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TAKAGI TYPE FUNCTIONS AND DYNAMICAL SYSTEMS: THE
SMOOTHNESS OF THE SBR MEASURE AND THE EXISTENCE AND
SMOOTHNESS OF LOCAL TIME

PETER IMKELLER AND OLIVIER MENOUKEU PAMEN

ABsTRACT. We investigate Takagi-type functions with roughness parameter 7 that are
Holder continuous with coefficient H = 112%. Analytical access is provided by an embedding

into a dynamical system related to the baf{er transform where the graphs of the functions
are identified as their global attractors. They possess stable manifolds hosting Sinai-Bowen-
Ruelle (SBR) measures. We identify these measures with the laws of certain symmetric
Bernoulli convolutions. Dually, where duality is related to "time” reversal, we give a repre-
sentation of the Takagi-type curves centered around fibers of the associated stable manifold
in terms of Bernoulli convolutions. Duality also relates SBR to occupation measure. As
opposed to SBR measure - Bernoulli convolutions belong to the first chaos - occupation
measure turns out to be a functional in the second Rademacher chaos, in terms of this
non-Gaussian Malliavin calculus. Using a Fourier analytic criterion and variants of Weyl’s
equidistribution theorem, we prove for smoothness parameters v = 2_#,771 € N, that the
Takagi-type curves possess square integrable local times with m — 2 smooth derivatives.

1. INTRODUCTION

The interest in the subject of this paper, rough Takagi-type curves, arose from a two
dimensional example of such functions studied in the context of the Fourier analytic approach
of rough path analysis or rough integration theory laid out in [19] and [20]. In [20], the
construction of a Stratonovich type integral of a rough function f with respect to another
rough function ¢ is based on the notion of paracontrol of f by g. This Fourier analytic
concept generalizes the original notion of control introduced by Gubinelli [I8]. In search of
a good example of two-dimensional functions for which no component is controlled by the
other one, in [26] we come up with a pair of Weierstrass functions W = (W3, W3). One of
them fluctuates on all dyadic scales in a sinusoidal manner, the other one in a cosinusoidal
one. Hence while the first one has minimal increments, the second one has maximal ones,
and vice versa. This is seen to mathematically underpin in a rigorous way the fact that they
are mutually not controlled. It is also seen that the Lévy areas of the approximating finite
sums of the representing series do not converge. This geometric pathology motivated us to
look for further geometric properties of the pair, or of its single components. Here we look
at a relative of the Weierstrass curves, Takagi-type curves with similar regularity parameters.
In contrast to the former, they are more easily accessible to the analysis we employ for the
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2 P. IMKELLER AND O. MENOUKEU PAMEN

investigation of their geometric properties. They are given by
oo
T(x) =) 7"®(2"), =€0,1],
n=0

with ®(x) = d(x,Z), the distance of x to the closest point in Z, and a roughness parameter
y E]%, 1] (see Figure. They are Hélder continuous with Hurst parameter H = 1287
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FiGURE 1. Takagi curve for v = 2_%, v = 2_%, v =2 &, v = 9~ 16

We continue the study of geometric properties of such functions by asking the questions:
under which condition on v does T possess a local time? How smooth is this local time? In
fact, we shall answer these questions first for a modification H of 7 defined in , obtained
by perturbation of 7 with a very smooth path, naturally given by geometric properties of
the associated dynamical system our analysis is based on, and subsequently also for the
unperturbed 7. The answer to these questions resonates back to rough path analysis, as
is impressively shown in [I2]. There it is proved that curves possessing smooth local times
have a regularizing effect, if added to an ill-posed ODE. Regularization problems of this kind
in the sense of path by path uniqueness of solutions to SDE was already investigated in
[14] assuming that the vector field is bounded and measurable and the perturbation 7 is a
Brownian motion. The notion of regularization by noise has received a lot of attention is
the past decades (see for example [I, 17, 21, 34, B5] in the ODE case, [7, II] in the PDE
case and [8, 9] for the two-parameter case. To find regularization criteria, in [I2] the notion
of (p,~)-irregularity is introduced. It is proved that adding a (p,~y)-irregular function to an
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ill-posed ODE typically gives rise to a well-posed equation. This notion of irregularity is
based on a Sobolev smoothness of the occupation measure given in terms of the decay of its
Fourier modes. It is worth noting that in all the above mentioned works, the perturbation
T is a stochastic process. As pointed out in [I6], it would be interesting to replace the
stochastic noise by a deterministic function that is "strongly spread”. Concepts describing the
strength of spreading may be more naturally expressed by means of local times, i.e. densities
of occupation measures.

It had been noticed in a series of papers (see [23], [4], [B], [6], [3], [27], [36]) on one-
dimensional Weierstrass type curves that the number of iterations of the expansion by a real
factor can be taken as a starting point in interpreting their graphs as pullback attractors of
dynamical systems in which a baker transformation defines the dynamics. This observation
marks, in many of the papers quoted, the point of departure for determining the Hausdorff
dimension of graphs of one dimensional Weierstrass type functions. For a historical survey of
this work the reader may consult [6]. For our curve we use the same metric dynamical system
based on a suitable baker transformation as a starting point. This is done by introducing,
besides a variable x that encodes expansion by the factor 2 forward in time, an auxiliary
variable £ describing contraction by the factor % in turn, forward in time as well. The operation
of expansion-contraction in both variables is described by the baker transformation B =
(B1, B2). Backward in time, the sense of expansion and contraction is interchanged. The
action of applying forward expansion in one step just corresponds to stepping from one term
in the series expansion of 7 to the following one. This indicates that 7 is an attractor of a
three dimensional hyperbolic dynamical system F' that, besides contracting a leading variable
by the factor =y, adds the first term of the series to the result. So by definition of F, T is its
attractor. Since %, the factor x in the forward fiber motion, is the smallest Lyapunov exponent
of the linearization of F, there is a stable manifold related to this Lyapunov exponent. It is
spanned by the vector which is given as another Weierstrass type series

5(67 37) = - Z "in(I)/(Bg(fv LU)),
n=1

where kK = % e]%, 1] is a roughness parameter dual to . This will be explained below. The
pushforward of the Lebesgue measure by S(-,z) for x € [0, 1] fixed, is the z-marginal of the
Sinai-Bowen-Ruelle measure of F. The definition of F' as a linear transformation added to
a very smooth function may be understood as conveying the concept of self-affinity for the
Takagi curve. Self-affinity can be seen as a concept providing the magnifying lens to zoom out
microscopic properties of the underlying geometric object to a macroscopic scale. Our main
tool of telescoping relations translates this rough idea into mathematical formulas, quite in
the sense of Keller’s paper [27]. Our telescoping is done in both time directions, forward and
backward, and in doing this, we can, roughly, relate the Sinai-Bowen-Ruelle measure and the
occupation measure underlying local time by duality through the operation of time reversal.

More formally, we investigate the doubly infinite series

H(¢z) =) 7" [@(By"(&x) — ®(B;"(£,0)], &azelo1].

nez

A key equation relates H,T and the stable process .S by the formula

H(y)—HEx2)=T(y) —T(x) - /y S(&, z)dz.
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For a geometric interpretation of the increments of H, define the stable fiber through a point
(xz, T (z)) of the graph of T by solutions of the initial value problem of the ODE

d
Zligaw) () = S(E0), lgaw (@) = w,

where we set w = T (x). Then vertical distances on different stable fibers are just given by
the increments of H:

l(f,y,T(y))(y) - l(ﬁ,m,T(m)) (y) = H(f, y) - H(é-v (L‘), 67 T,y € [Oa ]-]

To study the Sinai-Bowen-Ruelle measure, we describe the stable manifold function S(¢,-)
by a decomposition along jumps of the dyadic components of £ from 0 to 1. This decom-
position turns out to be identical to a symmetric Bernoulli convolution. Absolute continuity
vs. singularity of Bernoulli convolutions depending on the roughness parameter x have been
investigated intensively for almost a century.

For the investigation of the occupation measure, in a dual step, we give H(-,x) a decom-
position along jumps of the dyadic components of x from 0 to 1. It leads to a surprising
formula in which the essential part of H(-,x) is represented by a functional composed of a
mixture of integrals in the first and second Rademacher chaos. The Rademacher version of
Malliavin’s calculus was developed in [32] and follow-up papers. In Rademacher calculus,
the role of multiple integrals of Brownian motion is taken by multiple integrals with respect
to a sequence (X, )nen of i.i.d. Bernoulli variables. The classical Bernoulli convolution (for
instance the SBR function S(-,0)) can be seen as a typical integral I1(f) = >, f(n) Xy,
for an fo—sequence f(n)pen, in the first Rademacher chaos, while the second chaos is gen-
erated by double integrals of the form I>(g) = >, ey 9(n, m)Xn Xy, where g(n,m)n men
is a double sequence in /5 that vanishes on the diagonal. By computing mixed moments of
Rademacher integrals of the first and second chaos, i.e. E(I1(f)"I2(9)™),n,m € N, using
the rules of this calculus, we finally arrive at a closed formula for the Fourier transform of
the essential parts of H which is given by an infinite product of cosine functions which, for
nonnegative arguments u take the form

U

’V
COS(gﬁ) . kl;[l cos(gx(u)),

where )
gr(u) = [ur® + \[{(7)2 — 25 = (5) 1}
2 g 2 (g
To prove square integrability of this function, we essentially have to deal with integrating

H cos®(gr(u)) = exp(z In cos®(gx(u))).

k>1 k>1

Since In cos? is periodic with period 7, this problem of integrability is tackled by means of the
equidistribution properties of the sequence hi(u) = gi(u)(modr). This leads us directly into
metric number theory, in particular variants of Weyl’s (see [41]) Fourier analytic equidistri-
bution criterion, due to Koksma [29], and the quantitative estimate of discrepancy between
empiric averages and the average with respect to the limiting (Lebesgue) measure that are due
to Erdos, Turan (see Kuipers, Niederreiter [30]). In our main result we prove that equidistri-

bution is guaranteed for the choice v = 2_%,m > 2, the cases for which Wintner [42] proved
smoothness of the corresponding Bernoulli convolution in the first Rademacher chaos. It turns
out that local times exist in these cases that are m — 2 times continuously differentiable with
derivatives that are Holder continuous of any order p €]0,1[, both for the drifted and non
drifted Takagi curves. We conjecture that smooth local times exist for a.a. ~ 6]%, 1], but
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do not exclude the possibility that there are singular values «y such as the Pisot numbers for
Bernoulli convolutions (see Erdos [I5] for which occupation measures have no densities.

The paper is organized along these lines of reasoning in the following way. In Section 2,
repeating [4], [23] or [27], we explain the interpretation of our Takagi-type curve in terms of
dynamical systems based on the baker transform. In Section 3, we describe the measures re-
lated to the SBR measure, deduce telescoping relationships between them, and representation
formulas for S(€, -) using the jump times 7,,,n € N for the dyadic components of £ from 0 to 1.
In Section [4] we just give a brief summary of the long history of research on the smoothness
of Bernoulli convolutions. Dually, in the long Section [ we investigate smoothness of the
occupation measure of H and 7. We start by deriving a representation of H(-,z) by means
of Rademacher integrals in the first and second chaos, along the jump times o,,n € N of
the dyadic components of . In subsection [5.1] we compute mixed moments of integrals in
the first and second Rademacher chaos, using the rules of the Rademacher version of Malli-
avin’s calculus. These results are used in Subsection [5.2] to deduce closed formulas for the
Fourier transform of the essential parts of the occupation measure. In Subsection we
finally prove that these Fourier transforms are square integrable in the cases v = 2 m ,m > 2,
and consequently smooth local times exist.

2. THE CURVE AS THE ATTRACTOR OF A DYNAMICAL SYSTEM

Let ~ E]%, 1[. Our aim is to investigate the fine structure geometry of the one-dimensional
Takagi type curves given by

(2.1) T(x) =) _ A"®2"x), z€[0,1],
n=0

where ®(y) = d(y,Z),y € R. Let us first determine the Holder exponent of x — T (x) (see
[3] for an overview).

logy
log?2 "

Proposition 2.1. T is Hélder continuous with exponent —

Proof. Let z,y € [0,1] and choose an integer k£ > 0 such that
2—(k+1) S |ﬂf _ y| S 2—]{3'

Then we have, using the Lipschitz continuity of the distance function

k 9]
T (@) =T < > 4"d2",Z) —dQ2"y,Z)|+2 > A"
n=1 n=k+1

k lo
_jlogy
S 2(2'7)n|$ —y|l+ ’Yk < (27)k 27k 4 ,yk ~ ,yk —9 log}

n=1

log ~v

< ‘x_y‘_logQ_

~

This shows that llggz is an upper bound for the Hélder exponent of 7. To see that it is also
2

a lower bound, for n € N choose z, = 0,y, = 27". Then we may write

T(wa) = Tl = | D 2hd@,2)
k=1

n—1 log y
_ -n 1 __log~y
— Z/yk’2k‘ n22 logj — |xn_yn| log2 |
k=1




6 P. IMKELLER AND O. MENOUKEU PAMEN

Since |z, — yn 2 is also a lower bound for the Holder
exponent of 7. The argument can be extended to the other points in the interval. O

Our access to the analysis and geometry of 7 is via the theory of dynamical systems.
In fact, we shall describe a dynamical system on [0, 1]2, alternatively Q = {0,1}N x {0, 1}"
the attractor of which is given by the graph of the function. For elements of 2 we write
for convenience w = ((w—n)n>0, (Wn)n>1); one understands §2 as the space of 2-dimensional
sequences of Bernoulli random variables. Denote by 6 the canonical shift on €2, given by

0:Q— Q, w — (wn+1)nez.

Q is endowed with the product o-algebra, and the infinite product ¢ = ®n€z(%6{0} + %5{1})
of Bernoulli measures on {0,1}. We recall that 6 is t-invariant.
Now let

T = (T1,Ty) : Q — [0,1)2, Zw p2” () an

Let us denote by T3 the first component of T, and by T5 the second one. It is well known
that ¢ is mapped by the transformation T to A? (i.e. ¢ = A2 o T), the 2-dimensional Lebesgue
measure. It is also well known that the inverse of T', the dyadic representation of the two
components from [0, 1]2, is uniquely defined apart from the dyadic pairs. For these we define
the inverse to map to the sequences not converging to 0. Let

B=(B,By)=TofoT "

We call B = (By, B2) the baker’s transformation. The 6-invariance of ¢ directly translates
into the B-invariance of \2:

(2.2) MoB =N oT)of ' oT =0 )oT =0T = )%
For (£,z) € [0,1]% let us note

& m) = (€ )nz0, (Fn)nz1).
Let us calculate the action of B and its entire iterates on [0, 1]2.

Lemma 2.2. Let (¢,x) € [0,1]2. Then for k >0

B¥(¢,2) = (2’% (mod 1), 5—7’2@“ + 5—;;2 4+ éo i 2k>
fork>1 )

Proof: By definition of 0% for k>0

ya —(n Z, g, I3 o n
n>0 n>1

Now we can write

Z§—n+k2 (n+1) — 9k¢(mod 1) and an (k+n) :2%.
n=0 n>1

This gives the first formula. For the second, note that by definition of =% for k > 1

T3
)= (e S 2 S e,

n>0 n>1
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Again, we identify
= —-n _ ok ra —(n+1+4+k) _ 5
> T2 " =2"z(mod 1) and ) 27 ) = o

n>1 n>0
(]
For k € Z, (&, x) € [0,1]? we abbreviate the k-fold iterate of the baker transform of (&, ) as
Bk(ﬁ? ‘73) = (B{%fv .73), Bg(ﬁ? 1‘)) = (§k7 xk)v

where for £ > 0

_ ok _f—k-s—l 5—k+2 go €T
& =2"¢(mod 1), and =z = 5 + > +"'+27+ﬁ’

and for k£ >1
§—k = £+7+7+ —i—xk and x,k:Qkx(mod 1).

2k " 2kl 27
Following Baranski [4, 5l [6], Shen [36], Hunt [23] and [25], we will next interpret the Takagi
curve T by a transformation on our base space [0, 1]2. Let

F:0,1>xR — [0,1]* xR,
(€2.y) = (BEn)y+2(Bs(E ).

Here we note B = (B1, Ba) for the two components of the baker transform B.
For convenience, we extend 7 from [0,1] to [0,1]? by setting

T x)="T(x), &xel0,1].

To see that the graph of 7 is an attractor for F', the skew-product structure of F’ with respect
to B plays a crucial role.

Lemma 2.3. For any &,z € [0, 1] we have

F(&a,T(&0) = (B&), T(B ).

Proof: By the definition of the baker’s transform we may write

ny"@( 13 )), ¢,z €0,1].

Hence, setting k =n — 1, for &,z € [0,1]

T(Ba(&2) = Z’y”@( ;"))
= ®(Ba( ) +727kq’< ))

= ®(B2(&2)) +T (2).
Hence by definition of F'

(B2, T(B&2) = (BE2). T(Bsl¢.2))) = F (&2, T(€)).
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To assess the stability properties of the dynamical system generated by F', we calculate its
Jacobian. We obtain for £,z € [0,1],y € R

2 0 0
F(&xzy) = |0 3 0
0 3®'(B2(&,2)) v

Hence the Lyapunov exponents of the dynamical system associated with F' are given by 2, 3 oL
and . The corresponding invariant vector fields are given by

1 0 0
0], X(¢uz)= 1 , 01,
0 _ZZO 1( ) @/(B"(f, >) 1

as is straightforwardly verified. Note that X is well defined, since by our choice of v we have
27 > 1. Hence we have in particular for £,z € [0,1],y € R

F(&2,9)X(6,2) = 5 X(B(&2).

Note that the vector X spans an invariant stable manifold and does not depend on y.

3. THE SINAI-BOWEN-RUELLE MEASURE

Abbreviate k = % €]0,1[. In Tsujii [39] the problem of the absolute continuity of the
Sinai-Bowen-Ruelle (SBR) measure on the stable manifold described by

= k(B3¢ ), &z el01],
n=1

with respect to Lebesgue measure has been treated. It has been related to the transversality
of the map x +— S(&,z) — S(n,x) for £,n € [0,1]. Here, we shall use the relative simplicity of
the definition of T to represent S in terms of a symmetric Bernoulli convolution, smoothness
properties of which have been investigated intensively over a long time period.

To recall the SBR measure of F, let us first calculate the action of S on the A\?-measure
preserving map B. For &,z € [0, 1] we have

SBe) = 3w (B (Bae.a)

_ Z an)/(B;H_l(f,l'))

= WD R (BER) - @ (Bae)

k=
= 275(&»’6) — @' (By(,2)).
So we may define the Anosov skew product
I':[0,1]> xR — [0,1]* x R,
(& x,v) — (B(f,:z),?yv — @l(Bg(f,x))>.
Then the equation just obtained yields the following result (compare with Lemma .
Lemma 3.1. For {,z € [0, 1] we have

L(& 2,8 2)) = (B¢ 2), S(B(&, @)
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The push-forward of the Lebesgque measure in R? to the graph of S given by
¥ =20 (id,S)7?
on B(]0,1]?) ® B(R) is T-invariant.
Proof: The first equation has been verified above. The I'-invariance of 1 is a direct con-
sequence of the B-invariance of A?. O
Define s : [0,1]2 — [0, 1], (£, 7) +— = and define the measure
(3.1) j= 2o (m,8)!

on B([0,1]%). The measure p is called the Sinai-Bowen-Ruelle measure of I'. Its marginals in
x € [0,1] are denoted g, = Ao S(-,x)~!

We now define a map on our probability space that exhibits certain increments of S in a
self similar way. Let

=Y & [ (By"(¢ 7)) - (By(0,2))], & e 0,1].
nez
Then we have the following simple relationship between GG and S.

Lemma 3.2. For x,&,n € [0, 1] we have
G(&x) = Gn,z) = S(&z) — S(n, ).
Proof: For z,£,n € [0, 1], the equation

(57 ) (7 ) = ZH 3 )) (Bgn(nal‘))]

= R [@/(Bh(g.x) - @/ (BE(n.a)]
k=1
= S(f,fL‘) - 5(77’50)7

holds. Here we used that the first sum for non-negative integers n is zero.
This completes the proof. [

The following result describes the scaling properties of G.
Lemma 3.3. For &,z € [0, 1] we have
G(B™'(& 7)) = KG(E, 2).
Proof: Note that by definition, setting n + 1 =k, for £,z € [0, 1]

G(B (& x) = > & "[@ (BT x) — (BB (£ 2),0))]

nez

+ > k@ (BTTHE @) — @ (BTTHE,0))]
nez

+ Y RT®(By"NE0)) — @(By (B (€, 2),0))]
nez

= KG(& )+ Y KM [®(B51(£,0)) — (B5(By (€, 2),0))]
k=1
= kG(& ).
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For the last equality, note that ® is constant on the two halves of the unit interval, and that

k-1 £o € ko
B (§ O) ok—1 + -+ Ty
and
Bk B*l <L ‘50 g*k+2
2( 1 (f,l‘), ) 2k+2k 1+ 2

belong to the same half. This provides the claimed identity.[]

We finish this section by giving a representation which will be the starting point for our
subsequent approach of transversality of S. To this end, fix £, € [0, 1]. We recursively define
the following sequence of times of disagreement of dyadic components of & and 7. For n € N
let

(3.2) m=inf{l >0:&_,#7_¢}, and 71 = inf{l > 7, : €y # 74},
and for z € [0, 1]

Mg uMg

m=0

We have the following result.
Proposition 3.4. Let &, n,x € [0,1]. Then

(3.3) S(€,x) Zw*l )= g (B3 (€, 2)).

Proof: It follows from the definition of 7,,,n € N, that £ can be written

é. = (ﬁ()v cee 7ﬁ—7’1+17g—7-17ﬁ—7-1—17 e 7ﬁ—7’2+17g—7-27ﬁ—7-2—17 """ 7ﬁ—7-n+17 E—Tnaﬁ—rn—h T )
For n € N let £ be the sequence which up to 7, represents the dyadic expansion of &, and
then switches to the representing sequence of 1. Then for n € N we have

é-n = (ﬁO? s 7ﬁ—7-1+17€—7—17ﬁ—7—1—17 e 7ﬁ—72+lvg—7—27ﬁ—7—2—17 """ 7ﬁ—7—n—|—1ag—7—n7ﬁ—7-n—17 e 7ﬁ—m7 T
Note that lim,_, £ = £. We can therefore rewrite the left hand side of (3.3]) in the telescoping
form
o
S(&,) =Y (8" ) - (")),
I=1
where £0 = 1.

For ¢ € N let us calculate S(&°,-) — (¢4, ). Since Ez_k = Ee:kl for k < 7y — 1, we have

S(eh @) = S w) =D @ (By (¢ @) — @ (By (€ ) |

n=1

= 3 wr[@(B(Ehw) - @ (B )]
n=1p+1

= 3w @ (By (BY (¢ 0)) ) - @ (BE (BT (€' 2)) .
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Now
To (¢l T To (l—1
BQZ(f 7'7;) = B2é(€7 .’E) - B2Z(§ 7'%')'
And in case {_,, = 1 we have

1+ Bj'(¢,2) 14 BY(¢ )
2 o 2 ’

By (B3 (¢,2)) = By (¢,2) =

while
Bt
BY(BY (€, 2)) = BIt (e x) = 2(25,33)
In case E—Te = 0, we have in contrast

B%(B;l(étz,m)) — B;’zﬂrl(g@,x) _ B;Z(SZ“T) _ B;e(zg’x)7

while
1+ By (¢h,2) 1+ BY (¢ x)
2 - 2 '

By (B3 (€ @) = BETHET ) =
So we may write by definition of g

S(¢',2)-S(E" " 2)
= (1)) e 5 {CI,/ (Bgn_1<1 + Bg;‘(fax)» _ Q,(B;n_l(B?;&x)))}

m=1
=k (1) g (BT (€ ).

Hence we obtain the claimed representation

S(& ) ZF«T‘“ )¢ g(BR(¢,2)), &my € [0,1].

Let us calculate g. Here, as opposed to the trigonometric case in the stable manifold of
Weierstrass curves (see [24]), the simplicity of ¢ implies the following surprising identity.

Lemma 3.5. We have g(z) = =2,z € [0, 1].

Proof: Let us inspect the first term in the series decomposition of g. Here we have
BY(0,142) = 4z ¢ [1 1], while BY(0,%) = £ € [0, 3]. Hence the contribution of the first
term is —1 — 1 = —2. For m > 1 we have in contrast that both B%*(0, 1‘*‘I) = 21,;5?1 and
B3'(0,5) = smer belong to [0, 3]. Hence the contribution of terms of order m > 1 vanishes.

This implies the claimed identity.[]

Lemma [3.5] gives the following simplification of the representation formula of Proposition

3.4
Corollary 3.6. Let &,n,x € [0,1]. Then

(3.4) S, ) — =2 Zw“ )(A—E=r),

Proof: This follows by combining Lemma 3.5 and Proposition [3.4] O
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Let us finally extend this property to S(&,.) for & € [0,1]. First observe that for any
x € [0, 1] we have

1—k’

(3.5) 5(0,2) = Z an)/(zﬁn) _ Z”n _ K
n=1

n=1

Now denote by 79, n € N, the sequence of stopping times described above for the particular
case 7 = 0. Then we obtain

Corollary 3.7. Let £,z € [0,1]. Then

(3.6) R i D ILAALED DI (I P Eas
{=1 n=0

. ProSf: Combine Corollary with (3.5)), and note that by definition 27718 = 1 for all
> 1.

The final equality in the preceding Corollary shows that S qualifies as a Bernoulli convo-
lution in the sense of Erdos [15].

4. SMOOTHNESS OF THE SBR MEASURE

In Corollary [3.7 we have identified S with a Bernoulli convolution. Objects of this type
have been studied intensively for a very long time, starting in the 1930ies with remarkable
papers such as Wintner [42], Kershner, Wintner [28], or Erdos [15], and in later years by
Brauer [10], Solomyak [38], or Shmerkin [37]. The research has even gained more intensity
over the recent three decades. For a survey see Varju [40], or Peres [33]. Predominant interest
in the research has been addressing the question of absolute continuity of the random variables
given by the infinite convolution

Z(k) = Z Xpr"
neN
with i.i.d. Bernoulli sequences (X,,)nen, and & €]0, 1[. From the early papers on, this problem
has been tackled by a well known Fourier analytic criterion. The Fourier transform of the
random variable Z(k) is given by the infinite product

oz(u) = H cos(ur™), u€R.
n=1

The criterion states that absolute continuity with square integrable density holds provided
qbQZ is integrable on R. Surprisingly, the answer to this question strongly depends on algebraic
properties of k. Early discoveries about this problem lead to the conclusion that either the
law is absolutely continuous or singular with respect to Lebesgue measure. It has been shown

that for kK = (%)%,n € N, the convolution is absolutely continuous (see Wintner [42], or Varju
[40], section 2.2). This fact will prove to become important in our treatment of local time
below. Erdds [15] has contributed the remarkable result that absolute continuity is ruled out
if % is a Pisot number, i.e. its Galois conjugates, the roots of its minimal polynomial over
the complex field are all contained inside the unit disc. It is known that absolute continuity
holds for almost all xk € [%, 1], but that % is a cluster point of values x for which the law of
the convolution is singular. We refrain here from giving a more complete account of the state
of knowledge on the sets of k for which absolute continuity resp. singularity hold, and refer

to Varju [40].
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5. THE EXISTENCE OF A LOCAL TIME FOR T

In this section we use a similar criterion as in the preceding one to show that the occupation
measure associated with 7 possesses a square integrable density. This will be done in an
indirect way. We first establish an intrinsic link between the Takagi curve as the attractor
of an underlying dynamical system and its stable manifold spanned by S. It will identify

H, x) = — Jy S(&, 2)dz = H(&, @) —25(£,0) for x,& € [0,1] as a function having much
in common Wlth the functlon G of the preceding sections. In the following key lemma we
establish the link between T and the stable manifold of F'. For this purpose, we define

(5.1) H(¢,z) =Y 7"[@(By (& x)) — ®(By"(£,0))], &z e0,1].

nez

In a certain sense, H looks into the inverse direction of the integer order of Z than G. We
have the following relationships between H and S.

Lemma 5.1. For z,y,& € [0,1] we have

H(Ey)— H(Ex) =T /Sf,

For z,&,m € [0,1] we have

H(p, ) — H(E,x) = /0 " (S(6,2) - S(n, 2))dz = £(S(£,0) — 5(1.0)).

Proof: For z,y,¢ € [0,1] we have indeed (recall x = %)

H(&y) - H(Ex) = %V”H’(Bg”(&y)) — ®(By" (€, 2))]
= Zv (& y)) = 2(By" ()]
+Z~y ®(B3(&,y)) — D(B5(&,2))]
= /Ikizy )R/ (B5(€,2))dz
= /x ki kRO (B (€, 2))dz

- To-ri- 5
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To argue for the second equation, note that for z,&,n € [0, 1] we have

H(n,w) - H(¢2) = ;Z’V”{[‘I’(Bz_”(mw)) — ©(B;"(1,0))]
n —[@(B;"(6,2)) — @ (B;"(6,0)] }
= Z'f’“{ (B3 (n,2)) — ®(B5(n,0))]
~[@(BS(¢.2) - @(B5(£.0))] }
= _/O Z 27)7F[®' (BS(n,z)) — @ (B5(€, 2))]dz

k=1

- / @ (B, 2)) - @ (B (€, 2))]d

k=1

=/0[<5,> S(n, 2)]dz.

This completes the proof of the second equation. [

We next address the scaling properties of H.
Lemma 5.2. For ¢,z € [0, 1] we have

H(B(&z)) =~vH(E z) + 5205(25, 0).
Consequently, for &, x,y € [0,1]
H(B(&,y)) — H(B(& z)) =~[H(&y) — H(E, ).

Proof: Let §,z € [0,1]. By definition and setting n —1 = k we obtain, defining £ to be
represented by the dyadic sequence (0,&_ 1,§ 9y ),

H(B(, ) = Y "[®(B (&) - (B (Bi(£,2),0))]

ne”L

_ Z,y n+1 67 ))_(I)(BfnJrl(é-’O))]

nez

+ S @(BTE0) — (B (B, 2),0))]

nez

= 7> _F[@(B7F(E 2) - ®(B(E,0)]

kEZ
+ Zv‘k (B5T1(¢,0)) — ®(B5T'(€,0))]
= vH(&x)+2027*’“2*’“*1<I>’(B§“<é, 0))
k=1

= JHE ) + SR8t 0)
k=1

= H(E )+ 2S5(26,0).
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The last equation follows from the fact that the second term in the first formula only depends
on .

We finally give a representation of increments of H that can be considered dual to the
representation of Proposition [3:4 It will serve as an entrance to investigating the smoothness
of the occupation measure, i. e. the existence of local time. To this end, fix z,y € [0,1]. We
recursively define the following sequence of times of disagreement of dyadic components of z
and y. For n € N let

(5.2) o =inf{l >1:2z,# g}, and opy1 = inf{l > oy, : Ty # Yo }.

In case x = 0 we denote this sequence by (0?) PEN-
In analogy to the increment functions g in Section [3] we define the following function

- —m— m 1 + m x
= Z’)/ 1[(1)(32 (57 9 )) _q)(BQ (5’5))]7 €,$ € [07 1]
We have the following result.

Proposition 5.3. Let &, z,y € [0,1]. Then
(53) H(y) — H(gx) =) 7 (~1) 0 h(B 7 (€,y), By 7 (€ 2))-
=1

Proof: It follows from the definition of o,,n € N, that y can be written

Yy = (fla . 7501—17g01af01+17 e 7f02—1ayo-27502+1> """ afan—hgonafo'n-i-b e )

For n € N let y™ be the sequence which up to o, represents the dyadic expansion of y, and
then switches to the representing sequence of . Then for n € N we have

n__ (= _ _ _ _ _ _ _ _
Yy = (3317'--,330171790175501+17"' ax02713y027$02+17 """ 7xdnflayo'n7x0'n+l)"' axmv"')'

Note that lim,,_,~ y™ = y. Hence the left hand side of ([5.3)) has the telescoping representation

H(gy)— H(E2) =Y (HEy) — HEY ).

=1

where y° = z.
For ¢ € N let us calculate H (-, y*) — H(-,y*"1). Since By "(¢,y%) = By "(&,y* 1) forn > oy
we have

H(Ey) — HEy™) =2 7" [<I>(B;"<g,y€>) ~ (B (v )]

neL

=Y v [ "& YY) - (Bin(ﬁ,ye_l))]

—WZV e (B (B (")) - o(BE (B~ (€' Y))]
Y e (B BB €)) - o (B (BYE ) |
k=0

Now note that by definition B=7¢(&, y*) corresponds to the doubly infinite sequence

(‘ o 7507?17’ o 7?0[-17?0’47505-&-17 o ')7
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while B=7¢(¢,y*~1) is represented by

(' o 7207@1) o 7@02—1750'47§Ue+17 ©e ')7

where ¥, resp. T, take position 0 in the sequences. Hence in case y,, = 1 we may continue
to write

H(&y") - H(E Y
77 (=)o) (B (€ ), By 6 @),
while in case y,, = 0 the sign on the rhs just changes. This provides the claimed formula.
O

Let us next calculate h.

Lemma 5.4. We have

W€, z) = 2002 T ()] +RS(6,0) = ~2mz + KS(E,0), &€ 0,1]
Proof: We may write
hea) = %@(1;%_@91
= fm 1 m l+x m T
= 2 [@(““") 2(3)]
- —m— I+ 50 € ma1 x & € m
- 2n[¢<1§x>—¢<§>1
+ Z,y—m 12—m 1@/(50 ++£*7;+1)
- 2%[¢(1;x)—@(§)1+%8(£,0)-

Finally note that for « € [0,1] we have ®(3£%) — ®(£) = —z. (This completes the proof.C]

Using Lemma we may write the formula of Proposition in a more explicit way.

Proposition 5.5. Let &, z,y € [0,1]. Then
(5.4) H(¢y) - H(¢z) = —2n2w 1)) B, 7¢(¢, )
+“ZW DO S(By 7 (6.),0).

In particular

(5.5) H(¢,y) —/‘JZ’YUZS 7 (€,9),0).
(=1
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Let us finally use the representation formulas for S from section [3] to describe H in still
more detail. We prefer to continue with the simpler second identity in Proposition 5.5 In
anticipation of the calculation of local time for tilted curves T, let us give a representation of

H(&,y) + ByS(€,0) for any B € R.
Corollary 5.6. Let §,y € [0,1]. Let Xy, = 1y —oy — Ly, —1}, Bn = 1y, =1} forn > 1. Then
we have

Ii2
(5.6) H(Ew)+ByS(E0) =" se,.0) - T 7

5(£,0)

21—~
+ZX (5 +B)S(&,0)(3 L 2y (1 Z ) X i0)].

(=1

0
Proof: According to Proposition we have to calculate S(B] % (,y),0) for &,y €
[0,1],¢ € N using the formulas provided by Corollaries (3.6 m . To exp101t them, we first note
that the dyadic sequence associated with By “(£,y) is given by

(' o 7E—Ia20’y17y23 T ’yogflﬂygg)' We therefore can write
a'?—l
_ 0
( i (§ y) ) = Z K [1{?00,7,1:0} - 1{50077”:1}] + K¢ S(f, 0)

0 ¢ 1

o)
= K% Z kX, 4 K}U?S(f, 0).

n=1

Now insert this formula into the representation of Proposition and observe that vx = 3

2
and that Ry = 1_2X‘3 to obtain

H(&,y) + ByS(£,0)

o0
St S e ol
n=1

- H(;)“l (1 - Xy) [in—"“Xn + (k+ B)S(£,0)]
= "2256,0) - (s 4 0)5 <s,o>§lxn<§>"“
+fo"+2x "“(1 X,) +§:1m"+2xn 421(;)”1(1 - X))
=SS0 e 2560 KGN =
—i—an'y"X Z bevia — x,,)
- "";5 5(6.0) - ’fl_yw
+§:1Xn[(/€+ﬁ) (€005 >”+1+m%"<1—§<;>”1xn+z>}.
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This gives the desired representation. [

5.1. Moments of iterated integrals in Rademacher calculus. The formula representing
H in Corollary [5.6]exhibits a surprising link to Malliavin’s calculus for non-Gaussian stochastic
bases. In fact, the essential part of H(&, ) + - .S(£,0) is composed of constant multiples of

the expressions
Zv"Xn and Z Z Linemph™ 27" X X,

n>1 n>1m>1

where (X,,),>1 is a sequence of i.i.d Bernoulli—% variables, also called Rademacher sequence.

In other words, we face multiple integrals in the first and second Rademacher chaos, in terms
of a calculus that has many similarities with the Gaussian Malliavin calculus. Its theory has
been investigated by Nourdin, Peccati, Reinert [32] for applications originating in statistics.
Since we will investigate the questions of existence of occupation densities for H (&, -) by means
of Fourier transforms, involving exponentials of linear combinations of the first and second
chaos Rademacher integrals, the main task we will have to face is the estimation of moments
of products of these integrals. Their special integrands will be denoted by

f(Z) = r)/iv h(l’]) = H_i2_j1{i<j}a i,j €N,
the multiple integrals by
L) =Y f(n)Xn, ITa(h)=> > h(n,m)X,Xp.
n>1 n>1m>1
It will be more convenient to work with the symmetrization of the function h. We therefore
start by giving a representation for this function.
Lemma 5.7. Let g be the symmetrization of h, i.e. g(i,j) = %(h(i,j) + h(j,1)),i,5 € N.
Then, as in classical Malliavin calculus, I5(g) = I2(h), and for i,j € N we have
. 1 iti K lizdl
9(i,j) = §’Y 2 (5) 2 gy
Proof: We may write

- 1, o
g(i,j) = 5(“ 277 Loy + K727 eiy)

1 e T in i

= NI ’Wl{i;ej} =5h ZAJ(’Y”)NH{#J‘}
| B L ovi Jiej

_ 571\/] :‘ilv] iNj 1{175]} — 5,.)/2\/] H'l Jl 1{1.#].}’

and alternatively

o 1 1 o
9(,5) = ST gy = S(29)27 g
1 o e 1 .
_ 5,}/1/\32 (avy zAJ)l{i¢j}:§,yzA]2 i ﬂl{i;ﬁj}-

Taking roots of the alternative expressions obtained, we finally have

li—j]

2 Ly

li=jl A
2 f}/ 2

o

m‘<

[.
&

g(i,j) =

)

li—jl

(5)

j».
<.

N~ N~

Leizjy-

)
]
N X

This is the desired formula. [J
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In order to calculate the Fourier transform of (constants multiplied to f resp. g are
unessential)

R > u — exp(iu(l1(f) + I2(g))),

we will mainly be occupied with computing the moments

E(L(f)"I2(9)™)
for n,m > 0. In fact, it will be sufficient to confine our attention to even n, since the trans-
formation X +— —X for the sequence X = (X;);cy is measure preserving, and via this

transformation I;(f) maps to —I;(f), while I2(g) maps to Iz(g). So for odd n, we get
E(IL(f)"I2(9)™) = —E(11(f)"I2(9)™), proving that

E(Li(f)"I2(g)™) =0 forodd neN.

For the calculus of the moments, let us briefly recall some notation well known from
combinatorics, and encountered for instance in Malliavins calculus. We denote the set of
all nonnegative integer valued sequences for which almost all components vanish by Sp. For
p = (pi)ien € So we write

p| p| lp[!
lp| = pi, pl= pils ( =—= 71_[ .

1>1 1>1

5.1.1. Moments of Rademacher integrals in the first chaos. Let us first suppose m = 0 and
compute E(I1(f)*) for n > 0. We may simply write

] 2n
2n .
E(L(f’) = > ~+>==IE(]X,)
Jiysjen=1 i=1
Now for k£ € N and a 2n tuple of indices (j1,-,jon) let T, = {i : 1 < i < 2n,j; = k}. Then
(Tk)ken is a partition of {1,---,2n}, and for almost all £ € N we have T}, = (). So we may
write

2n
T
B[ X0 =BT X",
i=1 k>1
and from the definition of our Bernoulli variables it is immediately clear that E([[;>; X ]LT”) =

1, if [T is even for any k € N, while E([[;5, XILT’“l) = 0 if this is not the case. Consequently

we have
(5.7) E(I{"(f))

- > 1

(T3)i>1 partition of {1,--,2n},|T;| even k=1

= Z {(T});en partition of {1,--- ,2n},|T;| = p; fori > 1} H'ykpk

pESp even, [p|=2n k>1

p€eSp even, [p|=2n p k>1
For the last equation in we use the well known fact from combinatorics that the number
of partitions of a set of 2n elements into subsets of p = (p;)i>1 elements is given by the
multinomial coefficient (2;1) for multiindices p € Sy such that |p| = 2n. We can summarize
our findings in the following statement.
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Proposition 5.8. Forn > 1 we have
2n
EE (=Y ( ) 1.
p€ESp even, |p|=2n p k>1

Let us finally use the result of Proposition to countercheck the dual of the well known
result from Section @l We obtain

oo (_1)nu2n

(5.5) Bleoswh(£)) = 355
n=0

B (1) P 2n Pk

= ZW > <p) 11

n=0 pESp even, |p|=2n k>1

- ¥ (-1)% <|p|> TT (>

|
pESy even |p| p k>1

E(L(f)*")

I
T
=

o)
—
=
2
ol
=

peSy even

1=
-y o

peSy even k>1

= H cos(uy").

keN

This formula could of course have been obtained more directly, without the detour of the
calculation of even moments of I;(f) by taking into account the independence of the X;,i > 1,
and elementary trigonometric identities.

5.1.2. Moments of Rademacher integrals in the second chaos. Let us next assume n = 0 and
compute E(Iy(h)™) for m > 0 by a similar line of reasoning. We first write

m o0 O N e -
E(Ix(9)™) = Z Litin e jom—1742m}Y 2 H(i) i E(H 2
j17... 7j2m:1 T:1 i:1
We therefore now have to reduce our space of admissible 2m-tuples of integers (ji,- - , jom)

to the set
Ay = {1,792, , Jom—1,Jom) : j2i—1 7 jeifor alll <i < m}.
For k € N and a 2m-tuple of indices (ji,- - ,Jom) € Ay, let

Tk:{iilﬁiSQm,ji:k}.

Again, (Ty)ken is a partition of {1,---,2m}, and for almost all k& € N we have T}, = 0.
Moreover, all partition sets belong to

Dy, ={T:TcC{l,---,2m},{2i — 1,2i} ¢ Tfor alll <i < m}.
For a partition (T%)ken in Dy, we have, as before,
2m
E([] X0 = BT X™),
i=1 k>1

and from the definition of our Bernoulli variables it is immediately clear that F(] ;> X ]LT’“l) =
1, if [Tk| is even for any k € N, while E(]];~, X]LT’“l) = 0 if this is not the case. To describe
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the moments, we need one more notation. For h,k € N, h # k, let
g = [{l: 1 <1 <m, {20 - 1,21} C T UTy}|
In these terms, we may write

E(Ix(g9)™)

= (%)m Z va\Tkl . H(g)%%k

(T3)i>1CDm even partition of {1, 2m} k=1 h<k

i DR | Et

pESy even, |p|=2m k>1
2. [1G)
(T3)i>1CDm even partition of {1, 2m,|T;|=p; forieN} h<k
We denote the interaction term appearing in the last line of the preceding inequality by
L = It %qhk,
" (T3)i>1CDm €VED partitiozn:of{l,m ,2m},|T;|=p; forieN hl}k( 2)

for an even multiindex p € Sy such that |p| = 2m.

To further compute the function L,,(p), even for p € Sy not necessarily even, it will be
simpler to argue for the complement of A,, in the set if all tuples (j1,- -, jom) of integers.
For this purpose, for H C {1,--- ,m} let

A (H) ={(i, s J2m) : ju—1 = juforl € H, jo1 # juforl ¢ H},
and correspondingly
Dy (H)=A{T:T c{1,---,2m}, {20 —1,2l} Cc T'forl € H, {2l — 1,21} ¢ Tforl ¢ H}.

Then, by definition, (An(H))gcq1,...,m) 18 a pairwise disjoint partition of the set of all
(1, , Jom) € N?*™ and we may identify D, () = D,,. Therefore we can write

(5.9) L (p)
— Z H(i) 5"k

(T3)i>1CDm partition of {1, ,2m},|T;|=p; for ien A<k

_ Z H(g)%qhk

(T3)i>1 partition of {1,--,2m},|T;|=p; for icN h<k

_ Z Z H(g)%%k

OAHC{1,+ ,2m} (T;);>, C Dy (H) partition of {1,- 2m},|T;|=p; forieN h<k

Nun(p) = > [1G) 7

(T3)i>1 partition of {1, ,2m},|T;|=p; for ieN h<k

Now define

Now note that the quantities appearing in the last line of (5.9) are invariant for permutation
of index pairs (jo;—1,j21). Hence we may abbreviate for 0 < s < m Dy,(s) = Dp,({1,--- ,2s})
and have in continuation of (|5.9)

(5'10) Lm(p) = Nm(p)

- () > [T

1<s<m (T3)i>1CDm (s) partition of {1, ,2m},|T;|=p; for ieN h<k
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Recall that partitions (1});>1 for some (ji,- -, jom) € NON just describe the sets
Ty ={i:ji=1}

In this setting, for a partition (7});>1 in Dy, (s) let us define 71 ((j1, -+, jom)) = (j1, -+ , Jos),
and ﬂ-g((jlv T aj2m)) = (j25+1, T ajZm)y

Uls)={i:ji=1, i € 7 (D(s))}, Vils)={i:ji=1, i € 7*(Dp(s))}.

In these terms, we may identify further, with g defined as gy, but referring to the partition
(Vi(s))i=1

m KR k=h;
:Nm(p)_ (S) Z Z H<§) 2 dhk
<s<m q+r=p,q VeIl (v, (s)),>, partition in«2(Dm(s)),|Vi(s)|=r; h<k
(U1());>1 PATEILION 1N 71 (D4 (5)),1U;(s) | =q;,

m 1 s! 54
= Noulp) - <3> 2wy 2 116
1<s<m g+r=plg|=2s,geven = 27 (Vj(s);>, partition inx2(Dm(s)),|Vi(s)|=r h<k
m 1 S!
= Npn(p) — (s) Z g@Lm—s(T)
1<s<m q+r=p;|q|=2s,geven 2

1 m!
= Np(p) — S — L up—q).
L 2T Ei ot

From ([5.11)) it becomes clear that we now can argue recursively to compute L,,(p). Indeed,
writing ¢q,r; instead of ¢, we obtain in the next step

(5'12) Nm(p) - Z \

1 m!
2% (m— g T

1<l < g, even

1 m)!
= Nm(p) - Z 2\,121\ ( — \Q1|)|(ﬂ)| X [Nmf@(p_ Q1)
1<l g, even N2
1 (m— |q2—1|)‘
- 2 (I gy g g )
1<loel < lul 2 2 2
1 m)!
:Nm(p)_ 2‘q2‘ (m_@)'(ﬂ)'Nmf@(p_QD
1<al<m g, even 27782
1 m!
+ L o 1ol (P — @1 — q2).
lagl  lagl ai] _ la2l\y (quyy gz m—lgl-1e2l
+ i 921N (4L (42)))
a<llylol <, ql,qzeven2 = (m =5 2 M) S
Since we interpret |qu| as cardinality of partitions of {1,--- |q1|} we may accordingly
consider |q22| as cardinality of partitions of {M +1,-- |q1| + lqgl} For convenience, we take

the union of the two families of disjoint partitions, and snnply write |QQ| for the cardinality of

the unions. This means that we replace laal \q2| simply by £ la| and the multiindex g1 + ¢2
by g2. With these modifications, becomes
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1 m!
(5'13) Nm(p) - Z Tyl a1l (a0 'Nmf@(p_(h)
1§@§m,q1 even < ° (m — T) (7)
1 m!
* Z ol (Lol qul)u(ﬂ)!(@)uLm—%—%(p_ql — )
a<lal 12l < g, g, even 2 27712
1 m!
—Nm(p)— Tayl 1] | (a 'Nm \021\(p_q1)
119 <, g even 2 7 (m =51 (%)
1 m!
+ @(m—@>'(q—2)'Lm_L§‘(p_q2)
a<l2l < gy even < 7 22

After at most m + 1 iterations we get an expression composed of terms, the Ith one of
which for [ > 1 reads

1 m!
(5'14) (_1)l Z 2@ (m _ %)‘ (%)!Nm_@(p_ QZ)

lg@gm, g1 even
For [ = 0 the expression in (5.12)) evidently reduces to N, (p). Therefore we obtain
Proposition 5.9. For p € NY such that |p| = 2m let

Lin(p) = 3 [1G) ="

(T3)i>1CDm partition of{1,- 2m},|T;|=p; forieNh<k

and

Np) = > [ =

(T3)i>1 partition of {1, 2m},|T;|=p; forieN h<k

Then we have

(5.15) L (p)

1 m!
=2 (-1 N _
ZZ;( ) ! 2@ (m _ My (%)' mf@(p QZ)

<lal<m g even 2

1 m)!
= Z I’ TNm_ (P — q)-

o 191y (2! 2
og%‘ém,qeven,\q\em?z’ (m =G

Proof: The last line of ((5.13]) follows from the cancellation of terms for which %' is odd,
as seen from the previous line. [J

It remains to compute Ny,(p) for partitions (T;);>1 of {1,---,2m}, m € N. This will turn
out much simpler than the direct computation of the corresponding L., (p). In fact, for such
a partition we let for i € N

Ui=TiN{2,4,---,2m}, Vi=T;n{1,3,---,2m —1}.
Then |U;| + |Vi| = |T;| = pi,i € N, and |U;|, |V;| < m. In these terms, by definition, we have
aeh = (U — )N V| + (U, —1)N V|, k,heN.
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But this may be simplified further. By writing (j1, 3, - , j2m—1), (J2, Ja, "+, Jom)

as (fi, -+, fm), (g1, -+ ,9m) and sampling (U;);>1 from the tuples (fi, -, fm) and (Vi)i>1
from (g1, - , gm), re-interpreting qrp = |Ux N V3| + |Up N Vi|, we can rewrite

(5.16) Nun(p)
K. k—h
= _ dnk
> B> o=
V=P (U;);51,(Vi)i>1 partitions of {1, ,m},|U;|=u,|Vi|=v; h<k
Now let rxp, = |Uk N Vy|. Then qxn, = rxn + rhi, bk € N. We know that ZheNrkh =
Uk, Y penTkh = Vp. The cardinality of the set of partitions (U;)i>1 of {1,---,m} is given
by ( ) Now each one of the sets of this partition Uy gets subdivided into sets of cardinalities

Uk

) . Hence we
Tkh)hEN

rrh, h € N. The cardinalities of these sets of subdivisions are given by ((
obtain a total of

Z (TZ) ' H ((rk:)kheN> B Z <(Tkh7)7:,heN>

> hen(Tkh+7rhE)=pr,kEN keN > hen(Tkr+Thi)=pi,kEN

configurations. So we finally obtain
m K. k=h
Np(p) = Z <(Tkh)kh > H(§) 3k
Y hen Gen=pr,kEN HEN/ p 2k
We may summarize our findings in
Proposition 5.10. For p € Ny such that |p| = 2m let
K k—h
_ My 55
No(p) = DY [T .
(T3)i>1 partition of {1, 2m},|T;|=p; forieN h<k
Then we have
m K. k=h
47 Nonlp) = 2 ((T‘kh)kh ) H(§) s
> hen kh=Dk,kEN heENS e

The following summarizes our findings from Propositions [5.9 and [5.10] about the moments
of I2( )

Proposition 5.11. For m > 1 we have
(5.18)  E(l2(9)™) =
1 L lal m K. k—h
2 T2t )2 (g ) o) TGS 0
P,q;mES0 p,g CVEN, |p|=2m,|q|€4N,3 ), oy (r.nt+7h.)+q=p k21 2 \Tkh)k,heN/ ;7 =p

5.1.3. Moments of products of Rademacher integrals in the first and second chaos. Let us
finally compute the moments of I1(f)?"I2(g)™ for n,m € N. According to the cases discussed
above we are allowed to write

L(f)*"Ta(g)™
1 = on - i dongl
= (i)m Z 7Zi:1 ua 2 1{j2n+17£j2n+27”‘ J2n+2m—17£J2n+2m}
.717'“7]2n7]2n+1,~<,j2n+2m:l
" K li2nt+2r— 1 J2n+2r 2n+2m

r=1
In natural extensions of notation used above let

Apm = {1 2320, Jont1s 7 5 Jont2m) & Jont2i—1 7 Jont2i for alll <i <m},
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for (41, ,Jon+om) € Apm and k € N et
T ={i:1<i<2n+2m,j; =k},
Do = {T:T C {1, -+ ,2n+2m}, {2n+ 2 — 1,2n + 2i} ¢ Tfor all1 < i < m},
and finally for h,k € N, h # k let
g ={l:1<1<m,{2n+21—1,2n+ 21} C T}, UTL}|.

Again, (T})k>1 is a partition of {1,---,2n + 2m}, and the condition that E(H2"+2m X))
either vanish or be 1 leads to the conclus1on that only even partitions (T )x>1 of {1, 2n+
2m} give nonzero contributions. So we obtain the formula

(5.19) E(L(f)*"I2(9)™)
1 m
= () 2
(T3)i>1CDn,m €ven partition of {1, ,2n+2m}
, H AHTRO{L 20} [+ § TR {241, 2nt2m) | H(g)%qw
k>1 h<k

(5.19)) stipulates the use of separate multiindices to denote partitions of {1,---,2n} and
{2n+1,---,2n+ 2m}. We note

Ui=T,n{l,--- . 2n}, Vi=T;n{2n+1,--- ,2n+2m}, ieN.
Then we can give a multiindex version of (5.19)) by
(5.20)  E(Li(f)*"I2(9)™)

- Z (%)@ . H ,},ktIkJrgrk

q,7€S80,9+r €VeN,|qg|=2n,|r|=2m k>1

Z H(g)kzh%h

(U)ien part. of {1,-,2n},(Vi—2n);enCDm part. of {1,-- 2m},|Ui|=g:,|Vi|=r; h<k

= Z (%)% . H,yk%-i-g'l‘k

q,7€850,q+r €Ven,|q|=2n,|r|=2m k>1

G-I Coo

(Vi—2n)ienCDm part. of {1, 2m},|Vi|=r; h<k

_ 3 (3)5 . T Aroetin <2:> Lon(r).

q,7€80,q9+r even,|q|:2n,|r|:2m k>1

l\D

The simplification leading to the second equation follows from the combinatorial arguments
given in the discussion of the moments of I;(f)?". To identify

k—h

Z(Vi_Qn)ieNCDm part. of {1, ,2m},|V;|=r; Hh<k(%)quh with L(T) (Without the condition that
the related partitions be even) already defined in the discussion of the moments of I»(g)™, we
just have to realize that taking intersections with {2n + 1,--- ,2n 4 2m} and shifting by 2n
produces a partition sequence of {1,---,2m} in D,,, if we start with a partition sequence of
{1,---,2n+2m} C Dy . Moreover, gy, defined above correspond exactly to the coefficients
defined in the discussion of the moments of I2(g)™, if we take those with respect to the
partition sequence of {2n + 1,--- ,2n + 2m} shifted by 2n. In summary we obtain

Proposition 5.12. For n,m € N we have

B(L () Bo)") = ) % TL 8 () 2t

q,7€S0,q+r even,|q|=2n,|r|=2m k>1

DN |
S~—
w‘_
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Note that while ¢ + r in the formula of Lemma [5.12]is an even partition, ¢ and r need not
be even. This can be seen by the following Example.
Ex. 1: Let m = 3,n = 2, and take the following 10-tuple of indices:

n=j=Jr=Jo=Lj2=Js =2,j3=Js =3, ja=Jio =4
This tuple obviously belongs to Dy 3. Then we have
Ty ={1,5,7,9}, Ty = {2,6},T5 = {3,8}, Ty = {4,10}, T}, = Ofor k > 5.
And so (Ty)g>1 is even, while
Up=T1n{1,--- 4} ={1},\1  =T1n{5,---,10} = {5,7,9},

hence neither (Ug)g>1 nor (Vj)r>1 is even.

Using the results of subsection and recalling that the L,,(r) of is a simple
extension of its analogue in [5.1.2] we can give a still more explicit expression for the formula
in .12

Proposition 5.13. For n,m € N we have

(5.21) E(L(f)*"I2(9)™) =

D

0,p,q4,7€80,0+p,q EVEN,|0|=2n,|p|=2m,|q|€4N,> ", N (r.n+Th.)+a=p

1. 1pl_ lal kort+Ep. [ 210 m K k=h. .
(5)2+2.H7 k+2pk<0>(q >.H(2)2(kh+hk).

o1 2 (Tkh)k,heN bk

Proof: This is a combination of Propositions and U

5.2. The Fourier transform. Let us finally apply Proposition to compute the Fourier
transforms of our occupation time functional, recalling from Corollary that we have to
deal with linear combinations of components from the first and second Rademacher chaos.
We obtain

Proposition 5.14. For u € R, and a,b € R we have

Elexp {z’u(ah(f) + b[g(g))}]

0,q,7€50,0+ > en(T.n+Th.),q EVEN,|q|€4N

2,2 Qk)%’“ u?b? 2k )Wﬁ@)%

_% (u”ay _‘%‘ (167 _%‘ (167 %
v= 11 or! D] (Z)! =11 (i) (i) (T )!

E>1 E>1 h<k '
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Proof: Indeed, for v € R the Lemma yields

(5.22) Elexp {iu(a[l(f) + bIg(g))}]

—  (iw)" e ny (\m
=) WE(Il(f) I(9)™)

_ uneran m
= 2 i) ’ 2

0,p,4,7€S50,0+p,q €VEIL,|o|=n,|p|=2m,|q|€4N,> ", N (r.n+rp.)+g=p

1m+m kop+ & n m K\E=h(p, 4p
(5)2 2 .H,y k 2Pk<0) (g( )H(2) 5 (Ten+Thi)

Tkh)k,heN o

0,p,q,7€850,0+p,q €VEN, |q|€4N, Y, n(r.p+rp.)+Hg=p
2 2 2k

R ua v ub2~2k Ze K kh
Ly Hi( 77) (-1)% Hi( b°y™) JTE) 5t e,

| TENT (7 )1
2 E>1 Ok: E>1 () rw.)! hek 2

Now we use the equality @ = % + ||, to distribute the appearing powers of % and —1 to the
last two products. We remark that given ¢ is even, the condition o+ p even readily translates
into the condition that o+, -(7.4 +7p.) is even. Finally note that the seemingly awkward
notation in the products [],~,--- is necessary, since % and ZF need not be integer. This is

the desired formula. [J
The formula produced by Proposition [5.14] can be given a much simpler and concise form.

To derive it, we shall start giving a simpler formula for the central part in the following
Lemma.

Lemma 5.15. We have for b € R

22 2ky i
ol rp (g™ ub v
1)1 cos —_—
> oIy, e
q even, |q|€4N k>1
Proof: Using i> = —1, we may rewrite
u?b?  2k\ & ub k
ol 1 (M) e
>, Ui = X H
|
geven, |q|e4N k>1 ( 2 )! geven, |q|e4N k>1
(Z'uTb,yk)pk . ub k:
SED DI | =D SR | R

peSo, |ple2N k>1 ’ p1, PN 20, |p|€2N k=1
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Now fix N € N. We can write

3 H'f

p1,,pN >0,|p|€2N k=1

- ¥

!
p1,,pN—120,|p|€2N k=1 Pk
0 sub, N2k sub o N\2k+1
(Zu*fy ) (Z*’y )
[Z ZEQTMN(M ++pNo1) + Z Wlmﬂ(m e pnet)]
k=0 ‘ k=0 ‘
N—-1
_ 3 (i%2A" )P
]
P11, PN -120,|p|€2N k=1 Dk

[eos(—v)Lan(p1 + -+ + pn-1) + isin(Z’YN)12N+1(p1 + -+ pN-1)]

]
=

p1,,pN-120,|p[€2N k=1

1 -ub .ub
E[eXp(ZZ’YN)+(—1)p1+ +pN—1€Xp(—ZZ’yN)]
N-1 ,.ub_k
1 (a5 )P ub
=3l > [I 7 el ™)
P1,y,PN—12>0,|p|€2N k=1 Pk
N-1 .ub _k
(=" )Px ub N
+ Z —=——exp(—i—~ )]
|
p1,,pN—120,|p|€2N k=1 D 4
1 ub k ub & &
=5l 20N Fep(=iTp ) 1]
k=1 k=1
ub &
_ k
—COS(ZZV )

It remains to let N — oo to obtain the desired result. [J

The evaluation of the remainder of the expression provided by Proposition is done in
the following Lemma. Arguments are similar to the ones used in the preceding Lemma.
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Lemma 5.16. We have for u,a,b > 0 (for a,b,u < 0 in the formulas u, a,b has to be replaced
by |ult, |al, [0])

oy e E e GAE))E
> (1= ]1 o] (-n=]1 ()]
0,7€80,0+ 3, en(T-n+7h.) EVEN k>1 ) h ’
1
1 £)2
T {costuaryeos [V (L _ Ly Ly
k 1-(3)2 1—(3)2
1
1+ (5)2
—sin(uafyk) sin [\/;Tb{('y)g + (i)i _ (%)k’ 1n T }]}
-5 2 1-(5)
152 1, 1
—Hcos uary +\/>{ 2 nl_(i) nl}]
1—(5)? 1—(5)2
Proof: For ©u € R we have
° 22,2k - ub k(K| k—h|\ kb
Z (_1)‘2|H(ua7 ) (_1)|2—‘ (4’7 (2) ) 2
og! (ren)!
0,r€80,0+> en(T-n+7R.) EVEN k>1 h,k
. o w K _ Tkh
- > T G820 1y o CET ) S
Ok! (Tkh)!
0,r€850,0+> en(T-nt+rh.) EVEN K>1 h,k
1.7kh w 1
- 5 H(iuavk)o’“ H[(W( kel z) H“ k() k-hl)z]
B 0! (7n)! (Thi)!
0,7€80,0+> (T ntTh.) EVEN K>1 h h

N N ub k( s\ |k—h|\L1rin
. wa’y 7 (5)" )]
=1
Jim T4 ) H
k=1 Ok,zheN('l‘kh-i-’r‘hk)eVen h=1
1
(uay®)ox o (LA () kM) z]ren 2
+ Z Ok! (T'kh)!
ok, Cpen(rentrar) odd
=1 + I

Let us now fix N, and h < N. Assume that N is big enough so that o and ZhSN(Tkh +7hE)
are both even (which will be the case for large N). Then

I _ Z zuafy

0k, Yonen(Tkntrhe) EVEN
ub k ‘k h|)%]rkh

ub k( )\k h\)%]rhk

(Tn)! (Thi)!

ub k( )|k h|)%]rhk

’,:12

.':l

rhk

>
Il
—

h=1

ub k( )|k h|)%]rkh, [(Zb,yk( )\k hl)%]rhk

(Thk)!

’,:12

||:]

Tkh

h=1

ub k( )|k h|)%]rhk

I D S I

o €veln ZheN'I’kheVenh 1 Zhethkevenh 1
ub k \k h|)%]rkh

D DI | £t > I

EheNrkh Oddh 1 Ehethk Oddh 1

Thk

ub k )\k h|)%]rhk

Thk; }

Let us now focus on the different parts of the above sum. We first have

. kYog . k21
Z (WCW') :Z(ZUCW') zcos(ua'yk).

o oven o! pore (20)!
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Moreover

ub k( )\k h\)%]rkh

(%
Z H (Tkn)!

ZhGN TR €Ven h=1

N-1 [Z(ub,yk,‘( )|k’ h| %Tkh

(rkn)!

ub k( )|k N\)

12N(Tk1 + ...+ Tkal)

{Z
=
%)\k N\) ]21+1

20 +1)!

12N+1<Tk1 4+ ...+ TkN—l)}

/\/.\

o0 . ub
A%
+§ : [ ( 4'7
*1 ub k )|k h|)%]rkh

- -

Tkl TkN—1>0 h=1

I {cos[(zbvk(2)|k N')%]12N(rk1+...+rk1\/_1)

Tkh

. b N
+i sm[(uzyk(—)lk Nl)é]lgN_t,_l(Tkl + . 4 reN-1)}

2
- k(”)‘k*h'w
Tklw%;v 1>0f:l[[1 Tkh
1 L TN FR1 TN 1 o ub RNy
{5 (exp [(( A (G M)3] + (-1) exp[ 1(47 (2) )2]) }
N
(L (e B S ) o [ i 3
h=1 h=1
ub 1 N K. lk=h
= CcoS [( 4fyk)§ ;(2)| 3 ‘}

Now let a = (g)% and let us further calculate 52, a/*~"|. We have

k—1
Zalk = Zak N S SR S
p=0 p=0

h=k+1
ok —1 o _1—|—a 1

l—-a l1l—-a 1-a« Oél—oz’

Substituting this into the equation above gives

COS Ubk%ooﬁ = cos Kbk%ﬂ_ﬁé 1
EXG) (PO - @ )

I TRV S EC LR W
[=-{ ) (3) 1_(5)%}].
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On the other hand, we have, again for N chosen large enough,

> 1

ZhGN Tkh Odd h=1

ub k )|k h|) ]rkh

rkh

N—=1r-cub_k k—h|\i1r
B [i(42y (5) k=Rl z]rn
B 2 11 (T%n)!

Tkl TkN—120 h=1

(S B i

Lon(T61 + - - + TEN—1)

!
i (204 1)!
0 r-rubnk(k\|k—N|\ 312l
(% 2
+> % ((22)1), ) Longa(re 4 -+ mev—1) }
1=0 ’

ub k( )|k h|)%]rkh

~ oy qie

T‘
Tkl TkN—1>0 h=1 kh

ub .

{isin[(— all (2)|k_N|)%]12N(7”k1 + .+ TreN-1)
ub Ml
+COS[( 4")/k(2)‘k N‘)%]lgNJrl(Tkl+...+7’kN,1)}

N—-1 /.ub k(n) \k;hl )Tkh

_ (T (5
B Z H (Tkn)!

Tk1,"kN—120 h=1

1 ub . , ub
{5 (e I (G)NDE] — (— ittt e [ — i(“PAA (RN 1)) )
1 ub 4.1 N ke ken ubk1N/£M
Z{Q(GXP[(47) 2(5) 2 ]—exp[ (47 )22(5) 2 ])}
h=1 h=1
ub 4, N kel
— isin [(4095) (55
h=1
As N — oo, similar computations as before result in
1
Ub 1= Rk N ub k1+(§)5 1y 1
sin [(7%)2 ) (5) > ]_sm[— )2 —==—(5) -]
4 2 1-(5)2 2 1-(5):
Using symmetry, we obtain
Vab . k14 (52 1 1
I = cos(uar®){ cos® [o—{(1)? —=25 — (5)" )]
{ 2 1-(5)2 2 1-(5):
Vb, s14(5)2 1, 1
—sin® [T {()F =2~ () ]
1—(3)2 1—(3)2
14 (52 1 1
—cos(ucw coS [\/>{ 2%-(5)’“ - 1}]
1—(5)2 1—-(5)2
To turn to Iy, we first calculate
0 )2l
zua'y (iuay®) . k
Z . Z O = isin(uay”).
Okodd =
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Furthermore

I _ Z zua'y ﬂ

rhk
Ok, ZhEN Tkh+Thi odd

ub k( )\k; h\)%]rkh ; u ( )|k hl)%]mk

N
i

ub k \k h|)%}rkh ub k )\k h|)%}rhk

z“{ > it > ot

o 0dd > hen Tkh EVEN h=1 S henThi odd k=1

oy

ZhEN Tkh Odd h=1

Thk

ub ~R( \k h\)%]rkh ub & ( \k hl)%]"hk

: y el

ZhEN rhE €VEeN h=1

Tkh

= isin(uay®) {22‘ cos [\/;Tb { (’y)g

The result follows. [J

We finally combine the results of the preceding Lemmas and Proposition to obtain a
simpler formula for the Fourier transform of our occupation time functional.

Proposition 5.17. For u,a,b € Ry (for u,a,b < 0 we have to replace u,a,b by |ul,|al, |b| in
the following formula) we have

E(exp(iufali(f) + bl2(g)]))

b &
:cos(u S Hcos uay® + vV b{(7) %#

K

2

k>1 (

1
et

Proof: The formulas follow by combining Proposition [5.14] with Lemmas [5.15, 5-16] O

5.3. The existence of local time for the Wintner cases. In this subsection we will
investigate local times for 7. As usual, we shall employ a Fourier analytic criterion. For
this, we start with the formulas given by Proposition [5.17] Following the idea of proof by
Wintner for Bernoulli convolutions, we shall argue for the roots (3 )711 n > 1. Let us first recall
the formula from Corollary [5.6, on order to specify the numbers a and b arising in the linear
combinations for which we calculated the Fourier transform. First of all, we choose 8 = —k in
Corollary [5.6] With this choice, an inspection of the representation formula of Corollary [5.6]
easily reveals that a = k2,b = —%2. Observe that the common factor k2 may be eliminated
by just rescaling the argument u of the Fourier transform. Assuming this done, we effectively
have to deal with @ = 1,b = —5. Hence the special case with which we have to work is the
Fourier transform
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1
We first simplify the arguments of the cos terms. We set A := H_EE;? , and note that for
1-(5)2
v = A"%u we get
1
U rl4+(5)2 1 1
(5.24) uﬁﬁ7+-\/:2{(7)2i1“(2)k,i1
(5 2 a5

o k
Let us abbreviate ¢, = 1 — (5)?1 ,k > 1, and define
14+(4)2

ge(v) = A%[v + \/gck], v >0.

Assume from now on that v = 9= for some m > 2. Then we have to prove integrability
of the squared Fourier transform (which we now write as a function of v = 4)

(5.25) @*(v) = [ cos’(gu(2 7))
k>1
m—1
=TT IT costos2 2 u)
q=0 k>1
m—1
= exp(z ZlncosQ(gk(Z_kQ_%v)).
q=0 k>1
Let us further define
Y(w) = H cos?(gr(27*w)) = exp(ZlncosQ(gk@*kw)), w >0,

k>1 E>1

so that we get
m—1
#*(v) = [] w2 o).
q=0

We concentrate the following discussion on 1, the argument of which we continue writing v.
Let us now explain our argument leading to integrability of ¢2. We shall first separate two
parts of the infinite product: the first part consists of the factors with small index k, the second
one of those with large k. For the second one, we shall use a very rough general argument.
For the more subtle treatment of the first part, we shall roughly use Weyl’s equidistribution
theorem and variants thereof, see for instance Kuipers, Niederreiter [30)].
To separate the two parts, for v > 0 let

L(v) =inf{k >1:gr(27") < %}

It is easy to see that for all v > 0 (V2 Fveg)g>1 is a decreasing sequence converging to 0,
and therefore this also holds for (gx(27%v))x>1. For this reason, L(v) is well defined. Now we
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simply estimate the second part by using boundedness of cos. So

(5.26) I cos®(ge(27Fv)) < 1.
k>L(v)

Let us estimate L(v) for v > 0. For k > 1

_ ™ e
gk(27*)) > Vike gkr1(2751w)

A2(2 7Ry 4, /2%%%) > % > A2(27k 1y 4, /2*’“*1%%).

Since for ¢ > 0 the inverse of the strictly increasing function v +— A%(v + \/gc) is given by
s (4/ -+ % — %)2, the above inequalities are equivalent to

means

)2 > 2_k_1U,

2 2
™ C Ck ™ C Ck
2/{: o “k 2 < 2k+1 k _ 2‘
Wtz - =<2 Wty 5

And consequently by definition

2 2
“Lw CL(v 7T CL(’L)) CL(v)
9 9L(v) ™ Llv) _ "Ll y2 L(v)+1 _ 2
(5.27) (g + 52— g sv <20 + 50 -

To get an estimate independent on the cy,)-terms in the preceding inequalities, note that

1
= 1 SCLe) =1
1427 2m

and that ¢ — (y/ 4z + % — %)2 is decreasing on R . Therefore, taking logarithms in (5.27))
yields the estimate

in other words

b:

1 1 T b2 b

L(v)In(2) + 2In(y/ — ) < In(v) < (L) + DIn() + 2 7 + 5 = ).

ERE R
1

_2m—
Recalling that A = 22" and defining
1-2""2m

0 b2 b i 1 1
=21 —_— = - — =21 e
1 n(4/ VPRI ﬂ)’ 2 n( VPR \/5)’

we obtain the inequalities

In(v) — 1
In(2)

In(v) — ¢
< L(v) < W

We now enter into the estimation of the part of the infinite product of our Fourier transform
associated with factors of small indices, namely

(5.29) p(v) == H cos?(gr(27%v)) = exp( Z In cos? g, (27%v)).

1<k<L(v) 1<k<L(v)

(5.28)
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For v € [2P712P] we have (p — 1)In(2) < In(v) < pIn(2). Therefore, according to ([5.28)),
the summation in k& in ([5.29)) has to extend from 1 to p — lncﬁ If we use the transformation

v := 2Pw for w € [4, 1], we have

91(27%0) = g (2P Fw) = g, (2'w), 1=p—Fk,

with —lncﬁ <l<p- ﬁ Since In cos? is periodic with period 7, we can define

z} (w) = gp-pv1(2'w) (mod 7)), [>1,peN,
to identify

Z In cos?®(g,—1(2w)) = Z In cos? (2} (w)).

_%Slﬁn_m%) —%§l<p—%
To discuss the asymptotic behaviour of these sums as p — oo, we will employ equidistribution
of the averaged sums of the af(w),! > 1. Since these averages do not depend on finite fixed
numbers of summands, we shall from now on study the asymptotic behaviour of the (averaged)
sums
12

Z In COSQ(a:f(w)), and associated measures ji, = — Z 533;)(1”).

1<I<p I=1
Equidistribution is derived by means of a variant of Weyl’s theorem, called Koksma’s general
metric theorem (see Kuipers, Niederreiter [30], p. 34).

Lemma 5.18. For each p € N, the sequence (x}(w));>1 is equidistributed on [0,7], i.e.
(1P)pen converges to equidistribution on [0,7] for (Lebesgue) a.a. w € [3,1].

Proof: Let for w € [,1],p,l €N

l
up (w) == gp-iyv1(2'w).
We have to show that for each p € N, the sequence of functions (uf )i>1 satisfies the criteria of

Koksma’s general metric theorem (see Kuipers, Niederreiter [30], p. 34). They are formulated
in terms of the (existing) derivatives of the functions. In fact, we have

(uf) (w) = A*(2' + 27 - §ﬁc(p—l)vl)'
We claim that even the second part of the preceding derivative is increasing in [ for fixed w.

To prove this, we have to show that for [ > k

1 ko1
272 cpnpv1 > 27 cippyvis

in other words that
- Clp—
(5.30) 95" > VL
Cp-v1
Let z := (g)% We have to show that
14z —aP* 1=k
—— <22
14z —zp!
We omit the simpler case where | = p. We can write

1+z—aPr - 2P (1 — k)
1+x—art 1+az—ap
But, by monotonicity, H%;lp,l < z, and therefore it is sufficient to prove

-k
1+z—a2 <o,
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I—k+1

But an analysis of the function h: x — 14+ a —x yields that it has a global maximum

at zg = (l—li—f—l) = given by the value h(xg) = xo, and clearly zp < 2'3". So we derive that
for | > k we have

(5.31) (Ul (w) — (uB) (w) > A%(2' — 2F) > 24% > 0,

while monotonicity of (u}) — (u})’ follows from the monotonicity in I of the second parts of
the derivatives, and the monotonicity (in w) of w %U Hence the sequences (u});>1 sat-

isfy Koksma’s conditions for each p € N, and our claim follow from Koksma’s general metric
theorem.[]

In our study of equidistribution we can go one step ahead, and use the essential steps of
the proof of Lemma to give an estimate for the exponential deviation from functional
empirical averages and the integral of the function with respect to the limiting Lebesgue
measure on [0,7]. More precisely, we will estimate for a function A : [0,7] — R of bounded
variation V'(h) the asymptotic behavior in p of the integral in w of

(5.32) exp(p Zl Z h(g(p— l)v1(22 mw)) —m= / h(z)dz))
=0

1<l<p

exp(p Z thz ) m/

1<l<p

This in fact will turn out to turn out to depend essentially on estimating the discrepancy of
the a7 (w), 1 <1 < p. The discrepancy of z}(w),1 < I < p, is given by

1
Dpi= sup |- > Lo b (02 () — (b —a)].

0<a<b<mt P 1<I<p

According to Erdés-Turan (see Kuipers, Niederreiter [30], p. 112), we have for any ¢ € N

ﬂu;

q
1
(5.33) Dps 7+ z; o q+1 ]fZeXp (2mia? (w)k)).

Not to overload the notation, let us state the following Lemma for the simple case of just one
summand in the exponential of ([5.32)).

Lemma 5.19. Let p,q € N, and h : [0,7] — R be a function of bounded variation V (h).
Then there exists a constant ¢ > 0 such that

(5.34) / exp(p Z h(z - /07T h(z)dz])dw < exp(cV(h)p% In(p)).

P,

Proof: In the following constants ¢ appearing in our inequalities are universal for the
essential parameters of the expressions and may change their values from line to line. We first
employ the inequality of Koksma (Kuipers, Niederreiter [30], p. 143, and p. 91) and then the
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inequality of Erdos-Turan (see Kuipers Niederreiter [30], p. 112), to obtain for p,q € N

(5.35) / exp(p Z h(xh (w W/OTr h(z)dz])dw

1<l<p

1
< / exp(V (h)pDy)duw

! 11 o
< exp(GV(h)}g;) /; eXp(;V(h)p[Z E‘E ZeXp(%ml (w)k)[])dw.

We continue estimating the integral in the last line of ([5.35| -, startlng with even moments of
the exponent. In fact, for m € N, using the notation of Lemma and >7_, 1 <In(q), we
have

(5.36) (Z;;\ S exp(2mial (w)k))|)?" Z \ S exp(@mind (w)k)) )2
1

k= 1<i<p Pz,
< (@)Y 1ol Y exp(miCuf(w) - uf(w))k)"
1 P 1<h<i<p
:<1n(q)mp‘2m(z<7f> pln(q Z > exp(2mi(uf (w) — uf (w))k))™")
r=0 = 1<h<iI<p

We continue estimating the last factor in (5.36)), employing again elements of the argument
leading to the proof of Lemma [5.18] In fact, we have

Z Z exp(2mi(u) (w) — uf (w))k))™ ™"

= 1<h<l<p
1 1 m—-r
— ; p p
- Z ki km_r p2(m—r) Z exp(2m Z (ujs (w) — Up, (w))ks))
1<ki,+ km—r<q 1<hs<js<p s=1

Recall from the proof of Lemma the monotonicity properties of the functions u? — uz for
h < j to define the monotone functions
m-—-r

fhlyjla"'»hm—ryjm—r(z) = Z(’U/‘Z;S ('U}) - Uig(QU))ks), 1 S hs < js S P, 1 S S S m —r.
s=1

We next integrate (5.36]) in w over the interval [%, 1], change variables w.r.t. the monotone
functions fa, ji ... hym_r.jm_. and use the fact that the integral of exp(2miz) over bounded
intervals is bounded, to estimate ({5.36)) by

1
D P

k. _
1<k, km—r<q mer

1
exp(2miz)dz.
1§h§sgp/ Doy ((uf,) — g ) )(fhmh “h (2))ks p(2miz)

Now we use that the integral of exp(27iz) in z is bounded, and that (see the proof of Lemma
5.18) for 1 < hs < js < p,1 < s < m, we have

m—r m—r m—r

ST — W Vo g (D > A2 3 (200 2ty = 42 37 e (i e 1),

s=1 s=1 s=1

m—r;Jm—r
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It is easy to see that

1
Z Zm T ohs (st hs _ 1)

1<hs<js<p

is bounded in p. Hence, using again that 3, <q k: < In(q), we may bound the w-integral of

(p-36) by
1 m
(5.37) / (ln(@mPQm(Z( > (pIn(q Z ST exp@mi(uf (w) — b (w))k)™ ") dw

=

2 r=0 k=1 1<h<l<p
" /m In
c(pIn(q)®™™ (T )p’” = c(pIn(g)*™(p+1)™ < ( (f) )2
r=0 p2

We finally estimate odd moments by first employing Cauchy-Schwarz’ inequality, with an
analogous result. So we finally have, continuing ({5.35))

exp(6V (1)) / exp(4 Zf\fZexp oria? (w)k) ] du

k=1
< exp(oV(n)E) S 2 ,<v<h>cp>m<1“<f)>m=exp<cv<h>[]3 + pHin(g)]).
4 =0 (2m)! D2 q

Now take ¢ = p to arrive at the claimed inequality. [J

We can finally state our main result.

Theorem 5.20. Let v = 2= m for some m € N. Then for a < m —% we have u —
|u|>*¢2(u) is integrable on R. Therefore y — H (&, y) — kyS(€,0) possesses a square integrable
occupation density which possesses m — 2 continuous square integrable derivatives which are
Hélder continuous of order p for any p €]0,1].

Proof: We have to estimate the integral of v +— v?*$?(v) on R, remarking that the
evenness of cos trivially extends this to all of R. We obtain, with a constant C' standing for
the contribution of large indices in the infinite product describing the Fourier transform, and
a constant py marking the domain for which small index contributions become relevant

(5.38) /0 02082 () dv

=C+ 200 12 d
> [ e
p=po
m—1 1
=C+ Z/ oP(1+20) 2% exp(p > [~ In cos?® (2} (27 mw))])dw
p=po " 2 =0 P15y
e 1 m—1 1 1 T
=C 2 = In cos?(z} (27 m / 1 d
+ Z/l w exp(pZ[p n cos” (7 ( w))] mp_ ; n cos”(x)dx)
p=po "~ 2 q=0 ~ 1<Ii<p

exp(pIn(2)[1 + 2a) + mp% /07r In cos?(x)dz])dw.

2

The Lebesgue integral of the m-periodic In cos® is well known. We have

1 (7 4 [z
(5.39) / In cos®(x)dz = — /2 In cos(z)dr = —21n(2).
0 0

m s

™
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Hence the last line of (5.38) simply becomes

(5.40) exp(pIn(2)[1 + 2«) — 2m)).

We have to be a little careful with estimating the contributions of the first line on the rhs of
(5.38) by means of Lemma since In cos? is not of bounded variation on [0, 7]. Given € > 0,

choose a function of bounded variation & : [0,7] — R such that 1 [|h(z) — Incos?(z)|dz < e.
Using h instead of Incos? in ([5.38)) forces us to modify ([5.40) to

(5.41) exp(pIn(2)[1 + 2a) — 2(m — €)]).

We apply Lemma [5.19 with h to obtain an estimate for the contributions in the first line on
the rhs of ([5.38)) which is given by

(5.42) exp(cV (h)p? In(p)).

But the product of (5.41)) and (5.42)) remains summable, since p% In(p) is dominated by p as
p — o0o. This proves the claim for o« < m — % —e. But € is arbitrary. The regularity statement
for the occupation density follows from a standard embedding theorem of Fourier analysis,

see Bahouri [2], p. 44. O

Let us finally address the problem of occupation densities for the non drifted Takagi func-
tion. Consulting Corollary we have too choose 8 = 1 there, and have to face the Fourier
transform of

T(y)—7(0)
1 —l— K K2y
5(,0) - 5 914
(5.43) 4 Z X, [+ R)S(E,0)(; Lynt1 4 2amq - Z(%)ZHXW)}.
/=1

Its square, the mtegrablhty properties of which we have to assess, will not contain the

terms 55(€,0) — %% Hence we have to deal with the Fourier transform of

(e}

(5.4 ZX S(E 0™ + K2 (1 = 3 (5) Ky0)]

/=1

_ n 2 (1 +l€)ﬁn _ 12 —no—m
Zly X, [6% + —=5(¢,0)] 5 > R X X

= 2 n<m
= Il(fn) + IQ(§)7

with )
n 14+ k)K" _ K
fn=" [ﬁ2+(2)5(£70)], g=-79

2
and g as chosen above. Scaling u with the common factor k2 as above (and still denoting the
re-scaled variable by u) the results of Subsection will produce A Fourier transform which

for w > 0 has the form

(5.45)
u—cosgi~ cos [uy® (+ ) % %%_lk;
o) = cos(g )] [ cos [un" (14 -—5=—5(&,0)+ \f{ 1<2>1_()%}]-

(5.23)) differs from (5.45) only in the factor of ¥* which is 1 in the first case, and 1 +

%S (£,0) in the second case, an asymptotically vanishing small perturbation of 1. If
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we choose again v = 2= m for m > 2, we know that x < \%, and so |S(&,0)| is bounded by
ﬁ, and therefore 1+ MS (£,0) > 0 for all £ > 1. We can adopt a small modification

of the arguments of the preceding and the present subsections, to show that |u|?®¢?(u) is

integrable over R provided o < m — % as before. The arguments are just somewhat more
lengthy. Since this paper is already rather long, we refrain from giving further details here,
and just state the conclusion.

Theorem 5.21. Let v = 2w for some m € N. Then for o < m— 1 we have u — |u|[>**¢*(u)

is integrable on R. Therefore y — T (y) possesses a square integrable occupation density which
possesses m— 2 continuous square integrable derivatives which are Hélder continuous of order

p for any p €]0,1].
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