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ABSTRACT. In this note we investigate the viability of generalized Rademacher

theorems on a certain class of fractals in Euclidean spaces. Such sets
are not necessarily self-similar, but satisfy a weaker “scale-similar” prop-
erty; in particular, they include the non self similar carpets introduced
by Mackay-Tyson-Wildrick [23] but with different scale ratios; see §2.1.
Specifically we identify certain geometric properties enjoyed by these
fractals and, in the case that they have zero Lebesgue measure, we show
that such fractals cannot support nonzero derivations in the sense of
Weaver [29]. As a result (Theorem 20) such fractals cannot be Lipschitz
differentiability spaces in the sense of Cheeger [7] and Keith [18].
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1. Motivation

First order differentiable calculus has been extended from Euclidean spaces
to abstract metric spaces in many ways, by many authors.

In this work we focus on (measurable) differentiable structures on such
spaces. Roughly speaking, such structures on a given space require that
an analogue of the classical Rademacher theorem holds true on that space,
i.e. that Lipschitz functions are almost everywhere differentiable. For this
reason, spaces satisfying such a property are also known as LIPSCHITZ DIF-
FERENTIABILITY SPACES in the recent literature; see [1], [2], and [9].

For such structures to make sense, we focus on metric spaces equipped
with Borel measures, or metric measure spaces for short. The existence of
these structures becomes particularly striking, especially as metric spaces
generally lack any kind of manifold structure or uniquely-defined tangent
bundle.

1.1. Poincaré inequalities and differentiability. In a seminal work,
Cheeger [7] proved that metric spaces with doubling measures and support-
ing p-Poincaré inequalities, for 1 < p < oo, are Lipschitz differentiability
spaces.

Recall that Poincaré inequalities in the sense of Heinonen and Koskela
[16] are defined in terms of upper gradients, which are generalizations of
gradient norms |V f| of Lipschitz functions f. For a nontrivial theory of
upper gradients on a given space, this often requires the existence of large
families of rectifiable curves, on that space, that are well distributed at all
scales in the sense of p-modulus; (see [28]). Nonetheless, there are many
examples of such spaces, including smooth spaces such as

e Riemannian manifolds with non-negative Ricci curvature [6],
e nilpotent Lie groups equipped with sub-Riemannian metrics, such
as the Heisenberg groups; see [3], [17],

as well as non-smooth spaces, such as

e certain boundaries of hyperbolic buildings, after Bourdon-Pajot [4]
e self-similar topological constructions, after Semmes [27] and Laakso
[21].

To wit, self-similar fractals can also be studied from within the setting
of metric measure spaces. When treated as subsets of Euclidean spaces!
equipped with the standard Euclidean norm, such sets are irreqular and one
would not expect them to support differentiable structures, classically or
otherwise. Here the lack of rectifiable curves in various examples, such as
the Cantor set or the von Koch snowflake curve, is an obstruction for giving
a reasonable notion of derivative in Cheeger’s sense.

There also exist rectifiably-connected fractals, such as the Sierpinski car-
pet or the Sierpiriski gasket, that do not contain “enough” rectifiable curves
to support p-Poincaré inequalities, for any 1 < p < oco. The case of self-
similar Sierpinski carpets was proved by Bourdon and Pajot in [5] and later

1Recent results of [8] shows that Laakso’s spaces do not admit any bi-Lipschitz embed-
ding into any Euclidean space, or for that matter, any reflexive Banach space.
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extended to non-self similar Sierpinski carpets with zero area by Tyson-
Mackay-Wildrick in [23].

As for higher dimensions, the work of David [9] treats self-similar fractals
in R™ with zero m-dimensional Lebesgue measure, with analogous results.

A natural question is whether fractal sets in Euclidean spaces, despite
not supporting Poincaré inequalities in general, could still support Cheeger
differentiable structures. Indeed, Keith [18] proved the existence of differen-
tiable structures for a larger class of spaces, where the Poincaré inequality
was replaced by a weaker hypothesis, called the Lip-lip condition; in partic-
ular, it does not require that the underlying spaces are a priori rectifiably-
connected.

The results of this paper address this natural question. We will see that
there is a larger class of fractals, which we call Sierpinski-type fractals, that
are not Lipschitz differentiability spaces. See Corollary 48 and Corollary 49
below.

Postponing the technical formulation for now, it is worth noting that this
class includes, in all dimensions,

(A) all of the previously mentioned examples of fractals, self-similar or
otherwise, as well as

(B) entirely new, random constructions of fractals, which exist under
mild symmetry conditions.

1.2. Fractals and derivations. Related to this, recall that Weaver [29]
introduced (metric) derivations as generalized notions of partial differen-
tiable operators that are well-defined on all metric measure spaces. Under
the assumption of a Poincaré inequality with respect to a doubling measure
on a metric space, Weaver’s functional analytic construction agrees with
Cheeger’s geometric one.

In fact, Bate [1] has recently characterized Lipschitz differentiability spaces
in terms of Alberti representations of measures — that is, by disintegrating
the underlying measure of a space into a family of measures, each of which is
supported on nontrivial fragments of rectifiable curves. (Differentiability in
this sense therefore corresponds to directional differentiability in a spanning
set of directions.) Schioppa [26] further showed that Alberti representations
are examples of derivations, a key tool in this paper.

In Theorem 20 and Theorem 44 below we prove that Sierpinski-type frac-
tals have a trivial module of derivations and are therefore not Lipschitz
differentiability spaces.

The novelty here is that the structural conditions on fractal sets can be
further weakened and therefore treated with different techniques. It is known
[29, Sect 5E], for example, that self-similar fractals such as the Sierpinski
carpet or the Sierpinski gasket have a trivial module of derivations; the proof
there exploits their geometric properties of self-similarity and porosity, but
it does not extend to non-self-similar cases, such as those complementary to
Mackay-Tyson-Wildrick.

Our approach is new, in that it relies on a notion of dimension, or rank, as-
sociated to a module of derivations on a metric measure space. In particular,
the notion of rank allows for directional information from derivations, like
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that of vector fields on a manifold. It therefore exploits different geometric
features of fractals, such as symmetries at each scale of their construction,
to which the methods in [29] are insensitive.

Remark 1. Though the fractals treated here are non-smooth sets with no
manifold points, we emphasize that the underlying metric is the Euclidean
one and the underlying measures are the corresponding Hausdorff measures
with respect to this metric.

In contrast, the constructions treated in the analysis on fractals make
use of a so-called resistance metric that is induced by probabilistic methods
(specifically, via the theory of Dirichlet forms) on the given fractal and that
is known not to be comparable with the Euclidean metric. We will not
discuss such methods here but refer to the survey of Kigami [19] and the
references contained therein.

This paper is outlined as follows. In Section §2 we construct the carpets
mentioned above, recall basic facts about derivations, and survey what is
already known about derivations on carpets. Section §3 consists of a series
of lemmas, leading to our main result (Theorem 20) which covers the model
case of non-self similar Sierpinski carpets. In §4 we define Sierpinski-type
fractals and state a more general result, Theorem 44, that will follow es-
sentially from the same proof as Theorem 20. Lastly, Section §5 is a short
appendix, where we recall in more detail some of the notions in §1.

2. Setup

We first fix the notation and some basic notions.

Given a set X, a subset A C X, and a function f : X — R, the restriction
of f to A is denoted fj4. Similarly, if 41 is a measure on X, then p 4 refers
to the restriction of y to A, defined as

wa(E) = p(ANE)

for all y-measurable subsets F of X.

If X and Y are topological spaces, if F': X — Y is a Borel map, and if
1 is a Borel measure on X, then the pushforward of p under F is a Borel
measure on Y, defined on all Borel subsets F/ of Y as

Fyp(E) = p(F~Y(E)).
If X = (X,d) is a metric space, then the Lipschitz constant of a function
f X — R is denoted by

L(f) := sup {|f(fl)(;g“/f)(y)| ;X # yin X}

and we will often use the following classes of functions:

Lip(X) := {all Lipschitz functions on X},
Lipy(X) := {all bounded Lipschitz functions on X}.

For a sequence (f,,)2%, in Lip,(X), we also write f,, = f if

sup L(fn) < oo and f, — f pointwise in X.
n
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With limits of bounded linear operators in mind, let V and W be Banach
spaces and consider the space £(V, W*) of all bounded linear operators from
V into the dual space W*. The weak-star operator topology on L(V,W*)
is the linear topology generated by the seminorms p;,, with x € V and
y € W, where we define

Pay(T) = (T(x), )1,

for every operator T' € L(V,W*). Moreover, we denote the operator norm
of each L € L(V,W*) by

[Lllop = sup{||Le[lw~; llellv < 1}.

The next lemma is folklore; for a reference, see Theorem 5.3.4 from the
second author’s Ph.D. thesis.

Lemma 2. Let V and W be Banach spaces, and let B(V,W*) denote the
closed unit ball of the space L(V,W*).

(a) B(V,W™) is compact for the weak-star operator topology.

(b) If V and W are both separable, then B(V, W*) is metrizable for the

weak-star operator topology, and therefore it is sequentially compact.

Indeed (a) is folklore, being a standard consequence of Tychonov’s theo-
rem. For the idea for (b), let {z,,} and {y,} be dense sequences in E and
F, respectively. It is not difficult to see that the expression

o

pRT) = 3 o R = T)(n), )

n,m=1

defines a metric on B(V, W*) that induces the weak-star operator topology.

2.1. Carpets. Let a = (a,)?2; be non-negative numbers of the form

Gp = &,
dn
where pp, ¢, € N with p,, + ¢, even and with p, < ¢, and where a € £\ (2,
that is: the series Y a2 diverges, yet sup,, |a,| < oc.

We now construct a compact subset S, of R? by a process analogous to
the usual Sierpinski carpet, and where the parameters a,, are used instead of
ratios of % The basic idea is that, at the nth step, one divides the existing
squares into g, X g, new subsquares and removes the middle p,, X p,, of them.

Step 0: Put S :=[0,1] x [0,1] and Cy = {S2} and C = 0 first.
Step 1: Divide S9 into g1 x ¢; closed subsquares with sides parallel to
the coordinate axes and with lengths [; := ql_l, i.e.

i—1 i j—1

N 0
qg Q1 qa  q1

fori,j € {1,2,...,¢1}. Enumerating them as C; := {Q}j

@
Sg - U Qzlj

i.j=1

q1

ije1> We have
9
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Now let CY be the subcollection of the p? many “middle” subsquares from
C1. More precisely, let 1y = %(ql —p1), put

) = {Qi;€Cim+1<ij<p+r}

CT = G \C?a

and write the union of the remaining squares as

Qect
T W ———m——m—— e ——n
i ! l I I I I |
i ! | 1 1 1 1 |

! |- = — | e paman i — — 7]
| ! | 1 1 1 | 1
: : | 1 1 1 | 1

[ bt St Bnlts St |

SY 1 1 SLy | 1 1 | |
! ! Eon o ___4ood

| 1 [ I 1 i T 1

1 | | | 1 1 | |

1 | L _d__1]

[ | i I | | | |

1 ] 1 1 1 1 1 ]
Lo ____ 1 Sy P DU [ |

FIGURE 1. E.g. of py =3 and ¢ =5, so r; = 45820 =222 = 1.

As a suggestive terminology,

e subsquares in Cy are called first-order subsquares,
e subsquares in C) are called first-order middle subsquares,

and we will use analogous notation for steps 2 and beyond.

Step n > 2 : We proceed inductively. Let C,—1 be the collection of (n —
1)th-order subsquares with pairwise disjoint interiors, with side length

ln—l = (q1"'Qn—1)_1

and with all sides parallel to the axes. Suppose the sub-collection of (n—1)th-
order non-middle subsquares C:_l has already been defined. Now sub-divide

each @ € C;_l into g, X g, squares of side length 1, := ¢, *1,,_1, analogously
as in (3), and write the collection as

Cu(Q) = {Q5}5o1
Again, we remove the middle subsquares; for r, := %(qn — Pn), put
Cr(Q) = {Qi €Ca@Q)s 1+ rn <iij <pntrn}
CHQ) = C(@\CAQ)
and write the union of these selections as
Sp= |J @, where ¢f = ) CHQ).
Qrect Qect |

Since ST C S2~1 holds for all n € N, the limit set

Sa = ﬁ Sy
n=1

is well-defined; we call it the non-self similar Sierpiriski carpet generated by
a, or simply a carpet.
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Remark 4 (Area). Observe that the classes of carpets we are taking into
consideration have no area in the sense of 2-dimensional Lebesgue (Haus-
dorff) measure:

H?(Sa) = 0.
Notice that this holds if and only if a ¢ ¢2.

Remark 5 (Geometry). We now list some properties of S, that follow from

the construction:
(A) For each n > 2, each Q € C;I is a subsquare of a unique Q' € C;
As a result, there is a unique vector v,q € R? so that the similitude

J”Q(x) = g + VpQ

maps @ onto Q' and preserves orientation of edges. In particular,
every point not lying on a square boundary — that is, every

oo
r¢ 0TS, = (U U 8@)
n=1 Q€C+
has a unique sequence of closed subsquare neighborhoods (N')%2 ,,
where N € CI" for each n € N.

(B) The carpet endowed with the euclidean metric is quasiconvex; recall
that a metric space (X, d) is C-quasiconvexr (with C' > 1) if any pair
of points x,y € X can be joined by a rectifiable path whose length
does not exceed Cd(x,y).

(C) There is a canonical measure p that is supported on S,. Indeed,
consider the sequence of probability measures, each supported on
Sy, as defined by

Lo = 7-[2\33 and fi, : Z # ,un 1|Q) for each n € N

Qect
and hence by Banach-Alaoglu there is a weak-star sublimit measure
w1 that is concentrated on S,;. We claim

(C.1) that p is both unique and the full (weak-star) limit of (1n)22;
for a proof, see Appendix in §6.

(C.2) that u(9Q) = 0 for every n € N and every @ € C;'. Indeed,
given any line segment ¢ in 0@ and any neighborhood Oy of
¢ consisting of subsquares Q' in C:{ Ly with Q" N e # 0, lower-
semicontinuity of weak-star convergence yields

p(f) < w(Oy) < liminfp,(Ox) = 0.

As a result, p(Qi; N Qr) = 0 for every ¢ # k or j # | with
Qij € C;I in the previous construction.

(C.3) that u is doubling, which means that there exists a constant
C > 1 such that

p(B(z,2r)) < Cu(B(z,r))
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for all balls B(z,r) in X with centers z € X and radii » > 0.
The proof is essentially the same as that of [23, Proposition 3.1].

Remark 6 (Higher dimensions). Analogous constructions apply to R™ for
all m € N, where m replaces the dimension 2 and where we subdivide m-
dimensional cubes into (g,)™ many sub-cubes and omit the middle (p,)™
of them. We call these limit sets (Sierpinski) sponges® and we denote them
by S™. (In particular, S2 = S, are the carpets from before.)

In this case, we assume that a € £>° \ /™ and a similar computation as
in Remark 4 shows that H™(S}') = 0. Moreover, there are canonical mea-
sures that are associated to sponges, constructed analogously, and satisfy
analogous geometric properties as in Remark 5. We denote them by u7'.

For later purposes we will give a general version of the Lebesgue differen-
tiation theorem for doubling measures. In place of balls it suffices to have
subsets of balls with a positive lower bound on its measure density.

To fix notation, let @ C R™. For ¢ > 1 and = € Q define F(z,r)
as the family of all measurable sets £ C € such that £ C B(z,r) and
w(B(z,r)) < cu(E). We say that a sequence of measurable sets {E;}5°,
converges to a point x if there exists a sequence of radii r; > 0 such that
E; C B(z,r;) and r; - 0 as i — oo .

Theorem 7. [14, Theorem 14.15] Let pu be doubling on @ C R™ and u €
Ll (Q,p). Then for u-a.e. x € Q we have

lim u(y) du(y) = u(x).
r—0 B(z,r)

More generally, if ¢ > 1 then for p-a.e x € Q and every sequence of sets
{E;}i that converge to x with E; € F.(x,r;) we have that

lm + u(y) du(y) = u(z).

1—00 E:
K

2.2. Derivations: basic facts. The following notion is due to Weaver [29]
in the case of so-called measurable metrics; for the case of (pointwise) metrics
in the usual sense, see the survey of Heinonen [15] as well as [12], [25], and
[26].

Fix a Radon measure on a metric space X.

Definition 8 (Weaver). A bounded linear operator
5 Lipy(X) = L=(X, 1)
is called a (metric) derivation if it satisfies
e the product rule: §(fg) = fdg + gdf holds for all f, g € Lipy(X);
o weak-star continuity: if (f,)0°, and f in Lip,(X) satisfy f, X f,
then 6f, = &f in L®(X, ), i.e.,

/Xs05fndu - /Xsoéfdﬂ (9)

2In contrast, Menger sponges are constructed not by omitting subcubes but by omitting
cubewise “tunnels” perpendicular to the codimension-1 faces.
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holds for all ¢ € LY(X, p).
Let T (X, i) denote the space of derivations with respect to p on X.

Note that Y(X, ) is an L*>°(X, u)-module, where the scalar action is

(A0)f = A(f),

for all A € L*>(X,pu). Call a metric measure space (X,d, u) differentiably
trivial if it has a trivial module of derivations, i.e. that T(X, pu) = 0.

This terminology has been introduced in [15, pp. 216].

Moreover, we call a set {8;}¥_, linearly dependent in T (X, u1) if there exist
{\E, in L®°(X, ), not all zero, so that

AL+ -+ Apd = 0.

Otherwise we say that {d;}F_, are linearly independent.
Lastly, we say that T(X, ) has rank-k if it contains a linearly independent
set of k derivations and if every set of k+ 1 derivations is linearly dependent.
We now turn to basic properties of derivations. The first lemma combines
Lemma 27 and Theorem 29 in [29].

Lemma 10 (Locality). Let u be Radon on X. If A is a p-measurable subset
of X, then as sets and modules,

XAY (X, pja) == {xa0; 0 € T(X, 1)} = T(A, pa)
and in particular, if f|a is constant, then 6f =0 p-a.e. on A.

Remark 11. As a consequence, every derivation § € T (X, u) has a well-
defined linear extension to Lip(X ), which we also denote by §.

Remark 12. For the sponges S' from Remark 6, the measures ul' satisfy
pa (R™\SZ) =0
by construction, so the locality property gives
xsp T(R™, pg') = T(S3', py')

So in terms of derivations with respect to p)', the sets R™ and S}' are treated
the same analytically, even though they differ geometrically as metric spaces.
(For example, u2" is doubling on SJ* but its zero extension is not doubling
on all of R™.)

2.3. Derivations on Euclidean spaces. Due to the locality property
(Lemma 10), every derivation on R™ is well-defined on polynomials and
other locally Lipschitz functions. Roughly speaking, the action of such
derivations is completely determined by their action on the standard co-
ordinate functions 1, - , Ty,.

Of the next three results, the first is a direct consequence of [12, Lemma
27] and [24, Theorem 1.19], the second is [12, Lemma 2.19], and the third is
an easy consequence of the second.

To fix notation, x := (x1,z2) denotes the identity map on R2, so z; is the
usual ith linear coordinate.
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Lemma 13 (Change of Variables). Let X and Y be metric spaces, let F :
X — Y be a proper Lipschitz map, and let p be a Radon measure on X.
For each § € Y (X, ), there is a unique derivation Fyué € Y(Y, Fyp) called
the pushforward of § under F' that satisfies

/ g (Fub)f d(Fyps) = / (g0 F)5(f o F)dy
Y X

for all f € Lip(Y) and all g € LYY, Fyu). If moreover F~! exzists and is
Lipschitz, then for p-a.e. x € X, it holds that

0(foF)(x) = (Fyo)f(F())

Lemma 14 (Chain Rule). For every f € Lip(R™), there exists v/ €
L (R™R™) so that every 6 € T(R™, u) satisfies the pi-a.e. inequalities

of = vl ox = Zvlf&m and |v'||L=~ < L(f).
i=1
If moreover f is C'-smooth, then v/ = V.

Corollary 15. Fiz a Radon measure p on R™. For all f € Lip,(R™) and
all C'-smooth biLipschitz embeddings I : R™ — R™, the identity

5(fo F)(x) = v/ (F(@))" - DF(z) - ox(x)
holds for p-a.e. x € R™ and for every § € T(R™, u).

Proof of Corollary 15. Approximating f in Lip,(R™) by composites of con-
volutions of the form

(fon)oF * foF
we obtain, as weak-star limits in L>°(R™, u), the identities
V(@) = lmV((f *n) o F)(x)
= lm V(f 1) (F(x))  DF(x) = v/(F(2)) DF(x)
for p-a.e. x € R™ and hence, by Lemma 14,
5(f o F)(@) = v/ (2) - ox(a) = v/ (F(2))" - DF(2) - ox(a)
holds as desired. (]

The final lemma is easy but not easily found in the literature; for com-
pleteness, a proof sketch is included below.

Lemma 16. Let p be Radon on R™ and let d = {0;}]", be a subset of
YT(R™, u). If the Jacobi-type matriz

hxi(z) dexi(z) -+ Opx1(2)
dx(z) := 5195:2(,2) 52$:2(Z) ‘, 5n$2(«2) (17)
NMxm(z) 02xm(z) -+ OmxTm(2)

is invertible for p-a.e. z € R™, then d is linearly independent.
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Proof. We argue by contraposition.

For m = 1 this follows from the Chain rule above (Lemma 14); indeed,
if the singleton {d;} were linearly dependent in Y (R, i), then there would
exist a nonzero A € L>(R, i) so that

Az)o1z1(2) = 0

holds for p-a.e. z € R. In particular, d;21 = 0 holds on the (u-essential)
support of A and hence the 1 x 1 matrix [§;21] would be non-invertible on
supp(\), which is a positive y-measured subset.

For m = 2, if d were linearly dependent, there would exist Ay, Ay €
L>®(R?, i) not both zero (and without loss Ay # 0 p-a.e.) so that

5 = — 2l (18)

holds p-a.e. on R2. As a result, the Jacobi matrix dx becomes

Sy —320
dx — dot [ 01w d211 ] _ 121 Xe 121
51x2 52372 (51:1:2 —7;51112
which clearly has zero determinant.
For m € N, an identity analogous to (18) holds, where d,, can be written as

a linear combination of 1, - - - , §,,—1 for some choice of scalars A1, -+, A\j_1.
The subsequent m x m Jacobi matrix will contain a column that is a linear
combination of the other m — 1 columns, which gives the lemma. O

The following theorem, regarding rigidity of derivations on Euclidean
spaces, is a consequence of the main results from [10] and [26]. More pre-
cisely, in [10] the conclusion of absolute continuity was proven in the case
of independent collections of Alberti representations, whereas in [26], it is
shown that every Alberti representation determines a derivation in the pre-
vious sense, and independence induces linear independence. The case of R?
was treated in [12].

Theorem 19. Let m € N and let pu be a Radon measure on (R™,|-|). Then
the module of derivations on R™ with respect to u has rank-m if and only
if 1 is absolutely continuous with respect to the Lebesgue measure. More-
over, derivations with respect to u are linear combinations of the differential
operators {0/0x; }1* with coefficients in L*°(R™, u).

3. Differentiably trivial carpets

3.1. Previous results on carpets. For ¢ € N odd denote by S. = S2
the self-similar Sierpinski carpet defined by the constant sequence a :=
(%, %, %, .. ) Note that S3 is the standard Sierpinski carpet.

In [29, Theorem 40], Weaver proved that Y(Ss3,u) = 0 and the same
argument applies to any self-similar Sierpinski carpet with respect to a con-
stant sequence. Moreover, the argument can be extended to any sequence
a € (°°\ ¢y and to associated Sierpinski sponges in any dimension m, in that
limsupa > 0 implies Y(Sa, ) = 0.

On the other hand, in [23], the authors considered the class of non-self
similar Sierpinski carpets in the particular case when p,, = 1 for each n € N.
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They prove that the class of non-self similar Sierpiriski carpets S, support
Poincaré inequalities if and only if a € £2. One can check that if a € £2, the
measure (4 is comparable to the restriction of the Lebesgue measure to S,.
By Theorem 19, (S, 1) induces a rank-2 module of derivations, so S, is a
Lipschitz differentiability space.

Actually, the associated measurable differentiable structure is the restric-
tion of the standard differentiable structure from R2.

The next theorem is new and is the main result of this section. It covers
the remaining case, that is, when a € cg \ £2, thereby covering the full range
of possible sequences in /7, 1 < p < oo.

Theorem 20. If S, is a carpet with a € (> \ ? and with the canonical
measure (i as in Remark 5.C, then (Sa, 1) is differentiably trivial.

The proof will be divided into three steps:

e Any nonzero derivation § € YT(R? u) induces a derivation §, €
Y (R?, 1) that is supported everywhere, in the sense that dx is u-
a.e. nonzero. See Subsection 3.2.

e For any derivation that is supported everywhere, there is another
derivation that is linearly independent to it. See Subsection 3.3.

e If 1 has rank-2 then p is absolutely continuous with respect to the
(2-dimensional) Lebesgue measure. See Theorem 19.

3.2. If one derivation, then one everywhere.

Theorem 21. Let S]' be a Sierpinski sponge in R™ with a € (°° \ {™
and let p = pl be the canonical measure. If T(R™, u) # 0, then there
exists 0, € T(R™, 1) so that the vectorfield 6,x = (821,022, ..., 0u,%m) is
nonzero (and in fact constant) p-a.e. on R™.

The proof proceeds in several steps: (1) finding a candidate for J,, and
then checking (2) the Leibniz rule, (3) weak-star continuity, and (4) nonde-
generacy.

Proof. Fix a nonzero derivation 6 € T(R™, ) with ||§]/op < 1. Observe that
since T(R™, ) # 0, the Chain Rule (Lemma 14) implies that there exists
i € {1,2} such that [|02;]|Loc(,) > 0.

Moreover, the set 1S, is a countable union of (m — 1)-dimensional cubes
parallel to coordinate hyperplanes, so from Remark 5.C.2 it follows that
pu(0TS™) = 0. It therefore suffices to prove the theorem for p-a.e. point in
S™ \ 9TST instead.

STEP 1: A CANDIDATE OPERATOR. Let g € ST\ 0TST be a point of
p-density for dx with

0x(zg) = (0z1(xo),dz2(x0),. .., 02n(x0)) # O

and as given in Remark 5.A, let (NJ)22; be the unique sequence of (closed)
subsquare neighborhoods satisfying xg € NJ € C;I for all n € N.

For each Q € CF, let 7"% : R™ — R™ denote the unique translation that
maps N isometrically onto @ and consider the sequence of operators
“(

ong = 7';5 XNp0)



DERIVATIONS ON SIERPINSKI-TYPE FRACTALS 13

as well as the derivations d,, € T(R™, ) defined by the action
ouf@) = Y buf (7" (@)). (22)

Qecy

Notice that each f € Lip(S7') can be expressed as
f= E: xXqQnsz flos
Qecy
and by the locality property, the action of §,, gives
onf = Y 200 (fio)
Qecy

Since 7% is 1-biLipschitz, the change of variables formula (Corollary 15)
implies for p-a.e. y € Q with

z= (") (y)
and for all f € Lip(S) with || f||Lip < 1 that

onfy) = Y TP0wn0)f(x)

Qect

= D xwa(@)d(for")(x)

Qect

= ) xoW) v/ (7)) Dr"9(z) - 6x(z)
Qect

= vax((9) 7 w).
and moreover
I6nfllzoe < IV W)l Loellox e < L(f)|16%] Los,

50 (0p)52; is bounded in T(R™, ) with ||6s]op < [|0]lop. From Lemma 2
there exists a subnet (d,,)aca that converges to an operator

5, € L(Lipy(ST), L®(R™, 1)) (23)

in the weak-star operator topology, that is, in the sense that

/@5nafdu—>/R @ 0uf dp

holds for all p € LY(R™, 1) and all f € Lip,(ST).

STEP 2: LEIBNIZ RULE. We now have a candidate ¢, for the desired
derivation, so in what follows we will check that it satisfies the product
rule and weak-star continuity (see Definition 8). First notice that, for every
f, g € Lipy(S™) and every ¢ € LY(R™, 11), we have that fop, gp € LY(R™, u).



14 E. DURAND-CARTAGENA, J. GONG, J.A. JARAMILLO

Since each d,,, satisfies the product rule, it follows that

/R ¢ ou(fg)dp = lim A ©6n,(fg)du

= lign o @ (fona(9) + gon.(f))du

= lim [ foén.(9)du + ligl/R 9% 0n, (f) dp

« Rm

= fodu(g)du + /Rm 99 0u(f) dp

.
= [ e ale) + 98 du

where the notation lim, refers to limits of nets. As a result, J, satisfies the
product rule as well.

STEP 3: J,, IS WEAK-STAR CONTINUOUS AND THUS §,, € T(R™, u).

Towards a proof of Step 3, let (f;)7°; be a sequence of 1-Lipschitz functions
on R™ that converge pointwise to 0 and fix € > 0. The aim is to prove that
for each g € L'(R™, i) there exists i9 € N such that

‘/ngéufid/ﬁ‘ < €

holds for all ¢ > ig. Without loss of generality, assume J,, # 0. To this end,
we split the integral into three terms and estimate each term.

Recall that p is compactly supported, so each coordinate function z; lies
in Lipy(spt(p)), for each i € 1,--- ,m. Let Ey be the closed subspace of
Lip,(R™) generated by the sequence (f;)72; and the coordinate functions
xl, 2%, Then Ej is separable, and so is Y = L(R™, 1), since p is (o-)finite.
Thus, by Lemma 2, the unit ball B(Ey, Y*) is sequentially compact.

On the other hand, the restrictions (0y,|r,) converge to 6,|g, in the
weak-star operator topology of L(FEyp,Y™), which is metrizable by Lemma
2, Part (b). Then there exists a subsequence (d,,); which converges to §,
in L(Ey, Y™*) too; without loss of generality, assume for convenience that
n; < njyq for all j. In particular, 5nj fi X0 in L>®(R™, u) for every i € N
and 6, X §,x in L (R™;R™).

Since p is finite, it follows that LP(R™, u) is dense in L'(R™, ) for all
p € (1,00) and hence 6, x — d,x in LIY(R™, p), where ¢ := 5 is the
Hélder conjugate of p. So by letting ¢ € L'(R™, 1) be arbitrary, choose
ge € LP(R™, 11) so that

€

_. 24
36, ]lor (24

g — gellzr <

We now apply a variant of Mazur’s lemma to obtain convex combinations
of functions

Ny,
On; X 1= Z)\njldmx Iz dux (25)
I=j
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that converge in L?-norm. In particular, there exists j = j(e, g) € N so that
€
3l|gell e

Hénjx — 0uX||ra <

(26)

and we define derivations
N,
. J
Ony =) Anyi0n-
l=j

We claim {cgj }; converges to ¢,, in the weak-star operator topology, too. To
see why, by definition for each ¢ € L'(R™, 11), each ¢ € Lip,(R™), and each
s > 0, there exists k € N so that the original convergence yields

‘/mw(fsnj—%)@bdu‘ < s

for all j > k; so for j € NN [k, Ny, | the previous estimate yields

Nnj Nn].
‘/Rmso(énj—%)wdu‘ <D Ay /Rmsowm—%)lbdu} <D Apys = s.
I=j l=j

Fixing j as above, observe that 5;,; is a finite linear combination of elements
in T(R™, ), so 6,; € YT(R™, 1) and hence 6y, f; 20 in L°(R™, i1). Testing
further with g. € L'(R™, 1) there exists i = i(j, ¢, gc) € N so that

~ €
'/nggénjfidu’ < 3 (27)

The Chain Rule (Lemma 14) implies that there exists v/i € LP(R™; R™)
with [vfi| <1 p-a.e. on R™ such that

5,:;]72 = vhi - Oy X.

J

So from this and the convergence 5:; R 0, we have on the one hand that

2
| abntidn=[ gt sixdu=3" [ gl mdn
R™ R™ — Jrm

2
—>Z/ gev,{ié#xk dp = / gevli - Opx dp.
and on the other hand that
| sdusidn— [ gbusidn
Rm R™
Since weak-star limits are unique, it follows that

oufi = vii-o,x
(64— ) fi = VI (8 — Ony)x
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and combined with Holder’s inequality and previous estimates, it further
follows that

‘/R géufidu‘ < \g—gsllLllléufilleJr)/R ge%fidu’
(24

<) € —+
- 3
(27) €
< 4

/gs(%—&;)fidu%’/R geét;fid/i’

B o €
= 3 /mgevfz'<5u_5nj)Xdu‘+3

2% A __ (26)
< g+ngHLpva’HLooH@—%)XHM < e

Since € and g were arbitrary, Step 3 follows.

STEP 4: NONDEGENERACY. Lastly, for any u-density point x € ST\ 9+S™
of é,x, let (N}'), be the sequence of subsquare neighborhoods of z as in
Remark 5.A, and the Lebesgue differentiation theorem for Radon measures
on R™ guarantees an index n € N so that

€
< = and

dpxi(r) — dpx; dp 3

N

dxi(xo) — ox; du

< & (28
N 3

holds for i = 1,2. Since yu is compactly supported, it follows that u(N) "1y N €
LY(R™, 1), so there exists j = j(n, ) € N satisfying

< g (29)

]{\/n (0 — 5;)% dp

So by the previous estimates and by Corollary 15, we therefore obtain

(28)
16,24(z) — bai(a0)] < ]ﬁf (Bt — (o)) dp

L€
3

(29)

< | Gy dmia) | + 5
NP

3

2¢
_i_i

(25) Z][ At (Bi(2) = 8i(w0) ()| + 5

; INE

L
3

> Anjl]{[ ()7 ) — o) i)

Lemma 13 2€

Z )\njl][ (0x; — dzi(x0)) dp
I N

+2€ <
— €
3 =

Lemma 15

][ (6x; — dzxi(xp)) dp
N

and as € > 0 was arbitrary, it follows that ¢,x is p-a.e. constant, where

dux = 0x(z0). O
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Remark 30. We summarise the proof with the following observation:

To construct 6, from a density point zg of pu, it suffices that at every
scale [ and by enumerating the /th order non-middle subsquares of S}' as
C;" = {Qx}ren, there is a partition of ST into subsets

EF = (NN ST

with 77@% as in Step 1 of the above proof and with the following property:
the Lebesgue differentiation theorem holds true at xy for the sequence of
sets E, = N, as n — co. (See Theorem 7.)

This motivates the definition of a Sierpinski-type fractal in the sequel.

3.3. If one derivation everywhere, then m many everywhere. We
begin with a geometric fact about the canonical measure p from Remark
5.C.

Lemma 31. For all a € (>, the identity (T o0 o T~ )y = u2 holds for
all Borel sets in R™, where T is the translation

1 1 1
T(z1,22,...,%ym) = (:L‘l + 3022 + 5,...,xm—|— 5)
and 0 is either one of the reflections R» or S* about hyperplanes (e; — ej)J-
or x; = 0, respectively, fori,j € {1,2,...,m} with i # j; equivalently these
isometries are defined by the following conditions:

y e Z- —e, ifk=i
R (ex) = (e, ifk=j orS'(e) = { Fhti (32)
€, 1 1
€, ka 7é iaja
Proof. By definition, for each step n of the construction in §2.1 the identity
(TohoT Hun(@Q) = u(@) (33)

holds for all @ € C and all n € N. If O is an open set in R™, then let
€ > 0 be given and take a cover C of O N [0,1]™ by cubes in |J, C;} with
pairwise-disjoint interiors and so that

M(O\UQ) < €

QeC

Since (T'o 0~ o T71)(Q) € C, holds whenever Q € C,, the desired identity
holds true for all open sets O from (37), as € — 0. The lemma then follows
from Borel regularity of u. U

Theorem 34. Ifa € (> and T(R™, u2') # 0, then T(R™, u3') has rank-m.

Proof. Put p = p3' and let 6 = 6, be as in Theorem 21, so v := dx is
constant and nonzero p-a.e. on R™. By the Chain Rule (Lemma 14) there
exists j € {1,2,...,m} so that dx; # 0 p-a.e. as well. By means of pushfor-
wards of § by reflections R¥!, we may assume there exists p € {1,2,...,m}
so that dx; # 0 whenever j < p and dx; = 0 whenever j > p. (In particular,
(53?1 7é 0.)
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As in Subsection §3.2, denote the identity map on R™ by x and define
isometries 0' = (67,...,6,) : R"™ — R™ of a non-self-similar Sierpinski
carpet S]' as follows:

X, ifi =1,
0 = {Siofl if2<i<p (35)
R if p<i<m

For example, if p = 3 then in R* we have

xr1 x4 xr1 X1 x1
4 Z2 _ T2 3 Z2 _ p2 Z2 _ —Z2
A NI B T e DI B DI
T4 T X4 T4 T4
Moreover, for each ¢ = 2,--- ,m put
O == To# oT tand s := @:46. (36)

where T is as in Lemma 31. So by applying that lemma as well as a change
of variables (Lemma 13) each ¢ € C.(R™) satisfies

/R péir;dy = / p(0%6)x; d(Oyp)
_ / (¢ 0 ©1)8(z; 0 O)dp
= [ (o000 (0)
in which case it holds p-a.e. on R™ that
sizj = 6(xj00) 0 (O = ((Vz;00")TDO'x) 0 (0!
el DO'(6x 0 (0°)71),
S0 0ix = D@i(éxo(@i)_l).

By Theorem 21 once again, it holds that

w = dxo (Ol =... = sxo(@m)!
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is constant p-a.e. on R™, in which case it further holds that

detdx = det [DO'w|DO*w|---|DOPw|DOP  w|.-- | DO™w| (37)

_5331 (5$1 5%1 Of--- 0
(5.%2 —51’2 —(5.%‘2 (51’2 (5332
= det | dz) 0xp | -+ | =0xp | dp | -+ | dxp
0 0f--- 0| x| - 0
| 0 0 0 0 (53:1_
1] 1 110 0]
1|-1 -111 1
P : 1 0 IS I I
= (0z)™ P([[6wi)det | 1| 1| |—-1|1|- |1
i=1 0 0Of--- 01
0 0f--- 00| |1]
p
= —(=2)P 1 (x)" P (] ] 621)
i=1

is also constant and nonzero p-a.e. on R™. By Theorem 19, it follows that
{6;} is a linearly independent set in Y (R™, p). O

The next result includes Theorem 20 as a special case.

Theorem 38. If S7' is a (Sierpinski) sponge with a € >\ £™ and with
the canonical measure p' as in Remark 6, then (S3', ua') is differentiably
trivial.

Proof. Assume by contradiction that T(R™, u2') # 0 and put p = uy'.

By Theorem 21, there exists §, € T(R™, u) so that the vectorfield §,x is
nonzero p-a.e. on R™, which means that T(R™, u) has rank-m, by Theorem
34.

Theorem 19 now applies, so p is absolutely continuous to the Lebesgue
measure which yields a contradiction. (Indeed, SJ* has zero Lebesgue mea-
sure whereas p(S2') > 0). O

4. Sierpinski-type fractals

A careful look to the proof of Theorem 20 reveals that one can actually
get the same result for a larger class of fractals, beyond carpets and sponges.
The proof also works for subsets X C R™ endowed with the restriction of
the Euclidean metric and a non-zero Radon measure p with the following
geometric properties:

(SO) The set X has m-dimensional Lebesgue measure zero.
(S1) p is supported on X and u is doubling on X.
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(S2) Tile partitions at all scales: There is a collection of subsets
{En}72, of X so that

E,+1 C E, for each n € Nand lim diam(E,) = 0

n—oo

both hold, as well as a finite collection of isometries 7™ of R™, for
k € N, so that the sets EF := 7"F(E,,), called nth-order tiles of X,
satisfy

WE,NE,) =0 and p(Ey) = u(E,)

whenever [ # k, as well as

X = U T*(E,).
k

Furthermore, there exists ¢ > 1 such that if x € ﬂ FE,, then

w(B(x, diam(E,))) < cul(Ey). (39)

As an example, for the non-self similar Sierpinski carpets S2 from
§2.1 and for wg € S2, it suffices to choose the closed square neighbor-
hoods of xq as tiles, i.e. £, := S2 N A, with translations as isome-
tries 7% := 7@k for an enumeration of squares C;7 = {Qx}%, as
in Remark 30.

(S3) Isometric invariance for tiles: For each n € N and for i =

2,--- ,m, there exist isometries ©f of R™ with the following prop-
erties: with the tiles (E,)52; of X as before, for each n € N we
have

OL(E,) = E,

and, for some constant C' > 0 independent of n, that the m x m
matrix inequality also holds, just as in (37): for every v € R™, it
holds that

’det [v\D@iv\-~|D®nmv] ’ > C.

Once again, for S}' the compositions of translations and reflections
from Equations (32)—(36) give an example of such isometries O}, :=
©" as above.

Remark 40. By combining (S2) and (S3) it follows that every n-th order
tile E!, also enjoys a generalized rotational invariance:
("% 0 © o (r™F) 1) (EE) = EE. (41)

Definition 42. A subset X = (X, |- |) in R™ equipped with a (non-zero)
Radon measure p is called a Sierpiriski-type fractal if it enjoys the preceding
conditions (S0)-(S3).
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4.1. Examples, old and new. As previously announced in the Introduc-
tion (§1.1), examples of Sierpiriski-type fractals include earlier well-known
constructions, such as

e self-similar fractals, such as the standard Sierpinski carpet and gas-
ket, Menger sponges (or m-dimensional Menger continua M(m, 1)),
Cantor dust M (m,0), Sierpiriski sponges M (m, m — 1), etc;

e their non-self-similar counterparts, such as the carpets S, from be-
fore, with a € ¢y \ #2. Cantor sets in R with ratios a € ¢\ ¢},
sponges in R3 with a € £°°\ £3, or constructions in other dimensions
are similarly defined as in §2.1.

M(3,2)

M(3,1)

0 — skeleton 1 — skeleton 2 — skeleton

FIGURE 2. The 0-skeleton of My = Q2 is made up of 8 points so
MY consists of the 8 subcubes containing these points. Iterating this
construction on each subcube, we obtain the 3-dimensional Cantor dust
M(3,0).

The 1-skeleton of My consists of 12 edges so M7 is made up of 12 sub-
cubes. The iterative construction leads to the Menger sponge M (3,1).
The 2-skeleton of My would be 6 square faces and M? would consist of 26
subcubes (i.e. everything except the central subcube). This construction
yields the Sierpinski sponge M (3,2).

For the sake of clarity, we recall here the construction of the k-dimensional
Menger continuum in R™. Take the m-dimensional unit cube My = Q™
and subdivide it into 3™ congruent subcubes. Let M} be the union of all
the subcubes that meet the k-skeleton of My. To get M§ we repeat the
construction on each of the cubes that constitute Mf. The k-dimensional

Menger continuum in R™ is M (m, k) = ﬂ ME.
%

That said, clearly all these metric spaces have a canonically associated
doubling measure.

Remark 43. A close look at Definition 42 suggests that more general, even
random, examples of Sierpinski-type fractals are possible.

Indeed, Condition (S3) allows the ‘rotations’ ©? to depend on the tile
E, at scale r, := diam(E,) — or more accurately, on the union of tiles
X,, ==, E,. Condition (S2) does not require, moreover, that unions X,
and X,,+1 be geometrically (or even topologically) equivalent.

As one example, consider the following configuration, where at odd-numbered
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scales, corner subsquares are removed, while at even-numbered scales, square
annuli are removed.

FIGURE 3. At left, the union X; from £, = [1.]] x [{.1]; in
the center, a translated-and-dilated copy of Fy N X5 from FEy =

[%, 1—3’0] X [%, 1—30], by a dilation factor of 4; at right, the union Xs.

Theorem 44. Sierpinski-type fractals are differentiably trivial.

Proof. The proof follows the same scheme as that of Theorem 20. We indi-
cate only where conditions (S0)-(S3) play a role.

First we prove that if we have one derivation, then we have one every-
where. As done in Theorem 21, by the aid of the partition at all scales
provided in (S2), we can “copy and paste” the derivation u-a.e. on E,, to
Ef“ for any [, which will produce candidate operators as in Equations (22)
and (23). The key point in order to guarantee the non-degeneracy of this
derivation is to be able to apply Lebesgue differentiation theorem at p-a.e.
point. For this purpose, we use the sets {E,}°2 ; that satisfy property (39)
as a neighborhood basis of p-a.e point. Step 2 and Step 3 do not depend
on the geometry of the space but follow from purely functional analytical
arguments and the Chain rule (Lemma 14).

As done in Subsection 3.3, the next thing to do is to prove that if one
derivation exists everywhere, then m of them exist everywhere. In this
case we can combine the isometries in (S2) and (S3) to produce m linearly
independent derivations in T(R™, p1) satisfying (41); see Remark 40.

To finish, because p enjoys condition (S0), Theorem 19 applies. So if p has
rank-m then p is absolutely continuous with respect to the (m-dimensional)
Lebesgue measure. O

We now indicate the sharpness of each hypothesis from Theorem 44:

(1) ZERO AREA: By the classical Rademacher theorem, Lipschitz func-
tions are a.e. differentiable with respect to Lebesgue measure, so the
partial derivatives of every Lipschitz function are well-defined a.e. on
any positive Lebesgue measured set A C R™. A variant of Weaver’s
argument [29] then shows that each partial differential operator de-
termines a derivation on (4, |- |, H™).
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(2) DOUBLING MEASURE: Let {q1,q2,...} be an enumeration of Q,
and consider a sum of point masses at each rational number: v =
3% 64 Let X =Qx[0,1]U[0,1]xQand let p = v@H '+ H! @,

Note that p is not locally finite, hence not doubling, yet the partial

differential operators %, 8% are derivations with respect to u.

(3) TILE PARTITIONS AT ALL SCALES: Consider the middle thirds Cantor
set C in R endowed with the measure H%, where a := {ﬁég Put X =
C x [0,1] and p := H* ® H'. With the rotation O(z,y) = (—y, ),

consider the measure

v o= i+ Oxupu
on Y := X UO(X). We note that the derivation

0 0
0 = Xe(x)p t Xx g,

is a nonzero rotationally invariant derivation on (Y, |- |,v).

(4) ISOMETRIC INVARIANCE FOR TILES: Consider the middle thirds Can-

tor set C in R, put X =C x [0,1] and o := iggg and p:=H* @ H.

Combined with Fubini’s theorem, an integration-by-parts argument
shows that 8% € T(R?, p).

5. Connections to analysis on metric spaces

The following notions are implicit in the work of Cheeger [7] and originate
there. See also the references [18], [20], and [13].

Definition 45. Let (X,d, ) be a metric measure space. We say that
(X,d, u) supports a (strong) measurable differentiable structure if there ex-
ists a countable collection {(X,,Xqs)} of measurable sets X, C X, called
charts and Lipschitz maps

Xo = (zb, .. 2Ny x — RN

(2] tage)
called coordinates, that satisfy the following properties:
(4) M(X \Ua Xa) =0
(74) There exists N > 0 such that N(a) < N for each (X,,Xq);
(7i7) If f : X — R is Lipschitz, then for each (Xa,x,) there exists a

unique (up to a set of zero measure) measurable function d®f :
Xo — RN (@) guch that

o sup 70 = F(@) = d°F @) - (0 (y) = o ()

—z d(y,x
v (y,z)

for p-a.e. x € X,.

=0 (46)

Such a structure is called non-degenerate if N(a) > 1 for some «.

Cheeger proved in [7] that doubling p-Poincaré spaces admit a differen-
tiable structure for which Lipschitz functions are differentiable u-a.e. Keith
in [18] weakened the hypotheses of Cheeger’s theorem so as not depend on
p. He defined the Lip — lip condition as follows: A metric measure space X
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is said to satisfy a Lip — lip condition if there exists a constant K > 1 such
that

Lip f(z) < K'lip f(z)
for all Lipschitz functions f : X — R, for p-a.e. x € X where

lip f(z) = liminf sup |f (=) = f)l
r—0 d(zy)<r r
Lip f(z) = limsup sup M
r—0 d(I,y)<r r

Complete doubling metric measure spaces which admit a p-Poincaré in-
equality for 1 < p < oo satisfy the Lip — lip condition as well.

It was jointly pointed out by Cheeger and Weaver, that for those spaces
that support a p—Poincaré inequality for some 1 < p < oo, the Cheeger
differential agrees with the differential constructed by Weaver [7, Remark
4.66], [29, pp.94-95]. A fully characterization of the correspondence between
Cheeger differentiable structures and derivations in the sense of Weaver was
given in [13].

Theorem 47. [13, Theorem 1.8.] Let (X,d) be a metric space and let pv be
a doubling measure on X. (X,d, u) admits a nontrivial basis of derivations
that satisfy the Lip-derivation inequality if and only if it supports a non-
degenerate measurable differentiable structure.

Recall that a non-trivial basis of derivation {d;}7, (a linearly independent
generating set of Y (X, u)) satisfies a Lip-derivation inequality if there exists
a constant K > 1 such that for all Lipschitz functions f: X — R,

Lip(f) < K _16:f(x)],
k=1

for p—a.e. x € X.

Corollary 48. Let (S,|-|,u) be a Sierpinski-type fractal. Then the space
(S,|-|, ) does not support any non-degenerate Cheeger differentiable struc-
ture. In addition, if (S,|-|) is quasiconver, it does not support a degenerate
one either.

Except from the Cantor sets, the rest of the examples of Sierpinski-type
fractal sets that we have mentioned are quasiconvex.

Corollary 49. Let (S,|-|,p) be a Sierpinski-type fractal. Then the space
(S,| - |, ) neither supports Poincaré inequalities for 1 < p < oo nor has the
Lip — lip condition.

Self-similar fractals — that is: for a = (%, %, g, ...) for some p, g € N with
0 < p < g — are known to be Ahlfors s-reqular, for s = 1°gq2_p2, in the

log g
sense that there exist constants C > 1 so that

érs < wu(B(xz,r)NSa) < Cr?

So in this case, Corollaries 48 and 49 also follow from results in [9].
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Observe that the previous result does not cover the case p = oco. The
fact that the standard self-similar Sierpinski carpet do not support Poincaré
inequality for the case p = oo was proved in [11]. The method is an adapta-
tion of an argument by Bourdon and Pajot in [5] to prove that self-similar
Sierpinski carpets do not support Poincaré inequality for 1 < p < oo. Their
argument is based on mutual singularity of one dimensional Lebesgue mea-
sure on the interval and the push forward measure of the carpet under
the projection to the z-axis. Tyson and Mackay in [22] and Tyson-Mackay-
Wildrick in [23] provided alternative arguments based on modulus of curves.
These arguments could be potentially extended to higher dimensions to give
a direct proof that Sierpinski sponges do not support any Poincaré inequal-
ity neither. This approach would also cover the case of Poincaré inequalities
for the case p = co.

6. Appendix: Canonical Measures on Fractals

We now prove item (C.1) of Remark 5:

Proof of uniqueness of pu for Sa. Let p and p/ be any two sublimits of the
sequence of measures {u,}, with associated sequences of scales ng,nj € N
so that ¢,, — 0 and ), — 0.

Let m € N and Q € C/f, be arbitrary. If k € N satisfies min(ng, ng) > m,
then by the construction of the measures p,, we have

fm(Q) = pm41(Q) =+ = i, (Q) (50)
and since each p,, < H?, we also have
pm(int(Q)) = pn(Q\0Q) =--- = Ky, (QRQ\0Q) = Hny, (int(Q)).

So by semi-continuity of measures, we obtain

wm@) < h]?_l)icgfﬂnk(Q)
= tm(Q) = pm(int(Q)) = limsup i, (Int(Q)) < p(int(Q))

k—o0
and by Property (C2), it follows that u(Q) = pm(Q). Similarly, (50) also
holds for [in} , SO the same argument gives p/'(Q) = pm,(Q) and hence

Q) = 1'(Q)

holds true for all @ € C;f, and all m € N.

Note that every open ball B in R? is a countable, pairwise-disjoint union of
cubes in (Jro; Ck, so the previous identity implies that p(B) = p/(B). Using
the Vitali covering theorem, it is therefore easy to see that u(O) = p/(O)
then holds true for all open sets O in R? and therefore all Borel sets.

This shows that all weak-star sublimits of {u,}5°; are equal, regardless
of the subsequences of scales chosen. Since there always exists at least one
sublimit (by weak-star compactness) it follows that {u,} has a unique weak-
star limit. O



26

E. DURAND-CARTAGENA, J. GONG, J.A. JARAMILLO

Acknowledgements

The authors would like to thank Prof. Jeremy T. Tyson, Prof. Nageswari
Shanmugalingam and Prof. John M. Mackay for fruitful discussions regard-
ing this paper.

[1]
2]
3]

[4]

[5]

[7

[8

9

(10]
(11]
(12]
(13]
(14]
(15]
(16]
(17]
(18]
(19]
[20]
(21]

22]

REFERENCES

BATE, D. Structure of measures in Lipschitz differentiability spaces. J. Amer. Math.
Soc. 28, 2 (2015), 421-482.

BATE, D., aAnD L1, S. Characterizations of rectifiable metric measure spaces. Ann.
Seci. Ec. Norm. Supér. (4) 50,1 (2017), 1-37.

BELLAT CHE, A., AND RISLER, J.-J., Eds. Sub-Riemannian geometry, vol. 144 of
Progress in Mathematics. Birkhauser Verlag, Basel, 1996.

BOURDON, M., AND PajoT, H. Poincaré inequalities and quasiconformal structure
on the boundary of some hyperbolic buildings. Proc. Amer. Math. Soc. 127, 8 (1999),
2315-2324.

BourDON, M., AND PAjoT, H. Quasi-conformal geometry and hyperbolic geometry.
In Rigidity in dynamics and geometry (Cambridge, 2000). Springer, Berlin, 2002,
pp. 1-17.

BUSER, P. A note on the isoperimetric constant. Ann. Sci. Ecole Norm. Sup. (4) 15,
2 (1982), 213-230.

CHEECGER, J. Differentiability of Lipschitz functions on metric measure spaces. Geom.
Funct. Anal. 9, 3 (1999), 428-517.

CHEEGER, J., AND KLEINER, B. Differentiability of Lipschitz maps from metric mea-
sure spaces to Banach spaces with the Radon-Nikodym property. Geom. Funct. Anal.
19, 4 (2009), 1017-1028.

DaviD, G. C. Tangents and rectifiability of Ahlfors regular Lipschitz differentiability
spaces. Geom. Funct. Anal. 25, 2 (2015), 553-579.

De PHILIPPIS, G., AND RINDLER, F. On the structure of A-free measures and appli-
cations. Ann. of Math. (2) 184, 3 (2016), 1017-1039.

DURAND-CARTAGENA, E.; JARAMILLO, J. A., AND SHANMUGALINGAM, N. The oco-
Poincaré inequality in metric measure spaces. Michigan Math. J. 61,1 (2012), 63-85.
GoNG, J. Rigidity of derivations in the plane and in metric measure spaces. Illinois
J. Math. 56, 4 (2012), 1109-1147.

GONG, J. Measurable differentiable structures on doubling metric spaces. arXiv
preprint http://arxiv.org/abs/1110.4279v2, August 2012.

Hastasz, P., AND KOSKELA, P. Sobolev met poincaré. Mem. Amer. Math. Soc. 145,
668 (2000).

HEINONEN, J. Nonsmooth calculus. Bull. Amer. Math. Soc. (N.S.) 44, 2 (2007), 163—
232 (electronic).

HEINONEN, J., AND KOSKELA, P. Quasiconformal maps in metric spaces with con-
trolled geometry. Acta Math. 181, 1 (1998), 1-61.

JERISON, D. The Poincaré inequality for vector fields satisfying Hérmander’s condi-
tion. Duke Math. J. 53, 2 (1986), 503-523.

KEITH, S. A differentiable structure for metric measure spaces. Adv. Math. 183, 2
(2004), 271-315.

Kicawmi, J. Analysis on fractals, vol. 143 of Cambridge Tracts in Mathematics. Cam-
bridge University Press, Cambridge, 2001.

KLEINER, B., AND MACKAY, J. M. Differentiable structures on metric measure
spaces: a primer. arXiv preprint http://arxiv.org/abs/1108.1324, August 2011.
Laakso, T. J. Ahlfors Q-regular spaces with arbitrary @ > 1 admitting weak
Poincaré inequality. Geom. Funct. Anal. 10, 1 (2000), 111-123.

MAckAy, J. M., AND TvsoN, J. T. Conformal dimension, vol. 54 of University
Lecture Series. American Mathematical Society, Providence, RI, 2010. Theory and
application.



23]
(24]
(25]
(26]

27]

(28]

29]

DERIVATIONS ON SIERPINSKI-TYPE FRACTALS 27

Mackay, J. M., Tyson, J. T., AND WILDRICK, K. Modulus and poincaré inequal-
ities on non-self-similar sierpiriski carpets. Geom. Funct. Anal (2013), to appear.
MATTILA, P. Geometry of sets and measures in Euclidean spaces, vol. 44 of Cambridge
Studies in Advanced Mathematics. Cambridge University Press, Cambridge, 1995.
SCcHIOPPA, A. On the relationship between derivations and measurable differentiable
structures. Ann. Acad. Sci. Fenn. Math. 39, 1 (2014), 275-304.

ScHIOPPA, A. Derivations and Alberti representations. Adv. Math. 293 (2016), 436—
528.

SEMMES, S. Finding curves on general spaces through quantitative topology, with
applications to Sobolev and Poincaré inequalities. Selecta Math. (N.S.) 2, 2 (1996),
155-295.

SHANMUGALINGAM, N. Newtonian spaces: an extension of Sobolev spaces to metric
measure spaces. Rev. Mat. Iberoamericana 16, 2 (2000), 243-279.

WEAVER, N. Lipschitz algebras and derivations. II. Exterior differentiation. J. Funct.
Anal. 178, 1 (2000), 64-112.

DEPARTAMENTO DE MATEMATICA APLICADA, ETSI INDUSTRIALES, UNED, 28040
MADRID, SPAIN
E-mail address: edurand@ind.uned.es

FoOrRDHAM UNIVERSITY, DEPARTMENT OF MATHEMATICS, 441 E. FORDHAM RD, BRONX,
NY 10458 UNITED STATES
E-mail address: jgong7@fordham.edu

DEPARTAMENTO DE ANALISIS MATEMATICO, FACULTAD DE CIENCIAS MATEMATICAS,
UNIVERSIDAD COMPLUTENSE DE MADRID, 28040 MADRID, SPAIN
E-mail address: jaram@mat.ucm.es



