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Abstract

We show that a Weierstrass function that is -Hélder continuous possesses a

2
square integrable local time.
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1 Introduction/Notes

Figure 1: Graphic of W for z € [0,1]; {(z, W(z)) : z € [0,1]} C R2



2 The curve as attractor of a dynamical system

Our aim is to investigate the local time of the one-dimensional Weierstrass curve given

by
Wi(x) = Z 272 cos(2m2"x), x € [0,1]. (2.1)

Our access to the analysis of this function is via the theory of dynamical systems. In
fact, we shall describe a dynamical system on [0, 1]2, alternatively Q = {0, 1}¥x {0, 1},
which produces the graph of the function as its attractor. For elements of {2 we write for
convenience w = ((W_pn)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— Qwr (Wni1)nez-

Q) is endowed with the product o-algebra, and the infinite product v = ®n€z(%6{0} +
0¢13) of Bernoulli measures on {0,1}. We recall that 6 is v-invariant.
Now let

T=(T,Ty): Q—1[0,1* wrs (Z w_p2~ (D, anQ_”).
n=0 n=1

Let us denote by T3 the first component of T', and by 75 the second one. It is well known
that v is mapped by the transformation T to A? (i.e. v = 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]?, is uniquely defined apart from the dyadic pairs.
For these we define the inverse to map to the sequences not finally containing only 0.
Let

B=TofoT

We call B the Baker’s transformation. The 6-invariance of v directly translates into
the B-invariance of \?:

\NoB ! = (Aon)oeflonl = (yo@fl)onl —voT 1 =)2
For (§,x) € [0,1]? let us note
T_1<§,.Z') - ((g—n)nzm (En>n21)-

Let us calculate the action of B and its entire iterates on [0, 1]°.

Lemma 2.1 Let (§,z) € [0,1]%. Then for k >0

B (&, x) = <2k£(m0d 1), Ekan + §oirz 4t S L X ))

2 92 ok ' ok
fork>1
_ § T Ta Ty
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Proof: By definition of §* for kK > 0

k _ Va —(n+1) E—k+1 §—k+2 . §9 — o—(k+n)
B (f,.ﬁlf) - <Z£—n+k2 ) 2 + 92 + + 2k + Z$n2 )

n>0 n>1

Now we can write

szn+k2_(n+l) = 2"¢(mod 1) and ZEnQ_(k’L”) S

2k
n>0 n>1

This gives the first formula. For the second, note that by definition of 7% for k > 1

—k _ Z o—(nti+k) | T1 T T F —n

n>0 n>1
Again, we identify
T2 . ¢
an+k2 n _ Qkx(mod 1) and Zg_n2 (n+1+k) _ ﬁ
n>1 n>0

U
For k € Z, (¢, ) € [0,1]* we abbreviate the k-th Baker transform of (¢, ) as

B*(& ) = (&, xy),

where for k > 0

& _ x
ékIQké(mOd 1), and xsz S'H +§2k2+2+...+%_|_?’
and for k > 1
§k = % + % + 2f: +F %, and x_; = 2Fx(mod 1).

Following Baranski [1, 2, 3], Shen [12], Hunt [7], we will next interpret the Weierstrass
curve W by a transformation on our base space [0, 1]*. Let

F:0,1PxR — [0,1* xR,
(& x,y) — <B(§,x),2‘%y+cos(27TBQ(§,J;))>.

Here we note B = (By, By) for the two components of the Baker transform B.
For convenience, we extend W from [0, 1] to [0, 1]* by setting

W z)=W(x), &xel0,1].

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



Lemma 2.2 For any &,z € [0, 1] we have

F(&n. W (g ) = (BIE2), W (B ).

Proof: We have by the 27-periodicity of the trigonometric functions

W) =W (7)< S e e )
n=0

= oS (2#50 + x) + Z 272 cos(2m2" 1)

2
n=1
= cos (27r£0 ;— :c) +272 ZO 272 cos(2m2"x)

= cos (27 By (&, 2)) + 27 W ().
Hence by definition of F

(B(&.2),W(B(.2)))
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To assess stability properties of the dynamical system generated by F, let us calcu-
late its Jacobian. We obtain for £,z € [0,1],y € R

2 0 0
DF (& x,y) = | 0 . 0
0 —msin (2rBs(§,2)) 272

Hence the Lyapunov exponents of the dynamical system associated with F' are given

by 2, %, and v := 2-2. The corresponding invariant vector fields are given by

1 0 0
0|, X(x) = 1 , 01,
0 21 Y 02 " sin (2n By (€, ) 1

as is straightforwardly verified. Hence we have in particular for £,z € [0,1],y € R

DF(€,7,9)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 regularity of the SBR measure

In Tsujii [9] it has been proved that the Sinai-Bowen-Ruelle (SBR) measure of

S, x) = QWZV”sin (2rBy (&, 2)), &z e[0,1], v= 272,

n=1



is absolutely continuous with respect to Lebesgue measure. We shall now tackle a proof
of this statement which rest upon the scaling properties of S alone, and argues via a
Fourier analytic characterization of regularity of measures. It not only simplifies the
proof by Tsujii [9], but is also dual to a derivation of the smoothness of the occupation
measure of W in the subsequent section.

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

S(B(,x)) = QWnynsin <27TB§L(BQ(€,$)))

n=1

= 27 f: 7" sin (27 By (€, 2))

n=1

= 2m22 Y 4Fsin (20 BS(€, 7)) — 2msin (27 By (€, 7))
k=1

= Q%S(ﬁ, x) — 2msin (27 Bs(, 7).
So we may define the Anosov skew product
G:[0,1]* xR — [0,1)* x R,
(& x,v) — (B({, x), 220 — 2 sin (27TBg(f,$))>.
Then the equation proved before yields the next result (compare with Lemma 2.2).
Lemma 3.1 For &, x € [0,1] we have
L&z, 8¢ 2)) = (B(& ), S(B( ).

The measure

Y =N o(id S)™*
on B([0,1]?) ® B(R) is T'-invariant.

Proof: The first equation has been verified above. The I'-invariance of v is a direct
consequence of the B-invariance of \2. [J

Define 3 : [0,1]* = [0, 1], (£, 2) — z and let
=N o(S,m)"".

The measure p is called Sinai- Bowen-Ruelle measure of T'.
We now define a map on our probability space that exhibits certain increments of
S in a self similar way. Let

G x)=2n 22% [sin (27B; (&, x)) —sin (27 B;"(0,2))], &z €[0,1].

nez

Then we have the following simple relationship between G and S.
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Lemma 3.2 For z,£,n € [0, 1] we have
Proof: For z,£,n € [0, 1] we have indeed

G x)—G(nx) = Z 23 [sin (27 B;™(&, x)) — sin (27 B;"(n,z))]

nez
[o¢]

= 2% [sin (27rB§(f, a:)) — sin (27?35(7% 37))}

5,1‘) - S(T],ZE)

I
R

This completes the proof. [J
Let us next assess the scaling properties of G. This will be crucial for the proof of
the absolute continuity of the SBR measure. For this purpose, denote by p the image

measure of A* on [07 1]3 by the mapplng (‘7:7 57 77) = G<£7 $> _G<77> I) = 5(57 Z’) _5(777 LE)
The next result concerns scaling and self-similarity properties of G' and p.

Proposition 3.3 (Scaling of G) For &, x € [0, 1] we have
G(B™ (€ ) =1G(& @).
Let C be a Borel set in R. Then
p(1C) = +*p(O).
Proof: First note that by definition, defining n + 1 = k, for £,z € [0, 1]

G(B7Y¢x) = 2n Z 22 [ sin (2rB™"7'(&,2)) —sin (2rB7"71(0,2))]

neZ

= Z 2% [ sin (27TB_’“(§, x)) — sin (QWB_k(O, z))]

keZ

= G, x).
For the second claim, note that the first one gives
/[ 1o(G(B7(6:) = G(B™ ) dedsd
0,1]3
- /[ L 1e(IGE ) ~ Gl 2))dzdedy = o).
0,1]3

On the other hand, using the definition of B~!, we may calculate
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[ 1167 60 - 65 .0 sy

= /[0,1]3 lc(’G<£+EI,2x(mod 1)) — G(77 +T1,2x(mod 1)) Ddxdﬁdn

2 2

= %/{071]3 HC(‘G<§,2x(mod 1)) — G(g,Qa:(mod 1)) Dda:dfdn

—|—1 4)7”3 ]lc(‘G<§%1,2x(mod 1)) — G(nTH,Qx(mod 1)) Ddxd&dn

1 1

= (5 + 5) 2 /[0,1]3 ]10(|G(§’, z') — G(n, x')’)dxldfldn/ = 2p(C).

For obtaining the first equality in the last line, we set 2’ = 2x(mod 1),&" = %,77’ =1

_ &+ on+l
- 2

resp. &' = 2x(mod 1), 5.1 = . Combining the two preceding equations, we

obtain altogether
7?p(C) = p(v7'C).

Replacing C with vC' and multiplying the equation by 72, we obtain the desired equa-
tion. [J

Something seems not to fit here: if I take C' = R, then vC' = (', so the measure
should not change when scaling.

>gon: | the sets should be taken from the support of the measure which is contained

in a compact?

From the preceding scaling statement we can easily deduce the following practical
corollary:.

Corollary 3.4 Let L > 0 be such that [—L, L] is the support of p, which is symmetric.
Then for n € N we have

P27 1,275 L)) =" p(1272 L, L))
Proof: Choose C' =]272L, L] in Proposition 3.3, and iterate. [
Equipped with the scaling properties of G deduced above, we are finally able to
address the main result of this section. We aim at studying the absolute continuity

of p with respect to Lebesgue measure. For this purpose we consider the Fourier
transforms of the marginals .,z € [0,1]. Let

¢r(u) = /Rexp(iuy),ux(dy), u € R.
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By definition of p and the integral transform theorem, we have

¢z(u) = /0 exp(iuS(&,x))dE, weR zel0,1].

To prove absolute continuity of u,., we have to prove that ¢, is square integrable on R.
Therefore, to prove that u is absolutely continuous, it will be sufficient to prove

/01 /]R |pp(uw)|?dudz = /]R/[O,l}?’ exp (iu(S(g, x)— S, m)))dfdf’dxdu < 0.

Theorem 3.5 For almost every x € [0,1] the function

£ 5(8,x)

has an absolutely continuous law with respect to Lebesque measure with a square in-
tegrable density. In particular, the SBR measure of I' is absolutely continuous with
respect to Lebesque measure and possesses a square integrable density.

Proof: We have to show that
/ / exp (iu(S(f,x) — (¢, x)))dgdg’dxdu < .
R J[0,1)3
Let K > 0 be fixed. We shall show that
K
/ / exp (iu(S(ﬁ, x) — S(n, :B)))dxdfdndu,
Kk Jo,1]3

is bounded by a constant independent of K > 0. Recall that p is symmetric with
respect to reflection at the origin, and its compact support [—L, L]. We have

/ I; /[O o (z’u(S(f,x) —S(n,x))>dxd§dn — / I; / LLeXp(iuy)p(dy)du
=2 [ [ estiptann

= 4/0L /OK cos(uy)dup(dy)
= 1 [ snnlo)

Y

Since sin is bounded, it remains to show that

L
/ —p(dy) < .
o Y



But this clearly follows from the scaling properties of p, Corollary 3.4, in writing

[ o<t > o2 (2 L2 ) = 1 Y2 (2 )
0 = n=0

21/2

T < o

< Lp(127*L, L))

The last estimate in the proof of the preceding Theorem indicates that the density
of the SBR measure has more regularity than just square integrability.

4 The existence of a local time for W

In this section we use a similar Fourier analytic criterion as in the preceding one to
show that the occupation measure associated with W possesses a square integrable
density. This will be done in an indirect way. We shall first establish an intrinsic link
between Weierstrass curve as the attractor of an underlying dynamical system and its
stable manifold spanned by S. Then, we shall show, using a basic scaling equality
and a Fourier analytic argument, that the local time of W shifted by smooth curves
following the stable manifold exists. Finally, we shall get rid of the smooth curves to
get a local time of W. In the following key lemma we establish the link between W
and the stable manifold of F. For this purpose, we define

= 22’% [cos (27 By ™ (&, x)) — cos (2 B;™(£,0))], &,z €[0,1].

nel

Then we have the following relationship between W and S.
Lemma 4.1 For z,y,§ € [0, 1] we have

H(Ey) ~ H(E0) = W) - W) - [ (620
Proof: For z,y,¢ € [0, 1] we have indeed
H(y)—H(x) = Y 27%[cos (2rBy"(€,y)) — cos (27B; (¢, 7))

neL

n

— ZQ 2 [cos (2m By (€, y)) — cos (2 By " (€, x))]

Z % cos 27TBk(§ y)) —C0o8 (ZWBS(S,QU))]



This completes the proof. [J

We will next assess the scaling properties of H. This will be crucial for the proof of
the existence of a local time.

Proposition 4.2 For &,z € [0, 1] we have
H(B(, x)) = vH(E, ).

Forr >0 let
Ay ={(2,y,8) € (0,1 : [H(&,y)) — H(& x)| <}

Then
N(Ay) = 7N (A,).

Proof: First note that by definition, setting n — 1 = k, for £,z € [0, 1]

H(B(§,7)) = Y 2 %[cos (2rB™"(¢,2)) — cos (2rB7"(£,0))]

= 7202 #[eos (2mBHE x) — cos (2B 0))]
= ~vH(, 7).

For the second claim, note that the first one gives
4)71]3 Lo, (\H(B(ﬁ, y) — H(B(&, :c))])dxdydg
/[0 T (1B, )~ H(B(& ) )andyd = (4.
On the other hand, using the definition of B, we may calculate

/[01]3 Lo, (‘H(B(f}y)) — H(B(f,:c))Ddxdydg

EO‘HJ go"‘fv

— 471]3 1[07T}<‘H<2§(mod 1), 5 ) - H<2§(mod 1),

_ 1/[071}3 T, <‘H<2§(mod 1), 9) - H<2§(mod 1), ;) Ddasdydf

) D dedyde

2 2

1 1+y 1+

4= /[0’1]3 Lo, (’H(Qg(mod 1), T> — H(%(mod 1),

2 s

]_ ]_ / / / / / / .
:<§+§)2 /[071]3 1[0,T}<|H(£;y)—H(g,a:)})dxdydé _2)‘3(147')-

For obtaining the first equality in the last line, we set &' = 2{(mod 1),2’ = £, = §
resp. & = 2¢(mod 1),2' = xT“, Yy = yTH Combining the two preceding equations, we
obtain altogether

7_2/\3(Ar) = >‘3<A'y*1r)-
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Replacing r with yr and multiplying the equation by 72, we obtain the desired equa-
tion. [

From the preceding scaling statement we can easily deduce the following practical
corollary.

Corollary 4.3 There are constants ¢,C' > 0 such that for any r > 0 we have
er? < N({(&a.y) € 0.1 s [H(Ey) — H(E2)| < r}) < O

Proof: Iterating the last statement of the preceding Proposition, we get for any
neN

V({6 o) € 0.1 |H(Ew) ~ HE2)| <7}
— 72nA3(<{(£,x,y) €[0,13: |H(&,y) — H(E x)| < 1})_

Choose r > 0. We may assume r < 1, since otherwise the claim is trivial. Next choose
I € N such that v+ < r < 4!. Then

N ({G oy € 0,17 |H(Ey) — Hgo)| <1}
<N({(6ay) € [0.1P 1 1H(Ey) — HEw)| <4')})

=Nz y) € (0,11 [H(E y) — H(E )| < 1})
<y PN {(& y) € (0,17 |H(E y) — H(E 2)| < 1}).

Hence by setting C' =y 2N\ ({ (&, z,y) € (0,13 : [H(E,y) — H(E, z)| < 1}), we get the
right hand side of the claimed inequality. A similar argument for the left hand side
reveals that setting ¢ = 2 X3({(&, z,y) € [0,1]* : |H(§,y) — H(§, )| < 1}) finishes the
proof. []

This corollary improves the one dimensional version in Keller [8] of our Lemma 4.8.
in the manuscript on the Hausdorff dimension essentially. So the telescoping proof with
the very complex and tedious arguments in Keller’s paper is not necessary. One can
improve on the one hand Keller’s paper.

Equipped with the scaling properties of H deduced above, we are finally able to
state and prove the main result of this section.

Theorem 4.4 For almost every £ € [0, 1] the function
0

possesses a square integrable local time.
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Proof: We just have to transfer the arguments of the proof of Theorem 3.5 from S
to H and a corresponding measure. We have to show that

/ / exp (iu(H(f’,y) — H(f,x)))dxdyd{du < 00.
R J[0,1]3
Let K > 0 be fixed. We shall show that
K
[ ] exp (it - H(E2))drdyaeaa
~K J[o,13

is bounded by a constant independent of K. For this, denote by x the image measure of
A3 on [0, 1]® by the mapping (¢, z,y) — H(&,y) — H(&,x). This measure is symmetric
with respect to reflection at the origin, and has compact support, say [—L, L]. We have

/_ I; /[0 . exp (iU(H &y)—H (5,:v))>dxdyd§du = /_ Z /_ LL exp(iuy)x(dy)du
= 2 /_ z /0 ) exp(iuy) x(dy)du

= 4 /O ) /0 ’ cos(uy)dux(dy)
= 1 [ oty

Since sin is bounded, it remains to show that

L1
/ —x(dy) < o0.
o Y
But this follows from Corollary 4.3. [

We finally have to translate the result of Theorem 4.4 to a statement of existence
of a local time for W.

Theorem 4.5 The function W possesses a square integrable local time.

Proof: Let £ € [0,1] and L(&,-) be the square integrable local time of H(E,-),
according to Theorem 4.4. We have to show that for some ¢ € [0,1] the function
W = W(0)+H+ [, S(§, z)dz possesses a square integrable local time. For any £ € [0, 1],
the function f(&,t) = W(0) + fot S(&, z)dz,t € [0,1], is infinitely often continuously
differentiable. The local time L(¢, ) induces a family of measures on the Borel sets of
0, 1], the distribution functions of which are given by L(¢, x,t), where L(&, -, t) is the
square integrable local time of H (&, -), restricted to the interval [0,¢],¢ € [0, 1]. In these
terms, it is easy to see that the square integrable local time M of W derives from L
via the formula

M(x):/o L(f,x—f(ﬁ,t))dt.

This perturbation result is certainly known. I just did not find the right reference in
the literature. Can you check? [J
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