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Abstract: The paper is related to a conjecture by Pegon, Santambrogio and Xia concerning the dimension
of the boundary of some sets which we are calling “irrigation balls”. We propose a notion of sub-balls and
sub-spheres of prescribed radius and we prove that, generically, the only possible Minkowski dimension of
sub-spheres is the one expected in the conjecture. At the same time, beside the scale transition properties
and the dimension estimates on some significant sets, we propose a third approach to study the fractal reg-
ularity which relies on lower oscillation estimates on the landscape function, which turns out to behave as
a Weierstrass-type function.
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1 Introduction

As nowadays is well known, the ramified structures which characterize river basins, blood vessels, leaves,
trees and so on may be derived directly from a variational principle without relying on assumptions based
on empirical observations (see [14, 22]). Indeed, if a cost functional is introduced which encourages joint
transportation, the ramified structure comes out as the result of a compromise between the convenience of
keeping together the fibers and the necessity of reaching a measure spread out on a large set. These recent
developments, known as branched transport or irrigation models, can be included in the literature on the
Monge transport problem, even if they are radically distinct from the approach proposed by Monge in [16].
Indeed, in the Monge—Kantorovitch model (see [10, 16]), the cost of the motion of a single particle is not
influenced by interactions with the remaining part. In the context of irrigation models, one is not so much
interested in knowing the final destination of a single particle (the so called “who goes where” problem)
as in obtaining some information about the shape of the set of the trajectories, knowing, in particular, if
particles move together giving rise to a river. The distinction is clearly reflected in the fact that V-shaped
trajectories, optimal for the Monge—Kantorovitch functional, become Y-shaped ones, i.e. branching paths,
for the irrigation functional. The branched transport has been introduced in [14, 22], where the existence of
minima in an appropriate context is also proved. Further results are contained in [1, 3, 4, 12, 13, 20].
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From the point of view of the regularity problem, one has two completely different issues: the regularity
of the curves which describe the branches out of the branching points, and the properties of the branching
structure (fractal regularity). An answer to the first question is given in [17], where the authors prove that the
derivative of the particles trajectories for an optimal irrigation pattern have a locally bounded variation (if
the irrigation measure is the Lebesgue measure restricted to a sufficiently regular set). The first result about
fractal regularity is the multiscale result given in [6, Theorem 6.17], in which the authors prove that, under
suitable assumptions and modulo constants, the number of branches of length ¢ starting from a branch hav-
ing length ¢ is f;. An alternative way to approach the fractal regularity is the proof that some significant sets
connected to branched networks in the Euclidean space R? have a fractal dimension.

This approach has led Pegon, Santambrogio and Xia to introduce in [18] the notion of unit (volume)
irrigation ball and to investigate the dimension of its boundary (irrigation sphere in the present paper).
They conjecture, see [18, Conjecture 4.3], that such a dimension should be d - 8, where 8 = d(a - 1) + 1 is
a relevant constant in the irrigation problem, and they partially prove the assertion showing in [18, The-
orem 4.2] that, if 1 - % < a < 1, the upper Minkowski dimension of the boundary of the unit volume ball
is less than or equal to d — 8. Unfortunately, this inequality still leaves open the possibility that the sphere
is a smooth surface of dimension d — 1 and the conjecture is supported in [18] essentially by numerical
computations.

The main aim of this paper is to supply more theoretical evidences by looking to some other significant
sets which have a fractal dimension. We shall also propose a third approach to the fractal regularity by estab-
lishing oscillation estimates which are closely related to the scale transition approach in [6] (indeed the main
result of this type is a consequence of [6, Theorem 6.17]) and to the approach in [18] because they are a fun-
damental tool for the dimension estimates. We shall recall the notion of what we call irrigation ball, we shall
discuss some of its geometrical aspects and we shall introduce a natural notion of sub-balls (with the cor-
responding spheres). We shall prove some estimates on the lower and upper Minkowski dimensions of the
spheres, which generically (both from a measure theoretic and from a topological point of view) hold true;
see Theorem 2.5 and Corollary 2.7, respectively. Such results guarantee that the irrigation sub-spheres do
not behave as regular sets, in the sense that, generically, the unique possible Minkowski dimension they
may have is d — . In addiction, we prove that the graph of the landscape function associated to an irrigation
sphere (another significant set) has a Minkowski dimension equal to d + 1 — .

The estimates on the landscape function oscillations have been a key tool to get the results and are, as
already said, a further description of fractal regularity. We actually prove that the landscape function behaves
as a Weierstrass-type function (see [9, 21]), well studied in the literature (see [2] and the references therein).
In this regard it is worth remarking that the landscape function related to an optimal irrigation pattern, under
the assumptions which will be introduced in Section 3, represents a significant example of a Weierstrass-type
function which naturally arises in the study of branching structures and does not come from any artificial
construction.

The paper is organized as follows: the main results will be formulated at the end of Section 2, after we
recall the notion of irrigation ball introduced in [18], underline its geometrical aspects and propose a natu-
ral notion of concentric sub-ball of a given radius and related sphere. This preliminary part will give us the
necessary notions needed for the statements. Section 3 is devoted to study the oscillations of the landscape
function. In Section 4 we prove how the results obtained in the previous section allow to estimate the dimen-
sion of the level sets of a Holder continuous function. Finally, in Section 5 we provide the proof of the main
results.

2 Irrigation Balls and Concentric Sub-balls

The reader is supposed to be familiar with the literature on irrigation models or branched transport (see
[1, 3, 4, 12-14, 20, 22]). Since the notation in the literature is not uniform, we shall list some of the symbols
and basic notions we shall mainly use in the following. The references to the papers in which the reader can
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find a more detailed explanation are not necessarily the place in which each notion has been introduced for

the first time:

« x denotes any irrigation pattern; see [6, Definition 1.1].

e Branch of a pattern; see [7, Definition 6.2].

e Dy isthe flow zone and D_)( is the domain of the pattern; see [6, Definition 1.8].

o <isthe flow ordering; see [6, Definition 2.6].

o £(x,y)is the branch distance; see [6, Definition 2.9].

e £(x)is the residual distance; see [6, Definition 2.3].

o I,(y) is the cost of the pattern; see [6, Definition 1.5] for i = 0.

» My is the irrigation measure; see [7, Definition 2.15].

o Optimal pattern is any irrigation pattern which minimizes I, among the competitors with the same irri-
gation measure; see [7, Definition 4.1].

«  Simple pattern is any irrigation pattern with no cycle; see [7, Definition 6.1].

e u(x) is the mass flowing trough a point; see [6, Formula (1.1) (with i = 0) and Remark 1.12].

o Zis the (Santambrogio) landscape function introduced in [19]; see also [6, Definition 1.9].

For any Euclidean set E c R?, we shall denote by |E| its (outer) Lebesgue measure (in the following, the
reader can safely assume to work always with measurable sets and functions if he finds it more relaxing).
Moreover, we shall denote by dim,,(E) and dimy(E) the lower and upper, respectively, Minkowski dimension
of the set E (see [15, Section 5.3]) and, when the two dimensions agree, we shall denote by dimy;(E) the
Minkowski dimension of E. (The Minkowski dimension also has alternative names. It is sometimes called
box-counting, metric, fractal or capacity dimension. Finally, the notion of Minkowski dimension has been
extended to measures in [8, Definition 1.7]).

Given 1 — % < a < 1, we define as irrigation ball of unit volume and prescribed center x € R4, a solution
of the minimization problem consisting in finding an irrigation pattern y of minimum cost I, (y) among those
which have source S = xo and irrigation measure py equal to the restriction of the Lebesgue measure to a mea-
surable set B such that |B| = 1. The existence of such a y is proved in [18, Theorem 2.1], the uniqueness is
out of question if a < 1 because y cannot be invariant under rotations around xo. Sometimes we shall use the
term irrigation ball in order to denote the set B (which is also not unique) when the context makes the use
not ambiguous.

When an irrigation unit volume ball y is given, it defines a landscape function Z (see [5, 18, 19]). In [18,
Theorem 2.3] it is proved that Z takes a constant value Z* on 0B, where

* -—_ ea 1 1 [p—
VAR F(a + E)’ with ey := I (x).
We shall call Z* the radius of the unit volume irrigation ball and we shall consider Z as the radial distance
function from the center xq. The scaling law in [18, Lemma 2.2] shows that for any given constant V > 0 the
problem of minimizing I, with the constraint |B| = V, i.e. of finding an irrigation ball of volume V, can be

solved by scaling y by a factor A = V1/4, so obtaining a new pattern yy such that

La(xv) = A%*teq = V:*ie, 2.1)
and a new value of the corresponding landscape function on 0B given by

R(V) = V& a1z — iz, 2.2)

The last equality gives the radius of the irrigation ball in terms of the volume. Inverting such a function, we
find

R \f
VR = ()" 23)
which gives the volume of an irrigation ball as a function of the radius R. In particular, we can compute the
measure b, of the unit ball (ball of radius 1) as

1\% a 4 ad
by = (?)/3 = <ea(a+ %))E = (ea(ad+1)) ’ (2-4)

™I
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which we prefer to use as a fundamental constant instead of e, for its more geometric meaning. So (2.2)
and (2.3) respectively become

™

R = (5-)". (2.5)
V(R) = bR .

We finally observe that the least irrigation cost for an irrigation ball of radius R is given by eq(R) = I«(xv(r))
and can be computed by (2.1), (2.4) and (2.5) as

ea(R) = (V(R)“ie,
= (baR%)‘H% €q

44 d
= ————(baRF)™i
bi(a+ 1)
1B aar
=Xy R

1
a+a

ad

d
- Bl
ad+1 baR

ad
T oad+ 1RV(R)’

which shows that the mean value of the landscape function on the ball B is obtained by multiplying the
radius R by a‘;fl . One could be tempted to define the irrigation ball by fixing a radius, intended as an upper
bound on the landscape function, and maximizing the volume, but this choice would not lead to an optimal
pattern. Indeed, adding a useless length to the fibers which end at a small landscape level would help to keep
the maximum level low. So the definition in [18] looks to be the most reasonable one.

The above geometrical setting widely motivates the following definition.

A

Definition 2.1. Let xo € R? and R > 0 and let B be an irrigation ball centered in x, and having radius R. For
any O < p < R the sets

Bp :={x e B|Z(x) < p},
By = {x e B|Z(x) <p},
8p:i={xeB|Z(x)=p}

will be respectively called (concentric) open, closed sub-ball and sub-sphere of B of radius p.

It is worth explicitly remarking that, for a = 1, the branched cost functional reduces to the usual Monge—
Kantorovitch one, and so the notion of balls, concentric sub-balls and sub-spheres reduces to the usual one
while the landscape function is nothing else than the Euclidean distance from the center (the source). Of
course, in such a case, [18, Conjecture 4.3] is trivially true. On the contrary, when a < 1, sub-balls are not
irrigation balls of lower radius. We shall see soon that, for p = R, we have B, = B modulo a negligible set. We
shall introduce functions defined on the interval [0, R] by setting for all p € [0, R],

m(p) :=|B,| and (temporarily) m(p) := Iﬁpl. (2.6)

The functions m and m are increasing, m is lower semicontinuous (left continuous) and m is upper semicon-
tinuous (right continuous). In Section 5 we shall prove the following statements.

Proposition 2.2. For any p € [0, R] we have |§,| = 0.

Corollary 2.3. For any p € [0, R] we have m(p) = m(p) (so we will not use m anymore) and m is a continuous
function.

Proposition 2.4. For any p € [0, R] we have 8, = 0B,,.
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We are now in a position to state the main results in the paper in which we shall implicitly assume that an
irrigation ball B of radius R is given and we shall use the notation introduced above.

Theorem 2.5. Fora.e.p € ]0, R],
dimp(8p) < d - B.

Theorem 2.6. There exists a dense Gs-set G C [0, R] such that for allp € G,
dim,,(8,) < d - B < dimu(8,).

Corollary 2.7. Ifp € G as in Theorem 2.6, one of the two following alternatives holds:
«  dim,,(8)) < dimwy(8),) (i.e. the irrigation sphere 8, has not a Minkowski dimension).
o dimp(8y) =d-B.

Theorem 2.8. The graph of the landscape function has a Minkowski dimension equaltod — 8 + 1.

3 Lower Oscillation Estimates on the Landscape Function

Definition 3.1. Let A c R? and let f: A — R be a function. We call the quantity

wp(f) := sup |J|
J<f(B)

J interval

the connected oscillation of f on B c A.

Note that wg(f) < oscp f := supg f — infp f for any B c A and the equality holds if f is continuous and B is
a connected set. Note that in this section and in the next one 8 will denote a generic exponent in [0, 1] (and
we do not specify this every time), while in Proposition 3.9 (and related formulas) and in the last section, in
which we shall go back to the irrigation problem,  will be taken as 1 + d(a — 1) as specified in Section 1.

Definition 3.2. Let A c RY be given. We say that a function f : A — R is Hélder continuous with exponent
if there exists Cy > O such that
1f00) - fy)l < Crlx - yIP (HO)

for every x, y € A. We say that f satisfies the lower Holder condition if there exists a constant C; > 0 such that
for every r > 0 the connected oscillation of f on (the trace on A of) every ball B, of radius r centered in a point
of A satisfies

ws,(f) = CrP. (LHC)

Note that if A is a convex set and f is a continuous function, we get the usual definition of lower Holder
condition given in the literature on Weierstrass-type functions (defined on intervals). Note also that condi-
tion (LHC) with exponent 8 < 1 implies nondifferentiability (i.e. nonexistence of a finite derivative) of the
function at every point. We give a local version of the previous definitions.

Definition 3.3. Let A c R? be given. We say that a function f: A — R is Holder continuous at a low scale
with exponent B > 0 if there exists a constant R > 0 such that (HC) holds true for every x, y € A such that
Ix — y| < R. Analogously, we say that f satisfies the lower Holder condition at a low scale with exponent 8 > 0
if there exists a constant R > 0 such that (LHC) holds true for (the trace on A of) every ball B with radius r < R
centered in a point of A.

Sometimes we shall emphasize the constant R, which can of course be changed by varying the con-
stants Cy and Cy, by writing that (HC) or (LHC) is satisfied, with a given constant, at the scale R.

Holder continuous functions can easily be extended to larger sets. The result is probably better known for
Lipschitz continuous functions, one just has to observe that Hélder continuity is the Lipschitz continuity
with respect to the metric d(x, y) = |x — y|P. A slightly less simple variant, which we shall use to avoid a use-
less loss of generality, allows to extend a Holder continuous function at a low scale defined on a set A to
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a neighborhood N;(A) for a suitable s > 0 (depending on the scale R), where, in correspondence toany s > 0
and X c R?, we denote by
Ns(X) := {x e R? | d(x, X) < s}

the s-neighborhood of the set X.
Let A c R?andlet f: A — R be a function which satisfies (HC) at a low scale R. For all x € RY we set

inf 3 C p 1
P(x) = inf (ﬂzr+zﬁ_1 mx—ZI) (3.1)
Ix-z|<2R
Lemma 3.4. Ifz1, 2, € A and x € R are such that
1 1—
lz1 — x| < Elzz -x| < §R, (3.2)
then 5 P
3 CH 3 CH
z1) + z1 - x| < f(z2) + z7 — x|.
f(z1) 2ﬁ_1|1 | < f(z2) 2/3_1|2 |

Proof. We can assume without any restriction that x = 0, and so from (3.2) we deduce |z; - 23| < %lzz| <R.

Moreover
261

2l - a1 2 (1= 2Pzl > (- 2GSk - zl) = 2 - 2l
So, by (HC), we get f(z1) — f(z2) < Culzs — z21F < 26 (121F — |21 P). O
Corollary 3.5. Forany 0 < s < g, if x € Ng(A), then
. 3fCy
P(x) = ;Ielg (f(z) LT |x—z|ﬁ). (3.3)

|x-z|<2s
Corollary 3.6. The function ¢ is an extension of f, i.e. pja = f.

Proposition 3.7. The restriction of the function ¢ to the set Ny /e(A) is Holder continuous at scale § with a con-

38Cy
stant e

Proof. Sets = % and fix x1, x, € Ns(A) such that [x; — x3| < g. Then, for all z € A such that |z — x1| < 2s, we

have |z - x| < 25 + § < 2R, and so, by (3.1),

38
2B

3BCH
281

B B
3PCy Z|ﬁ)S 3FCy

90) = (f2) + 25 s = 21) < f2) + gy =2l = () + 2 s - 21P) € 2 Py - .

Then, by taking the supremum with respect to z and by applying (3.3), we deduce

3BCH
281

Px2) - p(x1) < Ix1 - xa . O

We also recall some definitions concerning the regularity of a measure pu.

Definition 3.8. A measure y is Ahlfors regular from below in dimension d if there exists a constant c4 > 0
such that
U(B(x, 1)) > car? forallre[0,1], x € supp(p), (LAR)

while y is Ahlfors regular from above in dimension d if there exists a constant C4 > 0 such that
U(B(x, 1)) < Car? forallr > 0. (UAR)

We shall say that u is Ahlfors regular (in dimension d) if it is Ahlfors regular both from above and below.
Finally, we shall say that y is inner lower (resp. upper) Ahlfors regular on a set A ¢ R? if (LAR) (resp. (UAR))
holds on balls contained in A.
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In what follows we shall take a set ¢ # B ¢ D_X which satisfies the following conditions:
forallx,y € Dysuchthaty < x : ifx € B, theny ¢ B, (A1)

which states that the set B is backward-stable with respect to the flow induced by the pattern y,

My is (UAR) and inner (LAR) on B, (A2)
forallx,y e DynBsuchthaty < x : if dist(x, 0B) < €(y, x), then Z(y) + Cg(£(y, )P < Z(x), (A3)
infZ > C(u (R, (A%)

where Cp and Cz are given positive constants and yX(IRd) = U(xp) represents the total mass of the irrigation
measure, i.e. the mass in the source. The main aim of this section is the proof of the following statement.

Proposition 3.9. Let Z satisfy (HC) with f =1+ d(a-1)onaset® + B C D_x which satisfies conditions (A1),
(A2), (A3) and (A4). Then Z satisfies (LHC) with the same value of B at a scale R and with a constant Cy which
depends on a, the dimension d, the global mass yX(]Rd) and the constants Cy, ca, Ca, Cg and Cz respectively
appearing in (HC), (LAR), (UAR), (A3) and (A4).

In the following, we shall assume that such values are given, so that the expression universal constant will
be intended as a constant which only depends on the above quantities.

We recall that the variation of the landscape function between two points x and y € D, which are com-
parable by the flow order < is obtained by the following relation:

Z(x) - Z(y) = J(y(z))“‘ldﬂfl(z) forally < x, (3.4)
y

where u(z) denotes the mass flowing in the point z. Proposition 3.9 is a consequence of the fractal regularity
result [6, Theorem 6.17], whose application is not straightforward just because we are only assuming the
inner version of (LAR) instead of the global one. Note that the constant &y appearing in that statement is
quantified in the proof and it can be written as

€0 i= %“(S—:zd)“ 0= Cre,

where c4 and C4 are as above and ¢, = M So Cr is a scale transition universal constant and € represents
the length of the main branch. The proof shows that the role of condition (LAR) consists in an estimate from
below on the measure of a tubular neighborhood of a branch T'. Of course the inner version of (LAR) works
in the same way when we assume, as we shall do, that such a neighborhood is contained in B. In [6], (LAR)
is assumed globally, but, of course, all the estimates which are quantified in terms of constants which do
not involve ¢4 but only depend on the other constants (in particular Cy and C,) can be used without any
restriction in this setting. Finally, we warn the reader that some estimates in [6] seem to explicitly depend
on c4 while they actually depend on Cp. Indeed, the Holder continuity of Z is usually derived from (LAR)
(see [5, Theorem 6.2]), while we are assuming it directly in the statement of Proposition 3.9.

Proof of Proposition 3.9. Set Cy := C;* Ci/d >0,R = C; (uy(RY)Y4 and fix 0 < r < Rand X € B. We shall ini-
tially assume that
uy) < (Clr)d for all y < x such that £(y, x) < r. (3.5)

In particular, by our choice of R, we have £(xg, X) > r. Then, starting from x, we can proceed backward along
the flow, toward the source xq, and find y < X such that £(y, x) = r. Then, by applying (3.4) and (3.5), we get
that Z(x) - Z(y) > C[lg_lrﬁ and we can conclude the proof easily. On the other hand, (3.5) does not hold when

there exists y < x and £(y, x) < r such that u(y) > (C; nd. (3.6)
Then set rr := C}l r. As a consequence, £(y) > rr (indeed, otherwise condition (A2) would imply

U < Py (Bey() < Ca(€(¥))? < Ca(rr)? = (€114,
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in contradiction to (3.6)). Then, by applying [6, Lemma 2.17], we deduce the existence of a branch T starting
from y having length ry. Let
N,(T) := {z e RY | dist(z, T) < 1}

be the tubular neighborhood of T of radius r. We shall assume that N,(T) ¢ B, in such a way to only use the
inner version of (LAR) in order to estimate yX(Nr(f)). Then we can argue as in [6, Theorem 6.17], getting the
existence of a branch T, starting from a point of I' and with a length € such that r < # < Wr, where W is the
“scale window” universal constant introduced in [6]. So we can deduce, by applying as usual (UAR), that
u(z) < Co(Wr)?forall z e T. Then, by taking two points x; < x, € I such that £(x1, x,) > r, by applying (3.4),
we obtain that wg(Z) > C5~* WA-1rP. For the arbitrariness of r we can conclude that (LHC) holds.

If our extra assumption in this proof is false, we can deduce that the ball B, centered in x with radius
2+ C}l)r is not contained in B. So, for all € > 0 there exists a point x. € Dy N Bp such that dist(x,, 0B) < &.
Then, starting from x., if it is possible, we proceed backward along the flow of a distance r up to reach a
point y, belonging to the ball B; centered in x with radius (3 + C}l)r. Since by construction €(x¢, y¢) =1,
by (A3) we get that wp, (Z) > Z(x¢) - Z(ye) = CprP, so (LHC) holds (under a suitable choice of Cy). Finally,
note that we cannot reach y. only when, during the backward motion, we find the source xq, and so, since
dist(x,, 0B) < € and Z(xo) = 0, we get, by (HC) and (A4) and by our choice of R, that

w,(2) > Z(xe) > Inf Z - Cye? > PR - cyeb.
So, for € small, we see that (LHC) holds in every case (under a suitable choice of Cy). O
Proposition 3.10. Condition (A3) follows from the following variant:
there exists Cp, > O such that for all x € B n Dy we have €(x) < Cy dist(x, 0B). (A3

Proof. Fix y < x € B such that dist(x, 0B) < £(y, x) =: €. Then for all y < z < x we have that dist(z, 0B) < 2¢,
so by combining this last inequality with (A3'), we deduce £(z) < 26}36. Since py is (UAR), we deduce that

H(z) < py(Bycr(2)) < Ca2C30)%.
Therefore, by (3.4), since d(a - 1) = - 1, condition (A3) follows with Cp = C§ *(2C)PL. O

We conclude this section by giving an estimate on the margin of growth of the landscape function with respect
to the residual distance.

Lemma 3.11. If Z satisfies (HC) and iy satisfies (UAR) globally, then, for a suitable constant Cy > 0,
for all x € Dy there exists z > x such that Z(z) - Z(x) = C wl(x)P.

Proof. Fix x € Dy. Then, by applying [6, Lemma 2.17] (which, as already pointed out, can be applied thanks
to the Hélder continuity of Z), for every € > 0 there exists y, > x such that £(x, y.) = £(x) — €. By (3.4) and

(UAR) we get
Ve

Z(ye) - Z(x) = j(y(z))“-ld}cl(z) > Ca Lo tex, ye).

Then the thesis follows by taking Cys < Cfl‘l and € small enough. O

4 Dimension Estimates on Level Sets

The main results of this paper will follow from two estimates respectively derived from properties (HC)
and (LHC) at a low scale.
Fixing a function f: A — R, forany a < b € R we set

LE:={xeAla<f(x)<b}

and L. = LS when a = b = ¢ € R to denote a level set of the function f.
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Lemma 4.1. Let A c R4 andlet f : A — R be a function which satisfies (HC) at scale R with exponent 8. Then,
forany a < b € R and for any
Cy =B

0<b< —m—
2B-1(28 - 1)

>

setting
- ((2/g - 1)6>}—;
-\ 3B2¢y
we have that, for any large k € IN, if (Ci)1<i<k C [a + g, b - g] is any family of levels such that

lci—cjl =6 foralli#+j, (4.1)
then
k
Y INu(Le)| < INR(LD). (4.2)
i=1
Proof. Set N; := Np(L¢,) for all i. We shall prove the thesis by showing that
NmAcLZ forallie{1,...,k}, (4.3)
and
NinN;j=0 foralli,jef{l,...,k}, i+j. (4.4)
By fixing i and x € N; N A, there exists some X; € L, such that [x - X;| < h < R. Then, by (HC), we deduce that
_ 6,261\ &
e _x:B 2 he
Ifo) = il < Cule =%t < 5(=55—) < 5-

So, sincecj € [a + g, b- g], we deduce that x € LZ and, by the arbitrariness of x, we deduce (4.3). As proved
in Proposition 3.7, the restriction of f to the set LZ can be extended to Nh(Lg) if h is small enough (i.e. k is
large enough) in such a way to remain Holder continuous at scale § with a constant % Cy. So, by identify-
ing f with its extension, we can prove (4.4) by showing that f(N;) n f(N;) = 0 for i # j. If, by contradiction,
f(N;) n f(N;) #+ 0 for some i # j, we get the existence of x; € N; and x;j € N; such that f(x;) = f(x;) and the
existence of X; € L; and X; € L; such that

_ _ R

max(|x; - Xil, |xj = Xxj|) < h < .
Then, by Hélder continuity, max(|f(x;) - cil, If(xj) — ¢j|) < C ghf < g. Then, since f(x;) = f(x;), by the triangu-
lar inequality, we get a contradiction to (4.1). O

A corresponding statement which gives the opposite estimate is the following lemma.

Lemma 4.2. Let A c R andletf : A — R be a function which satisfies (LHC) at scale R with exponent B. Then,
forany a < b € R and for any 0 < § < CLEB, setting h = (%)”ﬁ, we have that for any k € N, if (Ci)1<i<k 1S
a g-net of [a, b], then

k

D INR(Le)| = 1LY, (4.5)

i=1
Proof. SetNj; := Ny(L,) foralli. The thesis follows since, by construction, (N;)1<i<k is a covering of LZ. Indeed,
fixing x € LY, since by assumption h < R, and setting B = B(x, h), by (LHC) we have that wg(f) > C hf = $,
and so f(B(x, h) N A) must contain an interval whose length is at least g. Then, since (cj)1<i<k iS a g-net
of [a, b], there exists y € B such that f(y) = ¢; forsomei € {1, ..., k}. Then, since |x — y| < h, we deduce that
X € Ni. O

The two following propositions are easy consequences of the above lemmas.

Proposition 4.3. Let A c R? and let f : A — R be a function which satisfies (HC) at scale R with exponent .
Leth >0,y < Banda < b € R such that INﬁ(LZ)I < +00. Then there exist an open set V c [a, b] and a positive

constant h < h such that
INr(Lc)|

% <1 forallceV. (4.6)
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Proof. Fixke N, k>1and set § = 2k . We can split the interval [a, b] into 2k + 1 sub-intervals V; c [a, b]
such that the first and last interval V1 and Vi1 havelength |Vy| = [Vogiq| = 5 8 and the remaining 2k — 1 have
length 6. Setting

_ ((Zﬁ -1)8 )%

382CyH
we claim that for every k large enough there exists 7 € {1, ..., k} such that
Np(LP
Lol < Neldall g e e Vyi. (4.7)

Indeed, on the contrary, for all i € {1, ..., k} would exist ¢; € V5; such that |[Nn(L¢,)| > [Ny(L2)|/k, i.e. there
would exist a finite family of levels (c;)1<i<k which, by construction, is contained in [a + g, b - g] and satis-
fies (4.1). Therefore, fozl INn(Le,)| > INR(LE)], but since, for k large enough,

b-a < Cy —B
2k " 2P 12— 1)

5=

and Lemma 4.1 applies, we get a contradiction to (4.2).
Sowe take V = Vy;asin (4.7).Forall c € V,

| h( L))l 3 4Cp 385
Ny(L BINL(LD)| = B=YnY|Np,(LE
INA(Lo)l < <y D WOINALD] = 5 TN,
and so (4.6) follows since the constant 2(:’; zgﬁl hB~Y|N}(LD)|is less than 1 (since § > y and h is small) when k
is large enough. O

Proposition 4.4. Let A c R? and let f: A — R be a function which satisfies (LHC) at scale R with exponent
Bel0,1].Leth >0,y < Banda < b € R such that |L2| > 0. Then there exist an open set V C [a, b] and a pos-

itive constant h < h such that
INn(Lc)

hY
Proof. Fixk e N, k>1andsetd = @. We can split the interval [a, b] into 2k + 1 sub-intervals V; c [a, b]
such that the first and last interval V; and V.1 have length |V1| = |Vyjs1| = 12 and the remaining 2k -
have length g. Setting

>1 forallce V. (4.8)

Ry
=(5¢,)"
we claim that for every k large enough there exists 1 € {1, ..., k} such that
b
INp(Lo)| = |_k| forall ¢ € Vy3. (4.9)

Indeed, on the contrary, for all i € {1, ..., k} would exist ¢; € V»; such that [Ny(L,)| < |L3|/k, i.e. there
would exist a finite family of levels (c;)1<i<x which, by construction, is a g-net of [a, b] and satisfies
Zf-‘zl [Np(Le,)| < ILZI. Since, for k large enough,
3(b _ a) < CLEB,

k
and Lemma 4.2 applies, we get a contradiction to (4.5).

Sowe take V = V,; asin (4.9).Forall c € V,

ZCL ﬁ by _ ZCL
3(b —a)h ILal = 3(b-a)

6:

INn(Le)| = hPYhY|LY|,

and so (4.8) follows since the constant (ZbC_La) hB-Y|L}| is greater than 1 (since § < y and h is small) when k is

large enough. O

Given a measurable set A ¢ R? and a real-valued function f: A — R, we define F: AxR — R by setting
F(x,y) :=f(x) -y for all x € A and y € R. Of course we have that the graph of f is the zero level set of the



DE GRUYTER G. Devillanova and S. Solimini, Irrigation Balls —— 65

function F. We point out that if f satisfies (LHC) (at a low scale), so does F with the same constant C; and the
same scale R. On the other hand, if f is (HC), then F is only (HC) (with the same exponent f8) at a low scale for
any R > 0 with a different constant Cy. Finally, note that, if f is measurable, the level sets of the function F
can easily be estimated as

ILZI =(b-a)|A|l foralla<b eR. (4.10)

For a general f just one of the two inequalities holds and only the lower bound to |L2| given by (4.10) can be
applied.

Theorem 4.5. Let A c R? be a measurable set such that |Ns(A)| < +oo for some s > 0. Let f : A — R be Holder
continuous with exponent 8. Then
dimps(graphf) <d +1 - B. (4.11)

Proof. Fix k € N suitably large and let {-1 < ¢1 < -+ < €241 < 1} be a partition of the interval [-1, 1] such

that ¢; + 1 =1 - Cos1 = 57 and ciyq — ¢; = 557 foralli € {1,..., 2k}. Then fix a real number R > 0 such

2k+1 _t —
that the function F is (HC) at scale R for some constant Cy. We can apply Lemma 4.1 to the function F (with

d replaced by d + 1) by taking a = -1, b = 1 and k large enough to get that 6 := -2~ < ﬁHﬁﬁ. Then set

2k+1
h-(-2-).
2Cy
By a translation in the y-variable of F we easily see that the value of [Ny (L,)| is the same for all indexes i, so
(4.2)and (4.10) give [Ny(Lc,)| < 525 INn(L1))] = 727 INa(A)[foralli € {1, ..., 2k + 1}. Since, by construction
Cr+1 = 0, we get that

2
2k +1

INR(L1)| = INK(A)| < 4Cy|NR(A)|RP

1
N h
|Nn(graph f)| < T
since PN L
h= — ’ = - = ﬁ’
(ZCH> (2(2k+ 1)CH)

and so 52— = 2CyhP. The values assumed by h for k varying in N are dense enough to estimate the limit for

2k+1
h — 0. So we get an upper bound on the Minkowski content (see [15, Section 5.5])
. INn(graphf)l = 1 =
s . _
M (graphf) := hlir{)l+ T pdiis < 2Cg|INp(L2))| = 4CH|Np(A)]
when the dimension s equals d + 1 — . O

Theorem 4.6. Let A c RY be a measurable set such that |A| > 0. Letf: A > R satisfy the lower Holder condi-
tion with exponent 3. Then
dim,,(graphf) > d+1 - . (4.12)

Proof. The proof follows the same argument already used to prove Theorem 4.5 by applying Lemma 4.2
instead of Lemma 4.1 and using (4.10) as a lower bound. O

By combining (4.12) with (4.11), we get the following result.

Corollary 4.7. The graph of any function defined on a measurable set A C R9 such that |A| > 0 and |[Ns(A)| < +0o
for some s > 0, which satisfies (HC) and (LHC) with the same exponent B, has a Minkowski dimension equal to
d+1-p.

We introduce some notation. Fixing h > 0 and y € R, we set
S™(y, h) := {c € f(A) | there exists h < h such that |[Ny(L¢)| < h'},
S*(y, h) := {c € f(A) | there exists h < h such that |[Ny(L¢)| > h'},
and state the following conditions on the measure of the sets |L2| related to f:

foralla, b € f(A), a < b, there exists s > 0 such that INS(LZ)I < +00, (M)
forall a, b € f(A), a < b, we have |L§| > 0. (M*)
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Remark 4.8. Note that conditions (M~) and (M*) are trivially satisfied when A is bounded or, respectively,
A is an open connected set and f is a continuous function.

Propositions 4.3 and 4.4 respectively guarantee that, if condition (M*) is satisfied and +y > +f, the inner part
of the set S*(y, h) is dense in f(A). So, setting SEY) = o ST h), we get, by the Baire Theorem, that both
S*(y) are dense Gs-sets if conditions (M*) are both satisfied. Obviously, by construction, if ¢ € S™(y), then
dim,,(Lc) < d - y, while if ¢ € S*(y), then dimy/(L¢) > d - y.
Finally, the sets
$t:= () S*)

+y>+f
yeQ

are dense Gg-sets if conditions (M*) are true.

Theorem 4.9. Let A c R and let f : A — R be a real-valued function defined on A which satisfies (HC) with
exponent B. Then, if condition (M~) holds true, there exists a dense Gs-set 8 C f(A) such that

dim, (L) <d-p forallc € 8. (4.13)

Proof. Just take as S in (4.13) the set §™. O

Theorem 4.10. Let A c R4 and let f : A — R be a real-valued function defined on A which satisfies (LHC) (at
a low scale) with exponent B. Then, if condition (M*) holds true, there exists a dense Gs-set 8 C f(A) such that

dimy(Le) > d - B forallc€S. (4.14)

Proof. Just take as S in (4.14) the set 8§*. O

Finally, by combining Theorem 4.9 with Theorem 4.10, we get the following corollary which states a topo-
logical generic estimate on the Minkowski dimension (when it exists) of the level sets of a function which
satisfies (HC) and (LHC) with the same exponent .

Corollary 4.11. Let A c R be an openset and let f : A — R be a real-valued function defined on A which sat-
isfies (HC) and (LHC) (at a low scale) with exponent B. Then, if both (M*) are true, there exists a dense Ggs-set
8  f(A) such that

dim,(Lc) < d - B < dimy(Lc) forallc € 8.

As a consequence, if ¢ € 8 and there exists dimy(L.), then dimy(L¢) = d - B.

Proof. Just take 8§ = 8§~ n 8", which is still a dense Gs-set, and combine (4.13) with (4.14). O

5 Conclusions

To the aim to apply to the irrigation ball B and to its landscape function Z the results in the previous sec-
tion, we need to preliminarily establish property (LHC), and therefore to prove the assumptions needed in
Section 3.

By [18, Theorem 3.7], the landscape function Z satisfies (HC) with exponent 8 = 1 + d(a — 1). Moreover,
since iy is the restriction of the Lebesgue measure to the irrigation ball B, we have that Z satisfies (UAR)
globally and the inner (LAR) on B (with the same constants C4 and c,). So, B satisfies (A2) and, trivially, (A1).
Condition (A4) follows from (2.5) with Cz = b;ﬁ 1

Lemma 5.1. The irrigation ball B satisfies condition (A3').

Proof. Fixx € B.Since Z = R on 0B, we deduce by (HC) that R — Z(x) < Cy dist(x, 0B)?. On the other hand, by
Lemma 3.11, there exists z > x such that Z(x) < Z(z) - Cy€(x)? < R - Cpp(x). By combining the two inequal-
ities above, we get Cy€(x)? < Cy dist(x, 9B)#, and so the thesis follows with C}; = (CyC;;)/5. O



DE GRUYTER G. Devillanova and S. Solimini, Irrigation Balls —— 67

By Proposition 3.10, Z also satisfies (A3). So, by Proposition 3.9, Z satisfies (LHC) on B. Since the irrigation
sub-spheres are level sets of Z, the main results of this paper (stated in Section 2) follow from Section 4.

Proof of Proposition 2.2. We prove that any 8, does not contain Lebesgue points. Let x € §, and B = B(x, r)
with r < R. By Proposition 3.9 we deduce the existence of a point x € B such that |Z(x) - Z(x)| > C 8. Then,
setting ' := (ZCTLH)”ﬁr (which is of the same order as r), we have B(x, r') n 8p = 0. O

Proof of Proposition 2.4. The inclusion 0B, c 8, is trivial. On the other hand, fixing x € §,, we shall prove
that for all (small) 6§ > O such that |x — xo| > § in the Euclidean ball Bs(x) there exists a point y such that
Z(y) < p,ie.y € By. Indeed, fixing 0 < £ < §, we get a point x € Dy n B.(x), and since xo ¢ Bs(x), we can fix
a point y which precedes x in the flow order such that y € 0Bs(x). Obviously, we have that £(y, x) > § — €, and
so we get, by (3.4), Z(x) - Z(y) = |B|* e(y, x) = |B|* (e — 6). Therefore, since Z satisfies (HC),

Z(y) < Z(y) — Z(X) + 05CB(xo¢) Z + |Z(X0)| < p + CyeP — |B|*"1(6 - ¢).
So, by letting € go to zero, we have Z(y) < p. O
Proof of Theorem 2.5. Given p € [0, R] and 6 > 0, setting h = (C%)l/ﬁ, we deduce that
INR(Lo)| < ILEFS).

On the other hand, by Definition 2.6, we have that ILEtgl = m(c + 6) — m(c - 6). Then, since hlﬂ = CT”, we
deduce that
(5.1)

INn(LAl _ - [m(c +8) —m(c) m(c)-m(c-5)
o - 5 8 '

Since the function m is monotone, by the Lebesgue theorem on differentiability of monotone functions

(see [11]), for a.e. ¢ the following upper Dini derivative is finite:

m(c + a) - m(c)

Dm(c) := limsup
UHO‘F 0

So, we deduce by (5.1) that for a.e. c,

lim sup < 2CyDm(c) < +00,

h—0

INk(Le)
hB

and therefore that di_mM(Sp) =dimy(L,) < d - B. O

Finally, since Z is continuous on B, which is a bounded open connected set, both conditions (M*) are sat-
isfied (see Remark 4.8). Then Theorem 2.6 and Theorem 2.8 respectively follow from Corollary 4.11 and
Corollary 4.7 applied to the landscape function Z.
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