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Invariant measure as a statistical invariant (1/2)

@ Let T: X — X be a transformation (dynamical system), where X is a
space equipped with a Borel o-algebra and a Lebesgue measure L.
@ A probability measure p is said invariant measure if we have

WA) = (T7H(A)).

e That is, it is invariant applying the transfer operator Lt associated to
T acting on the space of measures. L1(u) is defined as

L1(p)(A) = u(T~(A)), for each A € B.
@ In this case we have

Theorem 1 (Birkhoff's ergodic)
For each p-integrable function f : X — R
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Invariant measure as a statistical invariant (2/2)

lim = Z f(T'x) /fd,u, pn—almost every x € X.

n—oo N

@ An invariant measure u determines the statistics of an observable for
p-almost all points.

@ In general a dynamical system admits several invariant measures, and
many of them are supported on a set with Lebesge measure zero.

@ An invariant measure  is considered a satisfactory statistical
invariant when it describes the statistics of the observables for a
Lebsgue-non trival set of points.

@ In such a case p is said physical measure. lts support may still have
Lebsegue measure zero (e.g. in the case of an attracting fixed point).
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Iterated Function Systems - IFS

@ An lterated Function System (IFS) on X is the data of a family of
functions T1,..., T, : X — X, and probabilities p1, ..., p, (summing
to 1). We have a stochastical dynamical system where at each step a
funcion f is chosen and applied, where each f; is chosen with
independent probability p;.

@ The equivalent of the transfer operator for an IFS is defined as

L= Z pil,,

where L, is the transfer operator corresponding to the transformation
T;.

@ We have the following interpretation: if ;1 is a measure describing the
probability distribution of the point x in the space X, L(u) describes
the probability distribution of the image under one application of the
IFS.

@ A measure invariant under L is said stationary measure for the IFS.
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The problem of the rigorous approximation

@ The purpouse of this project is developing programs to work
concretely with different examples of dynamical systems, and allowing
to compute the stationary measure up to a rigorous and certified error.

@ The stationary measure is an invariant that it is worth approximating
with certified error, as it allows to understand the behaviour of the
observables, and approximate other invariants such as the entropy,
Lyapunov exponents, and so on.

@ We will also study the speed of convergence to the equilibrium, for its
interest in the estimation of the “escape rates”, and the variation
under small perturbations (“linear response”).

@ The long term goal is developing instruments that may be useful in
computer assisted proofs.
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Computation of invariant measures

@ There exist computable systems having non-computable invariant
measure [Galatolo-Hoyrup-Rojas, 2011].

@ The "naive” simulation appears to be very effective for approximating
invariant measures but fails dramatically for the map of the interval
x +— 2x. This phenomenon is related to the representation of numbers
in base 2 on the computer, and does not appear for the map x — 3x.

@ Out approach uses the transfer operator L, approximated by a Markov
chain Ls on a finite number of states. We compute the stationary
probability distribution, and relate such distribution to the stationary
measure of the system.

@ There exist powerful spectral stability results that allow to do this in a
suitable functional context (Keller-Liverani's stability theorem), but
they are hard to use in practice.
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Stability of fixed points

Let B be Banach space of signed measure, which we assume to be
preserved by L. Assume Ls to be an approximation of L.

Lemma 2 (Variation on Galatolo-Nisoli '11)

Let u, ps € B be probability measures invariant under L, Ls respectively.
Let V ={u e B s.t. u(X) =0}, and assume Ls(V) C V. Let's assume:

(A) ||[Lsp — Lu||g < € (true when Ls approximates L),
(B) 3N such that |LY|v|5 < 3,

(C) Let C =X ;co,n—1] Lilv]
115 — plls < 2¢C.

B, then

Other than condition (A), all other conditions only depend on Lg, that we
assume to be representable on a computer (up to a computable error).
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Approximation in the case of expanding maps of the

interval

@ A transformation of the interval T is said piecewise expanding if the
interval can be partitioned in a finite number of interval (¢;, ¢j11)
such that T is C2, |T'| > 2, and T”/(T')? is bounded.

@ In the case of piecewise expanding maps we can apply the above
strategy using Ulam approximation in the space of finite signed
measures:

Ls = mwslws,
where 7s(p) = E(p|M), for a partition of the interval 1 in intervals of
size 0.

e The operator 75 is a contration in the L'-norm (assuming the
L'-norm of a finite signed measure to be the “total mass").

@ Observe that ||ld — 75||gy 1 < 0.
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Laota-Yorke inequality, and norm estimation

@ A piecewise expanding maps satisfies the following theorem:
Theorem 3 (version in Liverani, 2004)
Let T be piecewise expanding, and p be a finite measure on the interval
[0,1]. Then
[Lrullsy < A-lpllsv + B - [|pll,
fo
2 T"

B=——"°" 42| —
’ mMa+qﬂ)+'MWV

' 1
)\ZQ.H
T/ o0

o0

@ lterating, if w is as invariant measure, as Lty = p we obtain that

B

< —.
lulloy < T
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Application of the theorem

Consequently we can satisfy the point (A) of the approximation
theorem with respect to the L1 norm, because

I(Ls = Dpllr < llullsv - [1Ls = Lllpy— 12

At point (B), the estimation of ||LY|y|/;1 < & can be proved by the
computer (and is what often requires most computing power!)

At point (C), the term || 3 ;ci0 n—1] Li|v|l;1 can be estimated a
priori, and possibly improved computat|ona||y

The theorem provides the error between the fixed point of L and the
fixed point of L.

The fixed point of Ls (that is representable as stochastic matrix) can
be computed with certified error.

The goodness of the approximation depends on B! The same Lj
could be the approximation for different systems, that satisfy
Lasota-Yorke inequalities with very different B's.
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Expanding IFS - Example of a rigorous computation (1/2)

o For different values of p; and p, =1 — p1, let's consider the
transformations

Tao(x) = 4x + 0.01 - sin(167x), Ta(x) = 5x + 0.03 - sin(57x).
@ The values of A\, B and ugy can be computed as

pp | 01 03 05 0.7 0.9

A | 0255202 0.272696 0.290190 0.307683 0.325177
B | 274553 463969 653386 842802 10.32219
Il | 3.68628 637931  9.20508 12.17366 15.29615

@ The contraction rate and the errors in the L! norm are

p1 | 01 03 05 0.7 0.9

N (contraction rate) 8 7 7 8 9
LY error 0.00180 0.00272 0.00393 0.00594 0.00840

N (a priori c. rate) 34 222 2135 314 37

a priori L1 error 0.00766  0.0865 1.200 0.233 0.0345
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Expanding IFS - Example of a rigorous computation (2/2)

0z2f /

0.2 0.4 0.6 0.8 1
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a priori estimation of the contraction rate

In the systems considered obtained from the two maps Ty, 71 and with
corresponding operators Lo, L1, working with a given norm || - ||, we have
that:

@ Any sequence of applications [“ = L, L, ... L,, has uniformly
bounded norm ||L¥|| < C, for each sequence w € {0,1}* of any
length k k.

e Lo, Ly are contractions, and we can assume that ||L3°|| < 5~ and
L3 < e

Theorem 4 (Galatolo, M., Nisoli)
For each p € [0,1], and putting N = max{ng, n1}, then

log2C
o 1-p)\ "’
—log (1 - £ — &)

1
H(pLo+(1—p)L1)MH <5 M=N-1+N

4
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Sketch of proof

@ The contraction rate of L” can be estimated expanding
L= plo+ (1 — p)L1, and considering all the weighted terms
¥ =L, Ly, ... L, appearing in the expansion, for a certain n.

@ Increasing the length n, we can estimate the contraction rate with a
linear recurrence depending on the contraction rates of the previous n.

@ The linear recurrence has order N = min{ng, n1}, and the
characteristic polynomial is of the form

XN — py XN — o — pi X — po.

@ The p; are positive and have sum slightly smaller than 1, so we can
prove that the biggest real root « has absolute value < 1.

@ We obtain that L" has contraction rate < Ko for some K, and
estimating K and « we can predict when |[L"]| < 1/2.
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Contracting IFS - Kantorovich-Wasserstein distance

@ In the case of a IFS formed by contracting maps, we can apply the
same strategy, but the functional spaces need to be completely
different, because for a contraction T in R” the corresponding L7 is
not a contraction in LP or BV.

@ A space with this property is the dual of Lipschitz, that is the
measures for which

lullw = sup / odp,

PeCO(X):Lip(4)<1

is finite. Such a distance is also known as Kantorovich-Wasserstein
distance, or earth-moving distance, well known in Transportation
Theory.

@ Such a norm is only defined for p having zero average, but this is
sufficient for us.

e If T contracts by « at least, then we have ||[L7]|w < a.
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Contracting IFS - Discretization

@ We will work assuming that X is a bounded domain in R”, equipped
with the Manhattan distance (L! distance on the coordinates).
@ Given a rectangular lattice of d-spaced points p;, the projection is

given by
ms(p) = Z </ hp;dﬂ> ~Op;

where hy, is a certain hat function centered in p;.
Proposition 1 (Galatolo, M., Nisoli)
Ifllpllw <1, then |[mspl| < 1.

Proposition 2 (Galatolo, M., Nisoli)
Putting Ls = msLms, we have

no
IL = Lollsw < (a+ 1)

v
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Contracting IFS - Example of a rigorous computation (1/2)

@ Computationally this case is easier, because the contraction rate is
already know, and as a consequence of the approximation theorem we

1+a)né
have 11— sl w < G50
@ Let’s consider the transformations T1,..., T4 of the square

X =[0,1] x [0,1] defined as

T1: scaling by 0.4 around (0.6, 0.2) with rotation of /6,

T?2: scaling by 0.6 around (0.05,0.2) with rotation of —m/30,

T3: scaling by 0.5 around (0.95,0.95),

T4: scaling by 0.45 around (0.1,0.9).

@ Let's take probabilities p; = 0.18, pp = 0.22, p3 = 0.3, p4 = 0.3, and
a lattice of 210 x 219 points, with § = 2719, The contraction rate « is

< 0.659430, and the error (in the || - ||, norm) can be estimated as
(1+a)no
— < ———— <0.0047583.
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Contracting IFS - Example of a rigorous computation (2/2)
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Notes on the implementation

@ Our framework is written in Python and uses the libraries from the
computer algebra system Sage.

@ A matrix approximating Ls is computed with certified error using
interval arithmetics, and interval Newton method for computing the
Ulam approximation.

@ The computationally intensive part is implemented via a program
using OpenCL for computing on the GPU.

@ In the contractive case, we can restrict the computation to a subset
of the grid containing the attractor (on the line of what was explained
by Kathrin Padberg-Gehle yesterday).
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Convergence to the equilibrium

@ Assume L to satisfy the inequality
IL7Flls < AX{[IF]ls + BIIf|w-
@ Let Ls be an approximation satisfying
I(L5 = L") llw < 6(ClIflls + nD|[lw)-

o Assume that L preserves V, and ||(Ls|v)™| < Ao

Theorem 5 (Galatolo, Nisoli, Saussol)
\IL'”l(g)!\s> <HgHs> (A/\i” B >
; <M. , for M = ,
(IIL’”l(g)Ilw - & 1lw 6C  omD+ X

for each g € V/, and in particular if p is the biggest eigenvalue of M then

. i H i
ILmg]ls < %HgHs, LM gl < %Hg”s for explicit a, b.

v
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