi distance d. In [Juil0], the sub-
Riemannian distance is used instead, but this change is insignificant due to the bi-Lipschitz
equivalence of the two metrics.

We recall the following definition, which can be given in any metric space.

Definition 4.1. Let v : [a, b] — H! be a (continuous) curve. If d denotes the Koranyi distance,
the length of v in (H',d) is defined as

k
la(7y) = Sup{ d(v(si-1),7v(s1)) ra =80 < s1 <+ < s = b} :

keN

If v is a horizontal curve, then its length £4(7) coincides with the Fuclidean length of the
projection 7 o 7 in R? (see [HZ15, Proposition 1.1] for the analogous statement with the sub-
Riemannian distance d., and [LN18, below Prop. 6.2], [Hak20, Lemma 5.1] or [KN10, Propo-
sition 2.1] for the inequality d < d,.).

We now recall the main steps in the construction of the curve w with trace I' in Theorem 1.4,
since we will use them in our argument (see [Juil0] for more details about the construction).
Let
(4.1) Uy = o

n
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be a sequence of angles, where the constant Cj is chosen small enough (we will assume Cy < 0.2
as in the original construction and point out all the instances where additional requirements
for Cy appear). We start by defining a sequence (w®),en of planar curves in R%. The curve
w§ 1 [0,1] — R? is simply the constant speed parameterization of the segment connecting the
points (—1,0) and (1,0). Each curve w$ : [0,1] — R? is a polygonal line formed by 4™ segments
of the same length [, parameterized with constant speed L, = 4™ - [,,. Inductively, the curve
wC 41 1s obtained from w® by replacing each segment line in wS by a polygonal curve (keeping
the same starting and ending points) made of four new segments of length [,y = 4cosl—79n+1’
forming an angle ¢, ;1 with the original one.

l.

F1GURE 1. The construction of the curve w

Notice that, by construction,
(4.2) 247" <1, < 27" for every n > 0.

It is proved in [Juil0, Proposition 3.1 and Lemma 3.2] that the sequence of curves (w®),

uniformly converges to a Lipschitz curve w® of length L < 2.4, again parameterized with
constant speed. Actually, the proof of [Juil0, Lemma 3.2] shows that

(4.3) L <2-exp(0.08) < 2.2.

Moreover

(4.4) L = lim 4"l,, = sup 4"1,,
n—00 n

C

Finally, let w : [0,1] — H! be the horizontal lift of the curve w® starting from (—1,0,0).
We denote by w, the horizontal lift of w® starting from the same point. Notice that the
Heisenberg length of the curve w is still L, while the one of w, is 4™l,,. By [Juil0, Lemma 3.3],
for every n < m, the curves w,, and w,, coincide at each parameter point of the form 7 for

where 471, represents the length of the curve w

o =0,1,...,4™ this is easy to see for the curves wS and wS, while it holds also for the lifted
curves since the signed area spanned by w® and w& on an interval [ "4%1] is the same; recall

the comment below Definition 2.2. Moreover, w,, — w uniformly on [0, 1]. This is not explicitly
stated in [Juil0], but it follows by the Arzela—Ascoli theorem from the uniform convergence
wE — wC, the horizontality of w,, and the equi-boundedness of the derivatives, |05 < L, < L.
Denoting by I' the support of w, our main goal is now to prove that I' ¢ GLem(f ,,2), see
Theorem 4.4.

We first show that w is injective: the same argument is also used to prove l-regularity of
I' = w([0,1]) (with respect to the Kordnyi distance in H!'):

Theorem 4.2. The curve w® (hence also w) is injective, and T is 1-reqular in (H,d).
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Proof. The proof of injectivity relies on the following claim:

Claim. Let p = w®(0/4") for some o = 0,1,...,4". Then

(4.5) Brua(p,0.61,) N o° ([o, 1]\ [‘74; L 0; 1D =0

We now assume the claim and prove that wC is injective. Let 0 < a < b < 1 and choose n € N,
oc=20,1,...,4" such that

o 1
(4.6) ’ S 4n| T 24m
and
A7 b 7] !
( : ) ‘ — 4—n > 4—n
This is always possible, since one can choose n large enough such that
3
la —b] > T

and subsequently choose o = 0,1,...,4" such that (4.6) holds. By the triangular inequality,
(4.7) holds as well. From (4.6) it follows that

4 2.4 9 (42)
4. ‘C —C<i>‘<L‘ ——‘ =06— < 0.61,.
(4.8) wra) —wo(m)| = Lla <L < 5 =06 < 06
Hence w®(a) € Bgya(p,0.61,). On the other hand, (4.7) means that b € [0,1] \ [Z, SE.

Therefore, the claim implies that w®(b) € Bgua(p,0.61,) and in particular we deduce w®(a) #
w®(b), proving injectivity of w® (and clearly of w).
Assuming the claim, we now show that w([0, 1]) is 1-regular. Fix now = = (2,t) € w([0, 1]) and
r > 0. In order to prove upper 1-regularity, we can assume that r < 1/20, since otherwise we
use the simple estimate

H' (B(z,7) N w([0,1])) < L < 20L7.
For r < 1/20, choose n € N such that [,,1,/40 < r < 1,/40. By L-Lipschitz continuity of w®,
there exists 0 = 0, 1,...4" such that |z — p| < where p = w®(0/4™). In particular,

24717
L (“3) 22 11 2 42) 11

>~ S = S~ S anin
2-4n 2-4n 204" 20

|z —pl <
Hence, if 2’ € Bgya(z,7), then
|2 —p| < |2 =z +|z—p| <r+ L, < (5 + 1)1, <060,
This proves that Brye(z,7) € Bgua(p, 0.61,). Moreover, (4.5) implies that

(4.9) Brua(p, 0.61,) N o ([0,1]) C w® ({04_,1 S U;L 1D .

Altogether, this shows that

m(B(z,r)) N7 (w([0,1])) = 7 (B(z,7)) N Wt ([0,1]) = Bgua(z,7) N Wt ([0,1])
~Braa(p081,) N (0.1) o (|21 L)

Therefore, 7 (B(z,r) Nw([0,1])) C w® ([Z2,ZH]). The injectivity of w® implies then that
also

(4.10) Blz,r) Nw([0,1]) € w ({‘74;1,0;1}).
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Moreover, by the L-Lipschitz continuity of w® and the same estimates as in (4.8), we have

-1 1 9 (4.2),(4.3)
(4.11) M <wc<{a4n ,0; D) <L < 24l

The upper 1-regularity of w([0,1]) then follows since, by (4.10) and the horizontality of the
curve w,

w0 w0 < (o (|75 5] ) ) = (o ([ 55]))

(4.11)
< 24-4-407r.

The lower regularity of w([0, 1]) is immediate since it is a connected set. O

Proof of the Claim (4.5) . We prove the claim by induction on n. Let us first show the conclu-
sion for n = 1. Since w® is L-Lipschitz, then w® ([0, 1\ [ﬂ ”—H]) lies in the Tlé—neighbourhood

4n74n
of
E::{w(C(lLG):TzO,...,4U—4or7’=40—|—4,...,16}.
Hence, if ¢ € w© ([0, 1\ ["4_,11, “44;1}), then there exists ¢ € E such that |¢ — q|] < %. Then
o o L 2.4
P G O
(4.12) ¢-w(g)|2ja-w )| le-d=zb-p=2h- 1

Here we exploit the fact that \q —w® (%)| > [y this follows if the constant Cj (and hence the
angle ¥1) in (4.1) is chosen small enough, so that if 0 < ¢; <ty < t3 < 16 are natural numbers,

then
t t
(i) = ()] <o

(4.1)
S (1 + tz - tl) . COS('L91 + 192)52

cf(th)_ ot
C“’(16 < \16/|"

The last inequality holds true since, if 1¥; and ¥, are chosen small enough, the projection of wY
to the segment between w®(0) and w®(1) preserves the order in the following sense: if 7 < 7/,
then the first coordinates satisfy (w9)$(7/16) < (w2)$(7//16), and moreover, the individual
segments in w$ project to intervals of length at least cos(v; + U2)fs.

Since ¥, < ¥, an analogous conclusion as in (4.13) also holds for “packages” of future gener-
ations, namely ‘wc (i—;) —wC€ (ﬁ—i)| < |wC (i—}l) —wt (i—i)‘ forevery n > 2 and 16 p < t; <ty <
t5 <16 (0+ 1) for 0 =0,1,...,4"2 — 1. Moving back to (4.12), since by construction l; > 3,
it follows I} — % > 0.7[; > 0.61;. We deduce that ¢ € Bgua(w® (0/4),0.61;), as desired.

We now deal with the inductive step. Let p = w®(0/4") for some o = 0,1, ...,4". We distin-
guish two cases, according to the value of 0. If o = 40 for some oy = 0,1,...,4" !, we can write
p = w®(0p/4"1). By induction hypothesis, since clearly Bgya(p,0.61,) C Bgua(p,0.61, 1), we
deduce that

(4.13)

S (tg — tl) . COS(191 + 792)62 S

—1 +1
BEucl<p7 06ln) N w(C ([Oa 1] \ |:0-in—1a O-Zn—l:|) = @

Notice that [%, %] = [‘2—’”4, ";;4]: hence we only need to show that

Brua(p, 0.61,) NwC ([22,221]) = ¢
BEucl<p7 06 ln) N w(C ( [U_H 0'+4}) =
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These properties can be proved exactly with the same argument as in the n = 1 case, replacing
Iy with l,, and 16 with 4"*! using the relation [, > 2/4™ from (4.2).

If instead o € {0,1,...,4"} in p = w®(0/4") is not an integer multiple of 4, choose oy =
0,1,...,4" ! such that <o < Zﬁfll. In particular o € {40g + 1,400 + 2,400 + 3}. Our
goal is now to prove

(4.14) Brua(p, 0.61,) N w® ([o, 17\ {% “in_fll]) — 0.

Once this is achieved, we reach the conclusion by arguing again as in the previous case. Let
g0

po = wE(72;) and p; = wE(%t). We first prove that
1 1

(415) BEucl<p7 0.6 ln) g BEuCl(pD> 0.6 lnfl) U BEucl(p1> 0.6 ln71>'

Assume for instance o = 40 + 1. Then, if ¢ € Bgua(p,0.61,),

cos Y,
If instead o = 40y + 3, then we argue in the same way considering p; instead of p,. Hence it
remains to discuss the case 0 = 400+ 2. In this situation, |po—p| = |p1 —p| = l,,—1/2. Consider
q € Bgya(p,0.61,) and assume for instance that |¢—pg| < |¢—p1| (the other case is analogous).
By Pythagorean theorem

1

0.36 2
— ol < V1050, 2+ (060,02 = (025 +—"") 1, , <060, 4,
0=l < VIBLTF 0007 = (025 4+ 5020 ) ey <061,

proving (4.15). Let us now conclude by showing (4.14).

Let ¢ € Bgua(p,0.61,). By (4.15), ¢ € Bgua(p:,0.61,_1) for some i € {0,1}. Let us assume
without loss of generality that i = 0. Then, by inductive hypothesis, ¢ & w®([0, 1]\ [%, %f_“—ll] ).
In order to establish (4.14), we need then to prove that ¢ & w® ([Zﬁj, 4591]). This is achieved
using a similar argument as before: since w® is L-Lipschitz, w® ( [Zg—ill, 4391}) lies in the 4”%—
neighbourhood of

160y — 16 1609 — 15 160,
— C 0 C 0 C 0
E().—{w <W),w <W)7..-,w <4n+1>}'

Assume by contradiction that ¢ = wc(s) for some s € [Zﬁill, 4591]. Then there exists ¢ € Ey
such that |¢ — q| < $5+. Hence

~ ~ L 2.4
(4.16) \Q—P’Z‘p—q,_|q_Q‘zln_4n+1 2l"_4n+1'

The fact that |p —q| > [,, follows by the analogue observation after (4.12), if Cy is chosen small
enough. However, while we previously had to consider only the points in one “package”, we
now need the same conclusion for two consecutive “packages”. To this end, we also use the fact
that the angle between two consecutive segments of w® ;| is always greater than 7 — 2¢;, which
can be made very close to 7 by choosing Cy small enough; recall (4.1).

Since I, > 247", it follows that [, — 2% > 0.71, > 0.61,, which implies by (4.16) that
q & Bgua(p,0.61,), a contradiction. O

We next aim to show that I' = w([0, 1]) is so badly approximable by horizontal lines that it
does not satisfy GLem(/ y,,2). To this end, we will use the following standard estimate for the
distance between two points in H' in terms of the Euclidean distance between their projections
and the area spanned by any horizontal curve connecting them.
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Lemma 4.3. Let 7 : [a,b] — H' be a horizontal curve joining py = v(a) and py = y(b). Then

(4.17) d(p1,p2) S Im(p1) — w(p2)| + /1441,

where A, denotes the algebraic area enclosed by the curve woy concatenated with the segment
joining 7(p2) and m(py).

Proof. As both sides of the inequality (4.17) are invariant by left translations, we may assume
without loss of generality that p; = v(a) = 0. Since

d(v(b),0) S |m(v(0))] + V/]73(b)]
and, by horizontality of v = (71,72,73), we have 43 = %(7112 — v291) almost everywhere, the
claim follows, cf. [CDPTO07, (2.22)] or [Juil0, (1.1)]. O

Theorem 4.4. I' € GLem(f; y,,2).
Proof. We will show that

(4.18) BY() =Y 278 3" By, (2, A27)* = 400,

kEZ TEAL
where A = (Ag); is a dyadic net and By is defined as in (3.17) with a constant A > 5, cf.
[Juil0, (0.1)]. Then the conclusion follows from Lemma 3.26. Notice that the index k is chosen
to uniformize the notation with the one used in [Juil0] and should not be confused with the
dimension of ", which is 1. In order to verify (4.18), we need suitable lower bounds for card(Ay)
and By y, (z, A27F), x € Ay, respectively.

It is proved in [Juil0, §4] that card(A;) > 2%, k € N. Moreover, in [Juil0, (4.1)], a lower
bound for Sy, (z, A27F) is derived. We need to verify an analogous bound for 8 y, (x, A27%),
which requires a finer analysis: we have to show that ' N B(z, A27) stays at large distance
from every horizontal line not only in a point, but in a large H'-measure set of points.

In [JuilO, Section 4] it is shown that, taking n = [k/2], for every x € Ay there exists
o€{0,1,...,4™ — 1} such that

(4.19) w ([% 0; 1D C Bz, A275).

Nevertheless, it also holds that

(4.20) HT N Bz, A27H)) < H! <w Q%,";l]))_

Indeed, on the one hand, H(T'NB(x, A27%)) < 27% by 1-regularity of I established in Theorem
4.2. On the other, since 7 : (H!,d) — (R? d.), n(z,y,t) := (x,y), is a 1-Lipschitz map, by
construction of w we deduce

(e ([ 50])) 2 (- (< ([257]))
= (4 ([ 75]))

1 1 C —k
= 4_nHEucl (w ([07 1])) ~ 27"

Hence (4.20) follows. Recall the construction of the curve described after (4.1). Proceeding as

in [Juil0], we rescale w ([ %, %] ) using the similitudes of H' (see [Juil0, Section 1.3]) and we
obtain another horizontal curve I';, which passes through the subset Ay, ., given by

(4.21)
1 tand,41 tand,iq tan vp,41 1 tand,11 tand,41
—1 — - - 1
{( ’0’0)7< 27 2 b 4 bl 0707 4 ) 27 2 ) 4 7( 7070)
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and coincides with the curve obtained as I', but using the sequence of angles (9,44, )m>1. The

scaling factor between I',, and w ([fn, "4%1}) is [,,/2. Let us denote ¥ = 9,,41 and let
D} := inf d(y, 0) dH (y).
b=t | 00

Easy computations show that

_ .
Bl Az )~ it f g 0dH
I'NB(z,A2-F)

Levy
(4.19),(4.20) 1 )
> — inf d(y, ) d
R 3% elenvlj[([&%}] (y, ) dH (y)
1 l

where we used the 1-regularity of T', (4.19) and (4.20), the invariance of the distance and the
fact that 1, > 47" > 27% recall (4.2).

In order to conclude (4.18), we need a large enough lower bound for D}, which is the content
of the following claim.

Claim 1: D} > /9.
Assuming the validity of Claim 1, we now conclude that
_ (4.1)
BAD) =3 27" 3 B (@, A2 2 D2 (D)2 2 Y s Y g = oc
keZ z€Ay keN keN kEN

It remains to prove Claim 1, that can be read as follows: there exists a constant K >0 (not
depending on n, and in particular not on ¥ = ¥,,,1) such that, for all £ € V), it holds

][ d(y, ) dH'(y) > KV9.

By [JuilO, Proposition 4.1] there exists a constant K > 0 such that, for any ¢ € V; and
any 0 < n € N, there exists y € Ay (for Ay as defined in (4.21)) with the property that
d(g,t) > KV9Y. Let 0 < n e Nand ¢ € V;. We want to show that there exists a subset N C T',,
satisfying H'(N) > ¢H!(T,,), for some constant ¢ independent of ¥ and ¢, such that

K
(4.22) d(y,0) > Z\/1_9 for every y € N.

If this is possible, then we reach the conclusion by simple estimates:
1

f d(y,f)d#(y):w(rn) [ w0 0) > g [ w0 ar' )
K ~
> S / VI aH' () = SV = RV

Hence, it remains to construct the set N with the previous properties.

For each n € N, let I',, ; be the polygonal curve which connects the points in Ay, in ascending
order with respect to the first coordinate of H' = R3 (not to be confused with the rescaled
copy I';, of I'). Notice that I',, ; is a horizontal curve. We show now that there exists a subset
M C T, with H' (M) > dH'(T',,1) and such that

K
(4.23) d(y,0) > E\/@ for every y € M.

Then we will construct the corresponding set N on I',,.

In order to define the set M C I', 1, we use ideas from [Juil0]. We denote the points in Ay
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by {A, B,C, D, E}, with respect to the same order used above. (We recall that “A” has also
denoted a constant in (4.18), but there should be no risk of confusion in the following). We
distinguish three cases, according to the value of the planar angle ¢ € [0, 7] between £ € and
the line B®DC, where (¢, B®, D are the images of the fixed horizontal line ¢ and the points
B, D € H' under the projection 7, see Figure 2.

FIGURE 2. The three cases described below

o If ¢ > /0, then ¢€ intersects BCDC in a single point P. Then we can choose

- D if dEucl(P7 DC) Z dEucl(P7 BC)
B B if dEucl(Pa DC) < dEucl(P7 BC)

and in this case we let
M = {y € Cy:d(y,y) <ls/10},

where [y is the distance between two consecutive points in Ay (and it is also the Euclidean
distance between the corresponding projections on R?).
Notice that H'(M) = ;5H"(Ty,1). Moreover, if y € M, by simple trigonometry

1
d(ya E) Z dEucl(y(Cv é(c) = dEucl(Pa y(c) Sin@ Z 5119 SiIl \/1_9;

which, by choice of K in [Juil0, Proposition 4.1], is greater than 1 K V9.

o If g < ¢ < V1, at least one of the segments BCCT or CCDC is not intersected by the
line /€. Without loss of generality we can assume ¢ does not intersect BCC. For
every y € BC we let ¢ to be the unique point on BC such that d(y, B) = d(y’,C'). This
also means that

dEuCl(yC7 B(C) = d(y7 B) = d(y/7 C) = dEucl((yl>C7 CC)
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Fix now y € BC such that d(y, B) < ly/10 and consider the Euclidean trapezoid T in
R? having as vertices the points y*, (3')¢ and the corresponding projections onto £C.
Then elementary geometric computations show that

1
Area (T) > glg sin ¢ cos p,

which gives, arguing as in the proof of Proposition 4.1 in [Juil0] that /Area (T") > %
Applying [Juil0, Lemma 2.5] (in particular see the second line in that proof), by the
fact that y and 3’ lie on the same horizontal line BC, we deduce that

d(y, ) +d(y', ) > \/Area (T) > #\/1_9

Therefore there exists a point p = p(y) € {y, y’} such that

(4.24) d(p,0) > \/Area(T) >
by choosing K < 7 If we define

M :={p(y) : y € BC, d(y, B) < l3/10},

then H'(M) = 151y = 351" (Tn1) and, by (4.24), d(p, 0) > K9 for every p € M.

e If ¢ < Y, then, by [Juil0, Lemma 4.2], the line € cannot intersect both the central
segments of A®B® and DCEC. Assume for instance that ¢© does not intersect the
central segment of ACBC. Let 1) be the positive angle between ¢© and the line A®BC:
it has been proved by Juillet that % <y < T Let P be the intersection between the
line A°B® and ¢ and assume for instance that dguq(P, B®) < dgya(P, A®). Similarly
as in the previous case, for every y € AB, let ¢ denote the unique point on the same
segment such that d(y, A) = d(v', B). Fix y € AB with d(y, A) < ly/10 and denote
by T the Euclidean trapezoid in R? having as vertices the points y©, (/)¢ and their
projections onto €. It can happen that this trapezoid is self-intersecting. So, using the
same strategy of Juillet and exploiting the fact that d(y®, A%) = d(y, A) < ly/10, its
algebraic area can be estimated by

Area (T) > (35 _ 1 >2M _ (llﬂ)QM

\/_

10 4 4 4

9 ,sin2y 9
=72 2
T

1.5 sin(24)).

Hence, using the same estimates as in [Juil0], \/Area (T) > 1,/9

2.5 in the same paper we conclude exactly as in the case % < p < V0.

3% Applying Lemma

In conclusion, we have found a set M C T, ; with H'(M) 2 H'(T,1) and the property
required in (4.23). Now we use M to construct the desired set N C T',, with H'(N) > HY(T,)
and property (4.22). First of all, we need to introduce some notation. Let v, : [0,1] — H! be a
constant-speed parameterization of I',, starting from the point A. In particular, if U : H! — H!
denotes the similitude which maps w([Z, Zt]) to I'y, then 7,(s) = (¥ o w)(%:). We also
define v, ; : [0,1] — H', for i € N, as

Tni(s) == (V0 wny) (U;S) ;
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so that I',; is the support of 7, ;. Notice that 7, ; and =, are horizontal curves. Specifically,
Yn1 ¢ [0,1] = H! turns out to be a constant speed parameterization of I',, ; starting from A. If
y € I'y, we denote by y;) the point on Iy, ; corresponding to y, which means

(4.25) Yoy = Tni(1n ()

Recall here that w (hence 7,) is injective by Theorem 4.2. Our goal is now to estimate the
distance between I', and I',, ;. More precisely, for fixed y € I',, we want to estimate d(y, y)).
Recall that 7, ; — 7, uniformly (since the same holds for w, and w), hence in particular y;) — ¥y

as 7 — o0o. Therefore
+oo
D) <Y d(Yrn, v)
i=1

The terms on the right-hand side can be estimated thanks to the following

Claim 2: there exists an absolute constant C' > 0 such that, for every 0 <i € N and y € T',,,
if d = dw is defined as

o (y)—l :7':0,1,...,4’},
41
then d(y@it1), Y)) < Cv9d L, where L is the length of w® (and of w), and Y(), Y@i+1) are as in

(4.25). In particular it holds that

(4.26) d:=d,; = mln{

We now assume the validity Claim 2 and conclude the proof. Choose i > 1 such that

“+o00
1 K
4.27 il
(4.27) <30

>4

where K and C are found as above. Fix also 0 < § < 1—10 so small such that § C' L < 3K/8.
Define F' C T',, as

1\’ 113
F::{yern:ml(y)—51§5(g) forsomege{o’i’ﬁ’i’l}}'

If y € F and i < i, it follows that JW» <9 (%)l. Hence, by Claim 2 and the last estimates,

+oo
) < Zd Y(ir1)s Zd Y, ¥o) + O AW, v

i>i

3 i +00
SZC\/T%G) L+ZO\/5%
i=1 i>i
+oo 1 7 il +00 1
SC\/1_9L5<Z (Z) ) +C\/EZ§
i=1 i>i

(4.27) 3K
< +C .
- 8 \/_ T4

Finally, using the set M with property (4.23), we define N C Fn as
N:={yeF:yq € M}
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Then, combining the previous estimate with (4.23), it follows that for every y € N and each
(e,

K K K
d(y,€) = d(yq), £) — d(y, y)) = 5\/_— Z\/_ — Z\/ﬁ’

as required in (4.22). We need also to show that H'(N) > ¢H!(I',), for some constant c.

First of all, by definition of F it is clear that 7, '(F) coincides with the & (i)l—neighborhood
of {O, }L, %, %, 1} inside [0, 1]. Moreover, note that the set M C I',; constructed in the three
cases discussed below (4.23) is contained in a line segment and, in addition, it has the following
property: for every e < ly/10, M contains a point which is at distance exactly € from one of
the two ends of the segment (see the construction of M). Since 7,1 parameterizes I',,; with
constant speed, then the same property holds for v, 1(M): there is 7 € {0,1,2,3} such that,

for every e < 1/40, there exists s € 7, 1(M) with |s — T| =c or |s — ZH| =&,

Since 7,1 (N) = 7, '(F) N~,1(M), we deduce by the previous remarks that

L1 (V) = G)

Finally, since +,, parametrizes I';, with constant speed, we conclude that

H(N) > o G)i#(rn).

This concludes the proof of Claim 1, up to the proof of Claim 2. In order to complete the proof
of Theorem 4.4, it remains to show the validity of Claim 2. Notice that the final part of the
claim follows from the fact that d L < (%f) 4 < 2i for every 0 < i € N. Hence, to prove Claim
2, it suffices to show that, for y € I';, and 0 < i € N,

(4.28) d(yi1),yw) < CVIdL.

In order to compute this distance we use Lemma 4.3. Let 7 be the value reaching the minimum
in the definition (4.26) of d = d, ;. The curves 7, ; and 7,41 coincide at J: this follows from
the fact that

a 4'0 + 7T do+7 T
Vo (Z) =V ( wpy e =V | wytit1 T gnti = Tn,i+1 <Z> )

since wy,1; and wy4;11 coincide on integer multiples of 47%

Choose ¢ := 7 if 7, (y) > &, while g := 7 — 1 if 7, '(y) < £. Notice that the setJrl%,i([%, etl])
o

is a horizontal segment, parameterized with constant speed. The set 7, 41([55, 4]) is instead
a polygonal curve (again parameterized with constant speed), whose projection on R? forms,
with the projection of 7, ([, ";1]), two congruent isosceles triangles with base angles equal
to Upyir1 (see Figure 3). Since both curves are parametrized with constant speed, the line
segment 7 (y)) T(y@11)) is orthogonal to (v, ([£, Z2))).

470 47
Elementary computations show that

de (7T (’Yn,i (7_'/47’» 77T<y(z‘))) tan ¥y i1
d £4(T,) tand

<dL29 < dLVY.

de(T(Y@)), ®(Yis+1)))

IA A

In the previous estimates, we used the fact that 9,,,41 < 9 = ¥,41 < 1/4, the property that
', is parametrized with constant speed and the inequalities ¢4(T',,;) < £4(I',) < L (which
follow since €4(I';,) = sup, ¢4(I'y;) as in (4.4) and by the fact that ¥,,; < 9; for j > 1).
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m (Xn,b( ))

el T riedE)

L—/’:\(\_/'W(gw) \/
Jength (Tn,
3-lergth (T, 2) LDW(bf,lm( T, Taa ))

214

FIGURE 3. Part of the curves m oy, ; and 70 7, ;11.

Similarly, if we compute the area A enclosed by the (three or four) segments joining 7(y),
T(Yn,i(T/4)), 7(Y@is1)), L-e. traveling on (T, ;), on m(Iy, ;41) and on m(yg+1))7(yu), one gets

1 .
A< EdEucl (7T (’Yn,z' (f/4l)) ,W(y(i)))Q tan ¥y, 441

1.
< §d2€§(1“n72~) tan v

1- _
< 5d?L2 29 = d?L>9.

Applying Lemma 4.3, since v,,;(7/4") = Vn.is1(7/4Y), we get

d(y(z) y(z-i—l)) S dEucl( (y( )) (y(l-i-l))) + \/Z S JL\/E
as required in (4.28), and we conclude the proof of Claim 2, and thus of Theorem 4.4. O

Theorem 4.5. T' € GLem(B\LVI,ZL).
Proof. By [Li22, Theorem 1.5], if E C H! and I'g is any curve containing E, then

+o0 . d
/ B, (1) dz 2 < M (T),
HL

where the B\-numbers refer to those of E. It is then a standard argument to deduce from
this property applied for dyadic cubes on the 1-regular curve I' that I' € GLem(Boo,Vl, 4), for
instance with the help of [FV25a, Corollary 3.2]. See also the proof of [CL17, Proposition 3.1].
Finally, I' € GLem(Bm7y1,4) implies I' € GLem(BLVl, 4). O

5. SUFFICIENT CONDITIONS FOR UNIFORM RECTIFIABILITY

In this section, we establish several sufficient conditions for a k-regular set £ C H" to have
big pieces of Lipschitz images of subsets of R¥, for 1 < k < n. All geometric lemmas in the
following statements can be phrased equivalently in terms of discrete sums over dyadic cubes,
or in terms of double integrals over points and scales, according to Lemma 3.18. We recall the
statement of Theorem 1.1:

A k-regular set in H", for 1 < k < n, with the geometric lemma GLem(531 » a(2n,k), 2) and the
weak geometric lemma WGL(fx,), ) has BPLIL.

The core of the proof of Theorem 1.1 is the following result.

Theorem 5.1. Let n € N and k € {1,...,n}. If E C H" is a k-reqgular set with E €
GLem (81 x,a(2n,),2) and E € WGL(Bx,1,), then E has a corona decomposition by horizontal
planes (P-C).
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Once Theorem 5.1 is established, Theorem 1.1 follows by the work of Bate, Hyde, and Schul
[BHS23] combined with the results in Section 3.3 for the different corona decompositions.

Proof of Theorem 1.1 assuming Theorem 5.1. By Theorem 5.1, if E C H" is k-regular with
E € GLem(B1 ra2nk),2) and E € WGL(fSx,y, ), it has (P-C). It follows from Lemma 3.34
that E has a corona decomposition by normed spaces. [BHS23, Theorem B] yields that E has
BPLI. O

The proof of Theorem 5.1 is postponed to the next section. Here we limit ourselves to
discussing the assumptions in Theorems 1.1 and 5.1, and deducing the corollaries stated in the
introduction. First, it is clear that the weak geometric lemma WGL(S y,) alone does not
imply the BPLI property of a k-regular set in H" (1 < k < n), see for instance Remark 3.20.
Moreover, a single summability condition on the [,-numbers, as in the statement of Theorem
1.1, cannot suffice to prove BPLI as the following example shows.

Example 5.2 (8,-number conditions alone do not imply BPLI). Let K C [0, 1] be the standard
Cantor middle-half set of Hausdorff dimension 1/2. The set E = {(0,t) : t € K} C H!
is 1-regular in the Heisenberg distance. Since w(E) = {0} is entirely contained in any 1-
dimensional subspace of R?, the associated B1 v, -numbers (hence also the ﬂl’mA(zmk)-numbem}
vanish identically. However, E cannot have BPLI, for if it did, then it would be contained
in a reqular curve ([FV25a, Corollary 4.6]) and [LS16b] (with an argument as in the proof of
Theorem 4.5) would therefore imply that E € GLem (B, ,4). However, this is impossible since
E is badly approximable by horizontal lines. Indeed, for every x € E and 0 < r < diam(E),
the set E N B(x,r) contains two (in fact many) points on the vertical t-axis at Heisenberg
distance 2 r from each other. This implies that for ever horizontal line V' € V; considered in
the infimum Pooy, (z,7), there exists at least one point in £ N B(x,r) with distance 2 r from
V. Therefore By, (x,7) 21 forz € E, 0 <r < diam(E).

As discussed in the introduction, Theorem 1.1 leads to several corollaries related to existing
literature. In particular, uniform rectifiability for k-regular sets in H" can be inferred from geo-
metric lemmas expressed in terms of Hahlomaa’s horizontal S-numbers [Hah12], Li’s stratified
f-numbers [Li22], or the (-numbers introduced by the first author and Violo [FV25a].

Proof of Corollary 1.2 (GLem(p1 .y, ,2) implies BPLI). This follows from Theorem 1.1 with the

help of Propositions 3.23 and 3.24. O
Proof of Corollary 1.3 (GLem(Bka, 4) implies BPLI). This follows from Theorem 1.1 with the
help of Proposition 3.23. 0
Proof of Corollary 1.5 (GLem(tyy,,1) implies BPLI). This follows from Theorem 1.1 with Propo-
sitions 3.22 and 3.23. U

Through the equivalence of (P-C) with (ILG-C), we also obtain from [BHS23] that (ILG-C)
implies BPLI, which mirrors one of the implications proven by David and Semmes in Euclidean
spaces [DS91].

Proof of Corollary 1.8 ((ILG-C) implies BPLI). By Lemma 3.33, if E satisfies (ILG-C), then
also (P-C). The result then follows by Lemma 3.34 and [BHS23, Theorem B]. O

6. PROOF OF THE CORONA DECOMPOSITION

In this section, we revisit the corona decomposition and prove Theorem 5.1. The general
procedure for constructing corona decompositions is outlined in [DS91, p.19]. We closely follow
the proof by Hahlomaa [Hah12, p.5-17], which, in turn, is significantly inspired by David and
Semmes’ original construction of a corona decomposition for sets satisfying the geometric lemma
GLem(f,2) in Euclidean spaces. Our task is to verify that all the proof steps can be carried
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out under our strictly weaker assumptions £/ € GLem(531 » a(2n,k), 2) and E € WGL(8,y,). We
will present the arguments in all detail where they deviate from [Hah12]. For the parts of the
proof that follow [Hah12], we omit details if they can either be verified with a straightforward
computation or they proceed as in the standard Euclidean construction [DS91]. The structure
of the proof is as follows:

6.1 Preliminaries for the proof of Theorem 5.1

6.2 Assigning planes to good cubes

6.3 Building the coronization

6.4 Verifying the corona decomposition by horizontal planes (P-C)

Hahlomaa does not explicitly state the conclusion of his proof in the form of a corona decom-
position, but we decided to do so for two reasons: first, it is straightforward to deduce from the
corona decomposition by horizontal planes (P-C) the one by normed spaces (N-C), which allows
us to apply the recent result by Bate, Hyde, and Schul [BHS23]. Second, as we have shown
in Lemma 3.32 and Lemma 3.33, (P-C) is equivalent to the corona decomposition by intrinsic
Lipschitz graphs (ILG-C), so Theorem 5.1 can be seen as a Heisenberg counterpart for David
and Semmes’ proof that the geometric lemma implies the existence of corona decompositions
by Lipschitz graphs, recall Corollary 1.7.

Proof of Corollary 1.7. (Glem (51 x a(2n,k), 2) and WGL(B,y, ) imply (ILG-C)). This follows im-
mediately from Theorem 5.1 and Lemma 3.32. O

6.1. Preliminaries for the proof of Theorem 5.1. Let £ C H" be a k-regular set with
E € GLem(B1,x,a2n,%),2) and E € WGL(8,y,). Let Cg denote the regularity constant of £.
We also use the notation p := ’Hk|E Given Vi, Vo € Vi, we define the angle between Vi and V5
as

(6.1) Z(V, Vo) :=min{C > 1:d(z,y) < Cd(Py,(x), Py,(y)) forall z,y € V1}.

Remark 6.1. This is the definition used in [Hahl12, p.4], which we adopt here to facilitate
comparison of certain arguments in our proof with the corresponding ones in [Hah12]. However,
this definition of angle differs from the ones used in [DS91; DS93; FV25b]. Notably, Z(V3,V3) =
1 for V; = V4 according to (6.1) (whereas this angle would be 0 according to the definitions in
the cited references). Moreover, if, e.g., V4, V5 are two horizontal lines through the origin with
an angle of d, then Z(V}, V) ~ 1+ %, for small §, with the definition (6.1).

Remark 6.2. As proved in [Hah12, Lemma 2.3], the angle Z(V;, V5) can be computed by only
considering the projections of Vi and V, on R?":

Z(Vi,Va) =min{C > 1: [z — y| < Clmroy)(x) — oy (y)| for all z,y € (V1) }.

This is applied in the proof of Lemma 6.7 and Lemma 6.10. Although the definition is not
expressed in a symmetric form, it is not difficult to see that V; and V5 can be interchanged.

If AC H" and r > 0 we will denote by A(r) the r-neighborhood of A, that is defined by
Ar)y:={z e H" : d(z,A) <r}.

We will show that there exists a constant 7y, > 0, depending only on k£ and Cg, such that
satisfies the conditions in Definition 3.30 (P-C) for all 0 < n < g (and thus, a posteriori, for all
n > 0). All the following constants may depend on k and the k-regularity constant
Cg of E without explicit mentioning.

(1) The constant K, > 1 will be chosen large enough, as specified in Sections 6.4.3 — 6.4.4.

(2) The constant 0 < 1 < 1y will be chosen small enough, as in Sections 6.4.2 — 6.4.4.

(3) The constant K > 1 will be chosen sufficiently large, depending on Ky and 7; see the
proof of Lemma 6.6 and Sections 6.4.2 and 6.4.4.
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(4) Finally, the constant 0 < ¢ < 1 will be chosen small enough, depending on 7 and K,
as explained in Section 6.2, in the proof of Lemma 6.6, as well as in Sections 6.4.2 and
6.4.4.

The constants K and ¢ will be used to define the good cubes in the coronization for parameter
71, and as such they are allowed to depend on 7.

We fix 0 < 1 < np and aim to show that E satisfies the conditions of (P-C) for this constant.
That is, we have to show that £ admits a coronization (with a constant C' = C(n) depending
on 1) such that the projection condition (3.20) holds with parameter 7.

6.2. Assigning planes to good cubes. Let D be an arbitrary but fixed dyadic system on E.
We define a “good family” G; C D such that each () € G; is well approximated by a horizontal
plane. More precisely, for fixed parameters ¢ > 0, K > 1 (which will be suitably determined
later), we let

G =6G(e,K) :={Q € D: KQ C V(e*diam(Q)) for some V € V,}.

For each @) € G;, we then fix Vy € V}, to be an affine horizontal k-dimensional plane with the
property that KQ C Vp(e*diam(Q)). The assumption £ € WGL(fy,) implies a Carleson-
packing condition for the remaining cubes D \ G; (in [Hah12, p.5] this is deduced from the
assumption £ € GLem(f y,,2)).

Lemma 6.3. There exists a constant C' = C(e, K) such that

(6.2) > ul@) <Cu(R), ReD.
QeD\G1,QCR

If a good cube @ € G is well approximated by some horizontal plane V' € Vy, then this
plane V must make a small angle with Vj, as made precise in the following lemma.

Lemma 6.4. If Q € G, and V € Vy, is such that Q C V(2Ke?diam(Q)) then Z(Vgp,V) < 1+e.

This is [Hah12, Lemma 3.2], which holds choosing ¢ small enough depending on K. Bearing
in mind Remark 6.1 about the definition of angles, this is similar in spirit to [DS91, Lemma
5.13] in the Euclidean setting, although weaker in terms of the exponents of e. Lemma 6.4 will
be applied in Section 6.4.2 to construct a Lipschitz function g : R¥ — R?"~* for each tree S in
the coronization that we are going to construct in the following.

6.3. Building the coronization. We now describe how to build the coronization D = GUB.
This is done exactly as in [Hah12, p.6-7] taking the parameter 0 = 7 (see also [DS91, Section
7] for the original Euclidean construction). The reader can think that the good cubes G are
simply the family G; from Section 6.2. This will be true for bounded E, and in the case of
unbounded E one selects a family G C G; to run a suitable localization argument similar to
[DS91, p.38]. The family G still satisfies (6.2) and is then divided into a forest F C P(G) of
disjoint trees S, which is constructed in such a way that the following properties hold:

(1) Each S € F has a maximal element (with respect to inclusion), which will be denoted
by Q(S);

) If Q@ € S,R €D are such that Q C R C Q(S), then R € S;

) For each Q € S, Z(Vg, Vigs)) < 1+1;

) IfQ e S, C(Q) CGand L(Vg, V) <1+nforall ReC(Q), then C(Q) C S;

) If Q € S, then @ € min(S) if and only if C(Q) \ G # 0 (“Q has at least one bad child”)
or there is R € C(Q) such that Z(Vg, Vo)) > 1+ n (“Q has at least one child R with
a large angle between Vi and Vi(s)”).

(2
(3
(4
(5
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The forest F is further subdivided as F = F; U F3 U F3, where the conditions for the definition
of the F;’s are stated in terms of properties of the minimal (with respect to inclusion) cubes of
the trees § € F;. In particular, for a given tree § € F we set

my(S) :=={Q € min(S) : C(Q)\ G # 0},
ma(S) := min(S) \ m1(S).

Then we define the partition of the forest F as

Fi=38eF:u| |J Q| =u@S)/4;,
Qem1(S)

Fo=SeF:uQS\ |J @ =>wmQs)/4;,

QEmin(S)

Fy=38SeF:u| |J Q| =u@s)/2

Qema(S)

Although the definitions are different, this is similar in spirit to the definitions used in the
corresponding Euclidean proof [DS91, p.39]. This is because, if @ € ma(S), then there exists
R € C(Q) with Z(Vg,Vg(s)) > 1 +n. The maximal cubes Q(S) for S € F; U F, are easily
seen to satisfy a Carleson packing condition. This is the statement of [Hah12, Lemma 4.2],
which has a purely axiomatic proof that applies verbatim in our situation, see also [DS91, p.39,
Lemma 7.4]. Precisely, the result reads as follows:

Lemma 6.5. There exists a constant C' = C(e, K) such that

> Q) <Cu(R), ReD.

SEFIUF, Q(S)CR

The crux of the matter is to prove the corresponding Carleson packing condition for the
remaining trees S € F3. It is in the proof of this statement, which corresponds to [Hah12,
(19)], that our assumption “E € GLem(31 x a(2n,k), 2)” will finally become relevant. This is the
context of the Section 6.4, which forms the core of the proof. More precisely, the main deviation
of our proof from Hahlomaa’s will appear in Section 6.4.3.

6.4. Verifying the corona decomposition by horizontal planes (P-C). We conclude
that E has a corona decomposition by horizontal planes as follows:
6.4.1 Step 1: Projections are roughly bi-Lipschitz on top cubes
6.4.2 Step 2: Associating a Lipschitz function g : R¥ — R?"7* to a tree S € F
6.4.3 Step 3: Pushing estimates on 3 . from E down to the graph of g
6.4.4 Step 4: Bounding p(Q(S)) for S € F3 from above in terms of the B » a(2nx)-numbers
6.4.5 Step 5: A Carleson packing condition for top cubes of trees S € F3

6.4.1. Step 1: Projections are roughly bi-Lipschitz on top cubes.

In this step, we verify property (3.20) in the definition of Corona decomposition by horizontal
planes (P-C). If § € F is constructed as in Section 6.3, recall that

(6.3) hs(z) == inf{d(z, Q) + diam(Q) : Q € S}.

The main core of this step is the following result (see [DS91, Lemma 8.4] for its Euclidean
counterpart).
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Lemma 6.6. Choosing K large enough (depending on Ky and on 1) and choosing € small
enough (depending on n) one has the following property for the trees constructed in Section 6.3.
If S € F and z,y € KoQ(S) with d(x,y) > n min{hs(z), hs(y)}, then

d(ZL' y) (1 + 2n)d(PVQ(s)<x>7 PVQ(S) (y))

Proof. We follow the proof given in [Hah12, Lemma 4.3] with o = 1/p, paying attention to our
weaker assumption on d(z,y). Let S € F, let x,y € KoQ(S) and assume for instance that
d(z,y) > nhs(z). Then there exists ) € S such that

d(z,y) > n(d(z, Q) + diam(Q)).

Let R € S be the minimal cube such that Q C R and diam(KyR) > d(z,y). Notice that
such a cube exists, since by assumption diam(KyQ(S)) > d(z,y). Then we have the following
properties:

(6.4) d(y, R) < d(z,y) + d(w, R) < d(z,y) + d(z,Q) < d(z,y) +n~"d(z,y);
(6.5) diam(R) < (D*o™ ' +n Y)d(x,y).
Property (6.5) can be deduced in the following way: if () = R, then

diam(R) = diam(Q) < n'd(z,y) < (D*o ' +n ') d(z,v).

If instead R # (), then there exists R which is a child of R and contains (). Then, by prop-
erties of dyadic cubes, see (3.4), diam(R) < D?p~! diam(R). Therefore, using the minimality
assumption on R, we get
diam(R) < D?p™! diam(ﬁ) < D% ! diam(Koﬁ) < D*o td(z,y) < (D*o '+ 7Y d(z,y).

By (6.4) and the fact that diam(KyR) < 2Kydiam(R), we get

d(y,R) < (1+n7")d(w,y) < (1+n7")diam(KoR) < 2Ko(1 +n~")diam(R),

d(z,R) < d(z,Q) < n 'd(z,y) < - < 2Ko(1 +n )diam(R).
Hence, choosing K big enough depending only on Ky and 7 (in particular K > 2Ky(14+n71)+1),
we get xz,y € KR. Recall that R is well approximated by the horizontal plane Vi € V., so
that x,y € Vg(e*diam(R)). Let z,w € Vi be the points realizing d(z,z) = d(z,Vz) and
d(y,w) = d(y,Vg) and let us denote P := Py, . From the previous observation we get
d(z,z) < e*diam(R) and d(y,w) < e*diam(R). Moreover, by property (3) in the construction

of the forest F, we can assume d(z,w) < (1 4 n)d(P(z), P(w)). Combining the previous
estimates, using the triangular inequality and the 1-Lipschitz continuity of P,

d(P(z), P(y)) > d(P(2), P(w)) — d(P(z), P(z)) — d(P(y), P(w))
> d(P(z), P(w)) — d(z,2) — d(y, w)

> (1+n)""d(z,w) — 2e*diam(R)

> (14 1) "d(z, y) — 2c2diam(R)) — 2c2diam(R)

Y (L+n)" —4e(D* ™ + 77 ))d(x,y)

> (1+2n)"'d(z,y),

where the last estimate holds if we choose £ > 0 small enough depending on 7. U

—

Having proved Lemma 6.6, the last step to get a corona decomposition by horizontal planes
is a Carleson packing condition for the trees S € F3. This is the content of the remaining steps.
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6.4.2. Step 2: Associating a Lipschitz function g : R¥ — R*** to0 a tree S € F.

In this step, we follow [Hah12, Section 5|: there is no modification in the argument, but we
reproduce it here for the convenience of the reader and to fix the notation that will be used
in the next steps. This construction relies on the original Euclidean arguments contained in
[DS91, Section 8]. We emphasize the perhaps surprising fact that for the construction of the
corona decomposition, it suffices to construct good Lipschitz functions ¢ : R¥ — R?>"~* rather
than Lipschitz functions g : R¥ — H". This is the fundamental reason why in Theorem 5.1 we
only need to assume a geometric lemma for the projection S-numbers.

Fix § € F and assume, up to a translation and a rotation of H™ (which are isometries), that
Vo) = {x € H* : 2; = 0 for all i > k}. Here, rotation is defined as in Definition 2.6. Our
goal is to construct a (Euclidean) Lipschitz function g : R¥ — R?"~* with Lipschitz constant
controlled by /7, whose graph approximates m(KyQ(S)) well at the scales associated to cubes
Q € S; see Lemma 6.7 for the precise statement.

For this construction, we let P : H* — R¥ be the projection on the first k-coordinates, that
is, P(z) := (21,...,2x). Identifying Vi) = R¥, we can regard P as the horizontal projection
Py,s,- We also denote by Pt : H" — R?>"* to be the orthogonal projection defined as
P(z) :== (Tpy1, - - -, T2n). We then define H : R¥ — R by setting

H(p) := inf{hs(z) : 2 € P~ ({p})},
where the map hg is defined in (6.3). It is easy to see that H can be equivalently computed by

(6.6) H(p) = inf{dgua(p, P(Q)) + diam(Q) : Q € S}.

Hence it follows that H is a 1-Lipschitz map, with respect to the Euclidean distance on R¥.
We let Z := {x € E : hg(x) = 0} and it follows from the Bolzano-Weierstrass theorem that
p € P(Z) if and only if H(p) = 0.

The idea is then to construct g by setting g(P(z)) = P1(z) for z € Z (using that P|y is
injective with Lipschitz inverse by Lemma 6.6) and apply Whitney-type arguments to extend
g to R* (or more precisely, to a ball Uy C R¥). To this end, one partitions R* \ P(Z) into a
countable union of disjoint (up to edges) standard dyadic cubes {R; : i € N} of R* such that
the following Whitney-type condition holds

(6.7) 20diam(R;) < H(p) for every p € R;.

We also require each R; to be maximal (with respect to inclusion) among all cubes satisfying

(6.7). Fix 29 € Q(S) and set
(6.8) U; := B*(P(z0), 277 Kodiam(Q(S))),

where B* denotes the Euclidean ball in R*. We then associate a good cube Q; € S to each
dyadic cube R; intersecting Up. Precisely, for each i € Iy := {j € N: R;N Uy # 0}, there exists
@; € S with diameter comparable to R;, in the sense that

C~'diam(R;) < diam(Q;) < Cdiam(R;)

for a suitable constant C' depending only on K. The choice of (); can be performed in the
following way: by maximality of R;, it follows that H(p) < 42diam(R;) for every p € R;. Fix
p € R;NUy. By (6.6), there exists @ € S such that d(p, P(Q)) + diam(Q) < 90 diam(R;).
If d(p, P(Q)) < Kydiam(Q), then we set @); = Q). Otherwise, we replace ) with a suitable
ancestor Q; such that K, 'd(p, P(Q;)) < diam(Q;) < Ko d(p, P(Q;)). The existence of such an
ancestor is guaranteed by the fact that d(p, P(Q(S))) < Kydiam(Q(S)), since p € U.

We are now going to construct the desired map g. First, for each i € Iy, let A; : RF — R?*=F
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be the Euclidean affine function whose graph is m(Vyp,). We also pick d; : R¥ = [0,1] to be a
C? cutoff function assuming value 1 on 2R;, value 0 on R¥ \ 3R; and such that

10,0i] < Cdiam(R,)™",  [0;0m¢;| < Cdiam(R;)~> for all j,m € {1,...,k}.

These functions will be used for a Whitney-type construction on Uy \ P(Z). On the other hand,
for each p € P(Z) there exists a unique point xz(p) € F such that P71 ({p}) N KoQ(S) = {z(p)}:
recall that this is an immediate consequence of Lemma 6.6. Hence we can finally define the
function ¢ : Uy — R?"7* by setting

Zigo (Zz (p>Ai (p)

(6.9) 9(p) = Yier, @i(D)
P (x(p)) it p e P(Z)

The main features of the map g are summarized in the following Lemma, which mimics the
corresponding statement [DS91, Proposition 8.2] in the construction of the classical corona
decomposition.

Lemma 6.7. Choosing n < 1, K large enough depending on Ky and n, and choosing € small
enough depending on n and K, the following property holds: if g : Uy C R¥ — R*F s the
function constructed as above, then there is a positive constant C' such that

(i) g is C\/n-Lipschitz;
(ii) |PL(x) — g(P(x))| < Cv/ehs(z) for all z € KyQ(S);
(iii) [g(p)| < CKoy/ndiam(Q(S)) for all p € Us.

Proof. Properties (i)-(iii) are proven in [Hah12, Lemma 5.3, Lemma 5.6, and Lemma 5.9], using,
in particular, the properties of the planes V{; stated in Lemma 6.4 and Lemma 6.6, as well as
property (3) of the tree S in Section 6.3. The definition (6.9) of g with the (2,/7-Lipschitz)
affine functions A; allows one to deduce the C',/n-Lipschitz continuity of g, the approximation of
m(KoQ(S)) by the graph of ¢, and the estimate for |g(p)| from this geometric information. [J

Remark 6.8. The exponents of 7 and ¢ in Lemma 6.7 look different from the corresponding ones
in the Euclidean predecessor [DS91, Proposition 8.2]. However, the reader should keep in mind
the different conventions used for the definition of angles (Remark 6.1) and pay attention to the
exponents in Lemma 6.4. What is important for the construction of the corona decomposition,
is that we obtain estimate (ii) with € (and not with 7). This will allow us to prove Lemma 6.10
by choosing ¢ small enough depending on 7.

6.4.3. Step 3: Pushing estimates on (1 from E down to the graph of g.

The proof in this section follows the outline in [Hah12, Section 6], which in turn is modeled
after the Euclidean predecessor [DS91, Section 13]. However, there is a crucial difference in
that the upper bound in Lemma 6.9 is expressed in terms of the projection S-numbers, rather
than the potentially larger “full” S-numbers.

As in [Hah12, Section 6], we use Lemma 6.7 (i),(iii) to extend the map g constructed in the
previous step to a C',/n-Lipschitz function defined on R¥ with support in U_;, where the latter
is defined as in (6.8) for j = —1. We then introduce new flatness coefficients associated to g:
for p € R*, t > 0, we set

A(p,1) = ™ int / l9(u) — aw)] du,
Bk(p,t)

a

where the infimum is taken over all affine functions a : R¥ — R?*~* and integration is with
respect to the Euclidean k-dimensional Hausdorff measure on R*. By Lemma 6.7 (i), if 7 is
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chosen small enough, then

(6.10) v(p,t) < ot k-1 inf/ dgua((u, g(w)), M) du
M) Br(p,t)

being the infimum computed among all k-planes M in R?".

The next lemma, which improves [Hah12, Lemma 6.1], shows that actually it is possible to
bound the v-numbers by means of the projection S-numbers associated to F.

Lemma 6.9. Let T = Kodiam(Q(S))/2. Let {U;}ien be as Section 6.4.2, (6.8). There exists a
positive constant C' = C(Ky) > 0 such that

(6.11)
4 o dt ok 4 ,dt
| [ aworat <ca@en o [ [ b st Kot duo)
0o Jun KoQ(S) J hs(z)/Ko

Proof. For any p € Uy and H(p)/60 < t < T, by (6.6) there exists a point z,; € Q(S) such
that |p — P(2,4)| < 60t. For any z € B(2,4,t) N E and § > 0, we find W =W, ,,,5 € A(2n, k)
such that

(6.12) / e (7(2), W) dp() < (Kot)* [Bum aomy (22 Fat) + 5],
B(z,Kot)
by definition of 51 r a(2n,k)-numbers. Thanks to (6.10), we get that
(6.13) Aot) <2750 [ gl g(w), W)
BF(p,t)

The core of the proof is now to estimate the integral with respect to H* on the Euclidean ball
B%(p,t) by the corresponding one with respect to u = H*|g on B(z, Kot), in order to combine
(6.12) and (6.13) and get a pointwise estimate for v(p,t) in terms of B anr) (2, Kot). If
u € Bf(p,t) N P(Z), then there exists a (unique, by Lemma 6.6) x € KyQ(S) such that
P(x) = u. Since x € Z, then h(x) = 0 and 7(x) = (u, g(u)) € R?*". Tt then follows by Lemma
6.6 and the triangular inequality that d(x, z) < Kyt, provided that Kj is chosen big enough. By
1-Lipschitz continuity of P, we have Hk (Q) < P,u(Q) for Q C B*(p,t)NP(Z), and combining
all this with (6.12), we find

/ (1, 9(w)), W) du < / it (1, 9(u)), W) dPyyu(u)
BF(p,t)NP(Z)

Bk (p,t)NP(Z)

dEucl u, glu ,W dP, Uu
6.14) < L o A5, W) Pyt

S / dEucl(’/T(x)a W) d,U(.fC)
B(z,Kot)

< (Kot)k+1[51,7r,A(2n7k)(za Kot) + 5]

On the other hand, we need to estimate dgua((u,g(w)), W) for v € B¥(p,t) \ P(Z). This
corresponds to [Hah12, Lemma 6.3, inequality (34), Lemma 6.4 and Lemma 6.5]: here we limit
ourselves to collect the intermediate estimates together. Let I(p,t) := {i € I : R; N B*(p,t) #
0} and notice that B*(p,t) \ P(Z) = Ucs(pp(B*(p,t) N R;), since B¥(p,t) C Up. Combining
this observation with the aforementioned estimates in [Hah12] one gets

/ dEucl<<u7 g(u>)7 W) du
BF(p,)\P(Z2)

< > Vediam(R)H + Y ediam(R) LF(R;) + / dia(m(2), W) dp.

i€l(p,t) i€l(p,t) B(z,Kot)
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We can now use our refined estimate (6.12) to get

(6.15)
dpua ((u, g(u)), W) du < Z Vediam(R)" 4 e 3 B, 1 ann (2, Kot) + 9.

Bk (p,t)\P(Z) i€l(p,t)

Combining (6.13), (6.14) and (6.15), using the arbitrariness of § > 0, we conclude that
(6.16) v(p,t) Se” BMA on k) (2, Kot) + Vet Fl Z diam(R;)*+,

1€I(p,t)

The final part of the proof, which consists in deducing the integral estimate (6.11) from the
pointwise inequality (6.16), can be verbatim carried out as in Hahlomaa’s paper, starting from
equation [Hah12, (38)] onward, simply replacing the horizontal f-numbers 3; ), with the pro-
jection B-numbers B r ank)- O

6.4.4. Step 4: Bounding ((Q(S)) for S € Fs from above in terms of the Bir ank)-numbers.
In order to prove a packing condition for trees in F3 defined at the beginning of Section 6.3, we
estimate the measure of the corresponding top cubes in terms of the B; r a(2n r)-numbers. This
will allow us in Step 5 to make use of our assumption E € GLem(f1 x a(2nk),2) to obtain the
conclusion.

Lemma 6.10. Let S € F5. Then
b1 Kodiam(Q(S)) dt
(6.17) w(Q(S - / / B Ay (4, Kot)*— d#( ).
KoQ(S) Jhs(z)/Ko

Proof. With Lemma 6.9 in place, the proof (by contradiction) reduces to a statement about the
v-numbers associated to g. This corresponds to [Hah12, Section 7] and [DS91, Sections 11 and
14]. In fact, let S € F3 and notice that we can assume Vys) = {z € H" : 2; = 0 for all i >
k} since all quantities in Lemma 6.10 are invariant under group translations and rotations,
including B1x a2n,k), ¢f. Lemmas 3.12 and 3.13. By contradiction, if (6.17) does not holds,
then we would get by Lemma 6.9

Kodiam(Q(S))/2 dt
(6.18) / | 202 < ctsenais)).
This is exactly [Hah12, equation (41)]; thus the rest of the proof works verbatim the same as in
Hahlomaa’s paper. Arguments in this vein have appeared for instance also in [Lég99, Section
5] or [DS91, Section 14]. One uses (6.18) to estimate the oscillation of the function g in a way
that is incompatible with the assumption & € Fj3, recalling that S € F3 implies that a large
(in terms of p-measure) part of Q(S) is covered by cubes () € ma(S), which have at least one
child R with Z(Vg, Vg(s)) > 1 4+ n. Indeed, (6.18), together with an application of Calderén’s
reproducing formula (see for instance [Wil08, Chapter 5]) for the function g, yields

nl U @) <o) u@(s)),
Qemz(S)

provided that the parameters Ky, 7, e, K are chosen appropriately. This leads to a contradiction
with the definition of F3, by selecting ¢ small enough depending on Kj. U

6.4.5. Step 5: A Carleson packing condition for top cubes of trees S € F3. In this step we prove
the final ingredient for the construction of the corona decomposition by horizontal planes. We
explain how to derive the Carleson packing condition for the set F3, which allows us to deduce
property (3.18) in the definition of coronization. This can be seen as a variant of arguments in
[DS91, Section 12]. Here we make use of our new assumption £ € GLem (51 x a(2n,k)s 2)-
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Lemma 6.11. There is a constant C = C(e, Ky) > 0 such that
> Q) <Cu(R), ReD.

SEF3,Q(S)CR

Proof. Proceeding exactly as in [Hah12, Lemma 8.1], the Ahlfors regularity of E gives a bound
N = N(K,) € N such that, for every x € E and any ¢ € R, there are less than N trees S € F
satisfying = € KoQ(S) and hs(x)/Ky < t < Kydiam(Q(S)). Combining Lemma 6.10 of the
previous step with this observation, one estimates

—6k ) Kodiam(Q(S 2dt
>, nQE) < ﬁl,mA@mk)(%Kot) — dul)
KoQ(S) J hs(x)/Ko

SeF3,Q(S)CR 86.7-'3 QS

_— Kodiam(R) dt
<N B / / /617'(14 an)(x KOt) —d/,L( )
KoR

By (3.4) and by our main assumption £ € GLem(31 r a(2n,1), 2), We get the desired final bound.
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