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MULTIFRACTAL PHENOMENA AND PACKING DIMENSION

FREDERIC BAYART, YANICK HEURTEAUX

ABSTRACT. We undertake a general study of multifractal phenomena for functions. We
show that the existence of several kinds of multifractal functions can be easily deduced
from an abstract statement, leading to new results. This general approach does not work
for Fourier or Dirichlet series. Using careful constructions, we extend our results to these
cases.

1. INTRODUCTION

The starting points of this paper are the following three results on the multifractal prop-
erties of some classes of functions.

» Multifractal Hélder regularity of functions in Besov spaces. Let f : R¢ — R?
be locally bounded. We say that f is Holderian with exponent a at 2y (and we write
f € C*(xp)) if there exists C, R > 0 and a polynomial P of degree less than a such that

(1) 1£(2) = P@)ll g (pagryy <7 Vr € (0. R,

We define the lower pointwise Holder exponent A~ (xg) of f at xo as the supremum of the
nonnegative real numbers a > 0 such that f € C*(xo) and the level sets Egy (h, f) and
Egr(h, f) (HR as Holder regularity) :

gﬁR(h‘a f) =

EﬁR(ha f) =

ze0,1)% h(z) < h}
h}.

Let now s > 0, p > 1 and consider the Besov space B3 ([0, 1]%) with s —d/p > 0. For any
function f € By ([0, 1]%) and for almost all = € [0,1]¢, f is Holderian with exponent « at
x for any a < s; however, it can happen that the regularity of f at some point zq is worst
but it cannot be too bad since f always belong to C5~4/P (xg). The following theorem was
obtained by Stéphane Jaffard in [12].

{
{

ze0,1)% h(x)

Theorem A.
(i) For all functions f € By ,([0,1]%) and all h € [s — d/p, s],

dimy (Egg(h, f)) < d+ (h— s)p.
(ii) For quasi-all functions f € BS ([0,1]%), for all h € [s — d/p, s],
dimy (Egg(h, f)) =d+ (h — s)p.

Date: September 30, 2016.
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The terminology quasi-all used here is relative to the Baire category theorem. It means
that this property is shared by a residual set of functions in B, ([0, 1]9).  Moreover,
dimy (F) means the Hausdorff dimension of E.

» Multifractal divergence of Fourier series. Let f € LP(T), p > 1, where T = R/Z
is the unit circle, and let (S, f), be the sequence of the partial sums of its Fourier series.
Carleson’s Theorem says that the sequence (S, f(z)), is bounded for almost every x € T
and indeed is almost surely convergent to f(x); however, it can happen that it is unbounded
but not too badly: S, f(x) is always dominated by n'/?. This motivates to introduce the
lower divergence index Bp¢(xo) (F'S as Fourier Series) at 29 € T as the infimum of the real
numbers 3 such that S, f(zo) = O(n®) and for B > 0, the level sets

Eps(Bif) = {z €T Brg(z) > B}
Eps(B,f) = {x€T; Brg(z) =P}
= {a: eT; limsupM = ,6’}
n—+00 logn

The following theorem summarizes results from [1, 3, 5]:

Theorem B. Letp > 1.
(i) For all functions f € LP(T) and all 8 € [0,1/p],

dimy (Egg(B, f)) <1 Bp.
(ii) For quasi-all functions f € LP(T), for all B € [0,1/p],

dimy, (Egg(8, 1)) = 1 Bp.

» Multifractal radial behavior of harmonic functions. Let S; (resp. Bgt+1) be the
euclidean unit sphere (resp. unit ball) in R and let do be the normalized Lebesgue
measure on Sy. If f € L1(S,), the Poisson integral P[f] of f is the harmonic function
defined on By, by
Plf](z) = ; P(x, ) f(§)do(€)
d

where P(z,§) = ”i:!ﬂil is the Poisson kernel. By Fatou’s theorem, (P[f](rz))re(0,1)
converges as r — 1 for a.e. * € §;. However, it can happen that it is unbounded but
not too badly: P[f](rz) is always dominated by (1 —r)~¢. This leads us to introduce the
lower divergence index fyp(zo) (HF as Harmonic Functions) at z9 € Sy as the infimum
of the real numbers 3 such that P[f](rz¢) = O((1 —r)~?) and for 8 > 0, the level sets

Eqr(B, ) = {z €8s Byp(z) > B}
Ege(B,f) = {z €8s Bup(z) =B}

_  Jim sup 28 PUI02)]
= {xGSd, hrfj}lp “log(1—1) —5}.

The following theorem was proved in [4]:
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Theorem C.
(i) For all functions f € L*(Sy) and all B € [0,d),

dimy (Egp(B, f)) < d - B.
(ii) For quasi-all functions f € LY(Sy), for all B € [0,d],

dimy (Eqp(8, f)) = d— 8.

» These three theorems share many similarities. This is clear if we look at their statement.
This is also true if we look at their proofs: in each case, we begin by proving (i) using a
certain type of maximal inequality, then we build a saturating function verifying (ii) and
finally we deduce residuality. Nevertheless, the technical details are rather different and
involve arguments which seem very specific to the situation. Our first objective in this
paper is to device a general framework to perform this process. We introduce multifractal
analysis of sequences indexed by dyadic cubes. Such a framework already appeared in the
literature (see for instance [14]) but only to bound the Hausdorff dimension of level sets
and not to construct multifractal functions. Our results will allow us to get new examples
of multifractal phenomena (for instance, regarding the divergence of wavelet expansions)
and in particular to obtain in a unified way Theorem A and C. It turns out that Theorem
B does not fall into this general framework (although the level sets Epg(f, f) may also
be expressed using a sequence indexed by dyadic cubes). The main reason for that it the
nonpositivity of the Dirichlet kernel. Thus, Theorem B requires supplementary arguments.
Our second aim is to investigate the existence of multifractal functions when we replace
the lower divergence index by the upper divergence index. Namely, for the Fourier series
case, define Big(zo) as the supremum of the real numbers 8 such that n® = O(S, f(z))
and for § > 0, the level sets

Eps(Bf) = {z €T fpgla) > B} = {m €T, limimfM > ﬁ}

n—+00 logn

Bis(8,f) = {eeT; fga) = 8} = {x e T; limng 215/ ()] _ 5}

+o0 logn

Eps(B,f) = {z€T; Bis(z) = fpg(a) = B} = {fc €T; lim log|Sn /()] _ 5}‘

n—+00 logn

It turns out that, when we investigate the size of EI}FS(B, f), the pertinent notion is the
packing dimension which is denoted by dimp. We shall prove the following result.

Theorem 1.1. Let p > 1.
(i) For all functions f € LP(T) and all 5 € [0,1/p],

dimp (E85(8, £)) <1 - Bp.
(ii) There exists a function f € LP(T) such that, for all 5 € [0,1/p],
dimy, (Ers(8, f)) = dimp (Ers(8, f)) =1 — Bp.
In particular, dimp (E;S(ﬁ, f)) =1-pp.
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We have a similar statement for the radial behavior of harmonic functions. Here, the
upper divergence index BEF(xo) is defined as the supremum of the real numbers § such
that (1 —r)™% = O(P[f](rzo)) and for 3 > 0, the level sets are

.. . log|P
Ew(8.)) = {zes% Bﬁp(x)z,@}z{xeé’d; lﬁglfgw
[f1(rz)

Eip(8.f) = {ﬂs e St Bip () = ,6’} = {x e 8% liminf

n—+oo — log

—~
—
|
=
~—

Eur(B,f) = {z€8% Bip(x) = Byp(z) =B} = {1: e S%  lim

The analogue of Theorem C for the upper divergence index reads as follows.

Theorem 1.2.
(i) For all functions f € L*(S%) and all B € [0,d],

dimp (Ep(8, f)) < d - B.

(ii) There exists a nonnegative function f € L*(S%) such that, for all 8 € [0, d],

In particular, dimp (EEF(B, f)) =d- 0.

As suggested above, Theorem 1.2 will follow from our general framework as this will be
the case for several other examples (like Holder regularity or wavelet expansions). In
comparison, the proof of Theorem 1.1 is much more difficult.

Let us point out that the property required in part (ii) of Theorem 1.1 or 1.2 is considerably
stronger than the one needed in part (ii) of Theorem B or C. In particular, we will explain
why there is no hope that the functions constructed in Theorem 1.1 or 1.2 form a residual
subset of the ambient space.

The paper is organized as follows. In Section 2, we introduce our general framework
and give the version of our main theorems in this context. Section 3 is devoted to its
applications in three different contexts: harmonic functions, Holder regularity and wavelet
expansions. In Section 4, we prove Theorem 1.1 using partly the general framework, and
partly a very careful construction. Finally, in Section 5, we perform a multifractal analysis
of the divergence of Dirichlet series.

We end up this introduction by some words on notations. We use classical notations and
results for the different notions of dimensions we introduce. All the relative informations
may be found in [9]. We will use the notation f(z) < g(x) when there is some constant
C > 0 such that |f(z)] < C|g(x)| for all (appropriate) z. If both f(zr) < g(z) and
g(x) < f(x) hold, we will write f(x) =< g(x). If I is a cube, then cI, ¢ > 0, will mean the
cube with the same center and length multiplied by c.
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2. THE GENERAL FRAMEWORK

The general framework our paper is based on is inspired by that exposed in [14]. We start
with a compact set K C RV, N > 1 and d > 0. We assume that, for each j > 1, there
exists a family A; of subsets of K such that

e for any A € Aj, there exists z) € K such that B(zy,c-277) C A C B(zy,C -277)
(the constants ¢ and C' do not depend on j and \);

o forany A pueAj, \Nnpu=0;

b U/\GA]‘ A = K’

e card(A;) < 274,

With these assumptions at hand, it is clear that dimy(K) = dimp(K) = d and that we
may compute the dimension (either box, or Hausdorff, or packing) of any subset of K
using coverings or packings with elements of A = ;Aj. In most cases, K will be equal
to [0,1]% and A; will be the sequence of dyadic cubes of the j-th generation. The other
example we will consider is K = Sy. It is easy to figure out what can be the sequence A
in that case (see for example [4]). For convenience, we will call later (A)xea; the family
of dyadic cubes of the j-th generation and |\| will denote the diameter of \. We will also
assume that there exists in K an increasing family (Fi)qe(0,q) of subsets of K such that,
for any o € (0,d), dimp(F,) = dimy(F,) = a and moreover H*(F,) > 0. Again this is
true if K = [0,1]% or K = S%. If we omit the condition on the packing dimension, which
is not necessary for the forthcoming Theorem 2.9, all compact subsets of R have this
property (see [2, Theorem 3.1]).

Let now X C Y be two closed cones in a Banach space, namely f+¢g € X and ¢f € X for
any f,g € X and any ¢ > 0. The usual norm in Y will be denoted by ||-||. We assume that
for all A € A, we have a continuous map f € Y + ey (f). We shall impose later conditions
on these maps. Observe that, for any x € K and any j > 0, there exists a unique A € A;
such that € \. We will denote it by I;(x). We shall also denote by e;(f,x), or by e;(x)
when there is no ambiguity, the value of e)(f).

Definition 2.1. Let f €Y, 29 € K and a > 0.

(i) We say that f € C%(xg) if there exists C' > 0 such that, for any j large enough,
lej(f,z0)| < C-27%. The lower index of f at zg is then

h(f,w0) =sup{a>0; f€Cwxo)}
with the usual convention sup (§)) = —oo.
(ii) We say that f € Z%(xg) if there exists C' > 0 such that, for any j large enough,
lej(f,m0)| > C -27%. The upper index of f at z¢ is then

W (f,z0) = inf {a > 0; f € I%(xo)}

with the usual convention inf () = +oo.
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Our first result is a bound on the dimension of the sublevel sets related to these indexes
under mild conditions on (ey). Let us introduce the following notation:

Flaf) = {zeK; h(fz)<a}
Ff,f) = {ze€K; h'(f,z)<a}.

Proposition 2.2. Let f € Y. Assume that there exist p > 1 and C > 0 such that, for
any j > 0, Sren. lex(F)P < C. Then for any a € [0,d/p),

dimyg (]-"_(a,f)) <pa and dimp (.7-"+(0<,f)) < pa.

Proof. The result on Hausdorff dimension is already contained in [14, Theorem 5]. Let us
recall the argument, in order to be self-contained. Let n > 0, ¢ > 0 and z € F~ (o, f).
We can find j > n such that

(2) lej(f,2)| = 27700F) = | L)+

We can then find a covering R of F~(«, f) constituted of dyadic cubes of generation
greater than n and satisfying (2). We have

D IER « N "2 N e (P < 1

IeER ji>n AEA;

and we can easily conclude that

dimy (F~ (e, f)) < pla+2e) .
The same paper [14] also states a result for the dimension of F*(«, f), but it is not about
the dimension we are interested in (in [14], the lower packing dimension is considered
whereas we are concerned with the usual packing dimension) and the condition made on
(ey) is different. Thus let us prove the statement about dimp (F*(a, f)). Let & > 0 and let
z € FT(a, f). Then there exists j; > 1 such that, for any j > j,, [I;(z)]|* < |e;(f, z)|.
Let

Fiola, f)={z e F(a, f); Vi > 1, [L;(@)|*T° <lej(f,2)|},
so that
r] LJ ﬁUn @, f
n>11>1

By a classical property of the packing dimension (see [9, Proposition 3.6]), it is sufficient
to prove that for any [ > 0 and any ¢ > 0, dimp (]-7;(04, f)) <pla+e). For j > 1, let T
be the set of dyadic cubes of the j-th generation meeting .7-7'6(04, f). Then for any A € I';,

I < Je(f)] so that
Z || (eter < Z lex(f)P < C.
A€l AEA;

Hence, the cardinal number of I'; is dominated by 27P(2+€) which yields the result. ]

We now introduce the general framework required to obtain the existence of at least one
multifractal function in a strong sense. Let us introduce, for a > 0, the level sets

]7017f):= {QTEEI(; h_(f7 )__ h+ f: '_'a}
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Theorem 2.3. Assume that there exists p > 1 and a constant C > 0 such that

. 1/p
(GF1): Forany f €Y, for any j > 0, (Lyen, lex(HP) " < CIIfI;

(GF2): For any j > 0, for any (ax)en,, there exists f € X such that

1/p
o £ < C(Laen, laal?)
o VA€ A, ex(f) = glanl;
(GF3): For any f,g € X, for any A € A, for any c € Ry,

ex(cf) = cex(f)

ex(f +g) > max (ex(f), ex(g))-
Then there ezists f € X such that, for all o € [0,d/p],

dimp (F(e, f)) = dimy (F(e, f)) = pa.

Remark 2.4. In particular, if we introduce

Fra, f) = {J: €K; ht(f,z)= a},
we have for any « € [0,d/p],
(3) dimp (F+(a, f)) = pa.

This can be compared with the generic result obtained in Theorem 2.9. Nevertheless, as
it will be seen in Proposition 3.2, we cannot hope (3) to be true for quasi-all functions in
Y, even for a single « € (0,d/p).

Before to proceed with the proof, let us comment these three assumptions. Assumption
(GF1), which comes from Proposition 2.2, is useful to bound the dimension of the level
sets. Observe also that it implies the following simple formulas

_ .. loglei(f, )] ) log|e;(f,x)|
h =1 f—=d2 d hnt =1 L
(f,z) jlmﬁn Tlogo an (f,x) ;ranrup Togd
In particular,
: log |e; (f, z)|
F = K; 1 = .
(o, f) {x €K ; lim g2 «

Assumption (GF2) says that we can saturate the condition given by (GF1), whereas the
last assumption (GF3) is a property of regularity which is useful to add the singularities.
Observe that it is satisfied when all maps f + ex(f) are linear functionals and if X is
the “positive” cone {f € Y ; ex(f) >0, YA € A}, which will be the case of several of our
examples.

The proof of Theorem 2.3 is divided into a series of lemma, in which we will construct

functions with stronger and stronger properties.

Lemma 2.5. Let a > 0 and G C K be such that dimp(G) < pa. Then there exists f € X
satisfying h*(f,z) < a for any x € G.
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Proof. Provided j is large enough (say j > jo), G can be covered by at most 2/P disjoint
dyadic cubes in Aj. We denote by I'; the set of these cubes. We then set
o — 279* if A e T,
A7 0 otherwise
so that Z)\erj lax|P < 1. By (GF2), we get a function f; € X and it is enough to set
f= Zj>]~0 j72f; since, for any x € G and any j > jo,

ej(fix) > i %e;(fj @) > 72277
[

Remark 2.6. If we use the inequality card(A;) < 27¢ and if we define a) = 2774/P when
A € A, we can also construct in the same way a function f € X satisfying h™(f,x) < d/p
for any x € K. This will be useful in the proof of Theorem 2.3.

Lemma 2.7. Let a € (0,d/p) and F' C K be such that dimp(F') = pa. Then there exists
f € X satisfying h* (f,z) <« for any x € F.

Proof. Let (oq) be a sequence decreasing to o. Then there exists a sequence (G,,) of
subsets of K such that F' C (,U, Gi.» and dimp (Gl,u) < pay for all I, u. For each [, u,
Lemma 2.5 gives us a function f;, which we may assume to be normalized. We then set
f= Zl,u 2*(l+“)flyu and we pick € F'. Then, for any [ > 1, there exists u > 1 such that
x € Gy, so that, for any j > 1,
ej(fa x) > 2_(l+U)ej(fl,u7 ':U)
Letting j to 400 (independently of [ and u), we get
jotoo —Jjlog2 jotoo  —Jlog2

Since this is true for any [ > 1, this yields the result of Lemma 2.7. O

SOél.

Proof of Theorem 2.3. Let (Fo)ae(0,4/p) be an increasing family of subsets of K such that,
for any a € (0,d/p), dimp(F,) = dimy(F,) = pa and moreover HP*(F,) > 0 (see the
hypothesis made on K at the beginning of the section). Let Fjy/, = K and let (ag)i>1
be a dense sequence in (0,d/p] containing d/p. For any k > 1, Lemma 2.7 (or Remark
2.6) yields the existence of a function fj associated to Fy, which we may assume to be
normalized. We set f = > <, k™ 2fx and we consider a € (0,d/p] and x € F,. If k > 1
and j > 1, we have -
ej(f, ) > k7%¢j(fr, ).
In particular, if aj, > «, x € F,, and we get

loge;(f,z) _

lim sup < ag.

jotoo  —Jjlog2
Since the sequence (ay)k>1 is dense and contains d/p, we thus deduce that F,, C F*(«, f)
for all @ € (0,d/p] and HP*(F*(a, f)) > 0. Observe now that Ft(«, f) C F(a, f) U
Upg<a F (B, f). Proposition 2.2 ensures that HP“ (Uﬁ<a F=(B, f)) = 0 and we get
HP*(F(a, f)) > 0 which is sufficient to conclude when o > 0.
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Les us finally remark that the equality dimp (F (0, f)) = dimy (F (0, f)) = 0 is a conse-
quence of Proposition 2.2. O

Remark 2.8. We can slightly relax the assumptions (GF1) and (GF2). In (GF1), it
1/
is sufficient that (Z,\eAj |e)\(f)|q> T« I f|l for all ¢ > p and in (GF2), it is sufficient

1/r
that, for any r < p, we can construct a function f satisfying || f|| < (ZAeAj ‘aA‘T> .

We now discuss the residuality of multifractal functions. This will only happen if we look
at the lower index. We shall denote, for o > 0,

F(a,f)={z € K; h™(f,z) = a}.

We need to add two supplementary conditions on the sequences (ex(f))aea. The first one
is relative to the topological properties of these sequences, which is not surprising since we
want a topological statement. Roughly speaking, (GF4) says that the cone Y contains a
dense part D made with "regular functions”. In particular, it is satisfied if Y contains a
dense part of fonctions f satisfying |ex(f)] < C277%? for any j and any A € A;. Condition
(GF5) is another property of regularity, which is again satisfied if each map f — ex(f) is
a linear functional. Moreover, we assume that Y is separable.

Theorem 2.9. Let p > 1 and assume that (GF1), (GF2), (GF3) and the following
properties are satisfied:

(GF4): Y is separable and there exists D C'Y dense such that, for any f € D,

. . Sup)\GAJ‘ log |e)\(f)|
lim inf -
j—r+o0 —jlog2

(GF5): Forany A€ A and any f,g €Y, lex(f+ )| > lex(f)| — lex(g)|.
Then there exists a residual set R C'Y such that, for any f € R and any « € [0,d/p],
dimyg (F_(a,f)) = pa.

As for Theorem 2.3, this statement will be a consequence of the following proposition,
which constructs a residual set for a fixed level.

d
>
p

Proposition 2.10. Under the assumptions of Theorem 2.9, let o« € (0,d/p] and E be a
subset of K such that HP*(E) < +oo. There exists a residual set Rg C'Y such that, for
any g € Rg and any x € E, h™ (g,z) < .

Proof. Without less of generality, we may assume that HP*(E) < 1. For any n > 1, one
can find a finite set B,, of dyadic cubes of generation greater than n, covering F, and such
that > \cp [A[PY < 1. We denote by B, ; the dyadic cubes of generation j which are
elements of B,,. Let also J, > n such that By, ; is empty provided j ¢ [n, J,]. For a fixed
n > 1 and a fixed j € {n,...,J,}, we may construct a function f,; € X such that, for
any A € By, j, ex(fn,j) > 277 and

I fnsllP < > 277" < 1
/\EBnJ‘
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We then set f = > -, Zjln n~2j=2f,; which belongs to X. Observe that if A € B, ;,
then ey (f) > j~*277%. Using (GF4) and the separability of Y, we can introduce a dense
sequence (f7);>1 C Y such that
1.
lex(fi)] < 27.52 «

for all dyadic cubes A € A;, j sufficiently large. We set g; = f; + % f so that the sequence
(91)i>1 keeps being dense in Y. Let now m > 1 and [ > 1 be fixed and let us set
N, = max(m,l). For any A € By, , of the j-th generation, we have

1
ex(gr) = 76A(f) —ex(f1)
1 . 1 .
> 27— —27J@
— lj4 2j5
I e
> —=277% ifj>1.

2;5°

By continuity of the maps g — e)(g) and because B N, 1s finite, there exists d,,,; > 0 such

that, for all A € By, ,, for all g € Y with [[g — gi|| < 8, then
1.
e,\(g) Z @2 ]a.
We finally set Rp = ﬂm21 Ul21 By (g1, 0m,1) which is a residual subset of ¥ and let us
consider g € Rg. For any m > 1, there exists [ > 1 such that ||g — g/|| < 6. Let now

z € E. Then z belongs to Jycp, A, so that there exists j > m satisfying [e;(g,z)[ >
m,l

129772 which concludes the proof. U

4j

Remark 2.11. To prove Proposition 2.10, we do not need really (GF4). It suffices that
there exists a dense set D C X such that, for all f € D,

.. . supyey, loglex(f)]
lim inf - > o
j—+o0 —jlog2

Proof of Theorem 2.9. We argue as for Theorem 2.3. Let (Fa)ac(o,4/p be an increas-
ing family of subsets of K such that dimy(F,) = pa and 0 < HP*(F,) < +oo. Let
(o) be a dense sequence in (0,d/p| containing d/p and let us consider the residual set
R =t RrF,,. Forany f € R, any a € (0,d/p] and any x € F,, we easily get that

liminfj_>+oo% < « so that F, C F~(a, f) and HP* (F (a, f)) > 0. Writing
F (o, f) = F~(a, f)UUgq F~ (B, f) and using Proposition 2.2, we get HP*(F~(a, f)) >

0. U

Remark 2.12. A remarkable feature of both the proofs of Theorems 2.3 and 2.9 is that
they do not involve a particular increasing family of sets (F) satisfying dim(F,) = pa.
In particular, the construction does not depend on the notion of well-approximable real
numbers. In that sense, it is simpler than the previous constructions done in [3, 5, 12].

Remark 2.13. The interest of having two cones X and Y becomes clearer after the proof
of Proposition 2.10. It is sometimes easier to build a saturating function in a cone (think
again at the positive cone) and then to deduce residuality in the ambient space.
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3. APPLICATIONS

3.1. Harmonic functions. We shall now prove that Theorem C and Theorem 1.2 on
harmonic functions follow directly from our general framework. The key point is to obtain
a dyadic version of radial limits. As a consequence of Harnack inequality, it will be easy
to obtain for non-negative functions. Recall that do is the normalized Lebesgue measure
on Sd.

Lemma 3.1. Let f € L'(Sy), f >0, 2 € S and j > 0. Then for anyr € [1 —2779,1—
2*(j+1)]7

P(f)(rz) = 24 / PII((1 - 279)€)do (£).

£€l;(2)

Proof. This follows from Harnack inequality, which implies that there exist two constants
¢,C > 0 such that, for any f € LY(Sy), f > 0, for any o € Sy, for any j > 0, for any
rel-277,1- 2_(j+1)], for any & € I;(x),

cP[f]((1 =277)¢) < P[f](rz) < CPIf]((1 - 27)¢).

Observe indeed that the distance from (1 — 277)¢ to rx is dominated by the distance of
rx to the boundary of Bgy1. O

This lemma leads us to define, for any f € L*(S,), for any j > 0 and any A € A;,

ex(f) = /A PIAI((1 — 279)¢)do(€)

and to consider X =Y = {f € LY(Sy); f > 0}. With these notations, Lemma 3.1 yields,
for any f € X and any x € Sy,

r—0  —log(l—r) j—+oo  —7jlog2
=0 —log(l—7) jotoo  —Jjlog2

Therefore, using the notations of the introduction and that of Section 2, we have

Ep(B, f)=Fr(d—B,f) and Eur(B,f)=F(d- B, f).

Here, p = 1 and we have to prove that the sequence (ey)xca satisfies the assumptions of
the general framework. For (GF3) and (GF5), this is trival. For (GF1), we just observe
that, for any j > 0 and any f € L'(S,), f >0,

S Jea(f)] = / PIA((1— 279)¢)do(€) < |If ]
AEA; Sa

since the Poisson kernel is a contraction on L'(Sy). To prove (GF2), it suffices to set, for
any j > 0 and any sequence (ax)xea;,

f = Z de]a)\]b\.

)\GA]'
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It follows easily from Lemma 4 in [4] that, for any A € A,

eA(f)_/)\P[f]((l_Zj)é)da'(f) Z/A2jd|aA\P[1A]((1—2j)é)da(f) > |ay]-

Finally, (GF4) is clear if we choose for D the set of nonnegative continuous functions on
Sg. For these functions, |ex(f)| < C2779|| f||lw if A € A;.

Thus we may apply Theorem 2.3 and Theorem 2.9 to get Theorem C and Theorem 1.2,
except that we control the dimension of the level sets only for nonnegative functions and
that we have obtained residuality for nonnegative functions and not in L'(S;) (here X =Y
and indeed the behavior of e)(f) characterizes the radial behaviour only for nonnegative
functions). The first problem is easily tackled by observing that |P[f](rz)| < P[|f|](rx)
so that E5(8, f) C Exx(B, | f]) and conclusion (i) of Theorem C and Theorem 1.2 remains
true for any function f € L'(S%). To obtain conclusion (ii) of Theorem C, we need to
modify slightly the proof of Proposition 2.10. We take for D the set of continuous functions
on Sy, and the proof will work almost words for words if we observe that

Plal(rz) > 1 PI)(ra) — Plfi(ra)

and that we may apply Lemma 3.1 to f which belongs to X.

We now include the example showing that we cannot expect to have residuality in Theorem
2.3. The obstruction is very strong.

Proposition 3.2. Quasi-all functions f € L'(Sq) satisfy B p(x) <0 for all x € S,.

Proof. Let ¢ > 0 and p € (0,1). We consider

1
U, p) = {f € L(Sa); Vo € Sz, 3r € (p,1), |P[f](rz)| < (1—7*)5}
and we claim that U(e, p) is a dense open set. Indeed, it contains all continuous func-
tions. Moreover, pick any f € U(e,p). For any = € Sy, there exists r, € (p,1) such
that |P[f](rpz)| < m By continuity of (g,y) — Plg](rzy), there exists an open

neighbourhood O, of x in S; and a neighbourhood V, of f in L'(S;) such that

1
(1—rg)e

By compactness, Sy is covered by a finite number of open sets Oy, says Oy, ..., Oy,. Then
Ve, N--- NV, is a neighbourhood of f contained in U(e, p). We now pick a sequence ()
going to zero and a sequence (p;) going to 1 and observe that any function f in the residual

set (N, U(ek, pr) satisfies liminf, % <0and () <0. forallz €Sy, O

Vg € Ve, Yy € Oy, |Plg](r2y)] <

This proof can be easily adapted to the other examples of this paper. We only need the
existence of a dense set of regular functions and the continuity of (g,y) — Pl[g](ry) for
a fixed value of . We do not formulate a statement in our general context because we
discretize the problem and we lose continuity at the boundary points of the dyadic cubes.
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3.2. Haar expansions. Let A be the set of dyadic intervals of [0,1), ¢ = 1p ;) and
(tu) uen be the standard Haar functions with L>-normalization. Recall that the sequence
made of ¢ and (27/%¢),),en is an orthonormal basis in L2([0,1)). If j > 1, define the j-th
partial sum of the Haar expansion of f by

j—1
F=(fode+> > 220

1=0 peA;
Recall that T;f > 0 if f > 0. As for Fourier series, (7} f(x));>1 converges almost every-
where to f(x) and we have a control of the Hausdorff dimension of the sublevel sets of
divergence. For any (3, define

- : log | T} f(z)|
& L f)=<ze€]0,1); limsup ——L—~"2 > .
HE(B f) { [0,1) ja+oop jlog 2 B
Aubry has shown in [1] that if 5 € [0,1/2], dimy (EﬁE(ﬂ, f)) < 1 —2f and that, given
E C [0,1) with dimy(F) < 1 — 23, there exists f € L?([0,1)) such that, for any x € E,

log | T}
fmsup 2L o
j—+oo Jlog2

Our general framework can be used to go much further. As usual, we also denote

log |T;

Eg(8.1) = {1‘6[0’” gy Og)mﬁ o 5}
B oo 108 | T f (2

Eip(B. 1) = {xé[ovl)’ Mt g2 ]10g2 }
log |T;

Eyp(B, f) = {566[0’1); jglfoo Ogj|log];2 }

Theorem 3.3.
(i) For all B €10,1/2] and all f € L*([0,1)),
dimp (Egg(B, f)) <1 —28;
(ii) There exists a nonnegative function f € L?([0,1)) such that, for all 8 € [0,1/2],
dimy (Bue(3, f)) = dimp (Bae(B, f)) =1 —285;
(iii) For quasi-all functions f € L*([0,1)), for all 3 € [0,1/2],
dimy (Eqgg (8. /) = 1 - 25.

Proof. Let f € L?([0,1)). Recall that T} f is the orthogonal projection on the vector space
generated by (1y)ae A;- In particular, it is well known that 7} f > 0 when f > 0. Moreover,
if j > 1 and X\ € Aj, then Tjf is constant on A\. Thus we may set ex(f) = 2*3'/2ij(33)
where x is any element of A and it is easy to check that

log |T; 1 1 A
lming 01T @1 _ L logles(f o)l
j=teo  jlog2 jotoo  —Jlog?2
log |T; 1 1 .
lim sup M = - _liminf M_

jotoo  Jlog2 2 jotoo  —jlog2
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Therefore, Theorem 3.3 will follow from the results of Section 2 if we are able to prove that
the sequence (e))aca satisfies the assumptions of the general framework with p = 2. We
set X = {f € L%([0,1)); f >0} and Y = L?([0,1)). As before, the verification of (GF3)
and (GF5) are immediate, as soon as we observe that the ey are linear and positive on
X. In order to prove (GF1), we just observe that if A € Aj, |ex(f)]* = [, |Tjf(x )| da: so
that

Dl = IT31115 < 17113

/\EA]'
Property (GF4) is easily obtained by taking for D the set of (finite) linear combination
of elements of the Haar basis, that is the set of fonctions f for which there exists k > 0
such that f is constant on any A € Aj. Indeed, for such a function f, T;f = fif j > k
and

lex(N <2772 T flloe = 279 flloo i A € Ay,

For the property of reconstruction (GF2), we start from j7 > 1 and a finite sequence
(ax)aea,- We then set

f = Z 2j/2|a>\\1,\ e X.
)\EAJ'
Since f is constant on any dyadic cube of the j-th generation, T} f = f and for any A € A;,
ex(f) = |ax|- Moreover,

17112 = Z/rf Pz =3 JasPP = 3 lea(f
)\GA )\EA )\EA
J

3.3. Holder regularity. We now show that Theorem A falls into our general framework
and that we can also obtain results for pointwise anti-Holderian irregularity. We follow the
definitions introduced in [7] and [8]. Let f : R? — R be locally bounded and let xq € R
The finite differences of arbitrary order of f are defined inductively by

Apf(xo) = flzo+h) = f(x), Ay f(wo) = A f(zo+h) — AR f (o).

It is known (see for example [6]) that if & > 0 is not an integer, then f € C%(x¢) if and
only if there exists C, R > 0 such that,

4 sup Agﬁﬂf“ <Cre,  Wre(o,R]
W Jull<r L= (Bg (wo) 01
where Bg(zo,7) = {x; [z; x+ ([o] + 1)u)] C B(zo,r)}. When « is an integer, there is

an extra logarithmic term. However, this is unimportant if we look at the lower pointwise
exponent h~(xp) which could also be defined as the supremum of those a such that (4)
holds.

This motivates the following definition for anti-Holderian irregularity. We say that f €
Z%(zo) if there exists C, R > 0 such that, for any r € (0, R),

sup > Cre.

[[ull<r

Al HLoo (Bg(zo,m))
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The upper pointwise Holder exponent of f at zo , denoted by h™ (), is the infimum of
the real numbers « such that f € Z%(zp). As usual, we introduce the level sets

Era(h, f) = {x € 0,114 ht(z) < h}

Eun(h ) = {ze0,1)% n(2) =h* (@) = h}

The following statement adds informations to the results of Theorem A.

Theorem 3.4.
(i) For all functions f € By ([0,1]%) and all h € [s — d/p, ],

dimp (Bur(h, ) < d+ (h = s)p;
(ii) There eists a function f € By ,([0,1]%) such that, for all h € [s —d/p, s],
dimp (Eur(h, f)) = dimy, (Bur(h, f)) = d + (h — s)p.

Remark 3.5. Observe that point (i) in Theorem 3.4 is weaker than the analogue assertions
in Proposition 2.2, Theorem 1.1 and Theorem 1.2. We are not able to get the stronger

property

dimp (&5 (h, ) = dimp ({z € [0,1)% h*(@) < h}) < d+ (h— s)p
because of the weakness of point (2) in Lemma 3.6. In particular, in this context, h™ (x)
is in general not equal to limsup,_, , logd; (/.x) (see the definition of d;(f,z) below).

—jlog?2

We shall recall very briefly the basics of multiresolution wavelet analysis (for details, see for
instance [18, 19]). For an arbitrary integer N > s, one can construct compactly supported
functions ¢ and (w(i))1§i<2d such that

{o(x—k); keZyu{p®D (D —k);1<i<2) kezl jeZ}

form an orthogonal basis of L?(R?) (we choose the L>-normalization of wavelets). We
also assume that each ¥() has at least N + 1 vanishing moments. Then any function
f € L%([0,1]%) can be decomposed as follows:

241

flz) = +Z Z Zc? (D (2z — k)

Jj=1ke{0,...,20 —1}d =1

241 .
= oo+ 3 3 & (@),
AeA i=1

using the classical identification between the dyadic cube

il )

and the numbers j and k = (kq,...,kq).
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It is well-known that the (global and local) regularity of a function is linked to the behavior
of its wavelet coefficients. More precisely, we will need the notion of wavelet leaders. For
every dyadic cube A € Aj, 7 > 1, one defines the wavelet leader dy by setting

an(f) =sup {Je(f); 1<i <2 w3},
As usual, if X is the unique cube in A; that contains the point z, the coefficient dy(f) will
be also denoted by d;(f,x). The following results were obtained in [7, 8, 13].
Lemma 3.6. Let f € Bj (R?) .
logd;(f,x) .

(1) For any = € [0,1]%, h~(z) = liminf;_, oo = Hogz |
(2) Let z € [0,1]%. If there exists C > 0 such that for any j > 0, d;(f,x) > C279%,
then f € I%x);
(3) For any z € [0,1]¢, h™(x) = h*(x) = h if and only if lim;_, ;o % = h.
a\ .
In order to fit our general framework, we finally define e)(f) = 2(5_5>]d>\( f); we set X
the cone of f € B} ([0,1]?) with nonnegative wavelet coefficients and Y = Bj ([0, 1]%).

Lemma 3.7. The sequence (ex)aen satisfies properties (GF1) to (GF5).

Proof. Let us recall that the B, ([0, 1]9)-norm of f with wavelet coefficients (cg\l)(f)) is

0d_1 a/p\ V9
I, = | S 267797 5 S ()P
§>1 AEA; i=1

Using this formulation of the norm, we easily get (GF1) and (GF2). For (GF1), this
is done for instance in [23]. For (GF2), just define f =3, A ]a,\|w5\1). The verification
of (GF3) is easy (recall that we are working in the cone of functions with nonnegative
wavelet coefficients), whereas we get (GF4) by setting for D the set of functions with
only a finite number of nonzero wavelet coefficients. Finally, for (GF5), observe that for
A€ A, if pC3Xand 1 <i < 2% are such that \c,(f)(f)] =dx(f), then

d\(f +9) 2 1) (f + 9)| = 1) (NI = 1) (9)] = dr(f) = da(g)-
O

Let us now translate the results obtained in the general framework to the language of
Holder regularity. We have two kinds of indexes at our disposal: those coming from the
general framework, which we shall denote by adding an index GF, like hgr(x), and those
coming from the Hoélder exponent. Lemma 3.6 translates into

(1) b (2) = hge() + 5 jj
(2) Rt (x) < hJéF(x) +5— ;j

(3)  Eun(h.f)=F <h— ot ;lf) |

Therefore, Theorems 2.9 and 2.3 exactly yield Theorem A and Theorem 3.4.
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4. FOURIER SERIES

We now investigate the multifractal analysis of the divergence of Fourier series. We first
prove the inequality

(5) dimp (E15(8, f)) < 1— Bp
which is point (i) of Theorem 1.1. It will be a consequence of the following localization
lemma, which is a particular case of [5, Lemma 2.5].

Lemma 4.1. Let p > 1. There ezists 6 > 0 such that, for any f € LP(T), for any x € T
such that [Sy; f ()] = |52 fllp,
§59—i/p
159 fllLe (31, (2)) = W|52jf(m)’~

We begin by proving (5) in the case p > 1 (the case p = 1 is a little more difficult).
Let us introduce, for any dyadic interval A € Aj, the quantity ex(f) = [|So; f|lLr(35). Let
0 < B8 < p (which is the only interesting case) and = € Egrs(ﬁ,f). For such an x, we
have lim, 40 [Snf(x)] = +00. On the other hand, the Riesz theorem ensures that the

sequence <||Sn fll p) . is bounded. We can then use Lemma 4.1 when n = 27 is sufficiently
n=z

large. We get

I ; 1 1 .
lim sup M < = —liminf M
j—+oo —jlog2 P j—Hoo 7log?2
1 1
< = _liminf 2% [Snf ()]

In other words and using our standard notations, we have shown that

1
0 (.0 c 7 (5 - 5).
Proposition 2.2 gives immediately the conclusion, since Riesz theorem ensures that
Z ”S2J'fH12p(3>\) < ”SQJ'JCHIEP(T) < Hf”p
)\GA]'

In the case p = 1, the Riesz inequality only says that

1S5l < log(n+ 1) f1 -
We first need to fix & > 0 and to introduce ex(f) = 277¢|Sy; f|| 1130~ It follows that
> lex(Hl =27 1180 fllzrany < 27580 flly < 2771 Il < I £l
)\GA]' )\GA]'

which is the condition needed to apply Proposition 2.2.
On the other hand, if > 0 and z € ESS(B, f), it is always true that

. |Suf(x)]
lim ——— = +o0,
n—+oo HSanI
so that we can use Lemma 4.1. We get
log |e; log | S
limsupw <1+4¢ — liminf M
Jj—+o0 —J log 2 n——+00 log n
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and we can conclude that E(B, f) € FT(1+ ¢ — B, f). Proposition 2.2 then yields
dimp (5;S(B,f)) <1+¢e— 3 and we let € to 0.

Unfortunately, we cannot go much further staying inside the general framework. Indeed
the Dirichlet kernel is not positive. In particular, it is harder than in the previous cases
to add the singularities. The Dirichlet kernel is not a positive kernel but it is a real kernel
and, in order to make |S, f(x)| large, it suffices to make large either its real part or its
imaginary part. That is the way we will use to construct singularities. As usual, we
will need to construct polynomials with spectra far from zero which take large values on
big sets. The multiplication by e* (which translates the spectrum) will not be in our
situation a good idea, because the function e®
multiply by sin(27nz) and to consider points x where sin(2rnz) > ¢ > 0. That is the
reason why we first introduce the following compact set.

is not a real function. We will prefer to

Recall that any z € [0,1) can be uniquely written 3,5, # with ;(z) € {0,1} and
with a sequence (g;(x));>1 that takes the value 0 infinitely often. Consider a sequence of

positive integers (my)r>1 such that my; —my > 3 for all k. For n > 1, let

Q= {1 oo\ J{mw, mi+1, my +2}
k>1

Q:UQn.

n>1

and define

We will assume that (my) is sparse enough. In our context, this will mean that
card{k € N; my, <n} =0(n")

for some v € (0,1). In particular, setting u, = card(f2,) we have u,, ~ n. However, we
will also need that (my) is not too sparse and we also require that myy1/my tends to 1.
For instance, one may take my, = (k + 1)2.

Define

K ={z€[0,1); em, () = emypt2(x) = 0 and e, 41(x) =1 for all k > 1}.

In other words, let I, ..., be the dyadic interval

n n
_ Zgj.zgj 1
Igl.,.gn— ‘lg,‘ 1274‘27
J= J=

Define the set L,, of admissible words of length n to be the words €1 ---¢, with ¢; = 0 if
je{mg, k>1},e5=1if je{mp+1, k>1}ande; =0if j € {my +2, k£ > 1}. Then

K= U Ty

n>ley-en€Ln

The choice of such a compact K ensures the following.

Lemma 4.2. For any x € K and for any k > 1, sin(272™kzx) > g
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Proof. We just need to observe that, for any = € K,

13
2"k r e N+ |-, <.
T € +[4’8}

Moreover, the choice of the sequence (my) ensures that K has dimension 1.
Proposition 4.3. dimy(K) = dimp(K) = 1.

Proof. Of course, it suffices to prove that dimy/(K) > 1. Define the probability measure
m on K in the following way. Let I € A,, be a dyadic interval of the n-th generation.
IEn+1¢{mgk>1}U{mp+1; k>1}U{mg+2; k> 1}, then [ is divided into
two sons I’ and I” of the (n + 1)-th generation such that m(I') = m(I”) = $m(I). If
I=1,.., with (n+1) € {mg; k> 1} then the total mass is transfered in I, ..., 010, that
is m(Iz,...c,010) = m(Ig,...c, ). The measure m is clearly supported by the compact set K.
Moreover, for n > 1 and I € A,, we have m(I) < 27%». Observe that u, > n — cn? so
that
m(I) < 27 — (1))

where ¢(t) = t x 2¢1082I” In particular, H?(K) > 0 and dimy (K) > 1. O

We now follow the way of the general case, with some additional complications, working
first in sets with small upper box dimensions.

Lemma 4.4. Define Mj, = 2™ and N = 3-2™~1 if k> 1.
Letp >1,s € (0,1] and G C K such that dimp(G) < s. There exists f € LP(T), || f|l, < 1,
such that

e For any x € K and for any k > 1,
Re(Sn, f(x)) >0 and Sm(Sn, f(z)) >0
e For any z € [0,1) and for any k > 1,

Re(Snf(x)) = Re(Sny, f(x)) for any n € [Nak, Mog12)
Sm(Snf(z)) = Sm(Sny,, f(x)) for any n € [Nogi1, Moy 3)

e Foranyx € G,

log Re(Sny f(x) _ 1—s

lim inf

lclgigo log Noy, o p
T log Sm (SN, f(2)) > 1— s
k——+o0 log N2k+1 p

Proof. Before to proceed with the details of the proof, let us comment the strategy. We
will construct polynomials P, with small LP-norms and which behave badly on G. Then,
we will translate the Fourier spectrum of these polynomials, and add these translates, in
order to get f. There are two problems to tackle. The first one is that, even if Py(z) is
large, S, Px(x) does not need to be large, and even positive, for small values of n. That is
why we will alternate the addition of real polynomials and pure imaginary polynomials.
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The second trouble comes from the translation. As explained in the introduction of this
section, in order to preserve the real part and the imaginary part of the polynomials Py,
we will multiply them by sin(27nx), with n correctly chosen. That is why we only consider
points « € K for which we know that Lemma 4.2 is valid.

Let us now proceed with the details. Since dimp(G) < s, there exists Cg > 0 such that,
for any k > 1, we can find a set T, of closed dyadic intervals of length 2~ (™+~1) which cover
G, with card(T') < Cq2(m=1s_ Let J, = UIGFk I and yj the piecewise affine function
defined by
xk(2) = max (0,1 — 2™ dist (z, Ji)) .

Let us observe that 0 < y;, < 1, that yx(z) = 1 on each I € I'y, that ||x}|lec < 2™ 1 and
that xx(z) = 0 on each closed dyadic interval I of generation my — 1 such that I'NJ, = (.
In particular,

1
lxell, < (3C’G2(mk_1)5 « 2_(mk—1)) /p < omi=1)(s=1)/p.

We can now approximate 2~ (me—1(s=1)/p Xk (whose LP-norm is controlled by a constant in-
dependent of k) by a trigonometric polynomial, using Fejér sums of order 2"+ ~1. Applying
for instance Lemma 1.6 of [3], we get a polynomial Py satisfying

[Pelly < 1
Sp(Py) C  [-2m~1 2m~1] where Sp denotes the Fourier spectrum
reG — Pya)> bamD0-p

We then translate the Fourier spectrum of these polynomials by setting
Qr(z) = sin(272™* ) Py (z).
Let us observe that the Fourier spectrum of () is contained in
[—2mk — oMl gk g gmi—1] y [mk — gmk—l oMk 4 gmk—1] = [ Ny — M U [ My, Ny

Hence, since mg1 — mg > 3, these polynomials have disjoint spectra. Moreover, Lemma
4.2 ensures that if x € K, Qg(x) > ng(w) > 0. We finally define

f@) = Y 50 (0) 13 5Qujia(o)

Jj=1 j=1
which is a convergent series in LP(T) and we claim that f, up to renormalization, sat-
isfies all the requirements of Lemma 4.4. The first point is clear since Re(Sn, f) (resp.
Im(Sn, f)) is a nonnegative combination of polynomials (), which are nonnegative on K
by construction. The second point follows directly from the construction and the descrip-
tion of the spectra of the polynomials Q; . For the last one, it suffices to observe that, for
any ¢ € G,

1 2 gmay(1—s)/p
§R6(51\7216]0(35)) > EQ%("E) > 27]<J2P2k(x) > T

Since log(Nax) behaves like moylog2, we get the result. We can do the same with
SM(SNyyir f)- O
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Following the strategy of the general framework, we can now go from subsets G C K with
controlled upper box dimension to subset F' C K satisfying dimp (F') = s.

Lemma 4.5. Let s € (0,1) and F C K be such that dimp (F) = s. There exists f € LP(T),
I fll, <1, such that

e For any x € K and for any k > 1,
Re(Sn, f(x)) >0 and Sm(Sy, f(x)) >0
e For any x € [0,1) and for any k > 1,

Re(Snf(x)) = Re(Sny,f(x)) for any n € [Nok, Magy2)
Sm(Snf(x)) = Sm(Sny,,,f(x)) for any n € [Nogi1, Moj3)

e For anyx € F,

log Re(Sn,, f(z)) S 1—s

lim inf
klgllgo log Noy, - P
log Sm (S -
hm lnf Og \Sm( N2k+1 f(x)) Z 1 S )
k—+oco log Noj+1 p

Proof. Let (s;) be a sequence decreasing to s. Then there exists a sequence (G ,,) of subsets
of K such that F' C (,|U, Gi. and dimp(G;,) < s;. For each couple (I,u), Lemma 4.4
gives us a function f;,. The function

1
= Z %fl,u
Lu>1
is the function we are looking for if we observe that if z € G;,, and k£ > 1,

Re(Sny () > g Rel(Sn frule)) and - Sm(Sy, F()) > o Sm(Sh ).

O

Remark 4.6. If s =1 and F = K the function f = 1—\}; obviously satisfies the conclusion
of Lemma 4.5.

To finish the proof of the construction of a function f satisfying point (ii) of Theorem
1.1 we need now to construct a family (Fi)ae(o,1) of increasing subsets of K such that
dimy (F,,) = dimp(F,) = . This is not so easy because K is not ”selfsimilar” (the set L,
of admissible words of length n does not satisfy card(L,) =< 2™). Nevertheless, we have
the following.

Lemma 4.7. There exists a increasing family (Fy)o<a<1 of subsets of K such that for
any a € (0,1), dimy(F,) = dimp(F,) = a and H¥=(F,) > 0 for some gauge function 1,
satisfying Vo (z) = o (x®) for any s < a.

Let us first suppose that Lemma 4.7 is true and finish the proof of Theorem 1.1. Define
Fy, = K and let (a) be a dense sequence in (0,1] with oy = 1. Lemma 4.5 (or Remark
4.6) gives us a function fr with s = ag. As in the proof of Theorem 2.3, we then set
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f= ZkZI k%fk and consider « € (0,1] and = € F,. Let k > 1 such that ax, > aandn > 1
be very large. There exists ¢ > 1 such that n € [Ny, Ngi1).
If ¢ = 2m is even, we write

[Snf(x)] = Re

AV
> =
I ®
M/{Q\/\
X

2

F =~
8
S~—
SN—

If g =2m+ 1 is odd, we write
|Snf(2)] =

Now, logn < log(Ng+1) and 132(%:1)1) — 1. Thus,

1 1-—
lim inf 08 |5n/ ()| > A
n—+o0 logn D

Since aj may be chosen arbitrarily close to a, we get

F, C 8;5(6,f) with (=

11—«

In particular, H¥« (5;58(6, f)) > 0. We now use the same argument as in Theorem 2.3.
Observe that
Eds(B, 1) € Brs(B, £)U | €55, 1) -
0>p
Theorem B ensures that H¥e ( Uss s Ers (0, f)) =0 and we get

HY (Eps(B, f)) >0 and dimy (Eps(B,f)) >a=1-fBp

which is sufficient to conclude when 8 < 1/p. The case § = 1/p is a trivial consequence
of point (i) of the theorem.

Question 4.8. Does there exists a real-valued function f satisfying the conclusions of
Theorem 1.17

We now finish this section with the proof of Lemma 4.7. The sets F, will be obtained as
Besicovitch sets. Remember that if 0 < § < 1/2 and if

Es = €10,1); limsu gi(x) <48y,
’ [ ) n—H—og) nz !
then, the Hausdorff dimension and the packing dimension of Es are equal to (), where
a(d) denotes
a(d) == —dlogy(0) — (1 — d) logy(9).
Moreover, H*)(Ejs) = +oo (see for instance [15] or [17]).
Observe now that the function 0 — «(¢) is an increasing function mapping (0,1/2) onto
(0,1). If « € (0,1) and if § is the unique real number in (0,1/2) such that a = a(d) we set
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F, = Es N K and we claim that the family (F,)o<a<1 satisfies the conclusion of Lemma
4.7. This will be due to the fact that the sequence (my) is sparse.

It is clear that dimp(F,) < dimp(Es) = «(d) = «. So we just have to prove that
HYe(F,) > 0 for some suitable gauge function t,. As in the proof of Proposition 4.3, we
use an appropriate probability measure m which is supported by Es N K.

We define m on the dyadic intervals by the following formulas.

o If n € Q, then
om(Iey e, ) ife, =1
I — 1 n—1
mLey-en) { (1 —=6)m(Ilg .., ,) otherwise.
o Ifne{my; k>1}orn e {mp+2; k> 1}, then m(Is,..e, ,0) = m(Iz.e, ,) and
m([€1"'€n711) =0

o If ne{my+1; k>1}, then m(Iz..c, ;1) = m(ley.e,,_,) and m(Iz;...c,_,0) = 0.
The last two parts of the definition ensure that m(K) = 1.
It is well known that, with respect to the measure m, the sequence (¢;);cq is a sequence

of independent Bernoulli variables with m(e; = 1) =4, j € Q. Moreover, if x € K, and if
I,,(z) is the unique dyadic interval of the n-th generation that contains z, we have

m (In(z)) = [ 651 - )t ~=@.
JEQ
Define
Xﬂ(x) = _Ej(w) logy(0) — (1 — Ej(x)) logy(1 — 4).

The random variables (X;)jcq are independent uniformly distributed with E(X;) =
a(d) = a and we have for any = € K

—logym (In(z)) = Y X;(x) := Sn(x).
JEQ
Let 02 = V(X;) and recall that the cardinal number of €, is u,. The law of the iterated
logarithm ensures that dm-almost surely,

(7) lim jnf —on @
n—+oo \/2uy, loglogu,

In particular, considering 6 € (0,1) such that § > 1/2, dm-almost surely, there exists

no € N such that, for any n > ng, S, > upa — ufl, namely

8) m(|Lu(x)]) < 27T

Using the inequalities n > u, > n — cn7, this in turn yields
(@) < ()] exp (d log |1 (2)])

for some positive constant d if 8 also satisfies 6 > .
Let Ks be the set of points of K that satisfy (7) and let ¢ (t) = t*exp (d\logt!e).

Equation (8) and the mass distribution principle ensure that H%= (Ks) > 0.
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On the other hand, if x € K, we have

1
Jm o2 =4
JEQN

Observing that > 1 €;(z) = > ;cq, €j(z) + O (n?) and that u, ~ n, we can conclude
that

1 n
lim — Zsj(aj) =0.
j=1

n—+oo n
Finally, K5 C Es and H¥ (F,) = HY> (EsN K) > HY= (K§) > 0.

5. DIRICHLET SERIES

5.1. Introduction. To end up this paper, we now deal with the multifractal analysis of
the divergence of Dirichlet series. Let us introduce the Hardy space of Dirichlet series

H2 =S g(s) =Y ark™; glFe = Y lax* < +o0

k>1 k>1

A Dirichlet series g(s) = Y.~ ark™® in H* defines an holomorphic function in the half-
plane Cy /5 = {s € C; Re(s) > %} On the line Re(s) = %, the Dirichlet series may diverge
but the Cauchy-Schwarz inequality ensures that

“ 1
Zakk_i-ﬂt

k=1

< log(n +1)"?||g|l32

for all £ € R and all n € N*. Moreover, a version of Carleson’s convergence theorem has
1, -

been obtained in [11] and in [16]: for almost all ¢ € R, the series D ;- apk™ 2T converges.

Define, for t € R,

1, .
log ‘Zﬁzl apk~ 2" n 1L
Bpg(t) = limsup = inf|{BeER; Zakk*fr” < log(n +1)?
n—s+o00 loglogn P
1, .
log ’2221 agk= 2t n »
6$S(t) = liminf =sup|(<BER; Zakk_f”t > log(n + 1)5
n—+00 log logn P

and consider, for 3 € [0,1/2], the associated sets E4(5, 9), ESS(B, 9), Eps(B,9), Egs(ﬁ,g),
EDS(57 g)

Theorem 5.1.
(i) For all g € H? and all B € [0,1/2],
dimy (Epg(8,9)) <1—28 and dimp (Ef5(8,9)) < 1—28;
(ii) For quasi-all functions g € H?, for all B € [0,1/2],
dimy (Epg(8,9)) = 1 — 26
(iii) There exists a function g € H? such that, for all B € [0,1/2],
dimy, (Eps(8,9)) = dimp (Eps(f,9)) =1 — 26.
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Unfortunately, the study of the pointwise behavior for Dirichlet series is more difficult
than for Fourier series (for instance, we do not have an analogue to Fejér’s kernel) and is
not a consequence of our general context (for more information on the problems arising in
the theory of Hardy spaces of Dirichlet series, the reader may consult [21] or [22]). Our
strategy to prove Theorem 5.1 is to compare the behavior of Dirichlet series with that of
Fourier integrals of L2-functions by a discretization argument (this idea comes from [16]).
An intermediate step will be to prove a corresponding result for Fourier integrals. The
construction of multifractal functions will use the work done in Section 4.

Let us introduce some terminology. Let F' € L?(]0, +o0)). The Cauchy-Schwarz inequality

ensures that for any R > 0 and any ¢t € R, ’fo ”“du’ < R'Y?||F||s. Define

log ‘fOR F(u)eit“du‘

~(t) = limsu
Prnl®) Roston log R
log UOR F(u)eiwdu‘
Biy(t) = liminf
R—+00 log R

and the corresponding sets £ (8, F), E;II(B, F), E5 (B, F), E;fl(ﬁ,F), Ep (B, F).

5.2. From Fourier series to Fourier integrals.

Lemma 5.2. Let f(2) = ;> arz® € H*(D) and define F € L*([0,4+00)) by F(t) = ay
ift € [k,k+1). Let p > 0. There exists N € N such that, for any n > N, for any
t € [~m,m) such that |S, f(e')| > n®, then

4 1
u)e™du| > 5Rﬁ, VR € [n,n+1).

Proof. Tt is clear that ' € L?([0,4+00)) and that 1] 2 (j0,4-00)) = If 1242
If R € [n,n+ 1), we may write

R ) n k+1 n+l
/ F(u)e™du = Z ak/ edu — a, / e du.
0 =k R

The last term tends to 0 uniformly in ¢ € [—m, 7). Computing the integral, we get
R ' pilk+1)t _ ikt
/ F(u)e™du = Z ap———— +o(1)
0
it _

it

= St 4 o).

We conclude by observing that, for any x € [—7/2,7/2), Sigx’ > 2> 1 O

This lemma will be used in the following way. Modulo the natural identification of T
with [—m, ), for any 8 > 0, Exg(8, f) C Ex(B, F') and 5;%(5,]‘") C &4(B, F). In particu-
lar, the construction of multifractal functions for Fourier series will help us to construct
multifractal functions for Fourier integrals.
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5.3. From Dirichlet series to Fourier integrals.

Lemma 5.3. Let g(s) = > >, bph™° € H? and let us define G € L*([0,+0)) by G(t) =

i 7z provided t € [log k,log(k + 1)).
(log(h+1)—log(k))
Let B >0 and A > 0. There exists N € N such that, for any n > N, for any t € [-A, A]

such that }22:1 bek 2 it > (logn)?, then

R .
/ G (u)e™du
0

Proof. Tt is straightforward to check that [|G||2(0,100)) = Ilgll32. Moreover, as before, if
R € [logn,log(n + 1)),

1
> iRﬁ, VR € [logn,log(n+1)).

R ] n b itlog(k+1) __ itlogk
/ Glu)etdu = 3 k e o)
0 i1 (log(k + 1) —log(k)) u

citlog(1+1/k) _ 1
itlog(1+ 1/k)

= ) br(log(1 + 1/k) 2k
k=1

+o(1).

Taylor’s formula ensures that for any real number u,

. 1 . 2
e —1 —iu| = ‘—uQ/ (1 —s)ds| < |u2]
0

It follows that

< o) + 1S oy og(1 +1/k))*”

R n
/ G(u)e™du — > by (log(1+ 1/k))"/* k™
0 k=1

k=1

IN

|t <~ 0]
0(1) + Ez k‘3/2'
k=1
On the other hand,

[log(1+1/k) — k7|
log(1+ 1/k))Y/2 + k~1/2

Using Cauchy-Schwarz inequality, we can conclude that

R n
/ G(u)e™du — Z bk~ 2 Fit
0

k=1

< k32,

(Qog(1 +1/k))"/2 — k12| = :

<o(1) + (L +[t)lglze

and the lemma follows easily. |

Remark 5.4. Going slightly further, we can give a new proof of a very important state-
ment in the theory of Hardy spaces of Dirichlet series: H? may be embedded into the
invariant Hardy space H?(C, /2). Precisely, assume that g is a Dirichlet polynomial. Then
we have shown that

+oo

2

) 1
G(u)e™du — g ( — z‘t) ’ < (L +[ED]lgll32-
0
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2 +o0

G(u)e™du

Therefore, by Plancherel’s theorem,
1 2
dt < |gll3z +/ dt
0

[ G-
gl=—1
0 2
< g3z + IG5

(9) < N9ll3e-

5.4. From Fourier integrals to Dirichlet series. We will also need to go in the reverse
direction.

Lemma 5.5. Let G € L?([0,+00)) and define g(s) = D1 bk ™7 € H? by

log(k+1)
bi, :/ G(u)e**du.
logk

Let B> 0 and A > 0. There exists N € N such that, for any n > N, for any t € [—A, A],
for any R € [log(n),log(n + 1)) such that ‘fOR G(u)eit“du’ > RP, then

- 1
Z bkk—§+zt
k=1

Proof. We first show that g belongs to H2. We just write

> —(logn)®.

N | —

2

400 +00 log(k+1)
Z‘bk,z = / G(u)e" % du
el =1 log k
+00  rlog(k+41) log(k+1)
< Z/ IG(u)IQd“/ e"du = |GI 22 o, 100))-
k=1 log k log k ’

Moreover, and proceeding as above, if R € [logn,log(n + 1)),

/ Glu)edu — 3 bk~ 3t
0 k=1

n log(k+1)
<o(l)+ Z/
k=1 log k

u/2
€ / eitlogk
kl/2

G(u)e™ — G(u) du

n log(k+1) ' '
—o(1)+ :/ Glu)en?] x [eli=2)s _ ol st g,
=1 /1logk

Observe that if logk < u <log(k + 1),

‘e(it—%)u _ e(it—%)logk‘ —

/ (it — 1) x elit=3)3ds
log k 2

(log(k +1) —logk) x

1 ’t’_|_l
-k 2/

IN

'tl
Ty

A
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If follows that

R , n 4 n_ - rlog(k+1) u/2
/ G(u)e““du—Zbkkf%“t < 0(1)+(m+1)z/ W;'du
0 k=1

k=1 logk
n log(k+1) 2\ /2
< o+ +1) [ / G (w)e?|du
k=1 logk
< o(1) + ([t + DG 2(0,400))
and the conclusion of the lemma follows easily. (Il

5.5. A localization lemma for Fourier integrals. The three above lemmas are useful
to transfer multifractal functions from one situation to another one. We need a last tool
to bound the dimensions. It is the exact analogue of Lemma 4.1 for Fourier integrals.
For a function F' € L?(R), we denote by F' or by F(F) its Fourier transform F(F)(¢) =
[ F(t)e*€dt, and by F(F) its conjugate Fourier transform, so that FF(F) = 2rF. We
also denote by Fp the function 1|_g g F.

Lemma 5.6. Let G € L*(R), R > 2, t € R such that \é}(t)\ > ||Gll2 and let I be the
interval of size 1/R centred att. Then

RY2
g 1)

for some constant § independent of R, t and G.

IGR L2y =0

Proof. Let w € C*(R) be a positive function with support in [—1, 1] such that 0 < w <1,
w(0) = 1 and such that there exist two positive constants A and B such that, for all £ € R,

@(¢)| < AeBIEI?

(for the construction of such a function, we refer for instance to [1, Lemma 6]). We set

wr(z) =w (Q(T;'t)) which has support in I and satisfies

[@1(§)] < C|]e= I,
Let p = R+ vR(log R)? for some large v > 0 and define fi, fo € L?(R) by
7(f1) = 1[—p,p]7(GRwI)
f2 = Grur—fi.
By Nikolskii’s inequality for Fourier integrals (see [20]),

Ifillse < P2l 1ll2
< p"?|Gruwill
(10) < 2GRz ).

On the other hand, we may write

F(f2) = (Loop) + L(ptoo)) Gr* F(wr)
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Now,

/p+°° |Gr* F(wr)(€)]de < /p+oo ’/_i G (W) F(wr) (€ — u)du
+oo

/p (/_z |G(U)|2du>l/2 </_Z | F(wr) (€ - u)|2du> v de

—+o00
< HGRHQR—V?/ exp (— D|¢ — R|V*R™1/?)d¢
P

dg

IN

+o0

< ||GRH2R1/2/ exp(—Du1/2)du
p—R
R

+o0o
= ||GRH2R1/2/ exp (—Dv) 2vdv
~1/21log R

D
< ||GRl2RY? exp (—271/2 log R)

1Gll2

2
provided ~ is large enough. The same is true for the integral f:opo . Tt follows that
H?(fQ)Hl < ||G||2- Hence,

<

Lz IGll2 _ IGr ()]
< — < < .
(1) I2llo < o [Frl, < 1502 < 102
Since fi(t) + fa(t) = é;{ﬂ][(t), we deduce from (10) and (11) that
_— B B _ 1 0 — RV2 -
1GRllz2y > o7 PN fillos = 072 (IGR(E)] = 1 fello) = 2P Y2 Gr(t) > g iz | ORI

O

5.6. Proof of Theorem 5.1. We first work with Fourier integrals and we intend to show
that for any F € L%(]0, +oc0)) and any 3 € [0,1/2],

dimp (E41(8,F)) <1—-23 and dimy (E5(8,F)) <1-283

We can suppose 8 > 0 and it suffices to work with SFTI(B, F)N[0,1] and &g (B, F) N0,1].
For A\ a dyadic interval of the j-th generation, we define

. 1/2
ext®) = ([ 1B ora) .
3\
By Lemma 5.6, &4(8, F) C F* (4 — B8, F). Since the sequence (ex(F))rea,; satisfies

> leaF)P < || B
AEA;

2 2
< IIFI3,

we deduce the result on the packing dimension of 51;}(5 ,F') N[0, 1] from Proposition 2.2.
The proof for the Hausdorff dimension needs a more sophisticated tool. Define now

- 1/2
ex(F) = sup ( |FR<5>|2df) .
3\

27 <R<27+1
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Let g € (0,1/2] and t € E(B,F) N[0,1]. For any € > 0, there exists R as large as we
want such that |Fr(t)| > RF5. Let j > 1 such that 2/ < R < 2/*1. Then 3I;(¢) contains
the interval with center ¢ and radius R~!. This implies, by Lemma 5.6,

—1/2

RA—€ s 9—i(5-F+2)
log R >

ej(F,t) >

Therefore, £ (8, F) N [0,1] C F~ (% — B+ 2¢,F). To apply Proposition 2.2, we need to
prove the inequality Z,\eAj lex(F)|? < || F'||3 which can be obtained by writing

S aEP=Y s (%@(sn?dg)« [ s (Fa@Pds < |1

AEA, AEA, P SR<2H 2/ <R<2i+1

The last inequality is a consequence of the Carleson-Hunt theorem for Fourier integrals
(see [10, Chapter 6]).

We now come back to Dirichlet series and to the proof of Theorem 5.1. Let us begin with
point (i). Let g € H? and let G be associated to g by Lemma 5.3. If 3 > 0, the lemma
states

Eps(B,9) CER(B,G)  and  Ef4(B,9) C E5(B,G)

and the previous discussion gives the aforementioned bound on the dimension of £ (5, g)
and Egs(ﬂ ,g). Now again, the case f = 0 which is not included in Lemma 5.3 is obvious.

Let us turn to point (iii) and to the construction of multifractal Dirichlet series. We begin
with the multifractal function f € L?(T) given by Theorem 1.1. Applying successively
Lemma 5.2 and Lemma 5.5, we get g € H? such that, for all 8 € (0,1/2),

HYP (Es(B,9)) >0

for some gauge function g satisfying ¢z(x) = o(x*) for any s <1 — 20 (see the details of
the proof of Theorem 1.1). We end up the proof as for Theorem 2.3 to conclude that if
0<p<1/2

dimy (Eps(B,9)) = dimp (Eps(f,9)) =1 - 28.

The key point is that dimy (558(04, g)) <1-2a for a>f.
The values 5 =0 and 8 = 1/2 need a different argument. The case = 1/2 is an obvious
consequence of point (i) of the theorem. For the case f = 0, we can mention a version of
1yt
2

Carleson’s convergence theorem which says that the series > k>1 k™ is almost surely

convergent (see for example [11] or [16]).

It remains to prove point (ii) of Theorem 5.1 and to show that the set R of functions
g € H? such that for all 3 € [0,1/2], dimy (EBS(B,g)) =1— 20, is residual. We deduce
this from the existence of at least one function in R (namely the function given by point
(iii)), the density of Dirichlet polynomials, and a routine argument mimicking that of
Theorem 2.9. O
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5.7. An open question. Beyond H?, a theory of HP-spaces of Dirichlet series is un-
der development. For p > 1, H? may be defined as the closure of the set of Dirichlet
polynomials for the norm

1 T
P_ 1\ |P
1Plp = tim T/o | P(at)[Pdt.

It can be proved that, for any f(s) =3 ;- axk™® € HP, for any ¢ € R and for any n > 2,

S apk 3 < || £ (log ) V7.
k=1

Do we have results similar to Theorem 5.1 for HP? An obvious obstruction is that we do
not know whether H? embeds into H} (Cy/5) (see (9)) when p is not an even integer.
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