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RANDOM HOMEOMORPHISMS AND FOURIER
EXPANSIONS

G. KozMA AND A. OLEVSKIi

Abstract

We prove that a random change of variable in general improves con-
vergence properties of the Fourier expansions, and we give a precise
quantitative estimate of the phenomenon.

0 Introduction

0.1. It is well known that the best possible estimate of the Fourier partial

sums R A
Su(fiz) =Y Jk)e*mhe,
[k|<n
which is true for any function f continuous on the circle group T = R/Z is
150 (H)llory = o(logn) . (1)

This result is closely connected with another classical result, which gives
an unimprovable condition for uniform convergence of the Fourier series in
terms of the modulus continuity:

we(6) zo(log%)_1 . (2)
0.2. A suitable change of variable allows one to remove the divergence
phenomenon. According to the Pal-Bohr Theorem (see [Ba]), for every
real function f € C(T) one can find a homeomorphism ¢ : T — T such
that the superposition f o ¢ belongs to U(T) (the space of all functions
with uniformly convergent Fourier series). A stronger result of Kahane and
Katznelson [KKat] shows that it can be done simultaneously for a given
compact family of f’s. These results were obtained by different methods;

in each case the homeomorphism ¢ was defined by a special construction
using concrete data about f or about its modulus of continuity.
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Detailed surveys of papers on the influence of individual changes of
variable on the fundamental properties of Fourier expansions can be found
in [K1], [O1,2].

0.3. In this paper we are interested in the role of a random homeomor-
phism.

We mention that an excellent survey on random Fourier series, starting
with classical results of Kolmogorov, Paley and Zygmund and ending with
modern papers, can be found in [K2]. Most of these results deal with
Fourier series with independent random coefficients. We also mention the
important papers, [G] and [Bo], on random rearrangement of orthogonal
series and a paper, [Kal], about random corrections of functions.

0.4. Our paper is devoted to a different aspect of random Fourier analysis.
For a given f € C(T) we consider a random change of variable ¢ : T — T,
independent of f, and we are interested in the “typical” behaviour of the
Fourier expansion for the superposition f o . What is the best possible

estimate
[Sn(f 0 @) = o(w(n)),
which holds for any f and the “majority” of ¢?

Our main idea is as follows: the divergence phenomenon of Fourier se-
ries is caused by resonance between the given function f and the Dirichlet
kernel D,,. A random perturbation should presumably destroy this “un-
pleasant” resonance, so one may expect that in “most cases” the superpo-
sition f o ¢ enjoys a better estimate than (1). The main results confirm
this conjecture in a precise, quantitative form.

0.5. The first obstacle on the way is how to understand a “typical” change
of variable, or, stated differently, how to introduce a measure in the space
® of all homeomorphisms ¢? A “most natural” measure probably does
not exist. In particular, the group ® being non-compact has no invari-
ant probability measure. We use a stochastic structure on ® suggested in
a more general form by Dubbins and Freedman in [DF] and studied by
Graf, Mauldin and Williamson in [GrMWi]. This construction is based on
the following assumption: for every couple of integers p,q (0 < p < 29,

q=0,1,2,...) the value @(M) depends only on the values 90(2%) and

24
cp(l%l) and is distributed uniformly between these numbers. The proba-

bility measure P defined this way has the nice property of “selfsimilarity”
on dyadical intervals.

In spite of the fact that the trajectories ¢ are singular almost surely
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(see [DF]), on average they preserve the Lebesgue measure m on the circle,
i.e. E(my(F)) = mE; in particular

mE =0< me(E) =0 as. (see [GrMWi]).

Another nice property is the smoothness: the homeomorphisms ¢ and ¢~!

both almost surely belong to the Holderian class H*(T) (with some absolute
value @ > 0). In §1 we prove the last statement, as well as some other
necessary properties of the distribution P.

0.6. Now we describe the main results. For a given f € C(T), ||f| < 1,
n € Nand ¢t € T, we study the random variable

S :=5.(fopt) = /Tf(go(x))Dn(t —z)dz.

We prove (§2) the following estimate for its distribution, which is uniform
with respect to all parameters above,

P(& > M) < e " (M > M) (3)

(¢ > 0 and M) are absolute constants).
Our approach to the proof starts with an analogy to the classical result
on the distribution of the sum
-5,
E>1
with equidistributed independent signs. However, the variables ¢(a) have
much weaker independence properties and this makes our analysis much
harder than the classical case.
Inequality (3) implies (§3)

Theorem 3. For any f € C(T), the Fourier partial sums satisfies the
estimate,
HSn(f o go)H = o(loglogn) a.s. (4)
In §5 we investigate the asymptotic behaviour of U(T) norms for high-
frequency oscillations ¥ with a random phase ¢, which enables us to
prove the sharpness of the previous result:

Theorem 5. For every given sequence s(n) = o(loglogn) there exists an
f € C(T) such that

limsup%HSn(fo Q)| =00 as.

n)
Comparing (1) and (3) one can see to which extent a random pertur-
bation improves convergence properties of the Fourier expansion. We also
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prove a different version of the same phenomenon: the condition

wy(6) = o (loglog %)71
(compare with (2)) implies f oy € U(T) a.s., and the result is sharp (The-
orems 4, 6).

A non-stochastic corollary of Theorem 3: For any f € C(T) one can
achieve (4) by a bi-Hélderian change of variable. In contrast to this, all
known constructions of improving homeomorphisms mentioned in 0.2 are
extremely non-smooth.

0.7. Another possible interpretation of a “typical” change of variable
comes from Baire categories. However, this approach does not give any
positive effect. It turns out that the smoothness condition which guaran-
tees that f o € U for a residual set of homeomorphisms, is even stronger
than (2), and is actually identical to the condition providing that fop € U
for every .

Denoting for a given modulus of continuity w(6)

H* = { : ws(8) = 0(w(s))}
in §5 we prove that the condition
S hw(h) <
is necessary and sufficient for the implication
feHY= f-peU for aresidual set of ¢ .
This result is intimately connected with the result of [BW].

0.8. We conclude by noting that it might be interesting to find “random
versions” of other problems in Fourier analysis on homeomorphisms of the
circle, such as those discussed in [01,2].

0.9. This paper was completed when the second-named author enjoyed
the hospitality of the Institute for Advanced Study, Princeton. The Insti-
tute’s support is gratefully acknowledged.

1 Analysis of Random Homeomorphisms

1.1. In this subsection, we basically follow [GrMWi|. We start with a
more rigorous definition of the measure P. Let X,,,, n > 1,0 <k <2", k
odd, be a sequence of independent, uniform random variables on [0,1] (we
denote by Q a probability space realizing all of them). Define ¢(0) = 0,
©(1) = 1 and ¢(1/2) = X; ;. Next, define p(1/4) = Xo1 - ¢(1/2) and
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©(3/4) = ©(1/2) + X235 - (1 — ¢(1/2)). We continue this process, at each
step defining @(k27) = @((k—1)27")+ Xy - (p((k+1)27")—p( (k~1)2"))
until we have ¢ defined on each dyadic rational on the interval [0, 1]. With a
probability 1, ¢ can be extended to a continuous strictly increasing function
[0,1] ([DF, Theorem 4.1]). Thus we have defined a measurable map X :
) — @, where ® is the space of all increasing homeomorphisms of [0,1] with
the topology induced by the maximum norm and the map is measurable
with respect to the borel sets on ®. The measure P can be regarded as
being defined on (2 or directly on ®.

REMARK. The measure thus defined is not translation invariant. In
particular, 0 is a fixed point. One can make it translation invariant by
composing it with a random rotation from the left, the right or even from
both sides (making it, in the last case, invariant from both sides). It is
easy to check that all the theorems proven in §1-§4 are valid also for these
invariant measures.

The following basic properties of P are rather intuitive.
LeEMMA 1.1. Let I be a dyadic interval, i.e. I = [d27!,(d + 1)27]. If we
fix the value of ¢ on its boundaries, the interior behaves like a small copy
of P. To be more precise, for P-almost any value of ¢(0I) (this “value” is
of course two real numbers, ©(d27") and ¢((d +1)27)),
(¢ [ @(@D)|1 ~ (9o Lr) - eI| +p(d27"),
where Ly is a linear increasing mapping of I onto [0,1], and |@I| is the

length of the interval oI = p((d+ 1)27!) — p(d27!). The symbol ~ stands
for “has the same distribution as”.

This property is called “scaling invariance” and P is said to be scaling
invariant on I, see [GrMWi, Theorem 4.6].
LEMMA 1.2. P is time-reversal invariant, i.e. 1 — (1 — ) ~ p(z).

See [GrMWi, Theorem 4.3].
The averages of ¢ and ¢! are also of some interest to us. The following
two equalities are proved in [GrMWi: Vz € [0, 1]

i) Ep(z) ==
ii) Ep () =: p(z) = & + L arcsin(2z — 1).
As a consequence, by a standard limit process we get

LEMMA 1.3. Let us extend the o-algebra on ) by adding all P-0 measure
sets. Then,
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(i) Let E C [0,1] be a Lebesgue measurable set. Then ¢(E) and ¢~ 1(E)
are Lebesgue measurable P-a.s.;

(ii) m(¢(E)) and m(p~*(E)) are random variables on the probability
space £, that is measureable maps €} — R, and

E(me(E)) = mE

E(me ™' (E)) :/Ep'dac,

where m is the Lebesgue measure.
(iii) If f € L*°[0,1] then fop € L*> a.s. and fol g-(foyp)dr is a random
variable for any g € L*([0,1]).

1.2.  We consider the following operator in L]0, 1],

©f)@) = [ Ly,

or, after a change of variable,

©nw)= [ 11 () v

Fubini’s theorem gives fol Ofdx = fol fdz and it follows that ||©f|; <
11 (equality takes place iff f has constant sign).
Now we state some fundamental properties of the distribution

Pu(a) = P(pla) < ),
and the corresponding density function p, := %Pa (x).

Theorem 1. (i) For every a € (0, 1), the function P,(x) is continuous on
R and € C*(0,1).

(ii) po =Op2s (0 < a<1/2).

(iii) pa(x) = p1—a(l—2) (1/2<a<1).

Proof. First note that (iii) follows from Lemma 1.2. Further, if for some
a <1/2, Py, € C1(0,1) then P, € C1(0,1) and (ii) holds. Indeed, we have
P(p(a) < z) =E (P(p(e) < z) ’ (1) .

The scaling invariance of P on the interval [0, 1/2] implies that for P-almost

any value of ©(1/2), (¢(a) [ ¢(1/2) = y) ~y - ¢(2a),

Pa(w):/OIIP’(y-@@a)<w)dy:/01P2a (%) dy:x—i—/:Pga (%) dy,

and differentiation with respect to the parameter x (which can be justified
easily) gives (i) and P, € C'(0,1). So for a of the form d2~*, the obvious
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induction over [ together with (ii) and (iii) gives (i) and (ii). Moreover,
using the definition of © we see that P, € C?(0,1) and we have a uniform
(over all dyadical «) estimate, ming<,<1-_s pa(z), |pL(x)] < C(6). Now
we fix a € (0,1/2) and take dyadical a,, — 2a. Obviously, P,, — Paq
on [0,1]. Standard compactness arguments imply from the estimate above
that P, € C', so we finish the proof.

Certainly, P, € C*°(0,1) for every a € (0,1) but we do not need it.

We mention one more property which follows from the previous ones:

(iv) pq is strictly decreasing if a < 1/2 and increasing if o > 1/2.

1.3. Now we prove that a random homeomorphism ¢ has almost surely a
Hélder smoothness (€ HY := {f : ws(6) = O(67)}) with some fixed order
v > 0. We need this result in a slightly more precise form. (Throughout
the paper, we denote by C and c absolute constants, possibly different.
Occasionally, we shall number the constants for clarity.)

LEMMA 1.4. There exists a v > 0 such that P(w,(6) > §7) < C§? V6§ > 0
(wy is the modulus of continuity of ¢).

Proof. Applying O inductively we get

Po—rin) (z) = 2 logh(z71). (1)

So, for a given b > 0 we have

1 l
P(@(Q*l) > e*bl) < 0 _11)! /ebl log! ™! idx < (l(il)l)! < (Ch)*.

From the definition of P, it follows that the increment of ¢ on any dyadic
interval [d27!, (d + 1)27!] has the same distribution as ¢(27); we obtain

]P’(mgx [o((d+ 1)270) — p(d27h)] > e_bl> < 2@P(p(27) > et < (Cb),

and choosing b sufficiently small, we get the result.

REMARKS. (i) It is possible to prove that 79 = inf{7y|¢ € H” almost
surely} is given as the smaller solution of the transcendental equation
a(1/2)%(2elog?2) = 1. A calculation shows 7o ~ 0.33.

(i) Using the inequality [;log'z~tdz < Celog'e™
proof above,

I we get from the

IP’{ 02521 [o(z+68) — p(z)] < 65} < 62

for 3 sufficiently small. In particular, this means that o ~! has almost surely
a Holder smoothness of some fixed order. Again, the exact value can be
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calculated — it is the inverse of the larger solution of the equation from (i)
~ 0.26.

(iii) Let us consider the following variation on P: Let Q. be a probability
measure created by taking X, ; to be uniform variables on the interval
[% —€, % + 6] (it is also a Dubins—Freedman measure). It is easy to see that
a Q.-random ¢ has a.s. a Holder smoothness of 1 — 8, where 6 = () — 0
as ¢ — 0 (and the same holds for ¢!). We conjecture that our results
(Theorems 2-6) hold also for Q,, for any e.

1.4. To further analyze the p,’s we need the following definition: a func-
tion f on (0,1) is “positive and then negative” if for some zy € (0,1) we
have that f(x) > 0 for x < zp and f(z) < 0 for z > xo.

LEMMA 1.5. If a < 3 then po(x) — pg(z) is positive and then negative. In
particular, po(x) = pg(x) at exactly one value of x.

Proof. We already know (Theorem 1, iv) that p, () is strictly decreasing for
a < 1/2 and strictly increasing for a > 1/2. These two facts (remembering
that p; /o = 1) give us what we need for « <1/2 < 3.

Cram. If f and g are continuous on (0,1), f — g is positive and then
negative and if [ f = [ g, then © f — Og is positive and then negative.

Clearly, ©(f — g) is strictly decreasing and then increasing, and O(f —
g)(1) = 0. Since O preserves integrals, fol O(f — g) = 0 and these three
facts combined give us that ©(f — g) is positive and then negative. O

Using the claim, we get our result for all « < 1/4 < 3 < 1/2. Reversing
it (see Theorem 1, iii), we get the result for 1/2 < a < 3/4 < 3. Repeating
this process (applying © and reversing) over and over we prove our claim
for all a < 3. |

LEMMA 1.6. p1/3 < 2.

Proof. The equations py/3 = ©py/3 and py/3(z) = py/3(1 — x) (which come
from Theorem 1) can be combined to an integral functional equation for

p1/3- Let us define an operator = by (£f)(z) = (0f(1-2)) = fxl @ dy.
p1/3 is a stable point of =. On the other hand, the space of stable points of
= is one dimensional; assume f and g are two linearly-independent stable
points of =. Then some combination af 4 bg does not have a constant sign.
Since they are both continuous, we get that ||©(af+bg)| < ||af+bg|| which
implies that ||Z(af +bg)|| < ||af + bg|| which is a contradiction. Now, 1 —x

is a solution for Zf = f and thus p;/3(z) = 2(1 — ).
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An alternative proof for the uniqueness of the solution is the following:
combining the first and second derivatives of the equation =Zf = f one can
get the linear equation zf" + f/ + ﬁ f = 0. The other solution of the
equation is (1 — z)(log(1 — x) — logx) — 1. Any solution for the equation
Ef = f, however, must satisfy f(1) = 0, and thus the coefficient of this
second solution must be 0.

REMARK. It is not difficult to show, using different methods, that p,(x)
is bounded for o € (1/4,3/4). On the other hand, p; /4 is unbounded (see
equation (1) above).

The above discussion was aimed at proving the following lemma:

LEMMA 1.7. Suppose 1/3 = a1 < ag < --- < oy, = 2/3. Then

n—1 1
Z/O ‘pai(w)_pa”l(m)‘dxﬁll.
=1

Proof. We may assume that for some k, ap = 1/2. We shall start by
evaluating the sum up to ¢ = k — 1. We know that p,, — pa;,; = 0 at
exactly one point in the interval (0,1). When ;41 < 1/2 we get that
Pai = Paiss = O(P20; — P2asy). Since paa; — p2a,,, is positive and then
negative we have that p,, — pa,., is decreasing and then increasing. In
particular, it is decreasing on its positive part. The last sentence clearly
holds also for ;11 = 1/2. Moreover, we know that (pa; — pa,,)(0) < oo,
so clearly

/|p01i - pai+1| = 2/(:0041' - /004¢+1)+ < 2(:0%' - pai+1)(0) .

Summing these results we obtain half of what we need,

Z/ ‘pai - pai+1| <2 Z(pa«; - pa¢+1)(0) = 2(p1/3 - 01/2)(0) =2

i<k i<k
(the last equality comes from Lemma 1.6). The sum over ¢ > k has the
same estimate.

2 A Pointwise Estimate for the Fourier Partial Sums

From now on we shall identify the interval [0,1] with the circle T. This iden-
tification will give us the probability space (®,PP) of all homeomorphisms
¢ : T — T preserving the orientation and keeping 0 as a fixed point. We
shall denote by D,, the Dirchlet kernel with period 1, i.e. D,, = %

The main result of this section is
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Theorem 2. There exists constants ¢ > 0 and My such that for any n > 1,
teT, feC(T) and M > My,

P( [ Datt—2)- (Foppwnte > n) <=

Proof. Throughout the proof we assume that f, n and ¢ are fixed. Clearly,
we may assume || f|| < 1. We use the following notation:

D(z) := Dy(t — x).

q is the integer satisfying 2971 < n < 29.

An arc in [0, 1] is the image of an arc in T, i.e. an interval or a set of
the form [0, z] U [y, 1].

Let B C [0,1] be an arc and let K € L'(B). Then we define

= sup ‘ / K }
ICB
where the supremum is taken over all arcs contained in B. If K = D we
will just write v := yp.

Actually, K will be some affine transformation of the Dirichlet kernel. In
this case, because K flips signs, v (B) will be rather small when compared
to [5|K|. Notice also the following geometric fact: if |J| > 1/n then
v(J) =~ m, where d is the cyclic distance on T.

LEMMA 2.1. Assume K € L'([1/3,2/3]) and f € C([0,1]), || f]| < 1. Then
2/3 1 9
=, wuee] o ([55])

where C' is some absolute constant.

Proof. Our idea is to perform integration by parts on [ K - (f o). Since ¢
is singular we cannot do it directly. We therefore approximate the integral
with a finite sum and replace the integration by parts with Abel’s formula.
Let 1/3 =20 <z <--- <x;=2/3 and denote ¢, := max |z;+1 — x;|. Let
us define S} = 2/3 (fop)and Sy =S, ([o0, K)-f(e(x:)). Arough
estimation of the difference between the sum and the integral gives

S Sal < ([IKI) - max | Flela+8) - flo@)].

1/3<x<2/3

Now let us choose arbitrarily small €, and ¢ and consider the event

X = {p:wy(eg) > ey}
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Lemma 1.4 will gives us that for ¢, suficiently small we shall have P(X) < 6.
Further,

E(|S1 — Sa|) = P(X) -E(|S1 — Sa||X) + P(XC) - E(|S1 — S| X©)
< 25/ K|+ E(|S1 — Sa|XC)

§26/|K|+ </|K\> + max \fly+n) — )]

0<y<1

< ([ 1K1) (254 w5(e,)).

Therefore by choosing ¢, sufficiently small, we can make E(|S; — S2|)
arbitrarily small and refer to E(S2) as an approximation of E(S7).
Now let’s apply Abel’s transformation. We get
-1

5= 3 ([ ) et - stetee) + ([ 1) oton)

i—1 /3 /3
and thus

s <o ([5.3] ) (1+ :Zl £ p(a:)) ~ Bf (ol )

Let us recall the definition of the density functions p, of ¢(z) from §1. It
is well known that

E(f(¢(x)) = / 1) - puly)dy,

which gives us
B ele) ~ B = | [ 1 pe =1 peca] < [ 1be = pral.

We apply Lemma 1.7 and we are done. The estimate Zi;% S 1Pz = Pasin| <
4 gives

]Elg ( / /3 K) (o) - f<so<xi+1>>)] < i ([g §]) ,

then [ESs| < 57;(([%, %]), and therefore ‘E ff/f[(-(focp)‘ < 571(([%, %]) O

LEMMA 2.2. Let B be a dyadic interval. Let I be its middle third. Then

e( [0 00| vom)| < cr),

where C' is some absolute constant.
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Proof. We apply the previous lemma to K = D o L, where L is the affine
increasing transformation carrying [0, 1] — B, with f o L instead of f and
use the scaling invariance of P on B. O

LEMMA 2.3. Let B = [by, b1] be a dyadic interval and assume t ¢ B. Then

([ ow) | w0m)

Proof. 1f |B| < 279 we have nothing to prove since D flips signs no more
than once on B which implies that [, |D| < 2v(B) and we need no proba-
bilistic considerations. Therefore, we can write |B| = 2¥~9. Divide B into
2k + 1 subblocks as in the following diagram:

]
T o 11

SLS;[ SQ Sk S2k—1 SR

Sy, is the middle third, Si_; is the middle third of the left half, Si_o is the
middle third of the left quarter, etc. Sy and Sk are the remainders and a
short calculation shows that [Sy| = [Sg| = 227%. The same considerations
as above show that fSL |D| < 2y(B) which implies |E fSL D-(foyp)|
gp(aB)’ < 2v(B). The same holds for Sg. To estimate the integral for
the S;’s we can use Lemma 2.2. For S, we can use Lemma 2.2 with no
modification and obtain ‘E(fsk D-(foy) | @B))| < Cy(Sk). For the
other S;’s the proof is almost as simple: suppose for simplicity that j <
k —1. Then

E(/Sjmfosa) | wlon)) ZEE</%D‘(fos0) | l0B). ¢t + 20

<7(B)(Cllogy(B)| + C) .

ez | D-(fog) | ltn). ol #20).

and we have the situation of Lemma 2.2, with B replaced by [bg, by + 2779]
and I replaced by S; — which implies

< E(CH(S))) = C(S;),

and so

E</BD (foyp) ’ @(%))' <C <’)/(SL) +7(Sgr) + Zv(sj))

<Cy(B)+CY

_
nd(t, Sj) '
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Suppose now that ¢ is closer or equal to the left side of B. We write Z?:l =

S+, where 3" is taken over the S;’s for which d(t,S;) > 2d(t, B) (if

such j exist). Clearly, >’ holds no more than logy(nd(t, B)) < C|log~(B)|
1

summands, and for each one 7(S) < ~(B) since S ¢ B. On 3", TS

drop exponentially and then > < CW < Cv(S),) < Cy(B) (jo is
k) ]0

the first summand in >.”). The same calculation holds for the case the

j >k if t is closer to the right side of B. Now, if j < k and ¢ is closer to

the right side of B then we can simply argue that d(t, S;) > d(t, Sox—;) and

thus Z?:l < Z?i,_cl and we are done. ]

REMARK. The lemma also holds if ¢ € B, in which case it takes the form

([ -0 |som)| <0
The proof is similar.

LEMMA 2.4. Let I be an arc. Let B C I¢ be a dyadic interval (I¢ denotes
the complement of I). Then

’E</BD'(fosO)‘s0\1>

Proof. 1t is clear from the construction of measure PP that the information
on @|; adds nothing to ¢|p when ¢|sp is known. Thus this lemma is derived
from Lemma 2.3 by integration over ¢|sp. 0

<(B)(Cllog(B)| +C).

LEMMA 2.5. Let I be an arc. Then

’E</ICD~(fO<p)‘<p\I>

Proof. Following the proof of Lemma 2.3 we divide I into a finite number
of disjoint intervals; two of them (those nearest I) of length < C/n, and all
other dyadical of length > 1/n, at most two of each size. Denote them by
Bj. For each B; we use the estimate of Lemma 2.4 and we get

B [ 0o |oh)| <)+ Sa(B) (Cllo(B7) +).

< ’y(IC) (C’log2 ’y(IC) + C) )

As in Lemma 2.3, we get a sequence of intervals of length C|log~(1¢)] for
which we estimate v(B;) < v(I%), and in the remaining intervals ~(B;)
will drop exponentially. O
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From now on, it will be more natural to change the notation somewhat.
Let I be a symmetric arc centered at ¢ which holds exactly 2k — 1 peaks
of the Dirichlet kernel. Denote Y}, := [, D - (f o ¢). Since d(t,I5) = k/n

k

(d is the cyclic distance, as above), y(I¢) ~ Ck~!. Thus, Lemma 2.5 can
be restricted to arcs centered at ¢, and reformulated as

LEMMA 2.5, For k > 1, [E(Y; | ¢[1,)] < Ck~'log? k.

LEMMA 2.6.  E(Y?|¢l) < Ck~llog?k.

Proof. Denote J, = I\Ix_1, J1 = I and X; = fJ.D - (f o). Then
Vi = 2 isp41 Xi and

V=2 XiVi+ > X7
i>k+1 i>k+1
Now, [, |D] < Ci~! which gives the non-probabilistic estimate
doxi<c > it<ck
i>k+1 i>k+1
For the first summand, using J; C I;, we can write,

B | el)| < E(X]- B | el | olr)
<E(|X:| - EE(Y; | @)l | #lz,)
<E(1Xi|-E(Ci ' log?d) | ¢lr,)
=Ci tlog?i- E(]X;| ‘ olr,) < Ci~2?log?i.

This gives us

i>k+1

g0|Ikc> < Z Ci~%log?i < Ck™'log?k,
i>k+1

which proves our lemma. O

REMARKS. (i) Using a slightly more sophisticated decomposition into
dyadic blocks, one can remove the log? k factor from the above estimation.
However, this gives no improvement to the final result.

(ii) In §4 we will need a version of Lemma 2.6 which is not restricted to
arcs centered at ¢t. The exact formulation is: For any arc J C [0, 1],

5| [0 700

The proof is identical to the proof of Lemma 2.6.

2
’ sOIJc> < Cy(J)(log*~(J) +1).
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The last lemma enables us to complete the proof of Theorem 2 by
a suitable modification of a classical independent-variable sum technique,
which one can find in [K2, ch. 2].

Let Cy satisfy that flj\lj,l |D| < C1/j. For a given M, we denote by
j = j(M) the maximal integer such that flj |D| < M — 1. Clearly, there

exists an absolute constant ¢ > 0 such that j > e“™. We have,

b(| [D-(to0)

>M> <P(Y;] >1).

Using Lemma 2.6, we can define p :=C lo—\/gjj which will satisfy
P(Ysl > nlel) <3 Vs>j. (1)
Now, if M is sufficiently large (M > M), we may also assume that
4 log j
j Vi @

LEmMA 2.7. If, for a given € > 0 and v > 1, the inequality
P(Yil > vp | ol) Se Vs>
is true, then
P(T§§<|E—)@\>(V—i—l)u‘gp|fs>g%g Vs>j.

Proof. We fix s and divide the event B = {max,>s|Y, — Y| > (v + 1)v}
into disjoint events
B, ={|V,=Y,| > (v+1)p, V=Y, < (v+1)uVi=s,...r—1} (r>s).
Obviously, B, N{|Y;| < p} C {|Ys| > vu}. This gives us

e > P(|Ys| > vpn| ¢lr,) 2 P(BN{|Y| > v} | 1)

=Y P(B.N{[Ys| > vp} | ¢lr) =D BB Ve < u} | ¢lr,)

r>s r>s

Clearly, B, belongs to the o-algebra generated by ¢|;. and so (1) with r
instead of s gives:

P(B, 0 {IY;] < u} | olr) = 3P(Br | ¢l1.)
and thus € > 3P(B | ¢|1,), which is what we need. ]

LEMMA 2.8. With the assumptions of Lemma 2.7,
P([Yal > (2 +2)u | ¢l1,) < 3€°.
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Proof. Let us retain the definitions of B and B, from the previous lemma.
Notice that the values of |Y;| change by no more than Cyr~! < y at each
stage. Therefore |Ys — Y| cannot rise above (v + 2)u without first being
inside the interval [(v + 1)y, (v + 2)p). Thus

P(|Yal > v+ 2| olr) <Y P(B N {[Ye| > v} | ol1,)
r>s

r>s
(using Lemma 2.7 for the last estimate). O

Starting from the definition of ;4 we apply Lemma 2.8 inductively [ times
and get that

l / /
B(Yal > pdr [ eln) < (3) (D) < (5)°
where the d;’s are defined recursively by di = 1, d; = 2d;_1 + 2. Clearly
d; < C2'. Picking a maximal [ such that pud; < 1 we get that [ > ¢M and
thus P(|Ys| > 1] ¢|1,) < (1/3)Zl < ¢, In particular it holds for s = j
and the theorem is proved. O

REMARK. The theorem also holds for L*° functions. To prove it one only

needs to use Lusin’s “correction” Theorem and estimate the remainder by
Lemma 1.3.

3 Global Estimates

For a given f we denote by S, (f) the n-th partial sum of its Fourier ex-
pansion. By || - || we always mean the norm in C(T).

Theorem 3. For any f € C(T), ||Sn(f o ¢)|| = o(loglogn) almost surely.

Theorem 4. If ws(§) = o(loglog1/8)~! then f o € U(T) almost surely.
Remember that U(T) is the class of all functions on T having a uniformly

converging Fourier series. We will see in §4 that both results are sharp.
We need the following lemma which is an easy corollary to Theorem 2.

LEMMA 3.1. If ||f]] < 1 then P(||S,(f o ¢)|| > Ciloglogn) < n=2 for
n > Cs.

Proof. For any t € T, Theorem 2 gives P(|S,,(fo)(t)| > C1loglogn) < n™*
for n > Cs. It follows that for a fixed n > Cy with probability > 1 — n=2,

we have
|Sn(fo@)(dn™?)| < Crloglogn, V1<d<n®.
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But S,,(f o ¢) is a trigonometric polynomial of degree n with the modulus
of each coefficient < 1, so clearly H%Sn(f o gp)(t)H < On? and we get from
the previous estimate that ||.S,(f o ¢)|| < C1loglogn + C with probability
>1—-n"2 O

Proof of Theorem 8. Let us fix an arbitrary ¢ > 0 and find a C' function
g such that ||f —g|| < e. It is well known that there is a constant C' = C(g)
for which ||S,(go¢)|| < C(g) uniformly for ¢ € ®. But the previous lemma

gives )
sup ——||Sp((f —g) o <eC
S loglogn” (f =9) o9
with probability > 1 — CN~! and the theorem follows. |

REMARK. If f € L*°(T) then using the Remark to Theorem 2, one gets
the same estimate, with o replaced by O.

COROLLARY. For any f € C(T), there exists ¢ such that ¢ and ¢~ ! are

Hélder and [|S,,(f o ¢)|| = o(loglogn).

We do not know whether it is possible to improve this result in either
of the following two directions: replacing bi-Holder by bi-Lipschitz; and
replacing o(loglogn) with O(1).

Proof of Theorem 4. As usual, we assume that ||f|| < 1. Using Lemma 1.4
we fix 7 > 0 such that for every n, wy,(n™!) < n™7 with probability >
1 — Cn~2. For a given n sufficiently large we pick N, n?/2 < N < 2n/2,
and define g € C(T) to satisfy g(d/N) = f(d/N), 1 < d < N, and linear
between any two neighbouring points. Clearly, ||¢'|| < 2N so

w1 <7 = Whep(n ™) < 2NRTT < 4n™/2 .
Now using the standard estimate

|Sn(F) = F|| < Clogn-wp(n™')  VFeCT),
we obtain ||S,,(g 0 ¢) — g o ¢|| < Cn~7/2logn with probability > 1 — Cn?.
On the other hand, Lemma 3.1 gives

|Sn((f —g) o @) < C|If — gllloglogn < Cws(N~1)loglogn
with probability > 1 — n=2, so for almost every ¢ € ®
HSn(f op)—fo 4,0” < Cws(N 1 loglogn + Cn~"?logn + Cwp(N7

for every n > N(¢p), and the result follows. 0

REMARK.  If ws(6) = O(loglog1/6)~! then f o ¢ has a.s. uniformly
bounded Fourier partial sums.
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4 Examples of Divergence

The aim of this section is to show that the main estimates of section 3
cannot be improved.

Theorem 5. For every s(n) = o(loglogn) there exists an f € C(T) such
that

lim sup Tln)HS”(f 0 p)|| = o0 aus.

Theorem 6. There exists a function f with w¢(6) = O(loglog1/8)~! such
that fop & U(T) a.s.
4.1. We start with a few lemmas.

LEMMA 4.1. Let @g be a Lipschitz homeomorphism of [0, 1] with a constant
K, ie. |po(z) —vo(y)| < K|z —y|. Then

IP{Hgo — ol < 7”} > C(K)l/r, Vr >0
where ¢(K) is some positive constant.

K+2
249

Proof. 1t is clearly enough to consider r =
s < g we denote

Xo={o:]p(127") —po(j27%)| < 277, VO < j < 2°}.

Let us estimate P(Xs41|Xs). If ¢ € X with some s < ¢ then for any odd
4,0 < j < 25F1 the probability of the event

|p(j27 V) — (27| < 27
can be estimated from below by
2-4 2-4
j—1 J+1 = K2-5 4 2-at1’
o (355) — o (4%
and for different j’s these event are independent. So P(X.y1|Xs) >
(K295 +2)~% which implies

where ¢ is an integer. For

q—1 q—1
P(X,) = [[P(Xep1 | Xo) > [J (& +2)2 279>
s=0 s=0

> eXP<2q10g(K+2) + 2qlog22 57) = exp <C(7~ )) '
j=1

To finish the proof we only need to notice that X, implies ||¢ — o < 7. O
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LEMMA 4.2. Let N be a natural number, I a dyadical interval in (0, 1), t
the middle of I, and suppose we fix p|gr. Set | = N|pI| and assume [ is
large enough (I > lp). Then there exists a number n, n|I|/l € (1/2,1) such

that
IP’{ /Dn(t —x)sinmtNp(z)dx| > clogl ‘ 90’{91} >,
I

where c Is some absolute positive constant.

Proof. The properties of the Dirichlet kernel imply immediately that there
exists an n as above and a piece-linear homeomorphism g = 1)o(I, n, N) :
I — ¢(I) which will satisfy
(i) el < 10Je(D)/|1]
(i) 1o has exactly two inflection points in I’ = [t — 3|I|,t + 1|I|], both
not more than 1/n away from t.
(ili) signsinmNvg(z) = sign Dy, (t — x) on the interval I’.
These properties imply

/Dn(t —z)sinwNpo(x)dx| > cl/ |D| — ¢ > calogl —c. (1)
I r

Now let 1 be any homeomorphism 1) : I — ¢(I) with the condition

o — woll < DL )

Then clearly,
I 1
/D- (sinwNwp(z) —sin TN (z))de| < /]D| - - Clgi)(l ) < 5e2 logl
1 I

and we get (for 1) the same inequality as (1) but with a different constant.
Let us now estimate the probability of the event (2). Using the scaling
invariance of P we apply Lemma 4.1 to a scaled version of g, r = ¢1/201
and get the result of the lemma. O

LEMMA 4.3. For a given € > 0 and N sufficiently large N > Ny(e) one
can find with probability > 1 — ¢ a random number n, a random dyadical
interval I and a random point t € I such that the following conditions hold:

(i) | J; Dn(z —t)sinmNp(x)dz| > cloglog N;

(ii) N¢<n< NS

(ili) clogN <n|I| < ClogN.
Proof. First, using Lemma 1.4 and remark (ii) that follows, we can find a
d > 1 such that

P{h? < max |p(z) — p(z +h)| < BV/IVO<h<h.}>1-5. (3)
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For any N satisfying %N 1/2d h-! we define Q to be the power of 2 which
satisfies
L <INV <@ < NV, (4)
Fix now a dyadical interval J = [%, é] and suppose that

lo()] > Q™ (> N2, ()

then obviously, assuming that N is sufficiently large, one can always select
a random dyadical subinterval I C J such that

lova < ()| < 2¢1 IOfVN , (6)
where ¢y is some constant that will be fixed later. To pick such an I, we
can start with Iy := J and always choose I, to be the larger half of I,,_;
until, for some n, |I,,| will satisfy (6) and then define I := I,,. This selection
process has the important property that if ¢’ = ¢ outside of I = I(p) then
I(¢") = I(¢). Thus we may apply Lemma 4.2 to I and get

C1

IP’{ sup ‘ /Dn(m —t)sinTtNp(z)dz| > clog(ci log N) ‘ @(8[)} > (2e1log N
I

where the supremum is taken over all ¢ € T, dyadical I C J and n, satisfying
conditions (6) and (7)
c1log N c1log N
——— <n< —. (7)
2|1] 1]

Assuming that (5) holds for all J’s and using independence, we get the
estimate for the conditional probability,

]P’{ sup
t,In

/IDn(a; —t)sinTt Np(z)dz

> cloglog N | (5) holds Vj}

> 1 _ (1 _ C2CIIOgN)Q,
and, if ¢; is chosen sufficiently small,
>1-—3.

The supremum is taken as above, for I,¢ and n satisfying (6) and (7) but
over all dyadical I C [0, 1].

Because of (3), assumption (5) occurs for all 7 with probability > 1— %5
and thus (i) and (iii) are fulfilled with probability > (1— %5)2 (see condition
(7)). We lose another 2¢ to get (ii) from (3), (6) and (7). 0
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4.2. Our next step might be of independent interest.
LEMMA 4.4.

C

> M ’ ole) < —

B(| [ Dutt=2)-(00) o

where C' is an absolute constant, independent of n,t and J.

We refer the reader to remark (ii) following the proof of Lemma 2.6.
Lemma 4.4 is an easy consequence of it.
REMARK. It is possible to get a double-exponential estimation of the
probability in Lemma 4.4, as in Theorem 1, but we do not need it here.

LEMMA 4.5. Let ||f|| < 1, M > 1, r and ng < ny be given with the
condition

>Mp>r.
teT
y€[0,1
neng,nq]

]P’{ sup ' Dn(t—x)f(gp(a:))da:
| [0,y]

Then
]P’{ sup HSn(fOsO)H > %} >r— %
ne

[no,n1]

Proof. Denote by B the event above, so P(B) > r. On the set of all triplets
a = {y,t,n} we introduce an order

ap <ag <y <ygory =y and t; <ty ory; =yo, t1 =t and n; < ng.
Let a(¢) be the minimal o for which | [/ Dy, - (f o ¢)| > M. This allows us
to partition B into disjoint events B¢ = {¢ € B | a(¢) = a}. One can see
that every B depends only on ¢|( ). We now fix a = {y,t,n}. Then
using Lemma 4.4 with J = [y, 1] we get

]P’{‘Sn(fotp)(t)‘ < % ‘ BO‘} < %
and after integration on «,

M c
p{ max [Su(fop)l| <4 |B} <.
and the lemma follows. |

We mention a corollary. Denote by Up the set of continuous functions

with uniformly bounded partial sums, and by U the set of f for which
/Dn(a: —t)f(z)dx
I

for all t € T, intervals I C T and n € N. Clearly, U C Uy and it is well
known that the imbedding is proper. However, from a probabilistic point
of view these two classes are identical.

< K(f)
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COROLLARY. For any f € C(T), P(f o ¢ € Ug\U) = 0.

Proof. Notice first that U= {f : |f0yD . f} < K(f)}, i.e. that we can
restrict our attention to intervals of the type [0,y]. The corollary then
follows from Lemma 4.5 by taking a limit as M — oc. O

COROLLARY. If f € C(T) and v any piecewise linear homeomorphism of
T then fop € U(T) < fopo € U(T) almost surely.

The last corollary is obviously closely connected with a zero-one law for
the property f o € U(T). However, the naive proof of the zero-one law
requires us to compare f o with foop. A correct proof of the zero-one
law therefore requires an additional component, which we shall not describe
here.

4.3. We are now able to finish the proofs of Theorems 5 and 6.

Proof of Theorem 5.  Clearly, we may assume that s(n) is increasing.
Define by induction a fast increasing sequence N and a fast decreasing
sequence b with the conditions

(i) Zq<k bqNgq = o(by log log N},)
(i) > 4ok bg = o(br/log Ni)
(iii)  s(Ng) = o(brloglog Ni) where c is taken from Lemma 4.3, (ii).

(At each step, choose Ny, sufficiently large such that (i) and (iii) are fulfilled,

and then choose b1 such that all conditions (ii), for all k, will be fulfilled).
With these constants, we may define

f(z) = Z by sin TNz .

Let n € [Nf, NS, ¢ and C from Lemma 4.3. To estimate S,(f o )
we shall define f1 := > _; bysinmNyz and fo := > ;. The standard
estimate Sy, (g) < CV(g) where V(g) is the variation of g will give

HSn(fl o go)H < C’qu]\fq = o(by, log log Ni,)
q<k
uniformly for all ¢ and n as above. For fy we get

[Sn(f2 0 9)|| = O(II 2/l log n) = o(by) -
Now, applying Lemmas 4.3 and 4.5 we get

max Sn (b sintNgp(x))|| > cbi loglog Ny,
e, S (b k()| > cby loglog N

with probability > 1—o0(1). As s(n) < s(Nf) = o(by log log Nj) the theorem
is proved. |
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Proof of Theorem 6. Set

1
=Y ———— s,
f(zx) Toglog Ny sin T Nz,

where Nj is increasing sufficiently fast. One can easily see that f has the
desired wy(0).
To prove the divergence of S, (f) we write, as in the proof of Theorem 5,

f=hHh+

Standard estimates for the rate of convergence of Fourier partial sums of
Holder functions give us that, if Ny is increasing sufficiently rapidly, then

max _||Su(fiop) — fiopl =o(1),
n€[Ng,NE

——————sin7wV, .
log log Ny sinwNpx + fo

with probability > 1 — o(1). For fs, we may argue as in the proof of
Theorem 5, and for the main term (denote it by f3), Lemmas 4.3 and 4.5
give us

max HSn<f3) — f3H >c

n€[Ng,NE
and the theorem is proved. O

4.4 Remarks. i) Analyzing the proof of the last theorem one can see that
in fact one can get not only divergence in C' but also pointwise divergence
at a random point (actually on a random dense set).

ii) On the other hand, one can localize our construction and get an
example of an f with the same smoothness for which f o ¢ has a Fourier
series which converges pointwise everywhere, but not in C(T). The localized
function looks like L sin(e®”z +1);,,) over the interval [n%rl, 11 where the ¢,
are chosen to make f continuous.

It is interesting to compare this result with the Billard theorem, which
states that for random functions of the type Y 4a,e™® almost-sure-
pointwise-convergence-everywhere and almost-sure-uniform-convergence
are equivalent.

iii) A different variant on the pointwise question is the following: when
is it true for a function f to satisfy that f oy has an a.s. convergent Fourier
series at xg assuming that ¢(xg) = yo? We give without proof the following
result for the case g = yg = 0: a sufficient condition for this behaviour is
|f(8) — f(0)| = o(logloglog 1/6)~! and this condition is sharp.

iv) Using similar techniques, one can show that the remarks following
Theorems 3 and 4 are also sharp.
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5 Baire Categories

Here we prove that if, instead of the probabilistic approach above, one
considers the “typical” homeomorphism ¢ in the sense of Baire categories
then the situation completely changes: even the Dini—Lipshitz condition
(0.2) does not imply the convergence of the Fourier series of f o .

We start with

PROPOSITION. ) wy¢(1/k)/k < oo implies that for every homeomorphism
0:T—T, fopeU(T).

The proof is based on a theorem of Baernstein and Waterman: fop €
UV ift

W

Z = (f(zo) — f(ijl))‘ —0 (6—0) (1)

A(d) ;= sup
() -

|1‘1—:va |<(5

j=1

(here {z;} (1 < j < 2k) is any monotone sequence on [0,1]), see [BW].
Now for a given such sequence, |x] — x9x| < 6, we have

k

Z %(f(xzj) - f($2j—1))' < Z %‘f(mj) - f(x2j—1)‘
<D jwr(lea; = 22jma]) <D Gwi(6)),

where 6; (1 < j < k) is the decreasing rearrangement of the sequence
{lx2j — x2j—1|}. Obviously 6; < 6/j, so we get (with any v)

1 6 1 we(l/j
A(&)gzgwf (E) gwf((g).zfrz f(j/])'

j<v? v

Now by choosing v we can make the second term arbitrarily small and (1)
follows.

Our aim now is to prove that the result is sharp even for a typical
(instead of every) .

Let ® be the set of all nondecreasing continuous functions ¢ on [0,1],
©(0) = 0,¢(1) = 1 with the supremum norm. It is a complete metric space
and one can see easily that the set ® defined in 1.1 is a residual set in
® (as usual, a residual set is a set whose complement is of the first Baire
category). Therefore it is a second category space and it makes sense to
speak about “typical” elements of ®.

Theorem 7. Let w(6) be a modulus of continuity satisfying the condition

Z%w (%):oo (2)
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Then there exists a function f € H¥ such that for every t € T
limsup | S, (f o p;t)| = o0, (3)
for every ¢ € ® except for a set of the first category.

Proof. 1. Let f be a function € C(T), || f|| = 1 such that
k

Z %(f(ij) - f(ij—l))‘ = 00, (4)

J=1

A(fil) = sup
{zj}CI
T]>wQ> - >Top

where [ is any interval C [0,1]. Then for any ¢ € T, (3) holds for typical ¢.
Indeed, fix some 0 <t < 1,a p € ® and ¢ > 0. Find 6 > 0 with the
condition ¢(t — ) > ¢(t) —e. For a given M, using (4), choose a ¢ on
[t — 6,t], agreeing with ¢ on the boundries, such that for some n,

t
/t (f 0 @)(@)Du(t — z)de

)
where Cq and Cy are some absolute constants that will be fixed later. Now
define ¢ to be a constant on [t, t+ %6] and we will get that for any n,

> M+ S+ O,

’ /tt+%6(f © §)(x) Dn(t — z)da| < C.

Fix C5 to be this C. Set @ to be equal to ¢ outside [t—§, t+6] and interpolate
@ linearly on [t + %6, t+ 6]. We will get, simply because |f o ¢| < 1, that

t—6 1 N .
/0 +/t+;¢s(fo“”)(x)D"(t_x>d$ <%

Again, fix C to be this C. This will give us
[Sn(f o @it)| > M.
It follows that the set {¢ : sup,, |Sn(f o @;t)| > M} is dense and certainly

open in @, and we get (3) on a residual set of homeomorphisms.
2. Now we need only construct a function f € H* satisfying (4). Denote

wd Hsindlrr ze(2h270-D] <
fi(a) = { (4 ( |

0 T <279
and extend it periodically with period 1 on R.

Clearly wy, (6) < Cw(6), 6 > 0. Denote acg-s) as the set of all points of
local extremum of fs on [0,1] in decreasing order. Then we have

Y AAGE — B> e e > e 3w > e Y bu()).

I<s £<2s j<4s
(5)
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We now put
flx) =Y a7, 2Na). (6)

where the numbers N, and s, are chosen as follows: if the partial sum g,
of the series (6) is already defined we take

Nu > Nl/—l + 25,1 ) (7>
and then take s, so large that

Y L (%) > 42N (8)

j<dsv
Clearly wy(8) < C Y4 Mwy (2M6) < Cw(8). Now fix I to be of the form
[p2=™, (p+1)27Nv]. (7) implies that A(g,—1,1) < 1. Denoting by {x;} the
extremal points of f,, on I in decreasing order and keeping in mind that
all further members of (6) vanish at each x;, we get from (5),(6),(8) that
Mf, I) > 4l O

REMARK. As in the previous sections, there is also a version of this
theorem pertaining to the order of growth of ||S,,(f o ¢)||. It is possible to
prove that for any s(n) = o(logn) one can construct a function f € C(T)
such that

1
lim sup %HSn(f op)|| =00

for a second category set of homeomorphisms . Further, in the category
setting one can strengthen this result to get
imsup 5[/ 0 2) (1) = o0
on a set S of (¢, p)’s which is of second category in T x C(T) and SN{t = ¢y}
is of second category in C(T) for every t.
This kind of extension cannot happen in measure setting, due to the
Carleson convergence theorem.
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