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CHAPTER X

Special ergodic theory problems in chaotic dynamics

§10.1 Perturbing Arnold’s cat map

A general theorem on Anosov maps allows us to say that in a certain sense
Anosov maps that are close enough in C? can be considered as derived one
from the other by a “change of coordinates”, which, however, is not really
smooth. This is the theorem of structural stability of Anosov that can be
formulated as follows.

(10.1.1) Proposition: (Structural stability) Let S,.S’ be two Anosov dif-
feomorphisms of a manifold Q. If they are close enough together with their
first two derivatives® then there exists a homeomorphism H : Q «— Q such
that

SoH=HoS" (10.1.1)

The homeomorphism is Hélder continuous but, in general, not differentiable.

Remarks: (1) The lack of real smoothness, and even of differentiability, is
however a considerable obstacle to arguments based on the naive interpre-
tation of the theorem suggesting that S and S’ “just” differ by the change
of coordinates H.

(2) Tt is important to realize that if p is an invariant measure for S then
u' = Hyp is an invariant measure for S’. Notwithstanding this nice property,
in general, the image under H of the SRB distribution puggrp of S is not the
SRB distribution sz of S’. Indeed Husgp is the weak limit under the

1 One also says “close enough in the C2 topology”

17/novembre/2009; 15:52



P10.1.2

el0.1.2

el0.1.3

el0.1.4

el0.1.5
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action of S’ of H\ where A is the volume measure on . Due to the above
remarks H A is, in general, singular with respect to .

We suggest a proof for the simple two-dimensional case in the problems
at the end of this section. Here we discuss how to construct concretely the
map H in a class of special cases. An explicit construction of H as well as
of the stable and unstable manifolds of an Anosov system and a detailed
study of the SRB distribution is of course a very difficult task. Nevertheless
it can be performed with remarkable depth in some special cases.

Here we consider maps that are perturbations of Arnold’s cat map and the
following proposition (or better its proof) is the key result [BFG03].

(10.1.2) Proposition: (Arnold’s cat map perturbations) Let f(@) be a
real trigonometric polynomial, f(p) = 25622,\3\SN eiz'fiz, defined on the

two-dimensional torus T? and let

Sep = Sop — ef (), with So = (1 (1)) . (10.1.2)

For 8 € (0,1) there exist C(3) < oo and £o(8) > 0 such that for |e| < eo(0)

the equation

HoSy=S.0H (10.1.3)

defines a unique homeomorphism @ — H(p) which is analytic in ¢ in the
complex disk |e| < eo(8) and Hélder continuous with exponent at least as
large as B and with Holder continuity modulus bounded by C(().

Remarks: (1) Proposition (10.1.2) tells us that we can conjugate the map
Se to the map Sy via a function H that is analytic in €. However, in general
it is not true that we can conjugate Sy to Se via an analytic homeomorphism.
Indeed the equation

HoS.=S8y0H (10.1.4)

cannot be studied with the method developed in the proof below because it
would require an expansion of H in power of 1. B

(2) Clearly, in the hypotheses of proposition (10.1.2), H exists and is the
inverse of H. Conversely, (10.1.4) can be solved explicitly by using the
special properties of Sy. Moreover, if S is Anosov, the solution is a home-
omorphism and is Holder continuous in €, as can be directly checked from
H o H =1d. See problems [10.1.6], [10.1.9] for a more detailed discussion.

Proof: We shall write p = H(¢) = ¢ + h(¢), ¢ € T?; then the relation
(10.1.3) becomes an equation for h, namely

Soh(¥) — h(Sov) = e f (¥ + h(¥)), (10.1.5)

and the analogies with (8.1.12) or (9.3.4) suggest employing the same
method to solve it. Hence we look for a solution which is analytic in e:
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h() = ehV (¥) + 20 () + - - - with ™ an e-independent function. For

instance the equation for the first order is

Soh™M (1) = BN (Sowp) = F(1). (10.1.6)

We call v, ,v_ the two normalized eigenvectors of Sy relative to the eigenval-
ues (1++/5)/2 and we call \ the inverse of the largest one (A = (v/5—1)/2),
so that Ay = A7} A_ = —\: although the fact that X is the golden mean
might be intellectually nice in the following the only property that we shall
use is A < 1.

The functions f, h can be split into two components along the vectors v :

f@) = fr(Wu, + (o,

= = = (10.1.7)
M) =hy(Puy +h_ (v,
and the equations (10.1.6) for hgtl) are
Ah (@) = B (Sow) =
+ 5)(@ (+1)( o) = f+(¥), (10.18)
A-hZ () = hZ(Soyp) = f- ().
The equations (10.1.8) can be solved by simply setting
W @) == D aA PP f(ShY),  a =+, (10.1.9)

PELig,

where Zy = [0,00)NZ and Z_ = (—00,0) NZ are subsets of the integers
Z and advantage is taken of the inequality A = A7' = [A_| < 1 to ensure
convergence.

Therefore the equations for hgf) become

h{k) (¥) = i % Z Z ax; Pl
s=0

Y ky4tks=k—1,k; >0 pelq
+

S et (10.1.10)
(T, -20) fatst) (TL 185 (5802,

and proceeding as in Section §8.1 we obtain a similar graphical representa-
tion

(k1)
(k2)
—<a—vo(k) = > %
k1+ms+>ks:k*1 (k571)
(ks)

Fig.(10.1.1) Graphical interpretation of (10.1.10) for k > 1.
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where the l.h.s. represents h((lk) (%) Representing again, in the same way,
the graph elements that appear on the r.h.s. one obtains an expression for

k) (v) in terms of trees, oriented toward the root, just like we already saw
in Section §8.1, cf. Fig.(8.2.1), (8.2.2) and (8.3.1), in the KAM theory.

Nio.12 A tree ¥ with k& nodes will carry on the branches? £ a pair of labels ay, py,
with p; € Z and oy € {—,+}, and on the nodes v a pair of labels o, py,
with a, = ap, and p, € Z,, such that

€10.1.11 p(v) =pe, = Z Do, (10.1.11)

wrv

where the sum is over the nodes following v (i.e. over the nodes along the
path connecting v to the root), ¢, denotes the branch v'v exiting from the
node v, and to each tree we shall assign a value given by

€10.1.12 Val(9) = H 5 )\ |p Hla”(Ha )fau SP(U)UJ) (10.1.12)

veV (¥) of

where 8a = v -0, V(¥) is the set of nodes in ¥, the nodes vy, ..., vs, are

the s, nodes precedmg v (if v is a top node then the derivatives are simply
missing). If O, denotes the set of all trees with k& nodes and with label o
associated to the root line, then one has

€10.1.13 ha(¥) = ZEk Z Val(9), (10.1.13)

k=1 VEOL, o

and the “only” problem left is to estimate the radius of convergence of
the above formal power series. For this purpose it is convenient to study
the Fourier transform of the function h,(¢). This is easily done graph-

ically because it is enough to attach a label v, € 7Z? to each node and
define the momentum that flows on the tree branch v'v as in Section §8.1,

i.e. vy, &ef Y w<w Vs See (8.2.4).
Then (10.1.13) becomes

€10.1.14 ha(¥) = Zak Z vy hﬁf’,, (10.1.14)

k=1 peZ?

hgzk)z = Z ( H |)‘alp +1‘aufozv155p(”)z )

IEOR 1 o po€l, wEV(D) V'
€l10.1.15 7;0('0’)
’ H (_SO zv"yav)’

veV (9)
vl #vg

(10.1.15)

2 We do not use the letter A as in Section §8.1 to denote the lines in order to avoid
confusion with the parameter A introduced after (10.1.6).
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where Oy , o denotes the set of all trees with &£ nodes and with labels v and
« associated with the root line.

Calling F = max, |f,| we can estimate ) |v|° |h((xk)z . The only problem is
given by the presence of the factor |v|®. In fact consider first the case 3 = 0:
since we are assuming that f is a trigonometric polynomial there are only
(2N + 1)% possible choices for each v,, given p,, such that |Sy v, | < N.
Hence fixed 9, {w}vev(9) and {p,}yev(v) the remaining sum of products

in (10.1.15) is bounded by (if A= A;' = —A_)

)\Ipul

v

(3N)2kaFk H
veV (9)

(10.1.16)

The sum over the p, is a geometric series bounded by (2/(1 — \))¥.

The combinatorial problem is identical to the one discussed in Section §8.1
and in the other sections of Chapter VIII, so that the factor [, (1/s,!)
becomes, after summing over all the trees, simply bounded by 23%, (22*
due to the number of trees for fixed labels, see Section §8.1, and 2% due to
the sum of labels a,), noting that in the present problem all the intricacies
due to the small divisors are just absent. In fact we have not used the
(s,!)~! and we have bounded them by 1: they would be necessary if we had
supposed f to be only analytic rather than a trigonometric polynomial; see
problems [10.1.3], [10.1.4] and [10.1.5], and bear in mind the problems of
Section §8.4.

Therefore for 3 = 0 we have proved that the conjugating function H exists

and that inside the complex domain |e| < £¢(0) = (BN)3F~ 1274 (1 -\ it

is uniformly continuous and uniformly bounded with a uniformly summable
Fourier transform.
Taking 8 > 0 requires estimating [v|?: we bound it by > |v,|?. Then

we can make use of the fact that |S(;p(”)gv| < N to infer that |v,| <
A IPIBN | where B > 1 is a suitable constant; see problem [10.1.2]. The
sum Y. |v,|? is over k terms which can be estimated separately so that we
can write > |v,|? < klvg|? where |v5| = max, |v,|. This can be taken
into account by multiplying (10.1.16) by an extra factor (BN)#\=AlP(?)l <

BN 2 Pol - Therefore if 0 < 1 the bound that we found for g = 0 is
modified into
c0(B) = (B3N)3F~1(1 — A1=F)275, (10.1.17)
This shows that H (1) analytic in ¢ in the disk with radius g9(3). Further-
more, since in (10.1.17) we inserted (for simplicity) an extra factor 27! in
excess of the result obtained by the procedure described, the Hélder mod-
ulus is also uniformly bounded by a suitable function C(8) of 3. Note that
go(B) — 0 for 8 — 1.
The map H is a homeomorphism. In fact it is one-to-one because if p =
¢, +h(y,) for i = 1,2 and ¢, # 1, one would have S§¢, + h(S§y,) =
S{)CQQ + Q(S{fgz) for all k, which is impossible being incompatible with the

17/novembre/2009; 15:52



Q10.1.1

Q10.1.2

Q10.1.3

Q10.1.4

Q10.1.5

Q10.1.6

344 Problems for §10.1

hyperbolicity of Sy (as a matrix). Furthermore given any ¢ there is a 1) such

that H () = ¢: this is a general property of injective maps of the torus T¢
of the form ¢ = 1) + (1)), with h Hélder continuous. Indeed if d = 1 we see
that as ¢ runs around the circle the point ¢ = 1)+h(¢) follows and must pass
through all points of the circle as well: hence if ¢ is given there is a ¢ and
a function k(p) such that ¥ = ¢ + k(p) and the function k is continuous.
If d = 2 one repeats twice the argument: first we compute the partial
inverse of ¢1 = 1 + h1(11,12) by fixing 1o and determining k'(v1,12)
such that ¥1 = p1 + k'(¢1,12), with k&’ continuous; then one considers the
map 2 = 2 + ha(1 + k'(p1,12), 1) and repeats the argument obtaining
Vo = patka(p1,p2). One finally sets vy = p14-k1 (01, @2) with k1 (@1, p2) =
E' (@1, 02 + ka1, 02)). u

Problems for §10.1

[10.1.1]: (A property of the golden mean)
Prove that since A is Diophantine the correlations of Arnold’s cat map decay superex-
ponentially. (Hint: Given two functions f and g, analytic on T2, write the correlations

in Fourier space, S = ZD fv9_g-», < FG ZV e”ﬁ‘ﬁ‘e""/‘sipﬁ‘7 where F, G, k, k' are
constants depending on f,g. Then use the Diophantine condition to deduce the inequal-

ity |S~Py| > CAP/|y|~7, for suitable constants C' and 7. If X is the golden mean one can
take 7 =1.)

10.1.2]: Show that if |SPv| < N, then there is a constant B = O(N) such that
0

v| < A~1PIB and B = N is a possible choice. (Hint: Call the eigenvectors v_,a = =+,

v g Yo

and let 2B = max, 72 |, |<N,a=+ v, -H|; then note that, by the spectral decomposition

of the matrix So, one has |v| =[Sy Pu| < 2|)\\*‘p‘|ﬁ| < BIA~IPL)

[10.1.3]: (Alternative to the convergence proof for H)

Show without using the Fourier transform that the series for H defined by (10.1.12) con-
verges. (Hint: Bound the s-th derivatives by the maximum of F' of the Fourier coefficients
of f times N°.)

[10.1.4]: (Homeomorphism in the case of analytic f)

Show that the series for H defined by (10.1.12) conver_ges under the only assumption that
[ is analytic. (Hint: Bound the m-th derivatives by the maximum Fo of | f(¢)] in a strip

[Im ;| < & (for some & > 0) times m!{~"v Fo. The factorial is compensated by the
su!’s in (10.1.12) and the estimate proceeds as in the trigonometric polynomial case.)

[10.1.5]: (Holder continuity in the case of analytic f)

Show that the series for H defined by (10.1.12) is Holder continuous under the only
assumption that f is analytic. (Hint: Make use of the Fourier transform and do more
carefully the same bounds.)

[10.1.6]: (The inverse conjugation ﬁ)
Show that the solution of (10.1.4) can be written as

ha($) = Z ax P sty a=+

p€lic,

where ﬁ(g) =¢+ B(%) Show that if we assume that S. is still Anosov then H is a
homeomorphism. What can you say of the regularity of H as a function of ¢ and €?
(Hint: Writing Fl(f) =p+ E(f) we get that ﬁ(f) satisfies Soé(f) - ﬁ(Sg(f)) =ef(p)-
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This equation look very much like (10.1.6) and the linearity of Sy allows us to write the
solution as in (10.1.8) with Se in the place of So. Invertibility of H(y) follows from an
argument similar to the one used for H.)

[10.1.7]: (Linear part of a homeomorphism on the torus)

Consider a homeomorphism S of T?. Show that it can be written in a unique way has
S = L+ f where L is a linear homeomorphism, i.e. is given by a invertible 2 X 2 matrix
with integer entries, and f is a periodic function on R%2. We call L the linear part of
S.(Hint: consider S as a function from R? to R? and use periodicity.)

[10.1.8]: (Anosov system with the same linear part are conjugated)

Show that if S; and Sz are two Anosov homcomorphlsms of T? with thc same linear part
L and L is also Anosov, then there exist H such that H 0S] =830 H (Hmt Use the
result of problem [10.1.6] to construct H; such that HoS; = LoH. Then H = ﬁgoﬁfl.)

[10.1.9]: (Domain of existence of;I and H: a simple case)
Assume that f(p) = v, g(¢) where g is a trigonometric polynomial. Find a condition
on ¢ that assure that Se = Sp +ev, g is still Anosov. This will give a condition for the

existence and invertibility of H in problem [10.1.6]. Compare it with (10.1.17). (Hint:
The differential of Se has the same eigendirections of Sp. The relative eigenvalues are
Ae,— () = A— and Ac 4 (). If [Ac+(p)| > 1 problem [10.1.6] allows us to construct H
and shows that it is invertible. The Anosov property for S: follows from proposition
(4.2.1) where points (i) and (ii) are evident and point (iii) follows from the existence of

i)

[10.1.10]: (Domain of existence 0fI~{ and H: general case)
Generalize problem [10.1.9] to a generic trigonometric polynomial f(p).(Hint: The lines

defined by the two vectors ¢, = v, +v_ split R? in two cones I'+ with the property that

DSoI'+ is well inside '+, see problem [4.2.2] for a precise formulation. Write a condition
on ¢f(p) so that DSeT'y is still well inside I'y.. Compare it with (10.1.17).)

[10.1.11]: (Continuity of Markov pavements in d = 2)

Consider a two-dimensional Anosov map (€2, S) and assume that it admits a fixed point
zo. Let Se be a small perturbation of S (in class C°°) depending on a parameter £. Show
that the map Se admits a Markov pavement Pe = {Poe, . .., Pne } with the same compat-
ibility matrix T as that of Po. (Hint: Construct a Markov pavement P = {Po,..., Py}
for (€2, S) by the method of problem [4.3.9]. Note that Se will have a fixed point z. which
merges differentially with xo as € — 0 together with any finite portion of its stable and
unstable manifolds. Note that the construction of P in problem [4.3.9] is based on two
finite connected portions of the stable and of the unstable manifolds of zg.)

[10.1.12]: (Anosov structural stability in d = 2)

In the context of problem [10.1.11] show that there is a Holder continuous map H which
conjugates S and Se as in (10.1.1) if € is small enough. (Hint: Define a map of 2 into
itself by setting Hz = z’ if 2’ = X.(o(x)) where g(z) is the symbolic history of x on
the pavement P under the map S and X, is the map that associates with a compatible
sequence o a point X.(g) € Q, see definition (4.1.3). Holder continuity follows from
the Holder continuity of the correspondence between points and symbolic histories on
Markov pavements, see proposition (4.1.1), (4.1.6). In other words z,z’ are mapped into
each other by H if they have the same symbolic representation in the pavements P, P.
under the maps S, S’ respectively.)

§10.2 Extended systems. Lattices of Arnold’s cat maps

dej

Let A = [~L/2, L/2]% be the cube of side L in Z%. If Q4 = (T%)* we call
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pEQ, p= (£g>§€1\ a microstate of the lattice system 5. The microstates
@ are considered with periodic boundary conditions, i.e. p= (fg)gezd with

Perar = Pe for every £ and 4, where d; is the unit vector in the direction 4

in Z¢. We define a map Sy : 24 > Qp

(So(@))e = Sop,,  So= G (1)) , (10.2.1)

and we call Sy the unperturbed evolution map of the microstates.

Let f(g, ) bea R*-valued function of 2d+1 arguments in T>: we label the
2d+1 arguments e = (fo’ [ZERRE ,£2d). We imagine that ®, is associated
with the origin in 7% and that the remaining 2d arguments are associated
with the lattice sites which are nearest neighbors of the origin ordered in
a arbitrary way, e.g. lexicographically. We shall call nn(§) the set formed
by ¢ and by its nearest neighbors so that f (gnn ( E)) make sense and depend

only on the values of the microstate ¢ at £ and at its neighboring sites.
We shall suppose that we are given a f(p ) which is a trigonometric

polynomial of degree < N with values in T?, i.c.

A > Ly e Limti'e,, (10.2.2)

We shall call i a nearest neighbor interaction and define
(Se)e = Sop, = /(£ ¢ (10.2.3)

which maps Qp «— Qp if € is small enough. We call S, the perturbed
evolution map.

For small € the system will be an Anosov system by the general structural
stability theorem in proposition (10.1.1) and it will be conjugated with the
unperturbed system (24, Sp). However in order to insure that this happens
it might be necessary to take & smaller and smaller as the infrared cutoff A
tends to oco. Therefore it is important to note that it is not so: the system
remains chaotic enough no matter how spatially extended it 1s.

(10.2.1) Proposition: (Uniform structural stability of lattices of maps)
Given a nearest neighbors interaction f as above and 8 € (0,1), there exist

0(B) > 0 and C(3) < oo such that for all A C Z* and for all g < £o(3)
there is a homeomorphism H : Qp «— Qa and a constant & = k(f,¢) such
that

HoS)=58.0H, (10.2.4)

where H is analytic in the disk |e| < eo(8) and Hélder continuous with range
k(B,e)~t and modulus C(B3), in the sense that if v, " € Qp and P = flg

for all £ but for & then

(H()e = (H(@))e| < CB)e g, — ¢ |7 (10.2.5)
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for all € in the complex disk |e| < eo(8). The range constant k = k(f,¢)
can be taken —(2d)~ ' log(|e|/2e0(B)).

Remarks: (1) As we did in Section §10.1 we can study the equation for
H = H~' and obtain directly a solution that turns out to be invertible if
we assume that S, is still an Anosov system, see problem [10.2.1].

(2) Using an argument similar to the one used in problem [10.1.10] one
can prove that S. is Anosov uniformly in A for £ small enough so that H
exists and is invertible, see problem [10.2.2]. As before this construction is
not suitable to study the regularity of H as a function of . Moreover our
proof give us a detailed description of H that will be fundamental in the
construction of the SRB measure, see corollary (10.2.1).

Proof: The proof of this proposition is essentially a repetition of the corre-
sponding “single site” (L = 0,A = {0},Q = T?) case discussed in proposi-
tion (10.1.1). We write H as (H(¢))e = 1, + (A(¢))e and decompose [, he
along the eigenvectors v, of Sp, see (10.1.7). The equations become '

Atrhi()e = by (So)e = f+ (¥ + b)) nn(e))

h
Ah(P)e = h—(Sovb)e = f~ (¥ + a(¥)))nn(e))-

We can solve the equation (10.2.6) by power series in e. The first order
equation has a solution similar to the corresponding (10.1.9) and the general
order recursion can also be written in a form similar to (10.1.10), namely

h () i‘)l' > T anglerile

ky4--tks=k—1,k; >0 peZ

ap.as=%; £1,....65Enn(E) « 10.2.7
S (10.2.7)

(TT @) ) £a(SEDn( (Hhék 0, (SE).

Jj=1

(10.2.6)

where 0(q¢) def U, 8¢,

Therefore we can represent the complete h h( () again in terms of the same
tree graphs introduced in Section §10.1 w1th a few more labels attached to
the branches. Namely we must add to each node v a new label &, with
the restriction that if the line A = v’v emerging from v enters a node v’ >
v then &, € nn(&,) (which reflects the nearest neighbor property of the
interaction). We add also a label & to the line ¢ = v'v by setting & = &,.

Hence the value of a tree ¥ will be given, see (10.1.12) for comparison, by

val) = T a0 (1] 0tan, ) o (S Dhnnie)
vev(®) " j=1
(10.2.8)

and it will be a contribution to h f.o ) if o ,&€ are the labels attached to the
root branch of ¥ and k is the number of nodes of ¥.
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Remark: By construction the sets nn(§,) must all intersect nn(§,/) if v
is the node immediately following v. Hence the set U,nn(§,) is connected
(by nearest neighbors) and, in fact, its connectivity reflects that of the tree
to which it is associated.

The estimates are done as in Section §10.1 provided that one takes care of
the fact that for each site £ there are 2d 4+ 1 points in nn(§) rather than
just 1 as in the case of Section §10.1. This gives an extra factor (2N +
1)2@4+Dk(2d 4 1)* that we shall bound (for simplicity) by (3Ne)2(4+Dk,
so that, in Fourier space,

Yo Y Vel <

VEOk,p,a vEV (I) (1029)
< (3Ne)2(2d+1)kaFk(2/(1 _ )\1—6))1@231@

will be a bound on the sum of the values of the trees of order k (i.e. with k
nodes): in fact the combinatorics is again the same as in Section §10.1 and
it is accounted by the last factor 23

We have obtained a rather explicit expression for A which can be expressed
as

hea(®) =D Pxaltry), (10.2.10)

X3¢

where X is a subset, connected by nearest neighbors, of A, and ®x is a
function of ¢, which is translation invariant in the sense that ® X,a(¥ X) =

Pxinal(Py) foraln e Z" (the translations must be considered modulo
L of course, because of the periodic boundary conditions on A). This is
because (10.2.8) has the structure of (10.2.10) if X = U, ey 9ynn(&y).

By the estimate in (10.2.9) we conclude that the functions ®x.q (¢, ) are
analytic in ¢ in the complex disk with radius twice the quantity
c0(f) = (BNe)2CHUN—Ip=1(1 — \1=F)275, (10.2.11)
and that they verify the bounds
|E‘SED%%§X%X 1Px,a(¥ )| < B(3), (10.2.12)
max  (Bxa(ly) ~ Pxa(@)l < B(3) b, — 17,

lel<e0(B) X ¥ s

if %X’ﬁx coincide at all points but at £ € A, with B(() finite because of
the extra factor 1/2 we inserted in (10.2.11).1

1 Note that (10.2.9) says that the analyticity disk can be taken to be the r.h.s. of (10.2.11)
with 274 instead of 275: it is convenient to give up a factor 2 in the size of €o(8) in
order to have uniform bounds in the disk of radius eo(3).

17/novembre/2009; 15:52



el0.2.13

el0.2.14

C10.2.1

el0.2.15

el0.2.16

§10.2: Extended systems. Lattices of Arnold’s cat maps 349

A further key remark, that follows immediately from the formula (10.2.8)
and from the remark on connectivity following it, is that the Taylor coeffi-

cient @E??a (gx) of order k in € of ‘I)Xya(ﬂx) verifies
O (6 ) =0 i k<5(X)/2d, (10.2.13)

where 0(X) is the tree length of the set X, see definition (7.1.3); therefore
if 5(83,¢) = —(2d) "' log(|e|/2e0) the bound (10.2.12) can be improved into

by, <B —#(B,6)6(X) 10.2.14
st g, T )l < B¢ o

6 - P "N < B —r(B,2)d(X) — |5,
IE‘SE()(InBa)J,XEX\g, | X;a(ﬁx) X;a(ﬁxﬂ (6)6 |£§/ £§/|
as a consequence of the maximum principle for holomorphic functions. Since
k(08,e) — 0 for |e| — £0(B) in order to obtain the result stated in the propo-
sition we have to reduce by an extra factor 2 the value of £¢(3) obtained in
(10.2.11) to obtain the quantity named £¢(8) in the statement of proposition
(10.2.1). n

The above analysis has led to a result that it is convenient to state sepa-
rately.

(10.2.1) Corollary: (Conjugation potentials) In the context of proposition
(10.1.1) the homeomorphism H can be written as

H()e =v,+ Y 2x(¥y), (10.2.15)

where the sum is over connected sets X, and ®x (3, ) are translation in-
variant functions (i.e. ®x(¢,) = Px4y(¥ ) for n € A) analytic in € in
the complex disk || < eo(8) and verifying, for a suitably chosen constant

B(f), the bounds

le] %2
|€\§g1(aﬁ))(7ﬂx |QX(%X)| < B(ﬁ) (250(ﬁ)) ) (10216)
! |€| S 118
ety 12x() = 2x (W)l < ) (o) el

if Q/X differs from 1, only at the site { and 6(X) is the tree length of X,
for all X (ct. definition (7.1.3)).

Remarks: (1) We can summarize the above analysis by saying that the
lattice of coupled maps remains an Anosov system if the perturbation is
small enough and the allowed maximum size of € does not depend on the
size of the lattice A “containing” the system (proposition (10.2.1)).
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(2) The result of corollary (10.2.1) falls short of exhibiting a key property
of the conjugation. Suppose that instead of the sequence {ﬂ}ge A We repre-
sent each coordinate ¢ . by an infinite symbolic sequence o¢, £ € A, t € Z
where {0¢ 1}z ceza is the symbolic sequence that represents H’l(gg) on
a Markovian pavement of Sp. Then we can use the corollary to obtain a
representation of H in terms of the symbolic dynamics {o¢ ¢ },c7 represent-
ing ¢ as a sequence on a space—time lattice, see also section §(10.4) above
proposition (10.4.2) for more details on this contraction. By following the
“telescopic” procedure to express a Holder continuous function in terms of
potentials, cf. proposition (4.3.1), we find easily that H can be written

H(y)e — 1/15 = Z Px(ox), (10.2.17)

Zit15X5(¢,0)

where the summation is restricted to sets X which are rectangles on the (d+
1)—dimensional lattice and there are constants F, k such that |®x(ox)| <
Fe—rdiam(X) = We see that H can be expressed in this way in terms of
potentials which however do not decay exponentially as the tree length
but “only” as the diameter. This would eventually create unsurmountable
difficulties when we shall try to derive analyticity of the SRB distribution.
(3) However one can get a much better representation of the form (10.2.17)
in which sets more general than rectangles appear in the sum, but the decay
rate will be exponential in the tree length §(X') rather than in the diameter.
This is in fact implicit in the expression (10.2.8) and one just has to read
it out: see the proof of proposition (10.4.2), where this is discussed and
needed.

The above results will allow us to define a Markov pavement for the ex-
tended system quite easily, as we shall show in Section §(10.4), and a de-
tailed construction of the SRB distribution. We proceed to perform the
construction by first considering the case of a perturbation of a single map.

Problems for §10.2

[10.2.1]: (The inverse conjugation in d > 1)

Show that the equation S; o H = Ho Se can be solved uniformly in L if one assumes
that Se is Anosov uniformly in A. (Hint: See problem [10.1.6].)

[10.2.2]: (Anosov property for slow decaying interaction)

Give a condition on &€ and f such that Se is Anosov uniformly in A. (Hint: Let w
be a tangent vector to Q4. Define |w|L = supg |(wg, v4)| and |w|- = supg |(wg, v-)|
and |w|ee = max{|w|+, |w|-}. Proceed like in problem [10.1.10] using the cones I'y =
{w||w|- < alw|+} and T— = {w||w|+ < ajw|-} with o < 1. Show that if |D fw|ee <
Clw|oo, where Df is the differential of f, then it is possible to find e such that_D85F+
is well inside I'y and similarly for T'_.)

[10.2.3]: (Homeomorphism in the case of analytic f)

Show that the series for H defined by (10.2.7) converges under the only assumption that
f is analytic. In particular show that corollary (10.2.1) is still valid. (Hint: See [10.1.4]).

[10.2.4]: (Ezponential decay for f)
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Let f be a bounded function from (Tz)Zd in T2 that can be extended to a bounded

analytic function on the complex neighbor of (']I'2)Zd defined by |Im f&‘ < vewlél Show

that for such an f the series for H defined by (10.2.7) converges. Is corollary (10.2.1) still
valid? (Hint: : Use Cauchy estimate to bound the derivatives of f with respect to fg)'

[10.2.5]: (Tree decay for f)

Consider a function f from (']I'Z)Zd

in T2 that can be written as

@) =D £y,

X>30

with the functions f. (fX) analytic in the complex neighbor of (T?)X defined by
\Imf€| < 7e*¥X) and there bounded by a common constant C. Show that for such
an f the series for H defined by (10.2.7) converges and that H can still be written as

in (10.2.10) and ®x satisfy (10.2.14) with a suitable decay rate k. (Hint: Use Cauchy
estimate to bound the derivatives of iX with respect to fg)'

§10.3 Chaos in time: an SRB distribution

We shall use the notations of Section §10.1, where we have constructed the
conjugation H that transforms a perturbed cat map S¢ of the torus T? into
a “free” cat map Sp. The conjugation is not differentiable (in general) and
we could only prove that it can be taken to be Holder continuous with a
prefixed exponent § < 1 for a perturbation strength that is suitably small.

In spite of the lack of regularity we can still use the homeomorphism ¢ =
H (1) to construct the dynamics as well as the stable and unstable manifolds
of each point. If ¢ = H(v) the latter manifolds are given by parametric
equations of the form -

o(t) = H(y +ty,) teR,a=4=, (10.3.1)

where t — 1 +twu, is the unstable or stable manifold for the unperturbed
map Sy through ¢ if @ = + or o = —.

However the above parameterization is not very useful because the function
H(y + tv,) is not regular as a function of ¢. This can be seen already from
the fact that the first order term in its expansion in powers of € cannot be
(in general) differentiated with respect to ¢ at ¢ = 0. Indeed we see from
(10.1.9) that the component h(_l)(w) can be differentiated in the direction
v, because term by term differentiation enhances convergence since p < 0;
on the other hand the component hg)(y) cannot be differentiated in the
direction v, (unless special cancellations occur) because the convergence
factor )\;(pﬂ) in (10.1.9) is compensated by the A that the differentiation
along v, brings out since p > 0. To second order in € not even the -

derivative of the component h(f)(y + v, t) can be shown to exist.
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To construct the stable and unstable manifolds as well as the other nec-
essary ingredients to define the SRB distribution we apply once more the
technique discussed in the previous two sections. Calling Q the (non com-
pact) space T? x R? we define the dynamical system?!

So(ip,v) = (Sog, Sov). (10.3.2)

This is a system that fails to be an Anosov system because the phase space
is not compact. We can nevertheless consider its perturbation

)
pS
I

) = (Sop +ef(p), Sov+e(v-9,)f(©)), (10.3.3)

and we can attempt at finding an isomorphism between §8 and §0 or, since
this turns out to be in general impossible (as it will be implicit in what

follows), between §5 and §015 defined by

§0,E(£7 Q) = (S()fv (SO + FE (f))y)v (1034)

with I'c(¢) a matrix diagonal on the basis v, (on which Sy is diagonal too).

I’\her/gforg we look for a map H of a simple form and such that §5 oH =
Ho Sy, i.e.

H: (Y, w) — (g,v) = (¥ + k), w+ K()w), (10.3.5)

as we already know how to conjugate S, with Sy, from the analysis of Section
§10.1.

Remarks: (1) Let K.(p) =1+ K(p) and L.(p) = So + T'-(¢), the above
conjugation is equivalent to the following equation

DSE(H(E))ICE (E)Q = Ks(sz)Es (E)Q (10'3'6)
This implies that the vector w (¢) = Kc(p)v, satisfies:

DS.(H(p))wi(p) = Ar(p)wy (S:p) (10.3.7)

where A+ (p) are the diagonal element of L.(y).
(2) A naive attempt to construct the stable and unstable directions for S,
would lead to the equation:

DS:(p)y (¢) = A (@)W (Se9) (10.3.8)

Indeed (10.3.8) can be considered as a definition of the stable and unstable
directions.
(3) From the general theory we know that w, (p) are, in general, only

1 Note that, by allowing the space to be non compact, we are using a definition of dy-
namical system slightly more general of that given in Section §1.2 and used so far.
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Holder continuous as function of ¢, so that the solution of (10.3.8) cannot
be analytic in e, unless special cancellations occur. On the other hand,
if wi(p) is a solution of (10.3.8) then w, (p) = wy(H(p)) is a solution
of (10.3.7) and is, as we shall see shortly, analytic in . In conclusion we
can say that the conjugation defined in (10.3.5) is the right one to look
at the stable and unstable directions and its solution give the stable and
unstable directions as functions of the “unperturbed” point H~1(y), cf. the
corresponding remarks to proposition (10.1.1). N

(4) Equation (10.3.7) does not determine I'; (¢) and K(¢)) uniquely. Indeed,

if I(p) is a non zero function from T? to R and Ax(p), wy(Sep) solve

N10.50 (10.3.7), then also j\i( ) = l(lf;f) A+ () and U4 (¢) = l(p)w (p) solve it.2

To fix this ambiguity we will require that the diagonal elements of K(y), on
the basis v, , are equal to 1, i.e. the matrix K (i) is completely off diagonal.

The equation that the matrix K (1) has to verify is

(SoK (1) — K(S0v)So0)ij = —€0,, fi(¥ + h(v))—
e10:5:9 — 0, fi() + B() K ()sj + Te(¥)ij + (K (So)Te (1)),

where 0, denotes a derivative of f with respect to its original argument and

(10.3.9)

repeated indices mean implicit summation (to abridge notations).

We write the above matrix equation on the basis in which Sy and I’ are
diagonal, i.e. on the basis formed by the two eigenvectors v of Sy in which
the matrices K, I" have been assumed to take the form

_ (@) 0 0 k(W)
€l10.3.10 F(%) - ( +0_ 7—(%)) 3 K(ﬁ) - (k—(@ +0_ ) . (10310)
If a =+ and 3 = —a (10.3.9) becomes, by setting 0o = v, - 9,

0= —edafalp) = eKpa(¥)05 falp) +Val¥),
€10.3.11 (AaKap(¥) — AsKap(Sop)) = (10.3.11)
= _Eaﬁfa( ) - EKOZB( )6 fa( )+ Kaﬁ(solﬂ)%(@
AT

where ¢ means ¥ + h(¥), Ay = A1, A_ = —X are the eigenvalues of Sy
(vith A= (V5 —1)/2), and 70(0) = 2 T,
Calling ko (¥) = Kop(¥), with a = £ and 6 = —a, we can rewrite the
equations (10.3.11) as
’Ya(w) =¢£0q fa( ) +€k5(¢)6ﬁfa(£)u
€10.3.12 ko (1) + N ko (S§ ) = (10.3.12)
ad ( - Eaﬁfa(fa) - Eka(ﬂa)aafa(fa) + ka(SOQQ)Vﬁ(ﬂQ))v

2 l(¢) is sometime called a cocycle. Observe that the expansion coefficient on the unstable
manifold with respect to the parameterization defined by @, is linked to that of w, by

) (wy (p) - 9)S2(p) = (@, (¢) - DS (P)USE (#))-
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where a = & and ¢ must be thought of as denoting ) + k(1) (hence SZ ¢
means Sy 'Y + h(Sy '), and we have set Y* = S; (- 0‘)/21# and likewise

(1—a)/2 . .
=S )/ . These equations are in a form suitable for a recursive

solutlon in powers of . For instance the first order is

7&1)(£):a fa(w)v a =&,

KD () + X2ED (Sow) = =X O_f4 (1), (10.3.13)
K@) + 2260 (S5 9) = Ao, f- (S5 '),

el0.3.13

which has the solution

”Y(l)( ):aafa( ) a=d=

(1 n 2n
kY AZ XD f(Shp),
€10.3.14 (10.3.14)

k(l Z )\2"(9 L fo (S (n+1) ﬂ)
The equations (10.3.12) can be represented in graph form by suitably mod-
ifying the similar representation derived for ™ in Section §10.1:

B (»)

O = <>'\(/1\(;V.7L

(k) (k—1)

(k—1—p)

aa ® B ®
o o Bo o o
1 = oWV + —— +
(k) (k—1) @ (k—1—p) a (k—p)

Fig.(10.3.1) Here « = + and 8 = —a. All the lines have to imagined to carry
arrows (not drawn) pointing toward the root. The line carrying a label a and emerging

F10.3.1

from a circle or a square with label k£ denotes 'yék) or kt(lk), respectively. The wavy line
emerging from a bullet with label p, with 1 < p < k — 1, carrying a pair of labels ~, d,
represents [8—yf5}(p), the p-th order in the power expansion in € of 04 f5 (evaluated at a
point dependent on ¢, see below). The small circle or square in the the last node (i.e. in
the node closest to the root) expresses that ¢ (circle) or SI%p* (square) is the argument
in which the functions 0~ f5 are computed, with q=qifs=4+andg=q+1ifé=—,
or it expresses that 1 (circle) or Si%%* (square) is the argument in which the functions
Yo, ka are computed, withg=qifa=+andqg=g+1lifa=— (for the square in the last
graph contributing to k&kilip)(f) there is an extra Sp in the argument). Furthermore

a summation over ¢ = 0,1,... and a multiplication by —a(—1)7A1*29 is understood to
be performed over the nodes represented as small squares.

The representation is drawn in figure (10.3.1) and the symbols are explained
in the corresponding caption: the reader will recognize in them a pictorial
rewriting of (10.3.12).
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In this case too we can continue the expansion until in the r.h.s. of (10.3.9)
all endpoints of the graph are either squares or circles carrying a label (1)
(i.e. they represent a first order contribution to I' or to K (circle or square)

bullets representing either dn f3(¢) or dafa(Sa"¢®). Of course the latter
quantities can themselves be represented by the tree expansion discussed in
Section §10.1: if we do so then we obtain a full expansion in powers of ¢ in
which the wavy lines with label p are replaced by a tree with p nodes.

The rule to construct the value of each tree graph is easily read from
(10.3.9) and from the rules discussed above and in Section §10.1 to build
the value of trees representing h.

The estimate of the k—th order contribution is given by (10.1.16) with an
extra factor N¥ to take into account the extra derivatives due to the lines
with two labels. Also the counting of the trees has to be modified but at
the end result will be that K is expressed by a convergent series in ¢ for
le| < e0(8), where €o() can be taken of the form (10.1.17) with a different
numerical factor and with N replaced by N2. The above analysis yields the
following result.

(10.3.1) Proposition: (Symbolic representation of the expansion rate)
Given a Markovian pavement Py = {P1,...,P,} of T? for So, let o be the
symbolic representation with respect to the Markov partition P. = H(Py) of
a point ¢ = X.(c). There exists £9(3) such that the expansion rate \,(c)
of S. along the unstable manifold of ¢, see definition (4.3.2), is defined and
holomorphic in ¢ in the disk || < eo(B). As a function of o it is Hélder
continuous of exponent 3 and modulus C(3).

Proof: One just notes that if ¢ = H(v) then the unstable direction at ¢
will be w, (¥) = v, + K(¢)v,. Furthermore a Markov pavement for S.
will be the image of a Markov pavement for Sy under the map v — H ());
therefore ¢ evolved with Sy and ¢ evolved with S. will have the same
symbolic history o on such pavements. Hence X, (o) = ¢ and Xo(o) = ¢
if ¢ = 1) + h(1p). The expansion rate along the unstable manifold will be,

following the notations of definition (4.3.2), \,(¢) = e*+(@ with

|, (Sod)| )
w, (¥)

where |w, (¥)] = \/1+ k4 ()% The functions vy, ky are analytic in € and

Holder continuous in ¢ with a uniformly bounded modulus C(8) if 8 < 1
and ¢ is small enough_and since ¢ fixed means ¢ fixed (because ¢ is the
history of a point ¢ on a Markov pavement for the e-independent map So)
we see that A, (g)_is analytic in ¢ at fixed ¢ and Holder continuous in o
as well as in 1) and therefore in ¢. Hence the function A, (o) generates a

potential of Fisher type (cf. (4.3.16) and propositions (4.3.1) and (4.3.2)
apply). n

Au(re) = log <(A+ e (1) (10.3.15)

Remark: The above proposition allows us to conclude that the SRB distri-
bution p. will be a Gibbs state for the energy function A, (o) and, therefore,
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it will mix at an exponential rate any pair of Holder continuous function.
Observe that if G is a Holder continuous function then G o H~! has a rep-
resentation on the Markov pavement P, that is independent of . Moreover
Gibbs states with exponentially decaying Fisher potential have the property
that the expectation values of observables depend analytically on the pa-
rameters on which the potential itself depends analytically, cf. proposition
(7.3.1) (JCO81]). This can be summarized in the following corollary.

(10.3.1) Corollary: (Mixing for SRB distributions)

Let F and G be two Hélder continuous “observables” (i.e. functions on T?).
Then if p. denotes the SRB distribution for Se the following properties
hold.

(i) The expectation values pe(F) and u.(G) are defined and Holder contin-
uous in €. Moreover the expectation values p.(F o H=1) and p.(G o H™1)
are analytic function in € for |e| < eg, with g independent of F or G.

(i1) If F is an analytic observable then the expectation value u.(F) is ana-
lytic in € for e < ep, with ep dependent on F.

(i1i) The functions F,G miz at an exponential rate in the sense that the
difference between the l.h.s. and the r.h.s. of

1 ((SPF)G) = / 1o (d) F(S"0)Gl0) — po(Fue(G)  (10.3.16)

tends to 0 bounded by a constant (depending of F,G) times e”"F:¢™ for a
suitable constant kp.g > 0.

(iv) The volume distribution po(de) = dp/(27)? “mizes with the SRB dis-
tribution” exponentially fast in the sense that given the functions F,G the
difference between the l.h.s. and the r.h.s. of

Ho((SEFIG) = [ noldo) F(S™@)6(e) e e (Fio(G)  (10.3.17)

tends to 0 bounded by a constant (depending of F,G) times e "F.G™,

The latter limit has, in general, a different value if n — —oo and one has
to replace the SRB distribution u. with the one for ST! (which essentially
has the same properties as fic ).

We can therefore appreciate the power of the perturbation expansion
method which allows us to obtain rather detailed and precise informations
about the Markov partition (which of course can be defined as the H-image
of the trivial partition for Arnold’s cat map Sp); and, what is more impor-
tant, it provides us with an analytic description of the SRB distribution (in
the considered small perturbation problem).

In particular it is interesting to compute the derivatives of p.(F') for € =
0. Since p. = limy_ ugN), with ugN) being the finite volume Gibbs
distribution in volume Ay = [—N, N] with potential energy function A(c) =

17/novembre/2009; 15:52



el0.3.18

el0.3.19

e10.3.20

el0.3.21

Problems for §10.3 357

Au(2), cf. (6.1.15), with Ap, chosen to correspond to periodic boundary
conditions; then the derivative at € = 0 of ugN) (F) is

N

(N) (1) E (N) k
0 (— LU ) +k N( 0 ( ( + "r) 0 ) (1 31 )

— 1§ (=04 11) 0 S5 (F)),

because the first order of the derivative of \,(g) is (in the % coordi-
nates 04 f4 () (cf. (10.3.12))). But u5N>(—(a+f+) 0 S§) w—==0 because
po(0+f+) = 0. Hence, up to an interchange of limits which it is not
difficult to justify, the derivative of u.(F') is given by uo(ﬁ(l) - OF) +
Ay >ope o po(84 f+F o SF). Note that

po(h) - OF) ZMO YO0 F o SE) =Y po(\T fL0-F o Sf)
k=1
k=-—1
=3 nolfs 0 Sy 04 (F o S5)~

— 00

> o(f- 0850 (FoSg)

(10.3.19)
We can now write > oo jio(Orf+F o S§) = Yoo po(04(f+F o
SEY) = Sne o po(f104(F o SE)). After further elaboration and tak-
ing into account that po(0+G) = 0 for every differentiable G, we get

Ay Yrl o h0(Dy frF o SE) =302 po(fy 085 01 (F o S§)) so that
Opue(F Zﬂo (FoSk) - foSyh). (10.3.20)

This formula was proved, in a much more general setting, by Ruelle, see
[Ru97], and is very interesting for applications because it closely resembles
the standard Green-Kubo formula.[GRI7]

Remark: We note that once w, (¢) is known we can construct the unstable
manifold of a point ' solving the differential equation

(10.3.21)
X(0,0,) = @,

{ Rlt0y) = B, (Xt gy) = w, (H(X(tg,)),

where X(t,¢,) is a parameterization of the unstable manifold W*(g,).
Clearly this parameterization is differentiable in ¢. From Section §4.2 we
know that W*(y ) is at least a C'°° manifold so that it should be possible
to find a parameterlzatlon much smoother than the one given by (10.3.21).
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Moreover (10.3.21) does not allow us to discuss the smoothness of X(t, ¢)
as a function of ¢. B
A general theory for X (¢, ) on the lines developed in this section can be
achieved by generalizing equation (10.3.4) or (10.3.7), see problem [10.3.6].

Problems for §10.3

[10.3.1]: (Regularity of the SRB measure for analytic f.)
Extend the result of this section to the case of an analytic f. (Hint: See problem [10.1.4]).

[10.8.2]: (Generalization of (10.3.5) to the nonlinear part of W+ (¢): an attempt.) Let
gg be defined on T? x R? by

Se(pw) = (Se (), S (¢ +v) — S ()
and /S\o,g by (10.3.4). We can look for a conjugation H of the form
H : (,w) — (g,v) = (¥ + h($), X (¢, w)). ()
Show that, if H satisfies H o So,- = Se o H then, 9X (¢, 0)w = w + K (s)w with K (¢))
defined by (10.3.5).

[10.3.3]: (Failure of the attempt in problem [10.8.2].)
Write an equation for the n+ 1-order tensor 8™ X (¢, 0) for n = 2, 3. Expand this equation

in series of ¢ and consider the equation for 9™ X (O)(w, 0). Are these equations solvable?
(Hint: Check the equation for 838, X4 (9,0).)

[10.8.4]: (Tree expansion for the nonlinear part of W+ (3).)
Let goyg be the restriction of 55 to T? x Ruy, i.e.

S0,e(, ) = (So(), A+ + 7+ (0)t)

and analogously .
H(y,t) = (¥ + h(¥), X(¥,1)),

where we want that _ ~
HoSge=8:0H.

Note that both sides of the equation represent a function from T2 x Ro4 to T2 x R2.

Assume that o o
X0 =) Y AP @net.

n=1 k=0

Write a tree expansion for X(”*k)(ﬁ) and prove that X(¢,t) is Holder continuous of
exponent 3 in i and analytic in ¢ and ¢ for || < #o and || < (B).( Hint: We have that
X (3, t) satisfies the equation:

Se(H(y) + X(¥,t)) = H(So(¥)) + X(So(¥), A\, (¥)1).
Expanding in serie of € and t we get:

AR () — KB (50(p) =

@
A™ Z D {'(E) Z X(ml;kl)(%)x("nkaQ)(%) e X(”nivki)(%)_l'_
: patmat g

+ Z pX Z y(mk—p) @) Z Afl)(%))\fl)(g) . )\if)q)(g)

g<m P p1+p2+-+pg=p
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where k; > 1, m; > 0, p; > 0. Finally )\SE) (¥) = A+ and X(O’k)(ﬁ) = h(k)(g). Moreover
a proper contraction of the index of the tensor D’f(g) with the component of X (7:k:) (¥)
in understood. This can be represented graphically as in the following figure.

(k1,m1) (k1,m)
4D = -
eym) (kg,m3) + (p1)
— (k3,m3) ~(p2)
(kg my) (pq)

Fig.(10.3.2) Graphical representation of the expansion for X(m’k)(w). We call the

second graphical element on the right hand side a counterterm vertez.

The representation for )\f) is similar to the one in figure (10.3.1) where we must replace
the bullet with label p with a square with label (p,0), the wavy line with a line and the
square as to be considered with label (p, 1).

We can immagine that the small square in the vertex carry a label m equal to the sum
of the m labels of the square entering in it. With this convention the line exiting from a
small square with label m # 1 represent the operator A\ (T,;Ll) where

Ty 0 () = X" (1) — XM (o (1)

The inverse of T,, for m = 0 was computed while studying the conjugation H while
the cases m > 2 can be easily solved and do not require to divide Xx(m) in its + and —
components.

The case m = 1 need a particular treatment. In this case the line exiting from a small
square with label 1 represent the operator AT;1P+ where P is the projection on the
+ direction. In the same way the line exiting from a small circe (that has necessarily a
label 1) represent AP _, see figure (10.3.1). We can now iterate the graphical equation of
figure (10.3.2) untill all square have label (m, 1) or all circle have label 1. The value of
the square with label (m, 1) for m = 0,1 and for the circle with p = 1 has already been
computed. For m > 2 it easy to find that

20 () =N N SROT F(Sy " (®)-
n=0

The analysis of the convergence goes has in the case of the conjugation. Note that the
a counterterm vertex has no ¢ factor associated but does not contribute a C%q! to the
estimates because it bear no derivative of f. Moreover the number of operator T;Ll
associated with a tree is equal to the number of vertex with a small square plus the
number of final points, i.e. it is equal to k if the tree contributes to X (%), Finally it
is easy to check that ||T;;}|| < CK™ for suitable constant C' and K. The only thing
left is to estimate the number of tree that contributes to X("™%). To do this one can
immagine that to every final point with label (m, 1) are attached m incoming lines with
a final points with label (1,0). This reduces the estimates on the number of tree to the
case already studied.)

[10.3.5]: Show that equation (*) in problem [10.3.2] is equivalent to the equation
Se(H(p) + X(p,1)) = H(Sop) + X (Sop, A+ (#)t), ()
where At (p) = At + 74+(p). A natural definition of the unstable manifold would be

given by _ _
Se(p + X(p, 1)) = Sop + X(Sop, A ()1).
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What is the relation between }(ﬁ,t) and X (p,t)?

[10.8.6]: (Extension of the parametrization of W+ (1).)
Use equation (+*) of problem [10.3.5] to show that X'(p,t) can be extended to an analytic

function of ¢ in a complex strip around the real axis. How large is this strip? (Hint: Use
(*x) to extend the domain of analyticity of X (p,t) by a factor A4 (p). Note that X(p,?)
should be in the domain of analyticity of f(y).)

§10.4 Chaos in space—time and SRB distributions

The theory of Section §10.2 can be extended along the lines of Section §10.3
to lattices of “coupled maps” thereby answering various natural questions.

Adopting the notations of Section §10.2 we consider a lattice of Arnold’s cat
maps. Following the method of Section §10.3 we can construct the unstable
manifold by studying the dynamical system (on a noncompact phase space
Qa = (T? x R*)A, see footnote 1)

(Ss(fa Q))g = (S()fg - Ei(fnn(g))v SOQg - E:Qg ' aﬁgi(fnn(a)) (1041)

Therefore a point ¢ in ('I[‘Q)A can be identified by assigning for each £ € A
a pair of coordinates ¢ : labeled by £ which identify a point in 'I[‘Q; and a
vector w in (R®)A can be identifies by assigning |A| two-component vectors

we labeled by a point in A.
We construct functions h(v) and K (1) so that

. =, +he() Y He(y),

ve =we + (K(P)w)e

(10.4.2)

defines a map H of €4 into itself, where now h(1) is a function defined on

(T*)A with values in (T?)* and K is defined on (T?)* with values in the
2|A| x 2|A| matrices mapping (R®)* into itself. The construction is achieved
by imposing that the map H transforms S, into Sp ., i.e.

g‘s oH=Ho S:O’E, with
So.c (Y, w)e = (SO£§7 Sowe + (T(¥)w)e),

with T'(¢)) depending on e. Let B be the basis formed by the vectors

(0,...,04,...,0) in the 2|A|-dimensional space (R*). We suppose that, in
the basis B, the matrix K (¢)¢;,,; has vanishing matrix elements except for

Kepm () D ke o (1) and Ke_ i () ke, _ (). The matrix T will be

supposed to have zero matrix elements except for I'¢q 0 (¥) = Yena, @ = +.
This implies that

(10.4.3)
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(K()w)e,+ = Z ken,+(¥)w
Z Yen,+ ﬂ “n, £

i.e. for each &, n, I' is an sfdependent diagonal matrix on the basis v, of
the eigenvectors of Sp and K is an e-dependent off-diagonal matrix on the
same basis. Inspired by the results of Section §10.3 we shall also try to show
that H (1) be expressible as

¢) = Z (I)X(ﬁx)

(10.4.4)

X3¢

(K(Q)M)E,izz Z x£ () (We = (10.4.5)
& X3¢,¢

(K@wer =Y Y kxa)(we s,
& X3¢,¢

where, of course, we have already determined h in Section §10.2. The equa-
tions that should be obeyed by H become, cf. (10.3.9),

(SOK(w) - K(SOw)SO)ﬁi,ﬁj = San sz( nn(g))

(10.4.6)
=80y fil®,, 5))K(£)ps,m‘ + D(W)eimg + (K(So)T'(¥))¢imy»

where ¢ = 9 4 h(7)) and summation over the repeated indices p, s is un-

derstood. The labels ¢, 7 have values + as we imagine that the equation is

written in the basis B.

The equations can be solved by writing them by components; defining

ﬂ(a) déf‘s.o—(lfoc)/2ﬁ7 ﬂ/(a) _ 5-(51+0¢)/2£7 o= :|:,

(10.4.7)
£(Oz) — 3{_:—(1—@)/2£7 o=+,
one finds, for a = 4+, 6 = —q,
Yen,a(¥) :Eagmafa(fnn(g)) + 56 fa( ) on.8(8),
k.o (1)) = — Nken o(SSV) — X [0y, , fa “’ +
&, (_) &n, ( 0_) [ Pn,6 ( (5)) (10.4.8)

+ kEp-,Ot(y(a)an ﬁw( )+
+ 5kpn76(£(a )0p, 5 falp a)(g))}a
where A = A\7' = —A\_ = (V5 — 1)/2 < 1. Here the derivatives of f are

meant to be performed with respect to the argument ¢ of f (i.e. to be
precise one should everywhere write (9, fa ) rather than writing 9, fa/

without the parentheses). This has the c consequence that values ~¢y, k&n w111
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be of order O(el€~), because the recursion for +, k involves only nearest
neighbors.

Proceeding as in Section §10.3 we can interpret (10.4.8) in terms of suitable
tree graphs by simply adding a few more labels to the graphs in Fig. (10.3.1)
and we obtain the following result.

(10.4.1) Proposition: (Stable and unstable planes for lattices of cat
maps)

Given a nearest neighbors interaction f as above and 0 < 8 < 1 there exist
e0(B) >0, C(B) < oo and k(B) > 0 as in proposition (10.2.1), and functions
®x with values in (T*)A and vx.o, kx.o with values in the 2|A| x 2[A]
matrices such that defining h, K and T by (10.4.5) and therefore H by
(10.4.2) the following results hold.

(i) Equation (10.4.3) holds, i.e. H conjugates S. with So.

(i1) The functions ®x verify the bounds in (10.2.16) and the functions yx .«
and kx o verify, if Kx,q is either yx o or kx o:

5(X)

max [rxa(Uy)| < B(5) (2555)) - (10.4.9)
max lkx(W ) — kx (') < B(B) ( i )5(2? [y, — ! |B
lel<e0 ()% 4 —X —X 2e0() e el

where %X’gi}( differ only in the site £ € X and §(X) denotes the tree length
of the set X.

It is now immediate to define a basis of tangent vectors to the unstable
manifold at a point ¢ = ¢ + h(y). If v, | = (v, 0¢¢)eren is, as € varies in
A, a basis of vectors for the unstable manifold of the unperturbed system
then a basis for the perturbed system will be given by the |A| vectors

(we + (¥)er = v 0ee + (K(P)ve ey €A (10.4.10)

The situation is similar to the one discussed in Section §10.3: a Markovian
pavement is constructed as the H—image of a fixed Markovian pavement for
So. The latter is simply obtained by fixing a generating Markov pavement
P for the simple Arnold’s cat map (see Section §4.2) and then defining the
pavement P obtained as “product” of copies of the pavement P on each
factor of the product (T*)A. If ¢ = ¢ + h(¢)) then ¢ and ¢ have symbolic
histories X.(¢) and X(¢) which coincide, by construction:
¥

v = X.(a), = Xo(o), =1+ h(). (10.4.11)
Therefore it is now interesting to evaluate the volume of the parallelepiped

spanned by the |A[ vectors we , (¢) as € varies in A. The latter is

1
2

D() = Vol(wg, . (), 1, 4 ()] = det (1+ K )(1+ KT,))
(10.4.12)
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where K, denotes the linear operator K(v¢) regarded as a map between

the linear space spanned by the vectors v, ., i.e. the tangent plane P} to
the unstable manifold of 8% and its image 1+ K (¢)) Py, and KT, denotes
its adjoint. _

The volume of the image under S, of the latter plane Py is by (10.4.3)

the volume D’(1)) of the parallelepiped spanned by the vectors wy | def (1+

K(Sov)) (A4 + T4 (¥))ve 4, hence?
D'(¢) = [Vol(wl, ()., + ()| =
= D(Sow) det (s +TT@) O+ +T4())

where I‘JTF(Q) is the transpose of I'; (1) defined as the restriction to the
plane P, of the matrix I'(y)) (quite simple as the latter matrix is I'¢q ng =

T¢ nadap (i.e. diagonal in the local label o = =£) so that So+T'7 isa [A|x |A]

matrix. The matrix M = (L+ AT (1 + A;lf))% has the form, as it is
implied by (10.4.9),

(10.4.13)

Mee ()= Y, mx(¥), (10.4.14)

 XCAigeex

with the functions mx (v) admitting the bounds (10.4.9) with kx replaced
with mx. o

By construction the differential of S.(¢) + h(1))) on the bases generated
by we 4 () and w, | (So7) is given by Ay + F—Jr(g) so that the expansion
coefficient of the surface area of the unstable manifold is given by

Al D(Sot)
T D)

Do(3)). (10.4.15)

where Do(1)) = det ]T/[/(g) = det(1 + er(g)), and f‘Jr(g) can be written in
a form analogous to (10.4.14).
For the purpose of constructing the SRB distribution we can ignore the

D[(,f;%) and the potential energy for the SRB distribution

is simply A(1) = —logdet(1 + ' (¥)). Equations (10.4.9) imply that the

determinant Dy(v)) can be expressed as

exp( 3 px@x)). (10.4.16)

XCA

“cocycle” ratio

Moreover px(i,) still verify the bounds (10.4.9) with rx replaced by
px(1). This follows from the form of the matrices K, I' in (10.4.14) and
from the following lemma.

Here we note that the n—dimensional volume of the parallelepiped generated by n vectors

wy,...,w, in R™, m > n, is the square root of the determinant of the matrix (w;, -

23)727]: 17"'777/'
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(10.4.1) Lemma: (Cluster expansion of a determinant)

Let mx (1) be a 2|A x 2|A| matriz verifying the bounds (10.4.9) with mx
replacing rix. Then if M = 3 v \mx () there exist scalars nx(¢,)
such that
det(1 + M) = exp ( 3 nx @X)), (10.4.17)
XCA

and the functions nx (gx) verify the same bounds with a different constant
B’ instead of B.

Remark: To check this property note that the determinant of 1 + M can
be written

o (—1k+1
E

det(l + M) = eTr log(+) — D 0, = Tr M* (10.4.18)

and Tr M% =37, x, Tr(mx, ---mx,) has the desired form provided one
collects together all terms whose X;’s form a connected set X and consider
the result as a contribution to the value of nx. The sum over k gives no
problem because the terms of order k that arise in this way and which have
the same X have size bounded at least by (B” |¢|)* for a suitable B” because
of the bounds (10.4.9).

Note that the sum in the exponent (10.4.17) is to be expected to be of
size of the order of |A| in spite of the bounds on nx. And the matrix M is
also to be expected to have large size. Since the (10.4.18) is a power series
expansion one may be worried that the expression (10.4.17) is only formal
and that it is affected by convergence problems. Imagine that instead of
det(1+4 M) we consider det(1 + 9 M) with ¥ a parameter. Then for ¥ small
enough (at A fixed) the above formal calculation applied to det(1+ JM) is
certainly correct and nx will become Y—dependent remaining bounded by
29(X) times the same quantities in (10.4.9) (with a B’ replacing B) not only
for 1 small but also for || < 2 and complex. Hence the relation (10.4.17)
equates a polynomial in 9 to the exponential of a function which is analytic
for [9| < 2: therefore setting ¥ = 1 we see that (10.4.17) is rigorously
established.

We now have all the ingredients to discuss the SRB distribution for the
coupled system. If P = {Py,...,P,} is a Markov pavement for the map
So then we can construct a Markov partition for Sy simply considering,
for every € {1,.. .,n}Zd, the square Qr = X zaPr . Associated with
this Markov partition Q there is a symbolic representation X (¢) where now
Z™"' . We indicate the
coordinate on Z4™ with (&,t) and call the & coordinates spatial or horizontal
and the ¢ coordinate temporal or vertical. As in the single map case the
pavement H(Q) is a Markov pavement for S. with a symbolic representation
given by X.(¢) = H(X(g)). As an energy for the SRB distribution we can
use A, (1) given by (10.4.15). Note that because of proposition (6.4.1) we

can use also A\, (1)) = Do(v)).

o can be naturally thought as a point in {0,...,n}
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We obtain the following key result (for more elementary statements,
see[BK95], or alternative ones, see [JP99], can be found in the literature;
see also problems [10.4.1], [10.4.2]).

P14 (10.4.2) Proposition: (SRB distribution potential for lattices of cat

el0.4.19

el10.4.20

maps)

Fized A for all 8 € (0,1) there exist a A—independent constant eo(3) > 0 and
a Markovian pavement Q = {Qr}, .z of & such that, for |e| < eo(B), the
expansion rate A, (o) of Se along the unstable manifold of a point x = X(a)
that has a symbolic representation o is Holder continuous in o and has the
form

Au(e) = Ox(ax), (10.4.19)
XeA

where X are sets in 2" and ®x(cy) is holomorphic in e in the disk
le| < eo(B). The potential ® verifies the bound

le] )%M(X)Jr%n(X)

eo(8)

where §(X),6.(X) denote the tree length of the projection of the set X
on the horizontal plane t = 0 and, respectively, the sum of the tree lengths
of the intersections of X with the vertical lines; n(X) denotes the number
of the timelike intervals whose union is X (cf. remarks to definition (7.3.3)
and equation (7.8.26)). The constant C is A—independent. Furthermore ®x
1s translation invariant. Note that the % in the exponent of (10.4.20) arises
because by construction the number n(X) of vertical intervals building X is

necessarily n(X) > d1(X) so that the natural bound would be the stronger
)%‘H(X)Jrén(x) )5J.(X)

[Px(ox)| < C( emrN0] (10.4.20)

le| le|
co(B) co(B)
The SRB distribution u. is a Gibbs state for a system on a (d + 1)-
dimensional lattice with a nearest neighbor hard core interaction in the di-
rection of “time” and a longer range exponentially decreasing “many-body”
potential ® with ||®||., cf. (7.2.6), small with .

one with replaced by

Proof: For simplicity we shall give the proof by supposing that the lattice
(i.e. spatial) dimension is d = 1.

In the present case the representation in (10.2.8) yields a representation of
h with the desired properties.

One starts from (10.2.8) in order to obtain a representation of h in terms
of potentials. Proceeding as in the proof of propositions (10.4.1) and lemma
(10.4.1) one represents, with the same technique, the conjugating map h(t))
(see below), the stable and unstable planes which split the tangent plane,
cf. proposition (4.2.1), then the determinant of the map along the unstable
manifold and then its logarithm. At each step the above quantities are
expressed as functions of the d 4+ 1-dimensional symbolic representations
o of the points ¢ in the form analogous to (10.4.19) together with bounds
like (10.4.20). We discuss only the representation of the map h leaving the
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remaining analogous representations of the stable and unstable planes and
of the determinant of the map along the unstable manifold.

Consider a single tree: its value is given by (10.2.8). We represent the
quantity []; 8(avj évj)fav (ynn(&,)) via the symbols g, ; as a sum of “po-

tentials” ®X({oe,i}) = Do @r ({0e,s feenn(e,),|s|<t) Dy means of the tele-
scopic method used several times (e.g. to derive (4.3.8), see (4.3.10)). Here
bfr = {(ai, &)} indicates the derivative of the function f we are considering.
The potentials ¢ will be bounded by C,e™** where k can be taken % log 7!
(because the symbols sequences determine the corresponding points ¢ “at
rate” A in the cat map we consider) and C, is a constant.

Therefore we can represent Aq P* e | 8(avjﬁguj)f(5'g(v)£m(g )) as a

sum of
/\;J,pUJrl‘av <Pfu ({0575}£€nn(£u),|s—p(v)|<tv) (10421)

over t,. Repeating the same considerations for the other nodes v of the
tree we represent the value of the tree ¥ of order & in (10.2.8) as a product
of factors like (10.4.21) and, after properly multiplying it by ¥, we can
interpret it as a contribution to the total potential for the representation
(10.2.10) of the conjugating function relative to the space—time set

X = ({&o} x {0}) U Upev @ywo (nn(&) x [p(v) — to, p(v) + to]), (10.4.22)

if vo is the first node of the tree ¥. The contribution is bounded by

b CFAT 2,0 FP) for o suitable C > 0 (note that the sup, C, can be
bounded uniformly in all the labels attached to the node v because f con-
tains only finitely many Fourier modes). Although this might seem awk-
ward, it happens that ({,,} x {0}) € X, with the above definition, but
®x (cx) does not necessarily depend on o, o).

Since k > cd)|(X) because the interaction involves only nearest neighbors
this is a bound of the type (10.4.20). The convergence of the summation
over the tree values implies that the bound holds, with different constants,
also for the total potential ®x. Note that the set X has a rather arbitrary
shape, unlike the simpler shapes that are considered in [BS88], [JM96],
[BK94], [BK96], [BK97] and [JP99].

The expansion illustrated in Fig.(10.3.1) shows that the same represen-
tation can be given to the planes tangent to the unstable (and to the
stable) manifolds. And continuing with the same arguments one gets,
from (10.4.12) and from (10.4.18), the representation of A, (c) in the form
(10.4.20).

This leads (after decimation to eliminate the hard core in the time direction
by proposition (7.3.3) and in the remarks preceding and following it) to the
analyticity result. We omit further details (for which we refer to [BFG03]).
|

Remarks: (1) The potentials ®x in (10.4.19) are “space—time” potentials

. d+1
because X is now a subset Z%.
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(2) The representation of h in terms of potentials is not unique: proceeding
more naively one obtains a potential in which the sets X are space—time
“rectangles” which are therefore simpler: however the potentials decay less
fast, essentially with the diameter rather than with the tree length (see
problem [10.4.2]). This is not really useful if one looks for analyticity re-
sults, but it is already sufficient to get smoothness results ([JM96], [BK95],
[BK96] and [BK97]).

(3) In our case aside from the hard core the unperturbed potential is ex-
actly 0 so that the potentials can be made as small as wished and with range
as short as wished, as shown by the bounds (10.4.9),(10.4.20), by taking e
small. Nevertheless we cannot apply the results of Section §7.2 immediately.
In fact our potentials still contain a hard core so that proposition (7.2.3)
cannot be applied. In absence of hard cores, however, it would solve the
problem.

(4) Therefore one has first to eliminate the hard core by a decimation pro-
cedure. In fact by the above remark (3) the assumptions of proposition
(7.3.3) can be satisfied with k growing arbitrarily large for ¢ — 0 (one can
in fact take k = O(logloge™1)). The decimation argument, i.e. the propo-
sition (7.3.3), implies several consequences: we explicitly list some among
them because they are the conclusion of the theory of lattices of Arnold’s
cat maps envisaged in this book.

(10.4.1) Corollary: (Regularity of SRB distributions) Let F' and G be two

Hélder continuous “observables” (i.e. functions on Q = (T*)A) and suppose
that they depend on ¢ only through the : with € in a finite region V. If

p denotes the SRB distribution for S. the following properties hold.

(i) The expectation values p(F) is well defined and Hélder continuous in
e for |e| small enough, uniformly in A, V. Moreover the expectation values
pA(F o HY) is analytic in e for || small enough, uniformly in A, V.

(i) If F is an analytic observable the expectation values u(F) is analytic
ine forle| <ep

(iti) Any two functions F,G mix at an exponential rate, i.e. there exists
two positive constants k and fy, depending on F and G, such that, if

pA((SPF)G) = [ 12 (de)F(Sr)G(p) and || F|, |G| denote the mazimum
modulus of F,G, one has

W (SEF)G) = pd (F)pl (G)] < ||F||||Gl|erret=to) (10.4.23)
for all A,V and, therefore, for the limit ji. as A — oo of .

(iv) The wvolume distribution po(dy) = do/(2m)* “mizes with the SRB
distribution” exponentially fast the functions F,G in the sense that

no(SEF)G) S [ po(dp)F(SP9)Glg) werifies, for all A,
10 ((SIF)G) = i (F)uo(G)| < | FI[[|Glle™re=) 0 > 0. (10.4.24)
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Forn <0, in general, (10.4.23) and (10.4.24) hold with a different distri-
bution ul, which is the SRB distribution for S=1 (which essentially has the
same properties as i ).

Remarks: (1) One could make the statements above without introducing
the constant £y and writing (10.4.23) and (10.4.24) with an extra positive
constant B in front of the right hand sides and with no ¢y in the exponent,
provided that n is chosen large enough. Of course the two formulations are
quite equivalent.

(2) Statement (iii) requires a new analysis based on the representation for
the volume distribution pg for Anosov systems discussed in Section §4.3.
We saw, in fact, that in a single Anosov system the SRB distribution p
and the volume pg are related because the restriction of ug to the functions
depending only on the symbols with time label > 0 is absolutely continuous
with respect to the restriction of u to the same functions. For lattices of
Anosov systems this is still true but the ratio dug/dp is not uniformly finite,
away from 0 and oo, in the spatial size |A| of the lattice A C Z". However a
careful examination of the above proofs implies that if one further restricts
the distributions pu, pg to functions which are spatially local in a region V'
and depend only on the symbols with positive time label then one gets two
probability distributions ptV, M(J)r "V which are absolutely continuous with
respect to each other. And dug’v/d,u*y = p(o) is a Holder continuous
function so that the statement (iii) follows from (ii).

(3) The study the SRB distribution for S-! is not immediate due to the fact
that S-! in general is not given by a nearest neighbor perturbation of Sy L
A very simple way to solve this problem is to observe that the expansion
rate on the unstable manifold for S-! is the inverse of the contraction
rate on the stable manifold for S, that has a representation similar to the
one discussed in the proof of proposition (10.4.2). Moreover the Markov
partition and the symbolic code for S=1 are strictly related to those for for
S-. One can also prove this directly constructing S-! as a perturbation of
Sy ! with a perturbation that still decay fast enough in space and time, see
problem [10.4.3].

In the above analysis the potentials mx (i, ) do depend on A. However
from the trees expansion formulae we see that the dependence of ®x,Gx
and therefore all the other potentials we have introduced, in particular nx,
consists of a term which is A independent as soon as A O X plus a small cor-
rection that while verifying uniformly in A the general bounds like (10.4.9)
contains corrections of size of order e~°"*L  In our situation in which
Gibbs states depend continuously on the potential this implies not only the
mentioned ezistence of the thermodynamic limit for the SRB distribution
but also a wealth of results that can be derived from the well established
theory of Gibbs states with weak coupling. Here we mention only the fol-
lowing.

(10.4.3) Proposition: (Space-time chaos in cat maps lattices) Let u be
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the SRB distribution for the lattice of Arnold’s cat maps considered above.
For all F(p) defined on (T*)A which are analytic and dependent only on the
microstates @ : with £ € Ay where Ao is a finite region, the limit

pe(F) = lim p(F) (10.4.25)
A—oo
exists and is analytic in € for |e| < ep. Functions F which depend only
on the microstates ¢ . with £ contained in a given finite region are called
spatially local.
(i) If F, G are two smooth enough (e.g. Holder continuous with some expo-
nent > 0) functions which are local in space then

e (T8 SEF)G) Tgrmne He(F) e (G), (10.4.26)

where T¢ denotes the lattice translation by & € Z% and the limit is on t or
on & or both.

(i11) If F,G are two smooth enough (e.g. Hélder continuous with some ex-
ponent 3> 0) functions which are local in space then

10((SLF)G) g e (F) o (G, (10.4.27)

where ¢ denotes the lattice translation by & € z*.
(iv) If F is a smooth enough observable (e.g. Holder continuous with some
exponent > 0) which is local in space then

t——+o0

lim %ZF(ng):/F(f)lus(df) (10.4.28)
j=0

for po(dp)—almost all ¢ € (T2)Zd.

Remarks: (1) The above result is sometimes read as saying “lattices of
Anosov maps weakly coupled via short range interactions” show spatio—
temporal chaos.

(2) The method of proof followed here can be made very elementary in the
case of weakly interacting lattices A C 7% of expansive maps Sy of the in-
terval like the ones considered in proposition (5.4.1) (strictly expansive and
surjective) or of expansive maps of the circle: the theory is very similar but
the lattice spin system that they generate is a seminfinite lattice system
with spins located on A X Zi. The great simplification is that there is no
hard core in the spin interactions because of the Markovian assumption of
strict surjectivity. In this case proposition (7.4.1) immediately applies and
gives smoothness as well as mixing, cf. [BK95] and problem [10.4.1]. It does
not however show the analyticity that follows from an (equally immediate)
application of proposition (7.3.2).

(3) Smoothness in the case of lattices of cat maps can also be proved by a
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method close to the one presented here (although it does not yield analyt-
icity), cf. [JP99].

Problems for §10.4

[10.4.1]: (Nonanalytic proof of regularity of SRB distributions for lattices of circle
maps, from [BK95].)

Consider a chain of circle maps or of interval maps instead of Arnold cats small perturba-
tion of independent maps Sp acting on each site variable. Assume the expansiveness for
Sp in the sense of Section §5.4 in the interval case and assume that Sope = 2¢p¢ for £ € A
in the case of circle maps (for simplicity). Check that in this case one can transform
the problem of determining a SRB distribution into a problem of a lattice spin system
on a semi-infinite lattice A X Zy without hard core conditions. Check that the general
uniqueness and smoothness results of Section §7.4 applies immediately, given the result
of proposition (10.4.2), (10.4.20), to obtain the results of corollary (10.4.1) with analyt-
icity replacing smoothness. The advantage of this approach is that it is elementary and
one does not need the cluster expansion theory of Chapter VII. (Hint: The proposition
(7.4.1) applies directly because of lack of hard cores. The seminfinite lattice is due to
the fact that the maps in question are described symbolically by semiinfinite sequences
of symbols, being not invertible).

[10.4.2]: (Alternative potentials)
Potentials ® x (o i) can be immediately derived from the potentials n x (gx) of (10.4.17)

by the method of Section §10.3: for fixed X we consider the sequence g correspond-
ing to x on the Markov pavement and call gy ; the sequence obtained from oy by

truncating ¢ 5 beyond the heights [—h, h] and replacing the deleted o¢ ¢ with [t| > h by
standard compatible sequences as done in the proof of proposition (4.3.1). Check that
the potentials thus obtained are not zero only for sets of the form Ho x I with Ho C Z%
and I C Z. Check that the bounds on nx (¢ ), X € Z% and the Holder continuity of

)
X
nx (fX) imply bounds on the potential that decays exponentially as e~*8(Ho)+II|

d = 2 as the diameters of the sets H = Hg x I.

i.e. if

[10.4.3]: (Tree expansion for Sz 1.)
Show that S;l(i) can be written as 8071(%) +¢eg(e, ¥) where

ge(e ) = Ux(¥y)

X3¢

. . d . 5(X) . . .
where X is a connected set in Z” and Wx is of order e 24 (Hint: write an series
expansion for g(e,9) as a function of £ and use S7los. (¥) = ¢ to compute recursively

the coefficients. The decay follows from an argument very similar to the one used for H.)

[10.4.4]: Extend the result of problem [10.2.5] to the construction of the unstable
direction and of the expansion rate on the unstable direction.

[10.4.5]: Refine the result of problem [10.4.3] to show that the symbolic representation
g(o) of g(e,%) can be written as

ge(o) = E Ux(oy)
X3¢
where now X is a set in Z%T! such that its projection on the temporal coordinate is
connected and the intersection of X with any vertical line is a segment centered at 0.
Moreover we have:

B x(gy)] < Cemr0dL (X0 g=r18)(X),

(Hint: simply write ¢ as a sum of potential in the expansion studied in problem [10.4.3].
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[10.4.6]: Show that this is enough to obtain again estimate (10.4.20) for the potential
of the SRB distribution of 82 1.

Bibliographical note §10.4

The theory of Sections §10.2 and §10.4 was initiated by [BS88]. The main
technical tool in our approach is the cluster expansion discussed in Chap-
ter VII in the form introduced for the decimation problem in [CO82]. The
advantage over the original approaches to spatio-temporal chaos theory
started in [BS88], and essentially completed in [JM96] is that here one ob-
tains analyticity instead of infinite differentiability of the SRB distribution.
Subsequent papers eliminated technical restrictions present in [JM96], at
first at the price of restricting the theory to lattices of coupled expanding
maps of the circle (which exhibit the important simplification of having a
symbolic dynamics representation without hard cores, see [BK95], [BK96]
and [BK97]). Later the restriction to expanding maps has been eliminated,
[JP99], [BK96] and [JP99], by further developing the ideas in [JM96]. The
approach discussed in Section §10.4, due to [BFGO3], goes a little beyond
the results in the just quoted papers as it also gives analyticity in the de-
pendence of the Gibbs distribution on the perturbation size. The latter
result is discussed in [BFGO03] where also the theory of Sections §10.1 and
§10.3 were developed. For an example of application of the above results
see [Ga99].

§10.5 Isomorphisms

We can ask in which cases two Gibbs states p and p/, one on {0, ... ,n}%
and the other on {0,..., n’}%, with respective potentials ® and @' are iso-
morphic in the sense that the dynamical systems ({0, .. .,n}%,r, u) and
,... ,n’)%, 7, 1) are isomorphic mod 0.

(10.5.1) Proposition: (Isomorphims of Gibbs distributions with fast
decreasin potential)
If T and T’ are two mizing compatibility matrices, (n+1)x (n+1) and (n' +
1) x (n’ 4 1) respectively, and if ® and @ are two potentials for {0,...,n}%
and for {0,...,n'}% such that

> anll <400, if U= or &, (10.5.1)

P

with || ®x || = sup, || ®x(cx)ll. then the dynamical systems ({0,..., n}% r,

w) and ({0,...,n}% 7, 1) are isomorphic mod 0 if and only if their en-
tropies are equal: s(u) = s(u').

Remarks: (i) The average entropy is therefore a complete invariant for the
isomorphisms mod 0 in a rather wide class of dynamical systems.
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(ii) The proof of this theorem reaches already its maximal difficulty in the
case in which ® = & = 0,T,,» = T, = 1: this is the case of the Bernoulli
schemes.

(iii) The problem of the isomorphisms between Bernoulli schemes is a famous
problem solved at the end of the 1960’s by Ornstein who also established new
techniques to attack and solve the problem of the isomorphism between large
classes of dynamical systems. Proposition (10.5.1) gives us an example of a
problem that can be solved with the ideas and the techniques of Ornstein.

Ornstein’s theorem was preceded by another important result of Sinai that
established the weak equivalence mod 0 (see below for a precise definition)
between two Bernoulli schemes of equal entropy. It was followed by several
deep explicit constructions of the codes that realize the isomorphisms. The
first one, due to Monroy and Russo, [MR75], concerned a very special case,
but it introduced, in that case, some new ideas: such a construction has
been improved by the constructions of Keane and Smorodinski, who, with
the use of new and deep ideas, explicitly realized the code of the isomor-
phism between two isentropic Bernoulli schemes, see [KS79]. Such codes
are “constructive” in the sense that it is possible to construct an arbitrarily
prefized number of values of the elements of the sequence ¢’ image, in the
isomorphism in question, of a sequence ¢ by making use of an algorithm
that can be implemented on a computer, so that it requires a finite time for
almost all the sequences ¢ (randomly chosen with respect to the measure
of one of the two Bernoulli schemes).

From a practical point of view the description of the algorithm of Keane
and Smorodinski is certainly the fastest way to achieve the proof of the iso-
morphism between isoentropic Bernoulli schemes. Nevertheless Ornstein’s
proof remains a monument and an instrument for whoever wants to study in
more detail the abstract and conceptual aspects of the isomorphism theory
and of the meaning of entropy. Furthermore it provides us with the means
to deal with isomorphism problems between dynamical systems that until
now, were not otherwise soluble.

(iv) We shall not discuss here the proof of Ornstein’s theorem, and the
reader should consult for this purpose the book by Ornstein, [Or74], and
then meditate on the codes of Monroy-Russo and Keane-Smorodinski. It
seems difficult to present Ornstein’s theory in a more compact or simpler
way than the one he himself chose and likewise it is difficult to present the
constructions of Monroy-Russo and of Kean-Smorodinski without repeating
word for word the relatively short and brilliant original works.

For completeness it is convenient to give a precise definition of weak iso-
morphism mod 0 and to state the theorem of Sinai.

(10.5.1) Definition: (Weak isomorphism)

If ({0,...,n}2 7, 1) and ({0,...,0' Y2, 7, 1) are two ergodic metric dynam-
ical systems, they will be said to be weakly isomorphic mod 0 if there is
a measurable partition P = {Py,..., Pu} of {0,...,n}% and a measurable
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partition P' = {P},..., P} of {0,...,n'}% such that

w(CgrM Y= (PR ) forall M >0,0 € {0,...,n}" T,
W(Corle )= n(Pyly ) forall M >0,0" €{0,...,n"}MHY
€10.5.2 (10.5.2)
where PR M - — ﬂMOT JP’ and P0 M= ﬂMOT IP,,. This means that
M
the “two dynamical systems are weakly isomorphic if each contains a copy
of the other”.
An important result (due to Sinai) is the following one.
p1052 (10.5.2) Proposition: (Sinai’s theorem)

Let ({0,...,n}2 7, 1) and ({0,...n' Yz, 7,1’} be two Bernoulli schemes of
equal entropy. Then they are weakly isomorphic mod 0.

We conclude this very brief introduction to the isomorphisms theory with
a comment and an interesting definition.

One of the key remarks in Ornstein’s theory is the importance of the notion
of finite determination of a dynamical system ({0,...,}% 7, 1). From a
mathematical point of view the interest of this notion lies in the fact that,
as shown by Ornstein, a system that enjoys this property is isomorphic mod
0 to a Bernoulli scheme and vice versa. From a“physical“ point of view it
is a property that has a very interesting interpretation that we illustrate
after giving the precise notion of finite determination (due to Ornstein, see
[Or74]).

D052 (10.5.2) Definition: (Finitely determined systems)
A dynamical system ({0,...,n}% 7, 1) is finitely determined if, given
e > 0, there exist -, N. such that every other ergodic dynamical system

{o,.. .,n}Z, T, 1), for which

UO---UNE (1053)

€10.5.3
|s(p) = s(u')] <e.
is such that we can construct a code I, : {0,...,n}* — {0,...,n}% such
that p(I.(E)) = ' (E) for all i/ ~measurable set E C {0,...,n}% with the
property
N-1
10.5.4 HJ{[H sup(2N)~* Z |I.(g)i —0il, < e u' — almost everywhere. (10.5.4)
e i=—N

We shall say, briefly, that p is finitely determined if ({0,...,n}%, 7, ) is
such.

Remarks: (i) This means that if 4 is a finitely determined every measure
1 e M({0,...,n}%) “close to it in entropy and in distribution” (cf. problem
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[3.3.9])) produces “the same set of typical configurations up to errors that
occur with a small density in time”.

(ii) It is easy to construct ergodic distributions that have preassigned prob-
ability distributions for the cylinders of preassigned base length and having,
furthermore, preassigned entropy (within a preassigned approximation), (cf.
problem [3.3.9]). We then see that if 4 is finitely determined such “approx-
imate models” of  can be used to generate sequences (via random extrac-
tions) that differ from those that one would obtain by using pu itself only in
a fraction ¢ of sites. In other words by examining the statistics of short se-
quences it is possible to infer properties of infinitely long sequences, if such
sequences are generated at random with a finitely determined distribution.

(iii) If po is a Gibbs state with a potential ® and if ® varies in an open region
Y C B where there are no phase transitions (i.e. for all ® € ¥, G(®) contains
a single element) then, from the variational principle (corollary (6.1.1)),
from the convexity and continuity of P(®) and from the interpretation of
Lo as tangent plane to the graph of P, it follows that both s(ue) and pue vary
with continuity (with respect to the weak topology for the distributions).
This means that as ® varies in ¥ the Gibbs state changes by a small amount
in distribution and entropy if ® changes by little.

Therefore if every Gibbs process pp with ® € B was finitely determined it
would follow, from this observation, that also the typical configurations vary
“with continuity”: note that for the validity of such a property in general
the continuity of ue in ® would not be enough if the distributions pue were
not finitely determined.

(iv) it appears difficult to think that there can exist Gibbs states with
potential & € B that are not finitely determined, because of the physical
meaning of this property, that emerges from the remarks (iii) and (ii).

Hence we see the interest of proposition (10.5.1) that goes in the direction
of a confirming the latter idea. And we also understand the interest of
studying what happens in the case in which ® € B but it does not verify
(10.5.1).

In reality no examples of Gibbs states that are not finitely determined (with
® € B) are known; and in some cases in which one could perhaps have of
doubts and that refer to the analogous problems for systems on lattices
of dimension > 2 finite determinacy has been established (an unpublished
work of Ornstein-Weiss shows the finite determination of the Gibbs state
for the 2-dimensional Ising model at the critical point).

(v) The property of finite determination allows us to speak of certain global
properties of typical configurations in terms of local properties. It can there-
fore be used to formulate in a mathematically precise way various notions
of physical nature that concern global properties of typical (i.e. randomly
chosen) configurations. This fact han not until now been really exploited in
the Physics literature. An example of an attempt to exploit this idea can
be found in [EGT3] in connection with a probabilistic interpretation of the
“approximate symmetries”.
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Bibliographical note

Ornstein’s theory is exposed in [Sh73] and in the book by D. Ornstein,
[Or74]. Proposition (10.5.1) is based on the derivation of certain estimates
needed to check a sufficient criterion in order that a dynamical system is
isomorphic to a Bernoulli scheme and it can be found in [Ga73], [Le73]. The
code of Monroy-Russo is found in [MR75]; the code of Kean-Smorodinski is
found in [KMT79]. The quoted work D. of Ornstein and B. Weiss is unfortu-
nately still unpublished, [OW74].
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