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This is a periodic tiling
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This is a periodic tiling

This is BORING.
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This is cool !
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Cool things are useful in real life!
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Cool things are useful in real life!

A good example of uses of aperiodic tilings.
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Subshifts
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G-Subshifts

» G is a countable group.

» A is a finite alphabet. Ex : A = {0, 1}.

» AC is the set of configurations, x : G — A

> 0: G x A® — AC is the left shift action given by :

o(h,x)g == on(x)g = Xp-14-
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G-Subshifts

» G is a countable group.

» A is a finite alphabet. Ex : A = {0, 1}.

» AC is the set of configurations, x : G — A

> 0: G x A® — AC is the left shift action given by :

o(h,x)g == on(x)g = Xp-14-

Definition : G-subshift

X C AC is a G-subshift if and only if it is invariant under the
action of o and closed for the product topology on AC.
Alternatively : 37 C Urcg |F|<oo AF such that :

X=Xp:=A°\ |J ogllp)

geG,peF
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Example in Z? : Fibonacci shift

Example : Fibonacci shift. Xg, is the set of assignments of Z?2
to {0,1} such that there are no two adjacent ones.
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Example : One-or-less subshift

Example : One-or-less subshift.

Xap = {xe{0,1}¥ | {z ez x, =1} < 1}.
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Classes of subshifts.

Definition : Subshift of finite type

A subshift is of finite type (SFT) if it can be defined by a finite set
F of forbidden patterns.
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Classes of subshifts.

Definition : Subshift of finite type

A subshift is of finite type (SFT) if it can be defined by a finite set
F of forbidden patterns.

Definition : Sofic subshift

A subshift is sofic if it is the image of an SFT under a morphism.
(A continuous and shift-invariant function).

| \

A\

Definition : G-Effectively closed subshift.

A subshift is G-effectively closed if it can be defined by a set of
forbidden patterns F which is recognizable by a Turing machine
with oracle the word problem of G.
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Example SFT

Example : The Fibonacci shift is an Z2-SFT.
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Example of sofic subshift.

Example : The one-or-less subshift is sofic but not an SFT.

Xap = {xe{0,1}¥ | {z ez x, =1} < 1}.
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Example of effectively closed subshift

Example : The mirror shift is effectively closed but not sofic.
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Definition : Periodic point

We say x € X is periodic if there exists g € G \ {15} such that :

og(x) = x
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Definition : Periodic point

We say x € X is periodic if there exists g € G \ {15} such that :

o
~—
X
SN—r
I
X

Definition : Aperiodic G-subshift

We say X C A€ is strongly aperiodic if every configuration x € X
is not periodic.

Vx € X,stabs(x) = {g € G| 0g(x) = x} = {1}

We say X C A€ is weakly aperiodic if the orbit of every
configuration x € X is infinite.

Vx € X,orbs(x) = {og(x) | g € G} is infinite.

Obviously, we are interested in non-empty aperiodic subshifts. 7729



Example of strongly aperiodic Z?-SFT : Robinson tileset

The Robinson tileset, where tiles can be rotated.

e e
L

8/29



i)

Q
v
Q2
=)
=
O
(7]
=
0
@)
o
T
LL
w

2_

N
O
e
.9
—
()
o
(]
=
a0
c
(©)
—
)
0
(.
(@)
9
o
£
Q]
X
L

T CA T S T G T
It - IS B 5
| NG SN NQP) NE D QP NG DN NEp) NEIN|
08 PR’ v v v VLY
5 S8 e oS e S e
I H TS E b
|NGSN NG P) NGHN MY PN NOSN N D) NasN)
R T
It H- S B -
| NG SN NG DY NE DE QP NE DN Y P @D
08 DRS v v v 8N RS
s S e s e e s reeh
JLLY LSS NG AQPE pRRE LBE NG
L Lﬁu_l Lﬁu_l Lﬁu_l ) |
M1 o noen el nown|
3 I X C 3 ¥ | L
L) LC) 1 | &SN | @ BN
08 PR’ v v v VLY
o= S e = oS e
P aa) 1 LY LBERG
I T T |
| NGSN NG PR NaSN| | NOSN Q) NasN|
Inoenidbinoen| (mounldhineen|
It H- ¢ <t 5 b
| NG SN QPR NE BN [ NG BN NQ Py NE N
08 DS v v v Y
S reha S e
pgna; ¢ pgnal LBERG
|NOAN QSN NasN) |NaSN QSN NasN

9/29



Some recent results

» There are weakly aperiodic SFTs in Baumslag Solitar groups
(2013 Aubrun-Kari)

» There are strongly aperiodic SFTs in the Heisenberg group
(2014 Sahin-Schraudner)

» The existence of a strongly aperiodic SFT in G implies that G
is one ended (2014 Cohen)

» The existence of a non-empty strongly aperiodic SFT is a
quasi-isometry invariant for finitely presented torsion-free
groups. (2014 Cohen)

» A recursively presented group which admits a non-empty

strongly aperiodic SFT has decidable word problem (2015
Jeandel)
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Some recent partial results

It is not obvious to come up with examples of aperiodic subshifts
in general groups even if no restrictions are supposed on the list of
forbidden patterns.

Question by Glasner and Uspenskij 2009

Is there any countable group which does not admit any non-empty
strongly aperiodic subshift on a two symbol alphabet ?
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Some recent partial results

It is not obvious to come up with examples of aperiodic subshifts
in general groups even if no restrictions are supposed on the list of
forbidden patterns.

Question by Glasner and Uspenskij 2009

Is there any countable group which does not admit any non-empty
strongly aperiodic subshift on a two symbol alphabet ?

Theorem by Gao, Jackson and Seward 2009
No. All do.

And their proof is a quite technical construction.
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A new short proof
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However...

However ! It is possible to show the same result by using tools from
probability and combinatorics.
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However...

However ! It is possible to show the same result by using tools from
probability and combinatorics.

Theorem by Aubrun, B, Thomassé
No. All do.

But now the proof is short. It uses the asymmetrical version of
Lovasz Local Lemma.
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Lovasz Local Lemma

Lovéasz Local Lemma (Asymmetrical version)

Let o := {A1, Az, ..., Ay} be a finite collection of measurable sets
in a probability space (X, i, B). For A € o7, let [(A) be the
smallest subset of .7 such that A is independent of the collection
o/ \ ({A} UT(A)). Suppose there exists a function x : & — (0,1)
such that :

VA € o : u(A) < x(A) H (1—x(B))
BET(A)

then the probability of avoiding all events in <7 is positive, in
particular :

I (X\OA,-) > ] @ —x(A) >o0.
i=1

Acd
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Lovasz Local Lemma applied to subshifts

A sufficient condition for being non-empty

Let G a countable group and X C A€ a subshift defined by the set
of forbidden patterns F = J,>1 Fn, where F,, C AS". Suppose
that there exists a function x : N x G — (0, 1) such that :

VneN,g € G, u(Ang) <x(ng) [ (1—x(k h)),
gSnNhS#D
(k,m)#(n.g)
where A, ; = {X € AC : x|gs, € .7-',,} and  is any Bernoulli
probability measure on AC. Then the subshift X is non-empty.
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Proof of the theorem

We say x € {0,1}€ has the distinct neighborhood property if for
every h € G\ {15} there exists a finite subset T C G such that :

Vg € G x|gnt # xlgT-
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Proof of the theorem

We say x € {0,1}€ has the distinct neighborhood property if for
every h € G\ {15} there exists a finite subset T C G such that :

Vg € G x|gnt # xlgT-

Proposition

If x has the distinct neighborhood property then orb,(x) is
strongly aperiodic.
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Proof of the theorem

It suffices to show that there is x € {0,1}¢ with the distinct
neighborhood property.
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Proof of the theorem

It suffices to show that there is x € {0,1}¢ with the distinct
neighborhood property.

Ingredients

» A constant C € N.

» An enumeration si,sy,... of G.

» (Ti)ien a sequence of finite subsets of G such that for every
ieN, TiNsTi=0and |T;|=C-i.

The uniform Bernoulli measure p

A = {Ang}n>1,gc6

Ang = {x €{0,1}C | x[gT, = Xgs,7, }

>
>
>

Cn
> x(Ang) =272

Proof : On the blackboard.
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Aftermath

We have shown :

Every countable group has a non-empty, strongly aperiodic subshift
on the alphabet {0, 1}.
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Aftermath

We have shown :

Every countable group has a non-empty, strongly aperiodic subshift
on the alphabet {0, 1}.

But we can show something more :

Theorem (Aubrun, B, Thomassé)

Every finitely generated group G has a non-empty, G-effectively
closed strongly aperiodic subshift.
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Square-free vertex coloring

Square-free vertex coloring
Let G = (V, E) be a graph. A vertex coloring is a function

x: V — A. We say it is square-free if for every odd-length path
p = Vvi...v, then there exists 1 < j < n such that

x(vj) # x(Vjtn)-
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Square-free vertex coloring

Square-free vertex coloring
Let G = (V, E) be a graph. A vertex coloring is a function

x: V — A. We say it is square-free if for every odd-length path
p = Vvi...v, then there exists 1 < j < n such that

x(vj) # x(Vjtn)-

Cs has a square-free vertex coloring with 4 colors, but not with 3.
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Square-free vertex coloring

For our purposes, we are interested in coloring infinite graphs. This
can not always be done with a finite number of colors : Ky.
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Theorem : Alon, Grytczuk, Haluszczak and Riordan

Every finite graph with maximum degree A can be colored with
2e'%A? colors.

19/29



Square-free vertex coloring

For our purposes, we are interested in coloring infinite graphs. This
can not always be done with a finite number of colors : Ky.

Theorem : Alon, Grytczuk, Haluszczak and Riordan

Every finite graph with maximum degree A can be colored with
2e'%A? colors.

It is possible to adapt the proof in order to obtain the following :
Let G be a group which is generated by a finite set S and let
M(G,S)=(G,{{g.gs},g € G,s € S}) be its undirected right
Cayley graph.

G admits a coloring of its undirected Cayley graph I'(G, S) with
219512 colors.

19/29



The proof idea

Let |A] > 2%°|S|2 and X C A be the subshift such that every
square in (G, S) is forbidden.
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Let |.4] > 219|S|2 and X C A be the subshift such that every
square in (G, S) is forbidden.
@ The previous result implies that X # ().
@ Let g € G such that o4(x) = x for some x € X.
o Factorize g as uwv with u = v~ and |w| minimal (as a word
on (SUS™H)*). If [w| =0, then g = 1¢.
@ If not, let w = wy ... w, and consider the odd length walk
™= wVvV1...Vpn—-1 0N F(G, 5) defined by .

1c ifi=0
Vi=QWwy... W, ifie{l,...,n}
wwi ... wi—, ifi€{n+1,...,2n—1}
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The proof idea

Let |A] > 2%°|S|2 and X C A be the subshift such that every
square in (G, S) is forbidden.

The previous result implies that X # ().
Let g € G such that o4(x) = x for some x € X.
Factorize g as uwv with u = v~1 and |w| minimal (as a word
on (SUS™H)*). If [w| =0, then g = 1¢.
If not, let w = wy ... w, and consider the odd length walk
™= wVvV1...Vpn—-1 0N F(G, 5) defined by .

1c ifi=0

Vi=QWwy... W, ifie{l,...,n}
wwi ... wi—, ifi€{n+1,...,2n—1}

One can prove that 7 is a path. and that x,, = x,,,,. Yielding
a contradiction.
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The proof idea

Let |.4] > 219|S|2 and X C A be the subshift such that every
square in (G, S) is forbidden.
@ The previous result implies that X # ().
@ Let g € G such that o4(x) = x for some x € X.
o Factorize g as uwv with u = v~ and |w| minimal (as a word
on (SUS™H)*). If [w| =0, then g = 1¢.
@ If not, let w = wy ... w, and consider the odd length walk
™= wVvV1...Vpn—-1 0N F(G, 5) defined by .

1c ifi=0
Vi=QWwy... W, ifie{l,...,n}
wwi ... wi—, ifi€{n+1,...,2n—1}

@ One can prove that 7 is a path. and that x,, = x,, .. Yielding
a contradiction.
@ Therefore, g = 1¢.
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Applications

Theorem (Aubrun, B, Thomassé)

Every finitely generated group G has a non-empty, G-effectively
closed, strongly aperiodic subshift.
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Applications

Theorem (Aubrun, B, Thomassé)

Every finitely generated group G has a non-empty, G-effectively
closed, strongly aperiodic subshift.

Putting it together with Jeandel's result we get :

Let G be a recursively presented group. There exists a non-empty

Z-effectively closed strongly aperiodic G-subshift if and only if the
word problem of G is decidable.
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Applications

Another application is producing strongly aperiodic SFTs. Using a
simulation theorem (A generalization of Hochman's result from
2008). We can prove the following :
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Applications

Another application is producing strongly aperiodic SFTs. Using a
simulation theorem (A generalization of Hochman's result from
2008). We can prove the following :

Theorem (B, Sablik (hopefully available on 2016))

Let G be a finitely generated group with decidable word problem.
Then Z% x G admits a non-empty strongly aperiodic SFT.

The writing of this is still in progress!
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Uniform density subshifts
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Uniform density

Let G be a finitely generated group and S a finite set of generators
defining a word metric.
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Uniform density

Let G be a finitely generated group and S a finite set of generators
defining a word metric. For x € {0,1}¢ and a finite subset F C G

let :
Flxg =1
dens(1, F,x) := Hg € |l__)’<g }
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Uniform density

Let G be a finitely generated group and S a finite set of generators
defining a word metric. For x € {0,1}¢ and a finite subset F C G

let :
Fleg=1
dens(1, F,x) := e < |l__)’<g }|

Uniform density

A G-subshift over {0, 1} has uniform density o € [0, 1] if for every
configuration x € X and for every sequence (g,)nen of elements in
G, one has

dens(1, B(gn, n),x) — «
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Uniform density

Let G be a finitely generated group and S a finite set of generators
defining a word metric. For x € {0,1}¢ and a finite subset F C G

let :
Fleg=1
dens(1, F,x) := e < |l__)’<g }|

Uniform density

A G-subshift over {0, 1} has uniform density o € [0, 1] if for every
configuration x € X and for every sequence (g,)nen of elements in
G, one has

dens(1, B(gn, n),x) — «

Example : Sturmian subshift

The Sturmian Z-subshift of slope « has uniform density «.
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Uniform density

Given a finitely generated group G, a finite set of generators S and
a € (0,1). Does a subshift X, C {0,1}¢ with uniform density
exist ?
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Theorem (Aubrun, B, Thomassé)

Yes, if G is infinite and has subexponential growth.
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Uniform density

Given a finitely generated group G, a finite set of generators S and
a € (0,1). Does a subshift X, C {0,1}¢ with uniform density
exist ?

Theorem (Aubrun, B, Thomassé)

Yes, if G is infinite and has subexponential growth.

More precisely we show :

Theorem

Let G be an infinite and finitely generated group and « € [0, 1].
There is a non-empty subshift X, C {0, 1}G such that for any
x € X, and Fglner sequence (Fp,)nen

nILngo dens(1, Fp,x) = a.
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Definition

Let F, K be finite subsets of G
o Int(F,K)={geF|VkeK,gkeF}
@ Ok(F) = F\ Int(F,K)
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Definition

Let F, K be finite subsets of G
o Int(F,K)={geF|VkeK,gkeF}
@ Ok(F) = F\ Int(F,K)

Let X, be given by the following forbidden patterns : P € {0,1}F
is forbidden if and only if the following condition is not satisfied :

0B(1c5mF| 1
ZBley) L o 2 s |4 1.P)—al <
|F| < 2” | ens( ’ ) a’ —

S|

X, clearly satisfies the property. It suffices to show that it is
non-empty.
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An ingredient for the proof

Definition

Let (X, d) be a metric space. We say F C G is r-covering if for
each x € G there is y € F such that d(x,y) < r. We say F is
s-separating if for each x # y € F then d(x,y) > s
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An ingredient for the proof

Definition

Let (X, d) be a metric space. We say F C G is r-covering if for
each x € G there is y € F such that d(x,y) < r. We say F is
s-separating if for each x # y € F then d(x,y) > s

Proposition
If X is countable, then for any r € R there exists Y C X such that
Y is both r-separating and r-covering.
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Example : 2-covering and 2-separating set in PSL(Z, 2)

q
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q
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q P d 4
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q
q >
> 2
q q >
q > >—
> > <
4 3 >
q
> X
q > <
d ><
> -y
q . >
q ><
q P 4
> < B 5
< q >< <
q > - ><
> > B—
N < \ ><
> < P <
q < >
> 4
< >
3
> (|
<
q >
> q
4 q >
> X <
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q q d >
> > N
N
< >— N g
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P q ) X
q
e q L a
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> q P
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> N 4 N
q < ><
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4
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Example : 2-covering and 2-separating set in PSL(Z, 2)

q
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q
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Ao p2 © p1(h)

N P2

N P1
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As p2 o p1(h)

N P2

We can bound the size of a cluster of level n :

B(g. n) € Cole) < Blg, 5(5" 1))
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o Finally, consider a function ¢ : G — N satisfying that if
Cn(g) = Cn(h) then ¢(g) # ¢(h) and all integers between

¢(g) and ¢(h) belong to Cn(g).
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o Finally, consider a function ¢ : G — N satisfying that if
Cn(g) = Cn(h) then ¢(g) # ¢(h) and all integers between
¢(g) and ¢(h) belong to Cn(g).

o Let x € {0,1}© defined by xg = wy(,) where w : N — {0,1}
is a Sturmian word of slope « (or a periodic configuration if

a € Q).

28/29



o Finally, consider a function ¢ : G — N satisfying that if
Cn(g) = Cn(h) then ¢(g) # ¢(h) and all integers between
¢(g) and ¢(h) belong to Cn(g).

o Let x € {0,1}© defined by xg = wy(,) where w : N — {0,1}
is a Sturmian word of slope « (or a periodic configuration if
a € Q).

@ x € X, by a straightforward calculation.
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Final remarks

@ The subshift obtained by this construction is weakly aperiodic

if ¢ Q.
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Final remarks

@ The subshift obtained by this construction is weakly aperiodic
if ¢ Q.

@ We can also realize every density in free groups
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Final remarks

@ The subshift obtained by this construction is weakly aperiodic
if ¢ Q.
@ We can also realize every density in free groups

@ Hope : reduce the factor complexity of this construction to
realize entropies using J,p Xa-
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Merci beaucoup de votre attention !
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