Multifractal Formalism for Self-Similar Measures
with Exact Overlaps

Alex Rutar
(some joint with Kathryn Hare and Kevin Hare, University of Waterloo)

\University of St Andrews

October 27, 2020


Alex Rutar


Contents

|

A Brief Introduction to Multifractal Analysis for Self-Similar
Measures

New Results: The Transition Graph and Relationships with the
« Multifractal Formalism


Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar


A Brief Introduction to Multifractal Analysis for
Self-Similar Measures



Quantifying Singularity: Local Dimensions

1 - compactly supported finite Borel measure in R.



Quantifying Singularity: Local Dimensions
1 - compactly supported finite Borel measure in R.

» Local dimension of u at x € supp p: closd

) . logu(B(x,t


Alex Rutar

Alex Rutar

Alex Rutar


Quantifying Singularity: Local Dimensions

1 - compactly supported finite Borel measure in R.
» Local dimension of i at x € suppu: ¢ « Q-{-

) . logu(B(x,t

» u is Lebesgue on [0, 1]: dimjec (x) = 1 for each x € [0, 1]


Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar


Quantifying Singularity: Local Dimensions

1 - compactly supported finite Borel measure in R.
» Local dimension of u at x € supp p:

) . logu(B(x,t

» 1 is Lebesgue on [0, 1]: dim|0c(y(x) =1 for each x € [0, 1]

> x is an atom of p: dimjcyrfx) = 0.
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Quantifying Singularity: Multifractal Spectrum

» fine (Hausdorff) multifractal spectrum:
fu(a) = dimp{x € supp pu : dimjoc(pt, X) = a}

» f, “measures singularity” for measure ;. with respect to
Lebesgue measure.

» multifractal analysis: determine or understand properties of
measures when f, has non-trivial domain
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. logsup > p(B(xi, )9
(@) = i =S

)

supremum over disjoint families {B(x;, t)}, x; € supp i
> “Statistical average” at scale t, as t — 0.
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L9-spectrum

Another measure of singularity: tq,
» [9-spectrum of u, for g € R, T - |
| (Bl )T, Iyt
7,(q) := liminf ogsup ) (B, t)) . A Vi

supremum over disjoint families {B(x;, t)}, x; € supp u
> “Statistical average” at scale t, as t — 0.
» Generalizes box dimension: 7,(0) = —dimg(supp ).

» If p is Lebesgue on [0, 1], then 7,(q) = ¢ — 1.
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Multifractal formalism

Heuristic relationship (Halsey et al. 1986): if y is “sufficiently
regular”, f, is concave and

fule) = 7,() := inf {ga = 7.(q)}

(oot Gnjgide
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Multifractal formalism

Heuristic relationship (Halsey et al. 1986): if y is “sufficiently
regular”, f, is concave and

f = * = i f —

u(a) =7u(a) = inf{ga —7u(q)}

X

If true, u satisfies the\)‘mu/tifractal formalism
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Self-Similar Measures

» iterated function system of similarities (IFS): {S;}™,,
S,' ‘R — R,

S,'(X) = rx + d; 0 <|r,-|< 1.
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Self-Similar Measures

» iterated function system of similarities (IFS): {S;}™,,
5,' ‘R — R,

S;(X) = rx + d; 0<r<l.

» Unique self-similar set

> Given (pi)™,, pi >0, Y71 pi = 1, unique (Borel probability)
self-similar measure

H(E) =" pin(S;}(E)) for E € K = supp .
i=1



Cantor Set and Measure
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Strong Separation Condition and the Multifractal
Formalism

An IFS satisfies:

» the strong separation condition if
Si(K) N Sj(K) = 0 whenever i # j

(for example, Cantor set)



Strong Separation Condition and the Multifractal
Formalism

An IFS satisfies:

» the strong separation condition if
Si(K) N Sj(K) = 0 whenever i # j
(for example, Cantor set)
» the open set condition if there is some V such that

k
U Si(V) C V disjointly
i=1

(for example, the IFS x/2,x/2 4 1/2).
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Multifractal formalism for Open Separation Condition

Theorem (Cawley, Mauldin 1992; Patzschke 1997)

1 satisfies the open set condition: multifractal formalism holds
where 7(q) is analytic and satisfies

1= »)
Z pq -m(q) _

Cawley and Mauldin: true when p satisfies the strong separation
condition - y
i 2 =
l
- \

A K
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IFSs with Overlaps

For o = (i1, .

,in) €{1,...,m}", write
SG':Silo"'OSi rU:riIQ...@ri"
g 1T So 7 3¢t

Definition (Bandt, Graf 1992; Lau, Ngai 1999)

sup #(S
x€ER,t>0 70

The IFS satisfies the weak separation condition (WSC) if

re = t, S, (K)N U(x, t) # 0} < .

-

(1)
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IFSs with Overlaps

For o = (i1, .

yin) € {1,...,m}", write
Sy=S,0-085;

fo =ryo---or,

Definition (Bandt, Graf 1992; Lau, Ngai 1999)

x€R,t>0

The IFS satisfies the weak separation condition (WSC) if
sup #{Ss: 1o = t,S,(K)NU(x,t) # 0} < .

(1)

Note that WSC allows for exact overlaps; WSC with no exact
overlaps is open set condition
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Convolutions of Cantor Measure

» Let v = Cantor measure with probabilities py = pp = 1/2: then

U=V*---xU
N——r

m times

satisfies the WSC for each m € N.

> Satisfies OSC for m =1, 2. m-1
e |

|\\—F'—’/\_l e
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Convolutions of Cantor Measure

» Let v = Cantor measure with probabilities py = pp = 1/2: then

Pp=V*- %V
N—_——
m times

satisfies the WSC for each m € N.
» Satisfies OSC for m =1, 2.

» (Hu, Lau 2001) For m > 3, there is an isolated point in the set
of local dimensions, so the multifractal formalism fails!

X
(N = T.N
- — \
| —1 — —]
‘__—Tl —
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Convolutions of Cantor Measure

» Let v = Cantor measure with probabilities py = pp = 1/2: then

Pp=V*- %V
N—_——
m times

satisfies the WSC for each m € N.

» Satisfies OSC for m =1, 2.

» (Hu, Lau 2001) For m > 3, there is an isolated point in the set
of local dimensions, so the multifractal formalism fails!

P In some sense, the measure is too small on the endpoints of
[0, 1] which contributes the isolated values (multifractal
formalism fails for g < 0)



Bernoulli Convolutions with Pisot Contractions

» (Feng, 2016) IFS {rx,rx + (1 — r)} satisfies the WSC if and
only if 1/r is Pisot (real algebraic integer > 1 with Galois
conjugates having modulus < 1)

¢

— —
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Bernoulli Convolutions with Pisot Contractions

» (Feng, 2016) IFS {rx,rx + (1 — r)} satisfies the WSC if and
only if 1/r is Pisot (real algebraic integer > 1 with Galois
conjugates having modulus < 1)

> (Feng, 2005) When r = (v/5 — 1)/2, p satisfies multifractal
formalism for any probabilities, but 7,(q) is not differentiable
at some g <0

_\
\ ’/(I) = (e 1k
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Other Examples

» (Testud, 2006) Other WSC examples with “more spectacular”

failure C/V

{N: Vs X {Q, ,(,l{
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Other Examples

» (Testud, 2006) Other WSC examples with “more spectacular”
failure

» All examples seen so far are of the form {rx + d;}",
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Other Examples

» (Testud, 2006) Other WSC examples with “more spectacular”

failure
» All examples seen so far are of the form {rx + d;},

» main “non-equicontractive” example (Lau, Wang 2004)

Six) =px Sa(x)=rmx+p(l—r) S3(x)=rx+(1—-r)

where p+2r —rp < 1. \
o
l - ‘ i
—_
—t
L | Y
P W )
()"(
—l
)

-
<


Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar

Alex Rutar


Other Examples

» (Testud, 2006) Other WSC examples with “more spectacular”
failure

» All examples seen so far are of the form {rx + d;},

» main “non-equicontractive” example (Lau, Wang 2004)
Six) =px Sa(x)=rmx+p(l—r) S3(x)=rx+(1—-r)

where p+2r —rp < 1.

» (Deng, Ngai 2017) Modified multifractal formalism with respect
to differentiable auxiliary function 7 for probabilities p» > ps.



Theorem (Feng, Lau 2009)

Let 1 be a self-similar measure satisfying the WSC. Then p satisfies
the multifractal formalism for g > 0. Moreover, there exists an open
set U with u(U) > 0 such that u|y satisfies the multifractal
formalism for all g € R.

» U is any open ball which attains maximality in the definition of
the WSC.
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Theorem (Feng, Lau 2009)

Let 1 be a self-similar measure satisfying the WSC. Then p satisfies
the multifractal formalism for g > 0. Moreover, there exists an open
set U with u(U) > 0 such that u|y satisfies the multifractal
formalism for all g € R.

» U is any open ball which attains maximality in the definition of
the WSC.

» 1 is “more regular” on U (avoids the “small-weight” problems
for g < 0)

u}
o)
I
i
it




New Results: The Transition Graph and
Relationships with the Multifractal Formalism
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Self-similar measures as projections
Fix IFS {S;}™,.
> Let ¥ = {1,...,m}" and define 7 : £ — K by

7T(I'17 1'27 . ) = kimoos,'l o---0 S,k(O)

» 7 is always continuous with 7(¥X) = K
> 1 projection of “weighted dice-roll" measure on ¥

P strong separation condition: 7 injective and

WS, 00 5, (K)) = pi i, —
o !
o )
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Self-similar measures as projections

Fix IFS {S;}™,.
> Let ¥ = {1,...,m}" and define 7 : £ — K by

7T(I'17 1'27 . ) = kimoos,'l o---0 S,k(O)

» 7 is always continuous with 7(¥X) = K
» 1 projection of “weighted dice-roll” measure on ¥
P strong separation condition: 7 injective and
w(Sy 0 -0 5;,(K)) = piy - - pi,
» What happens when 7 is not injective (the pieces overlap)?



Decomposing Overlaps: Neighbour Sets

» Introduced in (Hare, Hare, R. 20207) to generalize
construction of (Feng 2003) for IFS of the form {rx + d;}7,
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» Introduced in (Hare, Hare, R. 20207) to generalize
construction of (Feng 2003) for IFS of the form {rx + d;}7,

» Given t > 0, enumerate
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Decomposing Overlaps: Neighbour Sets

| 2

>

Introduced in (Hare, Hare, R. 20207) to generalize
construction of (Feng 2003) for IFS of the form {rx + d;}7,
Given t > 0, enumerate conv()=To ()

{S( ), Se(1) i ro mtp={0=h < - < hyy =1}

Scale t partition / approximation to K:

Fe=Alh bl 11 <7< s(6) = 1, (hi, 1) N K # 0}

A € Fy (called a net interval): define the neighbour set of A
wm&m ' L\
Vt(A):V(A)—{T \.UNtS ) N4, # 0}

—_—

where Ta(x) = rx 4+ d with r > 0 has Ta([0,1]) = A
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Neighbour Set Example

\ e /
|
. . J-‘é
A,
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Neighbour Set Characterization

Lemma (R. 20207?)

Suppose Az, A are net intervals with V(A1) = V(A3). Then there
exists a igrjective similarity g : A1 N K — Ay N K such that if
E C A{\IS any Borel set,

1(g(E)) ~ p(E). _
Idea: let g = TX:,O TA’_\@: TA|0‘( -(=1L‘)SU
g(dinK)= ] (goTa, of(K))Ng(A1)
feV(Ar)
= |J (Ta,of(K)Ndz=20NnK.
ff_\i(Az)
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Transition Graph

» In equicontractive case {rx + d;}7 ;, there is a natural global
. £ uchild” (i f le r7 n+1 T
notion of “child” (just go from scale r” to r"*%) | s )_‘v‘

/S

Ml
= Y
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Transition Graph

» In equicontractive case {rx + d;}7 ;, there is a natural global
notion of “child” (just go from scale r" to r"*1)

» Can define a local notion of “child” in general such that the
neighbour sets and geometry of the children depend only on
the neighbour set of the parent.



Transition Graph

» In equicontractive case {rx + d;}7 ;, there is a natural global
notion of “child” (just go from scale r" to r"*1)

» Can define a local notion of “child” in general such that the
neighbour sets and geometry of the children depend only on
the neighbour set of the parent.

» Result: construct transition graph G with vertex set

V(G) = {all neighbour sets}, root V([0,1]), and (directed)
edge set —

[ ]

E(G) = {(V(A),V(A")) : A a child of A’}
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Transition Graph

» In equicontractive case {rx + d;}7 ;, there is a natural global
notion of “child” (just go from scale r" to r"*1)

» Can define a local notion of “child” in general such that the
neighbour sets and geometry of the children depend only on
the neighbour set of the parent.

» Result: construct transition graph G with vertex set
V(G) = {all neighbour sets}, root V([0,1]), and (directed)
edge set

E(G) = {(V(A),V(A")) : A a child of A’}

» This is the “quotient” of the natural tree-structure of net
intervals (under inclusion) where st intervals are equivalent if
they have the same neighbour set
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Tansition Graph Continued

» Natural bijection

A : {finite rooted paths} — {net intervals}



Tansition Graph Continued

L/éx_,tj—ﬁl

» Natural bijection
A : {finite rooted paths} — {net intervals}

» Natural “almost injective” (injective outside countable set, and
fibres of size at most 2 otherwise) projection A

7 : {infinite rooted paths} — K \"’/\)—-’_,
by {7(e1, €,...)} = (1 Aler, .., &) —

P\
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Relationship to WSC



Standing Assumption

Now assume there are only finitely many neighbour sets

> equivalently the transition graph is finite



Standing Assumption

Now assume there are only finitely many neighbour sets
> equivalently the transition graph is finite

Theorem (Feng 2016; Hare, Hare, R. 20207)

Suppose K = [0,1]. Then the IFS satisfies the weak separation
condition if and only if there are only finitely many neighbour sets.

Feng proved this for IFS of the form {rx + di}/Z;
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Properties of Transition Graph

Let A < (e1,...,en). A ,(,\-\,\j:\ Qtﬁ"‘\ PN
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Properties of Transition Graph

Let A < (e1,...,en).
» There exist edge weights W(e) € (0,1) for each e € E(G)
such that

diam(A) = W(er)--- W(en)
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Properties of Transition Graph

Let A < (e1,...,en).
» There exist edge weights W(e) € (0,1) for each e € E(G)
such that

diam(A) = W(er)--- W(en)

» There exist non-negative transition matrices T (e) for each
e € E(G), such that

p(A) = [IT(er) -~ T(en)lly



Symbolic Encoding

Symbolic Encoding vs. Transition Graph Encoding

Transition Graph Encoding

(finite) sequences in {1,..., m}
limg Sjy o -+ 0 5;,(0)
contraction ratios r;
probabilities p;

3

strong separation: injective pro-
jection

(finite) rooted paths in G

mio:]_ A(el, .
edge weights W (e)

'aek)

transition matrices T (e)

any IFS: almost-injective projec-
tion
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Essential Class of the Transition Graph

Theorem (R. 20207)

Under the WSC, the subgraph G has a unique attractor Gess Which
has “strong measure regularity properties”, and such that the
corresponding points in Kess € K has p(K \ Kess) = 0.

» The attractor has the property that for any vertex v, there is a
path from v to any vertex in the attractor, and any (directed)
path starting in the attractor must also end in the attractor

ﬂ(&ﬁ\
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A Modified Multifractal Formalism

Theorem (R. 20207)

Let u satisfy the WSC. There exists a sequence of compact sets
Ki € K> € --- C K such that lim; (K;) = 1 and each p|k; satisfies
the multifractal formalism (with the same L9-spectrum and fine
multifractal spectrum).

it

S
»
i)



A Modified Multifractal Formalism

Theorem (R. 20207)

Let u satisfy the WSC. There exists a sequence of compact sets
Ki € K> € --- C K such that lim; (K;) = 1 and each p|k; satisfies
the multifractal formalism (with the same L9-spectrum and fine
multifractal spectrum).

> Here, the sets K; are “level i approximations of K" .




A Modified Multifractal Formalism

Theorem (R. 20207)

Let u satisfy the WSC. There exists a sequence of compact sets
Ki € K> € --- C K such that lim; (K;) = 1 and each p|k; satisfies
the multifractal formalism (with the same L9-spectrum and fine
multifractal spectrum).

> Here, the sets K; are “level i approximations of K" .

» The multifractal formalism follows from the “measure regularity
properties” in the same spirit as Feng, Lau 2009.




Combinatorial Perspective on the Multifractal Formalism

Theorem (R. 20207)

Let p satisfy the WSC. Suppose in addition that G is a finite graph
(this holds, for example, when K = [0, 1]) and that there is no cycle

in G outside Gess. Then Kess = K and p satisfies the multifractal
formalism.

u}
o)
I
i
it
€
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Combinatorial Perspective on the Multifractal Formalism

Theorem (R. 20207)

Let p satisfy the WSC. Suppose in addition that G is a finite graph
(this holds, for example, when K = [0, 1]) and that there is no cycle

in G outside Gess. Then Kess = K and p satisfies the multifractal
formalism.

» G finite, no cycle in G outside Gess: get M such that any path
of length at least M terminates in Gess

u}
o)
I
i
it
€



Combinatorial Perspective on the Multifractal Formalism

Theorem (R. 20207)

Let p satisfy the WSC. Suppose in addition that G is a finite graph
(this holds, for example, when K = [0, 1]) and that there is no cycle

in G outside Gess. Then Kess = K and p satisfies the multifractal
formalism.

» G finite, no cycle in G outside Gess: get M such that any path
of length at least M terminates in Gess

» Recall the bijection {net intervals} <> {finite paths in G}

u}
o)
I
i
it




Combinatorial Perspective on the Multifractal Formalism

Theorem (R. 20207)

Let p satisfy the WSC. Suppose in addition that G is a finite graph
(this holds, for example, when K = [0, 1]) and that there is no cycle
in G outside Gess. Then Kess = K and p satisfies the multifractal
formalism.

» G finite, no cycle in G outside Gess: get M such that any path
of length at least M terminates in Gess

» Recall the bijection {net intervals} <> {finite paths in G}

» Since every finite path of length M is in the essential class, the
“level M approximation” Ky, is actually equal to K.
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Example Application

Corollary
Any measure associated with the IFS
S1(x) = px

So(x)=rx+p(l—r)

S3(x)=rx+(1-r)
satisfies the multifractal formalism. Combining this with (Deng,
Ngai 2017), the L9-spectrum is differentiable whenever p, > ps.

Con gt (r:(fefj
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Weight vs. Combinatorial Connection Intuition



Questions / Extensions

» “Characterization” only goes one way (multifractal formalism
fails implies loop outside Gess). Can we do better?

» Can we also get information from systems with loops outside
the essential class? (work in preparation with Kathryn Hare)

» |s the transition graph useful outside WSC?
» Higher dimensions?
» Other types of systems?
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