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Abstract: We describe a general approach to the theory of self consistent transfer op-
erators. These operators have been introduced as tools for the study of the statistical
properties of a large number of all to all interacting dynamical systems subjected to a
mean field coupling. We consider a large class of self consistent transfer operators and
prove general statements about existence of invariant measures, speed of convergence to
equilibrium, statistical stability and linear response. While most of the results presented
in the paper are valid in a weak coupling regime, the existence results for the invariant
measures we show also hold outside the weak coupling regime. We apply the general
statements to examples of different nature: coupled continuous maps, coupled expanding
maps, coupled systems with additive noise, systems made of different maps coupled by a
mean field interaction and other examples of self consistent transfer operators not com-
ing from coupled maps. We also consider the problem of finding the optimal coupling
between maps in order to change the statistical properties of the system in a prescribed
way.
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1. Introduction

Suppose we have a normed real or complex vector space By, and a collection of linear
operators Ls s : By, — By depending on some parameter § € R and f € By. One
can consider the nonlinear function L5 : By, — B, defined by

Ls(f):=Lsrf. (1)

These kind of nonlinear functions have been also called self-consistent transfer operators
(as the operator itself depends on the point at which it is calculated). In many examples
where these operators are used the family Ls s depends in a Lipschitz way on f and
the Lipschitz constant is proportional to §. In this context the parameter § represents
in some sense a measure of the strength of the nonlinearity of the function £. These
concepts have been introduced and studied as models to describe the collective behavior
of a network of interacting systems coupled by a mean field interaction. In the case
of operators modeling coupled extended systems the parameter § often represents the
strength of the coupling or of the interaction between the systems.

These operators, their invariant measures and their properties have been studied by
different techniques in classes of examples. In this paper we attempt a general approach
to the study of this kind of operators, and the statistical properties of their dynamics.
The main goal is to investigate under which assumptions we can establish some basic
important properties of the self-consistent system as the existence of the invariant mea-
sure in a certain regularity class, the convergence to equilibrium, the statistical stability
and response to perturbation of the system.

We show the flexibility and the effectiveness of the approach applying it to sev-
eral kinds of self-consistent operators coming from coupled expanding maps, coupled
random systems and other examples.

We study the behavior of the invariant measures of these operators, their convergence
to equilibrium and their statistical stability mostly in the “weak coupling” regime, in the
sense that most of the results presented hold for intervals of values of the type § € [0, 5]
for arelatively small § (with an estimate for the size of 8, hence not only for § — 0). Some
of the results presented however can be applied even for large values of §. In particular,
under suitable assumptions, we prove the existence of some invariant probability measure
for the self-consistent operator Ls, also providing estimates on its regularity imposing
no restrictions on the size of § (Theorem 3), such result then also hold in a strong
coupling regime, for which very few results are known. Sufficient assumptions for the
uniqueness of the invariant measure are then shown in the case of weak coupling regime
(Theorem 4). Still in the weak coupling regime we study the attractiveness of the invariant
measure as a fixed point of Ls, providing exponential convergence to equilibrium results
(Theorem 6) and study the response of the invariant measure of the system to changes
in the function defining the mean field coupling interaction in the zero coupling limit
(Theorems 12 and 14). We also investigate these questions from an optimal control
point of view. Suppose we have an initial uncoupled system and we want to introduce
a coupling which maximizes certain aspects of the statistical properties of the coupled
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system, as for example the average of a given observable. What is the best coupling to
be introduced in order to do so? This is a problem related to the control of the statistical
properties of chaotic and complex systems.

In this paper we have to deal with several concepts: networks of coupled systems;
self-consistent transfer operators; linear response; random and deterministic systems;
optimal response and control of the statistical properties. To help the reader, each main
section dealing with these concepts will have an introductory part trying to explain the
concept, the main ideas behind and giving some additional references for its deeper
understanding.

Transfer operators. An efficient method for the study of transport and the statistical
properties of a dynamical system is to associate to the system a certain transfer operator
describing how the dynamics acts on suitable spaces of measures or probability distribu-
tions on the phase space. Important properties of the original system are related to fixed
points and other properties of these transfer operators. The transfer operator which is
convenient to associate to a dynamical system is usually a linear operator. Self-consistent
transfer operators are nonlinear operators.

As mentioned before, these operators arise as natural models of extended systems in
which there is a large set of interacting dynamical systems and we consider the dynamics
of each element of the large set (the local dynamics) as being influenced or perturbed by
the state of the other elements in a mean field coupling. This means that the perturbation
we apply to the dynamics of each local system depends on the distribution of the states
of all the other elements of the large system. This global state will be represented by a
probability measure, representing the probability of finding a generic local system in a
given set of states of the phase space. If now we consider the transfer operator associated
with the dynamics of each local system we have that this linear operator depends on the
current global state of the system. One can furthermore suppose all the local systems
to be homogeneous and consider again the measure representing the global state of
the system as a representative for the probability of finding a local system in a given
state’. Applying the transfer operator associated to the local dynamics to see how this
probability measure evolves, we have then a transfer operator depending on a certain
measure and acting on the measure itself. This naturally brings us to the formalization
presented in (1). From a formal point of view this give rise to a nonlinear function to be
applied to a certain functional space of measures. In the weak coupling regime however
this nonlinear function is a small nonlinear perturbation of a linear one, simplifying the
situation and the understanding of the properties of this function.

The use of self-consistent operators for the study of networks of coupled maps was
developed from a mathematical point of view in [6,33]. In Sect. 2 we explain some of
the heuristics behind the use of these operators for the study of coupled maps. We refer
to [8,43] for a further discussion on the scientific context in which these concepts appear
and for an accurate bibliography on the subject (see also [13,31] for other approaches to
maps in a global coupling). For introductory material we also recommend the reading
of the paper [41].

Overview of the main results. In Sect. 3 we show a set of general assumptions on the
family of operators Ls ¢ , ensuring that the nonlinear operator L; has a fixed point of
a certain type and hence the associated system has some invariant probability measure

1 We could also consider in a similar way interacting systems of different types, where instead of a single
measure representing the distribution of the states of the systems in a certain phase space we will have a a
vector of measures representing the states of systems of different type (see Sect. 10 for more details).
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(see Theorem 3). This result is obtained by topological methods, applying the Brouwer
fixed point theorem to a suitable sequence of finite dimensional nonlinear operators
approximating Ls. The assumptions required for this result are related to the regularity
of the family of linear operators Ls s when f varies in a strong-weak topology, the
regularity of its invariant measures (see the assumptions (Exil), (Exil.b), (Exi2) in
Theorem 3) and the existence of a suitable finite dimensional projection, allowing to
apply a kind of finite element reduction of the problem. The result also holds outside the
weak coupling regime and implies a general statement for the existence of an invariant
measure for systems of continuous maps in the mean field coupling (see Proposition
16). We also discuss the uniqueness of the invariant probability measure. This will be
proved in the weak coupling regime (see Theorem 4). The set of assumptions for the
uniqueness, essentially require that the operators L; s and their fixed points depend on f
in a Lipschitz way (see assumptions (Exi3) in Theorem 4). The assumptions required to
apply these results are not difficult to be verified, and in the following sections we show
how to apply this general framework to interacting random and deterministic systems,
together with examples of different kind.

In Sect. 4 we take the same point of view with the goal of investigating the convergence
to equilibrium: the attractiveness of the invariant measure as a fixed point of L and in the
weak coupling regime we show assumptions under which we can prove exponential speed
of convergence to equilibrium for a general class of self-consistent transfer operators
(see Theorem 6). The assumptions we require are related to convergence to equilibrium
and a common “one step” Lasota Yorke inequality satisfied by each transfer operator
in the family Ls, ¢ (see assumptions (Conl), ..., (Con3) ). The assumptions made are
in a certain sense natural when considering suitable coupled dynamical systems like
expanding maps or random systems with additive noise, and in the next sections we
apply these general results to several classes of examples.

In Sect. 5, after an introduction to the concept of Linear Response and some related
bibliography, we prove a general statistical stability result (see Theorem 12) and a linear
response result for nonlinear perturbations of linear transfer operators (see Theorem
14), describing the first order change in the invariant measure of the system when an
infinitesimal perturbation leading to a nonlinear operator is applied. We remark that this
result is similar in the statement and in the proof to many other general linear response
results proved for linear transfer operators (see e.g. [15]).

The methods used to establish the general statements in Sects. 3, 4, 5 are related to
the classical transfer operator approach, letting the transfer operator associated with the
system to act on stronger and weaker spaces (in a way similar to the classical reference
[35]), exploiting the fact that the perturbations we are interested in applying to our
systems are small when considered in a kind of mixed norm, from the stronger to the
weaker space.

We show the flexibility of this general approach applying it to systems of different
kind. In particular we will consider coupled deterministic expanding maps and random
maps with additive noise, coupling identical maps or different ones in a mean field
regime. For these examples we will use simple spaces of functions as L', C¥, the Sobolev
spaces W51, WX 2 or the space of Borel signed measures equipped with the total variation
or the Wasserstein distance.

In Sect. 6 we consider continuous maps on the circle with a mean field coupling
and we prove the existence of an invariant probability measure for the associated self-
consistent transfer operators, providing a sort of Krylov-Bogoliubov theorem for this
kind of extended systems.
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In Sect. 7, after recalling several useful classical results on expanding maps we
show that the self-consistent transfer operator associated with a network of coupled
expanding maps has an invariant measure in a suitable Sobolev space W*'! and we show
an estimate for its Sobolev norm (see Theorem 23). In the small coupling regime we also
show exponential convergence to equilibrium for this kind of systems. This will allow
to apply our general linear response statement and get a linear response statement for
the zero coupling limit of such systems. Similar results for this kind of systems in the
weak coupling regime appear in [41], the spaces used and the methods of proof however
are quite different.

In Sect. 8 we consider coupled random maps and we apply our general framework
to this case. More precisely, we consider maps with additive noise in which at every
iterate of the dynamics a certain deterministic map is applied and then a random i.i.d.
perturbation is added. Due to the regularizing effect of the noise at the level of the
associated transfer operators we do not need to put particular restrictions on the maps
considered. These examples are then particularly interesting for the applications. After
recalling the basic properties of these systems and the associated transfer operators we
define a self-consistent transfer operator representing the global behavior of a network
of coupled random maps. We prove the existence of invariant measures for this self-
consistent operator and show an estimate for its C¥ norm which is uniform when varying
the coupling strength. In the case of weak coupling, we also prove exponential speed of
convergence to equilibrium for this globally coupled system. We then apply the general
linear response results to this system, obtaining again a linear response result for the
system in the zero coupling limit.

In Sect. 9 we consider a class of self-consistent transfer operators where the deter-
ministic part of the dynamics is driven by a certain map whose slope depends on the
average of a given observable, in some sense similar to the examples studied in [44]. For
these systems we study the existence, uniqueness of the invariant measures and linear
response, similarly to what is proved for the systems coming from coupled maps.

In Sect. 10 we consider suitable self-consistent transfer operators to model a mean
field interaction of different maps. For simplicity we consider two types of maps. We
show that the general framework we are considering also applies to this case, showing
the existence and uniqueness of the invariant measure in a weak coupling regime.

In Sect. 11 we consider the linear response results we proved from an optimal control
point of view. Suppose we want to introduce in the system a coupling which changes the
statistical properties of the dynamics in some desired way. What is the optimal coupling
to be considered? Given some observable whose average is meant to be optimized and
a convex set P of allowed infinitesimal couplings to be applied, we show conditions
under which the problem has a solution in P and this solution is unique. We remark
that in [37] the research in this direction of research was motivated, with the goal of the
management of the statistical properties of complex systems and in this direction several
results for probabilistic cellular automata were shown.

2. Self-Consistent Transfer Operators for Coupled Circle Maps, Heuristics and
Formalization

Since the study of self-consistent transfer operators is strongly motivated by the applica-
tions to systems of globally interacting maps, in this section we briefly introduce a model
representing the dynamics of a large number of coupled maps in a global mean field
interaction and the associated self-consistent transfer operators. We will see how the
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formalization of such interaction leads to the study of a self-consistent transfer operator
of the kind defined at the beginning of the introduction.

We remark that in this paper we only consider discrete time dynamical systems. In
the continuous time case, the models one is lead to consider are related to the topic
of Vlasov-type differential equations, we suggest the recent surveys [12,23] and the
references therein for an introduction to the subject.

We are now going to define more precisely the self-consistent transfer operators
associated with a set of dynamical systems coupled by a mean field interaction. One
can think the set of interacting systems as a continuum, endowed with a measure, as
for instance a swarm of interacting particles distributed by a certain density in different
parts of the space. We take this point of view and we consider the case in which the set
of systems we consider is a measurable space M with a probability p. The set M can
be finite or infinite and in each case we can define the self-consistent transfer operator
associated with the system. We remark that one could see the case where M is infinite
as a suitable limit of finite sets and define the self-consistent transfer operator associated
with the global coupling of infinitely many systems by a suitable limit of finitely many
couplings (see [6,33,41] and Footnote 2 for further details on this approach).

Let us fix some notation and terminology: let us consider two metric spaces X, Y,
the spaces of Borel probability measures PM(X), PM(Y) on X and Y, and a Borel
measurable F' : X — Y. We denote the pushforward of F as Ly : PM(X) - PM(Y),
defined by the relation

[Lr()](A) = u(F~'(A))

for all © € PM(X) and measurable set A C Y. The pushforward can be extended as a
linear function Lr : SM(X) — SM(Y) from the vector space of Borel signed measures
on X to the same space on Y. In this case L r will be also called as the transfer operator
associated with the function F.

We now define a model for the dynamics of a family of dynamical systems interacting
in the mean field. For simplicity we will suppose as a phase space for each interacting
system the unit circle S' and we will equip S! with the Borel o —algebra. We consider
an additional metric space M equipped with the Borel o —algebra and a probability
measure p € PM(M). Let us consider a collection of identical dynamical systems
(S', T);, withi e M and T : S! — S! being a Borel measurable function.

The initial state of this collection of interacting systems can be identified by a point
x(0) = (x; (0))iem € (SHYM (we suppose i — x;(0) being measurable). Let X <(SHM
be the set of measurable functions M — S!. We now define the dynamics of the
interacting systems by defining a global map 7 : X — X and global trajectory of the
system by

x(t+1) :=Tx())

where x(7 + 1) is defined on every coordinate by applying at each step the local dynamics
T, plus a perturbation given by the mean field interaction with the other systems, by

xi(t+1) = Os x¢) o T(x; (1)) ()

for all i € M, where ®5 () : S!' — S! represents the perturbation provided by
the global mean field coupling with strength § > 0, defined in the following way: let
mgi : R — S! be the universal covering projection, let us consider some continuous
function & : S! x S! — R, where & (x, y) represents the way in which the presence of
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some subsystem in the state y € S!' perturbs a certain subsystems in the state x € S';
we define @ x() as

Psx() (x) = x + 751 (8 /M h(x,x;(t)) dp(j)) 3)

(j = h(x,x;(t)) can be viewed as a function : M — R)2. Consider the function
Iy, : M — S! defined by

Iy (i) = xi(1).

We remark that with these definitions, for all ¢+ € N, Ix, is also measurable. We
say that the global state x(¢) of the system is represented by a probability measure
pxy € PM(SY) if

Mx(t) = [Ix.:1+(p)

(the pushforward of p by the function /x ;). Now we see how the measures representing
given initial conditions evolve with the dynamics.

Lemma 1. Let us consider the system (X, T) defined above. Let i € PM(S"), letus
consider

D5 (x) :=x + 751 (8 /Sl hix,y)du(y)).

Suppose the initial condition of the system X(0) is represented by a measure jix(), then
x(1) = 7 (x(0)) is represented by

txy = Loy, o o (Ux(0))-

Proof. Since two probability measures are identical if they act in the same way on
continuous functions, we prove that for all continuous g : S' — R, we have [ gduxa) =
Jgd Lo, ux<o)°T('““X(0))' By applying several times the change of variable formula, we

have

/ gd,ux(])=f gx; (1) dp(j)
St M
- /M 2(®5.x0) 0 T'(x;(0)) dp(j)

2 The set M can be finite or infinite. In the case M = M, = {1, ..., n} is finite we consider a finite set
of interacting systems. In this case a natural choice is to set p as the uniform distribution p; giving to each
system the same weight % We remark that in this case (3) becomes

8 n
P (1) (¥) = X+ 71 (= D hlx, (). “
j=1

One approach to the definition of the dynamics of a system made of infinitely many globally interacting maps
is to start by the case of n interacting maps and then considering the limit forn — oco. The perturbation ®5 (4
induced by the interaction between the systems is defined as a suitable limit of 4. This might raise some
technical problem in selecting states and the assumptions for which the limit converge. With our approach we
might also consider an infinite space of interacting systems as a limit of a finite interacting family. In this case
it is sufficient to see (M, p) as a suitable limit of (M, py).
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= /S] 8o Dsx) o T(y) diux()(y)

= /sl g dL g )01 (Ux(0))-

But since x(0) is represented by 1x(0)

P@s,x(0) () = x + ﬂsl(t?/ h(x,x;(0)) dp(j))
M
= Ps, 100 (x)
leading to the statement. O

Hence the measure representing the current state of the system fully determines the
measure which represents the next state of the system, defining a function between
measures

w—> Las ot ().

This function is an example of what in the following section we will consider as a self-
consistent transfer operator. In the case of coupled systems (X, 7") described above, to
describe the evolution of a certain probability measure representing the global state of
the system we hence apply at each time a transfer operator from a family of the kind

Ls = Los,or = Laos,LT.

Each operator Ls , can be seen as the transfer operator associated with the dynamics of
a given node of the network of coupled systems, given that the distribution of the states
of the other nodes in the network is represented by the measure .

We remark that the extended system (X, 7°) above described can be identified by the
choice of the phase space S! , the local dynamics T, the strength of coupling 8 and the
coupling function /. Hence it can be identified as the quadruple (S!, T, 8, h).

3. Self-Consistent Operators, the Existence of the Invariant Measure

General standing assumptions and notations. Motivated by the class of examples
described in the previous section, given a compact metric space X we consider a family
of Markov operators Ls ,, : SM(X) — SM(X) depending on a probability measure
€ PM(X) and é > 0. In our statements, we will apply the operators L, to different
strong and weak spaces of measures which are subspaces of SM (X). We now introduce
the notations and the basic assumptions to formalize this. Let (B, || ||) be a normed
vector subspace of SM(X). In the paper we will suppose that the weak norm || ||, is
strong enough so that the function © — ©(X) is continuous as a function : B,, — R and
that ||u, — pllw — O for a sequence of positive measures u,, implies that p is positive.
Let P, := By N PM(X) the set of probability measures in B,,. We will suppose that
P,, with the metric induced by || ||,, is a complete metric space.

A self-consistent transfer operator in our context will be the given of a family of
Markov linear operators such that Ls ,, : By, — B, forall u € Py, some é > 0 and
the dynamical system (P, Ls) where Ls : P, — P, is defined by

Ls() := L5 u(p). ®)
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In the notation £s we emphasize the dependence on § as in the following we will be
interested in the behavior of these operators for certain sets of values of § or in the limit
8 — 0. We also point out that here and in the following we will use the calligraphic
notation £ to denote some operator which is not necessarily linear and the notation L to
denote linear operators.

In the following we will apply linear operators on spaces with different topologies.
If A, B are two normed vector spaces and L : A — B is a linear operator we denote the
mixed norm || L] s p as

ILlasp:= sup  [ILf]5.
feAlflasl

Remark 2. In the case where Ls ,, is the transfer operator associated with a map T, :
X — X to this dynamical system one can also associate the skew product dynamical
system (A x X, F)on A x X where F : A x X - A x X is defined by

F(u, x) = (Ls(w), Ts pu(x))

(see also [5]). One can remark that in the case u is a fixed point for Ls the associated
dynamics will be nontrivial only on the second coordinate, where T3 , represents a
map for which p is an invariant measure. Hence by the classical ergodic theory results,
finding the fixed points of L gives important information on the statistical behavior of
the second coordinate of the system F.

We will hence be interested in the dynamics L considered on a space of measures, and
on the properties of its fixed points. In particular we will be interested in the attractiveness
of these fixed points (which will determine the convergence to equilibrium of the global
system) and to the stability or response of these fixed points with respect to perturbations
of the global system.

Standing assumptions 1. In this section we will use the following standing assumptions
and notations.

Let By, as above, and let By be a normed vector subspace (B, || [|s) S (B, || [lw)-
Suppose || ||s > || |lw. We also denote by P := P, N By the set of probability measures
in B;. We suppose Py # (. We will also suppose that there is M > 0 such that as u
varies in Py, the family L , is such that ||Ls ,||p,—B, < M and ||Ls ,||p,—pB, < M.

We now prove general statements regarding the existence and uniqueness of regular
(and then physically meaningful) invariant measures for self-consistent transfer opera-
tors. We remark that since our transfer operators are not linear, the normalization of the
measure to a probability one is important in this context. In the case in which we put
no restrictions on the size of the parameter § representing the nonlinearity strength, by
a topological reasoning we prove a general result on the existence of invariant proba-
bility measures (Theorem 3). We then suppose that the parameter § is below a certain
threshold, and in this weak coupling regime we also prove some unique existence re-
sult (see Theorem 4). We remark that in the weak coupling regime similar results have
been proved in several cases of extended systems (see e.g. [6,26,34]), also showing the
uniqueness of the invariant measure in a certain class. It is known on the other hand that
as the coupling strength grows, phase transitions phenomena can occur, leading to the
presence of multiple invariant measures (see [4,44] for a case not arising from coupled
maps in which the uniqueness of absolutely continuous invariant measures is lost for all
§ > 0).
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Theorem 3. Suppose that there exists m,, : By, — Bs, a linear projection of finite rank
n which is a Markov operator with the following properties: there is My > 0 and a
decreasing sequence a(n) — 0 such that for alln > 0

||7Tn||Bw—>Bw < Mo,
1700 l| By— B, < Mo (6)

and

Hn f = fllw < a@)l] flls- )

Let us suppose that ,,(Py) C Py and w,(Py,) is bounded in By. Let us fix § > 0 and
suppose furthermore that:

Exil there is M\ > O such thatVuy € Py and f € Py, which is a fixed point of L,
it holds

flls = My

Exil.b V| € Py, n € Nand forevery f € Py, which is a fixed point for the finite rank
approximation 1w, Ls 7,7 of Ls ., it holds

flls = My

Exi2 there is K1 > 0 such that Vi1, uy € Py,

ILs, ., — Ls,usl1By— B, < K111 — p2llw.

Then there is |t € P such that

Lsp = .

and

llls = M. (®)

To understand the assumptions made we suggest to think of B,, as a weak space, for
example L' and of By as a stronger space in which regular fixed points of the linear
transfer operators L, are contained, for example, in the case of transfer operators asso-
ciated with expanding maps, one can think of By as some Sobolev space. The projection
7, allows to reduce the problem to a finite dimensional one and find fixed points of the
finite dimensional reduced operators by the Brouwer fixed point theorem. In concrete
examples 7, could be a finite dimensional discretization, as the Ulam discretization
or similar. The assumptions (Exil), (Exil.b) tells that the invariant measures of the
original and discretized operators are unifornmly regular, and can be verified in concrete
examples by showing that these operators satisfy a common Lasota-Yorke inequality.
The assumption (Exi2) in some sense says that the family of operators Ls ,, depends
on u in a Lipschitz way, considering a (weak) mixed norm topology. The assumptions
made are then quite natural for a family of transfer operators depending on a parameter.
An interesting corollary of Theorem 3 is Proposition 16, establishing a general statement
for the existence of an invariant probability meaure for general continuous maen field
coupled maps, even outside the weak cupling regime.

Proof of Theorem 3 Without loss of generality we can suppose that each operator Ls_,
is such that ||Ls ,||B,—B, < Mo, ||Ls,ullB,—B, < Mp. First we prove that under

w
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the assumptions of the theorem, given a sequence u; of probability measures which is
bounded in By there is u € P, and converging subsequence (;, — [, converging in
the weak topology. Indeed let i; be such a sequence, with || ||s < M>, let us consider
Vp,i i= muypui. Since m, is Markov this is a sequence of probability measures. By (6)
this sequence is bounded in B, and belongs to the finite dimensional space , By, then
it has a converging subsequence v, ;,, — v, where we denote by i, x a sequence of
indices for which we have this convergence. We remark that this indices can depend on
n. Since Py, is complete for the weak norm (see Standing assumptions 1) we also have
that v, € Py. By (7), for all n and k we have ||v, i, , — ti,, |lw < a(n)M,. Without loss
of generality we can suppose that i, ; is a subsequence of i, x (suppose we selected
the sequence of indices i, 1, then we can select the subsequence v, ;, , — v, only
from the indices belonging to i,  since v,—1;,_, , is also a bounded sequence, and so
on for all n by induction). In this case, for m > n we have

”Vm,im,k - Vn,im,kHw = ||Vm,im’k - Mim,kHw + ||Vn,i,,,,k - l/Lim.kHw
< 2a(n)M,.

Since this is true for all k, by taking the limits it holds that ||v, — v, ||w < 2a(n) M3 and

hence v, is a Cauchy sequence of probability measures in P,,. By the completeness of
Py, the sequence v, will then converge to some v € Py,. We also have that vy ;, , — v
in By and since ||vg i, — Migillw < a(k) M, we also have w;, , — v in By, finding a
converging subsequence as claimed.
Let us consider a finite rank approximation of Ls, defined by
ES,n(H) = nnLS,ﬂn;Lﬂn(M)~
We now prove that Ls , is a continuous function P, — P,, indeed let u € Py, v €
By, such that u + v € P, we have
[Lsn(p+v) — Ls n(W)|lw < ||7TnL5,n,,(p,+u)7Tn(M +v) — nnLB,ﬂn/Lﬂn (W w
= ||7Tn||Bw—>Bw[||L<S,7rn(p.+v)77n(,u +v) — Lé,nnunn(ﬂ +)|w
+||L5,ﬂ,,/¢77n(lfb +v) — L(S,nnu”n (W w]
< l7ull By — B U Ls, 7, (utv) T (1) + L 7, () T (V)
_L(S,JT,I;L]TV! () — LB,nn;ﬂTn Wlw
+||L8,nnu77n (n+v) — LB,JT,I/LT[IZ (W w]

and
L s, 27T (1 + 1) = L 17T (W[ < M2 V]|
while using (Exi2)
1L s, )T () — L 70 (|l < 8K 1 {17000 ]| 17701215
s 7, (o) Tn (V) = L Ta W) |l < 2M[[v] |
hence
Lsn (1 + ) = Ls (W)l < MIM?* + MK, ||7apalls + 2M>][[]]y.

By assumption 7, Py, is bounded in By, this shows that ||, 1t||s is uniformly bounded
as p ranges in Py, and then Ls , (1) is Lipschitz continuous P,, — P,,. Note that since
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P, is a convex set, 7, Py, is a finite dimensional convex and bounded set. Now let us
see that this is also a closed set in B,,. We will deduce that it is compact. Suppose
pi € m, P, < Py is a Cauchy sequence for the B, norm. Since P, is complete
this will converge to a point w of P,. But 7, B,,, being a finite dimensional vector
space, is a closed space, then w € m, By,. Suppose w = m,(u) with u € By, since
w = m,(mau) = m,(w) andw € Py, thenw € m, Py,. By this 7, P, is a closed subspace
of By,. Since 1, P,, is a bounded, convex and closed subset of a finite dimensional space,
then it is homeomorphic to a closed disc (see e.g. [14], Corollary 1.1.1). We have that
Ls.n is continuous on 7, Py, and Ls , (7w, Pyy) < 7, Pyy. Then by the Brouwer fixed point
theorem there is u, € m, P, such that

Eé,n(ﬂn) = Un.

This means that 7, Ls z, 1, 7 (tn) = i, and then by Exil.b we have that for all
n € N, [|[unlls < M;. As we proved above u, has then a converging subsequence
fn, — [ in the weak norm to some element ji € Py,.

Now let us prove that

Ls(ft) = fi.
In fact we have forall k > 0
Lsjt = L5 p (L — pn) + Ls o (ny)- €))
Since ||/t — ftn,|lw — 0, and the operator L; ; is bounded then
Ls p(uny) = Lsft
in the weak norm. By Exi2
Ls () — Lo, () Hw < SK1IL — tng w1 1ng |15
which by Exil.b becomes
L5 o (n) = L, (n) N < SK1 Myl — png |
and then
Ls i, (tn) — Lsfd
in the weak norm. Since u,, = 7y, |1y, We also have that
L, i () = Loebng = Ly, (W) — Ty L, pu, (bony)
and then by (7)

A

L5,y ) = Lo il < @GN Lo, oy, 1, 1o
a(np)MM, — 0.

IA

We then proved that
Cé,nk Mny —> Lspt.
Since

£5,nk Mny = Mny
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then we get
/l = lim My = ‘65(/;1)
k— 00

proving the invariance of /i.

Now we are only left to prove that ||/i||; < M. Since L; 5 (1) = 1 this directly
follows from (Exil). |

Theorem 3 gives general, sufficient conditions for the existence of the invariant prob-
ability measure of a self-consistent operator, but it is hard to apply it constructively to
approximate the invariant measure. Furthermore it does not give information about the
uniqueness.

Now we prove a kind of constructive existence and uniqueness result in the case of
weak coupling. Before stating the result, as a general remark on the uniqueness of the
invariant probability measure we show that when § is small and the operators L, are
statistically stable in some sense, different invariant probability measures in By, of the
associated L£s must be near each other. Indeed, suppose that each operator of the family
Ls,, with§ > 0 and u € Py, has a unique fixed probability measure in By, which we
denote by f,, € P, and suppose there is F' : R — R such that Vi1, o € Py,

1 fir = fuallw = F(8).

If u, v € Py are invariant measures for Ls, this implies that u = f,, and v = f,. Then
we have

e = vlw =11 = fullw < F().

In the case lims_, o F(6) = O we see that when § is small different invariant measures of
L5 must be near each other. In the following statement we then suppose a strong stability
property (see (Exi3)) for the invariant measures of the operators Ls , as p vary.

Theorem 4. Suppose there is § > 0 such that for all 0 < § < § the family Ls, u satisfies
(Exil) and (Exi2) uniformly (with the same constants for each such §). Suppose that
Py, contains some probability measure w with ||i|lw < My (where My is the constant
coming from (Exil)). Suppose that for all 0 <8 <8 and . € Py, with ||it]|w < M1,
L5, has a unique fixed probability measure in Py, which we denote by f,. Suppose
Sfurthermore that the family Ls , satisfies the following:

Exi3 there is Ky > 1 such that Vi, o € Py with max(||m1||w, [|2]lw) < M)

I fin = funllw < 8Kallr — p2llw-

Then for all 0 < § < min(g, K%), there is a unique @ € Py, such that

Ls(p) = .

Furthermore p = limg_ oo g where i is any sequence defined inductively in the
following way: let uo be some probability measure in Py, with ||pollw < My, then

is the fixed probability measure of Ls .., |t in Py, ; is the fixed probability measure
of Ls,;;_, in Py and so on.
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While the assumptions (Exil), (Exi2) and the uniqueness of the fixed probability
measure in Py, for the family L; , can be easily verified for a large class of examples,
including families of transfer operators coming from piecewise expanding maps, the
assumption (Exi3) imposes some stronger requirements on the kind of systems we can
consider when applying this statement.

The assumption (Exi3) correspond to a Lipschitz quantitative stability for the fixed
points of the operators in the family Ls , when the operators are perturbed by changing
(. This is a strong assumption which is however satisfied for many interesting systems,
as expanding and uniformly hyperbolic or many random ones, but it is not satisfied for
other systems like piecewise expanding maps for perturbations changing their turning
points. We remark that indeed self-consistent transfer operators arising from piecewise
expanding maps show a complicated behavior from the point of view of the uniqueness
of the invariant measure [44].

Proof of Theorem 4. Let us consider 8§ such that
0<6< Ky L (10)

Let us consider some 0 < § < 8. Let fy € P, with || follw < Mj. Let fi € P; be
the fixed probability measure of Ls g, in By, again || fi|l, < M. Now, Ls 7 has a
fixed probability measure which we will denote by f,. We also have || f2||,, < M;. By
(Exi3)

I1f1 = f2llw = 8Kzl fo — fillw-

Now let us consider the linear operator Ls_ ,, this operator has a fixed probability
measure f3 € By with || f3]], < M;. We get

1f3 = fallw < K281l f2 = fillw < (K281 fo = fillu-

Continuing as before, this will lead to a new fixed probability measure f4 with
1fa = f3llw < (K28)*(| fo— fillw and so on, defining a sequence f; with || fi|l, < M)
and || f — fi1llw < (K281 fo — fillw. Since (K28)¥ is summable, f; is a Cauchy
sequence in Py,.

Since P, is complete this sequence has a limit. Let f := limg_ oo fx € Pw. By
(Exil), fiisalsouniformly bounded in B;. Now we can prove that L5 (f) = Ls, s (f) =
f. Indeed

Ls.r(f) = Ls, s (lim fi)
k—o00
= lim Ls r(f%)
k—o00
because of the continuity of Ls, ¢ in the weak norm. Furthermore

Am Ls p(fi) = Hm Lo (fi) = Lo, fey (fi) + Lo, ey (fi0)
= Mm Ls ¢ (fi) = L. fiy (fi) + fi

because Ls 5, (fx) = fi. However, by (Exi2) there is K1 > O such that ||Ls ;,, —
Ls u,11B,— B, < K16||;t1 — p2llw and using this together with (Exil) we get



Self-Consistent Transfer Operators: Invariant Measures, Convergence to Equilibrium, Linear... 729

[ILs, r(fi) = Ls, fiy (fi)llw < K1 f — fe—tllwll fills
< KMyl f = fi—1llw e 0.

Then in the B, topology
Ls p(f) = lim Ls ¢(fx) = lim fi = f.
k— o0 k— o0

Regarding the uniqueness, suppose (11, u2 € Py, areinvariant for £s. Then Ls ,,, (141)
= py and Ls g, (12) = p2. By (Exil) we have max(||u1|lw, [|#2]lw) < M) and then

by (Exi3) we have ||u1 — p2llw < 8Ka|lur — pally, implying ||u1 — pally = 0
because K»§ < 1. m]

Remark 5. The way the fixed point f is found in the previous proof is constructive,
provided we have a mean of finding the invariant measures of the various operators Ls, 7,
(which is possible in many interesting cases by some suitable finite element reduction).
In this case f can be approximated by the sequence f; — f and the proof also provides
an explicit way to estimate the convergence rate of this sequence, which is exponential.

4. Self-Consistent Operators, Exponential Convergence to Equilibrium

Theorems 3 and 4 give information about the existence of fixed probability measures
for the self-consistent operators but gives no information on whether they are attractive
fixed points. In this section we address this question, giving general sufficient conditions
for this to hold. In the case where the invariant probability measure is attractive we have
that the associated system has convergence to equilibrium in some sense, since iterates
of some initial probability measure will converge to the invariant one. It is important
to estimate the speed of this convergence. In the case of weak coupling we will show a
set of general conditions implying exponential speed of convergence to equilibrium for
self-consistent transfer operators.

Standing assumptions 2. In this section we will consider a setup similar to the one in
the previous section, with strong and weak spaces By and By, and a family of Markov
bounded operators L, satistyfing the General Standing assumptions and the Standing
assumptions 1 stated at beginning of Sect. 3. We will also consider a stronger space
(Bsss || lss) with norm satisfying || ||ss > || ||s. We denote by Pg, the set of probability
measures in By, We will suppose that for all 4 € Py, and § > 0 the operators Ls ;, :
B;; — By are bounded and that P, is a bounded set for the B,, norm. We will consider
furthermore the following assumptions:

Conl The operators L, satisfy a common “one step” Lasota Yorke inequality. There
are constants 3, B, 1 > 0 with Ay < 1 such that for all f € By, u € Py,
0<6<$

{ L5, f Tl = 11£ 1l an
Lo flls < MUl + Bl L

Con2 The family of operators satisfy an extended (Exi2) property: thereis K > 1
such that for all f € By, u,v € Py,,0 <85 <$§

(L5, — Ls,w) (OB B, = 8Kl = vlw 12)
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andVf € Bgs, u,v € Py

[[(Ls, . — Ls,v)()IBy—B, <Kt — vllw.

We remark that by (12), when § = 0 Ls,, Ls, : By — B, are identical
operators for all u, v € B,. We hence denote this operator as Ly. We also
suppose that for all f € B;, v e Py,,0<6 <§

I[(Lo = Ls ) (B~ B, < IK|[V]]w- 13)

Con3 The operator Lo : By — By has convergence to equilibrium: there exists a;, > 0
with a;, — O such that foralln € Nand v € V;

I1LG ()| lw < anllvlls (14)
where
Vs = {n € Bs|u(X) =0}

We remark that the assumption (Conl) implies that the family of operators Ls ,, is
uniformly bounded when acting on By and on By, as u varies in P,3.

We also remark that the convergence to equilibrium assumption is sometimes not
trivial to be proved in a given system, but it is somehow expected in systems having some
sort of indecomposability and chaotic behavior (for instance some kind of topological
mixing, expansion, hyperbolicity or presence of noise, see also Remark 40).

The following statement estimates the speed of convergence to equilibrium for self-
consistent transfer operators L£s when § is small.

Theorem 6. Let Ls ,, be a family of Markov operators satisfying the Standing assump-
tions 2 (including (Conl), ..., (Con3)) for some 8 > 0 and that

sup  ||Ls,;llByy— By, < +00. (15)
I‘LEP'IIMSSS

Let us consider for all § < 8 the self-consistent operator L defined as in (5), suppose
that for each such § there is an invariant probability measure s € Pgg for Ls and
suppose that

sup || usllss < +00. (16)
§<é

Then ther_e exists 8 such that 0 < 8 < & and there are C,y > 0such that foralln e N,
0 <38 <6, v e Py we have

L5 (W) — pslls < Ce [y — pslls. a7

We remark that the convergence speed estimates provided in (17) are in the strong
norm. These estimates are uniform for § small enough and uniform in v. We also remark
that since there is the strong norm on both sides of the inequality, (17) is similar to
a spectral gap estimate, rather than a convergence to equilibrium estimate (where the
regularity of the measure is estimated in the strong norm and the convergence is in the
weak one, resulting in a weaker estimate).

Before the proof of Theorem 6 we prove several results on the convergence to equi-
librium of a sequential composition of operators in the family Ls ;. In particular it will
be useful to prove a Lasota Yorke inequality for such a composition.

3 We recall that since # — (X) is continuous, Vj is closed. Furthermore Yiu € Py, Lg , (Vs) € Vs.
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Lemma 7. Let Ls , be afamily of Markov operators satisfying (Conl). Let 1, ..., by €
P, and

L(n) := LS‘M,. o L(g’“n_l 0..0 L(S,,U-I (18)
be a sequential composition of operators in such family, then

HL@) fllw = 11w 19)

and

B
1—

L) flls < A7IS s + . I1f - (20)

Proof. The first inequality is straightforward from (Conl). Let us now prove (20). We
have

Ls,u flls = Atllflls + Bl llw

thus
||L5,,u2 o LS,m (f)”s <A ||L8,/L2f||s + B”LS,/sz“w
< AU flls + 2Bl fllw + Bl f llw
<31 £lls + A+ 2D B fllw
Continuing the composition we get (20). O

Lemma 8. Let § > 0 and let L(n) be a sequential composition of operators Ls ,,; as
in (18) with i € {1, ...,n} and u; € Py, satisfying the above Standing assumptions 2
(including (Conl),...,(Con3)). Let L be the operator in the family for § = 0 as defined
in (Con2). Since Py is bounded, let us denote by Q := sup,cp ||t|lw. Then there is
C > 0 such thatVg € Bs,Vn > 0

IIL(mg — Logllw < QK (Cliglls +n l1gllw)- 2

1—2
where B is the second coefficient of the Lasota Yorke inequality (11).

Proof. To shorten notation let us denote for i € {1, ...,n}, L; := Ls ;. By (Con2),
equation (13) we get

lILog — Ljgllw = 8K|lujllwllglls = dQK][glls-

The case n = 1 of (21) directly follows from (13). Let us now suppose inductively

L — g = L glly < QK (Cpillglls + (2 — 1) l1gllw)

1—x
then
ILyL(n — 1)g — Liglly
< |ILyL(n — g — L,Li 'g + L, Ly 'g — Ligllw
< |ILyL(n — 1)g — Ly Lt gl + [|Ly L' g — Ligl|
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< 8QK(Chllglls +(n =1 llgllw) + 1Ly — Lol(L§™" &)llw

1— A
<SQK(Cp-1llglls +(n —1)

I8l +3QK|ILy " glls

= SQK(Cpllglls +(n =1 llgllw)

1—X
l1gllw)

B
+8QK W |glls +
1—X

< 8QK[(Co1 + 2 Dliglls) +n Kllgllwl-

1—Xx

The statement follows from the observation that continuing the composition, C,,
remains being bounded by the sum of a geometric series. O

Next statement is inspired by the methods developed in [18] and allows to estimate
the speed of convergence to equilibrium of a sequential composition of linear operators
satisfying the Standing assumptions 2 (including (Conl),...,(Con3)). The statement is
in some sense homologous to Proposition 2.7 in [11].

Proposition 9. Let us consider § > 0 and a family of operators L, satisfying the
Standing assumptions 2 (including (Conl) ,...,(Con3)). Let us consider a sequential
composition L(n) as above. Let us fix n1 > 0 and consider the 2 x 2 matrix M defined

by

A”l B
M = ! 1= .
SQKC +ay, 5QKn1%

Under the previous assumptions for any g € V the following holds:
(i) for all integer i > 0 the norms of the iterates L(in1)g are bounded by

LGl ( 1lglls
<||L(in1>g||w) =M (||g||w>'

Here < indicates the componentwise < relation (both coordinates are less or equal).
.. . . . . a
(ii) Let p be the maximum eigenvalue of M, with eigenvector ( b) . Suppose

a,b>0anda+b =1, let us define the (a, b) balanced-norm as
l1gllea,p) == allglls + blIg]lw-
In this case we have
LG8 @by < o118l @b (22)

Furthermore, the situation in which p < 1, a, b > 0 can be achieved if ny is big enough
and § small enough. More precisely, fixing ny large enough we have that p = p(§) can
be seen as a function of 8. There is some §1 < 1 such that

p1=sup p(§) <1 (23)
§<81

and there is a positive eigenvector of p(8) for § < 61.
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As a consequence we also have

ILGnDglls < (1/a)p'lIglls,
and
ILGin1)gllw < (1/b)p'[1glls-
For the proof of Proposition 9 the following lemma will be useful

Lemma 10. Let us consider real sequences a,, b, such that a, > 0, b, > 0 for all
n € N and ay, b, — 0, real numbers §, A, B, C > 0 and a real matrix of the form

b, 6B +ay
A énC )
Then thereisn; > 0,8 > 0and 0 < 0 < 1 such that forall 0 < § < 8 the matrix
by, 8B +ay,
A onC

has largest eigenvalue p such that 0 < p < p and an associated eigenvector (a, b),
such thata, b > 0.

Proof. Fixing n and letting § — 0, the matrix [i‘ 0 ) has maximum right eigenvalue

/h2
1b + 2,/1)2 + 4 Aa, with eigenvector ( 2A (b + lb + 4Aa"> ) . Now if we take n

big enough we can let 0 < %b %‘ /b2 +4Aay,, < 1 and then for sufficiently small 6
the statement holds. O

Now we are ready to prove Proposition 9.

Proof of Proposition 9. For the proof of (i): let us consider n1 > 0 and go € V; and let
us denote g; = L(in1)go. By Lemma 7 we have

B
llgi+1lls < )¥1 llgills + ||gl||w (24)

By Lemma 8, assumption (Con3) and (14) we get

lgi+1llw < 11Ly' 8illw +8QK (Cllgills +n1

B [1gillw)
1= 8illw

(25)

B
< an |18ills + QK (Cllgills +n —n l1gillw)-

1

Compacting (24) and (25) into a vector notation, setting v; = ( ||||§f||||s > we get
rliw

)\‘nl B
viel < ! P ) v = Mo (26)

(SQKC'F(J,” 5QK}’llm
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We remark that the matrix M does not depend on g and depend on the operators
in the family L ,, composing the sequential composition L(#n) only by their common
coefficients A1, a,,, K, B coming from the assumptions (Conl), ..., (Con3). Further-
more, since M is positive, v; < vy implies Mv; < Mv;. Hence the inequality can be
iterated and we have

v <X Mvgy, v < Mv; < M2vo...

proving (i). To prove (ii) let us consider the (a, b) balanced-norm: ||gl,») = allglls +
b||g|lw- The statement (i) implies

18illw

—ap i (Nl )
= (@.5) (||80||w

i1 [ llgolls

iT 7 ( 1lgolls
<[ (@, b)"] <||g0||w>’

i T:T [lgolls
=lp-(@b)] '(||go||w>’

hence

IILGn1)goll@.p) < P80l @.b)

proving (ii). The remaining part of the statement is a direct consequence of Lemma 10.
O

We are ready to prove the main statement of this section.
Proof of Theorem 6. We need to estimate ||L§(v) — uslls . Let us denote by v, the
sequence of probability measures where vi = v and v, = Ls,,, ,V,—1. The sequence
L5 (v) can be seen as a sequential composition
L5w) = L(n)(v)
where using the same notations as in (18)

L(n) = Ls,, oLs,, ;0..0Ls,,.

We remark that by the assumptions, [|Ls,y,||p,— g, are uniformly bounded. Let us
estimate this by

L) (v) = Ly (us)lls < [ILM)(v) — L) (us)lls + L) (rs) — L5 (1)l ls-
27
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Since our operators satisfy (Conl),...,(Con3) and v — us € V we can estimate

IIL(m)(v) = L(n)(us)lls = [IL(n) (v — ps)lls (28)

using Proposition 9.4

Letny, 81, p1 and || ||(a,») the parameters and the norm found applying Proposition 9
(see in particular (23)) to (28). Let us consider § < §;. We remark that the norm || ||(4.5)
also depends on 4.

To simplify notations let us define a general constant that will be used in the estimates.
Let

M; = max(1 + B, ||usllss, sup ||Ls pullBy— Bys» SUp |1Ls,ullB,—B,)
HE Py, He Py,

and

M = sup (Ms).
§<81

By the assumptions (15), (16) we have that M; < co. To find § < & satisfying our
statement we are going to impose a further condition to the parameter § which is again
satisfied for § small enough. Let us state this condition: let us define for all n > 0, by
induction the following sequence

Co=1, C, = M{Cy_. (29)
Let
My := KCpni (KM + 1)". (30)
Now let us fix 8 > 0 such that
p2 = (p1+38M>) < 1. (31
We now see why this condition is sufficient for our statement to hold. We have indeed

L () (o) — L5 (1)l @by = I1Lsv,--Lo,vyits — L s (1)l (a,b)
< |ILs,vy---Ls,vyibs — Ls s Ls v,y ---Ls v sll(a,b)
+Ls s Lo,v, Lo ks — L 11 (16 a.b)-
We recall that by (Con2)

(Lsy = Ls v )@y = all(Ls vy — Ls.;) (@)l +bII(Ls.; — Lo ) @)y
< adK||v; — vjllullolls + bSK[vi — vjllullollss

IA

SK|vi = vjllwllellss-
Suppose inductively that

4 The proofis quite technical. We are going to explain its idea informally to help the reader to understand the
motivation of various estimates: by Proposition 9 we get that ||L(n)(v) —L(n)(us)||s decreases exponentially
in n. The remaining term ||L(n)(ts) — Lg,u(ug)ns is small when § is small and vy, ..., v, are close to ug
because the operators involved in the composition L(n) are all near to L, ;.

The idea is to use the balanced norm || ||(4, p) to estimate || ||s , and exploit the fact that after nj iterates
[IL(n1)(v) — L(n1)(1s)ll(a,p) is contracted by a certain factor p; < 1.

If we prove that § can be made small enough so that ||L(n1)(us) — Lg IM (148)1(a,p) is not relevant, then we

have that also \.l L(ny)(v) - ﬁg 1 ( s Ml(a,p) is coptracted. Hence continuing the iteration we have an exponential
decrease of this norm, which implies exponential decrease of the || ||s norm.
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Ls vy Lsov s — L35 () liaby < 8K Cooi([1va1 = psllw + oo + |11 = es]lw)
(32

(where C,, > 1 as defined in (29)) then
[|Ls,v, Ls,v,_y--Lov s — Ls,pusLs v,_y--Ls v Mslla,b)

< éKl|lv, — MBHwHLS,vn,l --~L5,v1 Msllss
< SMYK|[vy — sl

and
L s Lov, Lo s — Lig 1 (16| a,b)
-1
< 1L, us i 1L6,v, 1 -+ Ls,vy s — Lig s (148) | a,b)
and by (32)
1L s s+ Lo,y its — L§ s () (a,b)
< ILs,us @) K Cp—1(llvn—1 — s llw + ... + 1[vi — wsllw)
putting the two estimates together
L, Lo, its — L§ 15 (1)l (a,b)
< SMTK||vy — psllw
+OM1K Cp—1(|[va—1 — sllw + -+ [Ivi — sl lw)
< 51‘4;11{Cn—1(||‘}n = msllw + a1 — psllw + ...

et v — psllw)
< O0KCy(llve — tsllw + 1ve—1 — psllw + ... + [V — psllw)-

Now we find a coarse estimate for ||v,, — isllw, [[Va;—1 — isllw, -0 11V1 — tsllw
which will be sufficient for our purposes. Recalling that v, = Ls,,, ,v,—1 we have

[ln — msllw < ||L8,v,,,1vn—l - L(S,Ma,u&”w
< ILsvu_ Va1 — L v, sllw + 11 Ls v,_ s — L, s ttsllw

then
I Lsv,_yits — Ls usisllw < SK|va—1 — tsllw [lpeslls
||L8,un_1vn71 - LB,vn_1M8||w < |va—1 — wsllw
and
v — wsllw < llva—1 — psllw (@K [luslls +1)
< llvi—1 — msllw(EK My +1)
and then

max(||va — wsllw, va—1 = tsllw, - v = wsllw) < [lv — wsllw(SK My + D™

Finally we have an estimate for [|Ls v, ...Ls v 15 — LZ’M(MB)H(a,b) :

[ILs,v, Lo, bs — L, (16)|l@,p) < 8K Cunllv — pslluw (6K My +1)".
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Now the main estimates are ready. Let us apply Proposition 9 to (28). We get
[IL(n1)(v) — L(n1)(ts)lla.by = [IL(n1) (ks — v)|l(a.b)
< pillns = vllia,b)

with p; < 1 and then

L)) = Ly, (uo)ll@aby < IIL(1)(V) = L) (1)l la,b) (33)
+|L(n1)(us) — LE,IM () l(a,b) (34)
< pillrs — vila.p)
+8KC,11nl||v—,tL(s||w(5KM1+1)”1 35)
< (s = Vla.p) (o1 + 8K Cpyny (KMy + 1))
(36)
< (s — )l(a,b) (01 +5M2) (37)

where M) is defined as in (30). But by (31)
p2 = (p1 +8M) < 1. (38)

Taking 8§ < § we hence get that forall i > 1

[IL(in1)(v) — LS’?,L(M@)II(a,b) < P511(es — V)l ap)
proving the statement. O

Remark 11. We remark that if in the previous proof instead of considering (27) we
considered the estimate

L) — L5 (up)lls = ILO)) — LE . (1)1l
< IL)) = LY, 0l + L}, ) = LE . (o)l

we would have a much easier estimate for the summand
L ) = L ()l = 1LY, (0 = 1s)ls.

but estimating ||L(n)(v) — Lg"m(v)HS by our assumptions (Conl), ..., (Con3) would
involve a term of the kind ||v||s, which would result in a weaker final statement.

5. Statistical Stability and Linear Response for Nonlinear Perturbations

The concept of Linear Response intends to quantify the response of the statistical prop-
erties of the system when it is submitted to a certain infinitesimal perturbation. This will
be measured in some sense by the derivative of the invariant measure of the system with
respect to the perturbation. Let (Ls)s>0 be a one parameter family of transfer operators
associated with a family of perturbations of an initial operator L, with strength §, and
let us suppose that ws is the unique invariant probability measure of the operator Ls in
a certain space Bgg. The linear response of the invariant measure of Lo under the given
perturbation is defined by the limit

. . Ms — Ko
o= lim ————.

§—0 ) (39)
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The topology where this convergence takes place may depend on the system and on the
kind of perturbation applied. The linear response to the perturbation hence represents
the first order term of the response of a system to a perturbation and when it holds, a
linear response formula can be written: us = o + 18 + o(8), which is valid in some
weaker or stronger sense.

We remark that given an observable function ¢ : X — R if the convergence in (39)
is strong enough with respect to the regularity of ¢ we get

dus— [ cd
fim 4_C 4 fc“‘):/cdu (40)

§—0 1)

showing how the linear response of the invariant measure controls the behavior of ob-
servable averages. For instance the convergence in (40) hold when ¢ € L* and the
convergence of the linear response is in L'.

Linear response results in the context of deterministic dynamics have been obtained
first in the case of uniformly hyperbolic systems in [39]. Nowadays linear response
results are known for many other kinds of systems outside the uniformly hyperbolic
case and also in the random case (see [3] for a survey mostly related to deterministic
systems and the introduction of [15] for an overview of the mathematical results in the
random case).

In the case of coupled hyperbolic map lattices with short range interaction, results
on the smooth dependence of the SRB measure were obtained in [24,25]. In the case
of all-to-all coupled maps with mean field interaction and hence in the context of the
present paper, linear response results were shown in [41]. Still in the context of all-to-all
coupled maps, the works [45,46] show numerical evidence of the fact that it is possible
for a network of coupled maps to exhibit linear response, even if its units do not.

The interest of the study of the self consistent transfer operators in a weak coupling
regime motivates the study of the response to nonlinear perturbations of linear operators.
In this section we prove some stability and linear response results for the invariant
measures of a family Ls of such operators in the limit 6 — 0 in the case where the limit
operator Ly is linear. We remark that in [40] an abstract result is proved which can be
also applied to the linear response of fixed points of nonlinear operators under suitable
perturbations.

Standing assumptions 3. In this section we consider the following general setting
similar to the one considered in [15] (see also [16,27]) for families of linear operators
and independent of the standing assumptions from the previous sections. Let X be a
compact metric space. In the following we consider three normed vector subspaces of
SM(X), the spaces (Bss, || llss) S (Bs. |l IIs) S (Buw, || llw) & SM(X) with norms
satisfying

Il < 1 lls =< 1 llss

We remark that, a priori, some of these spaces can be taken equal. Their actual choice
depends on the type of system and perturbation under study. Again, we will assume that
the linear form p — w(X) is continuous on B;, fori € {ss, s, w}. Since we will mainly
consider positive, integral preserving operators acting on these spaces, the following
closed invariant spaces Vs C Vi C V,, of zero average measures defined as:

Vi = {u € Bi|u(X) = 0}
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wherei € {ss, s, w}, will play an important role (we recall that V; was already considered
in (Con3)).

Let us consider a family of functions L5 : B; — B;, with § € [O, 3). Ls will be
called a family of “nonlinear” Markov operators if:

e cach L; preserves positive measures,
e forall u € SM(X) itholds [Ls()](X) = u(X).

The following is a “statistical stability” statement for a suitable family of such oper-
ators, showing sufficient conditions under which the invariant probability measures of
these operators are stable under small perturbations of the operators.

Theorem 12. Let L5 : Bi — B; with§ € [O, S) be a family of “nonlinear” Markov
operators. Suppose that Ly : By — By is linear and bounded. Suppose that for all
S € [0,3) there is a probability measure hs € Bgg such that Lshs = hs. Suppose
furthermore that:

(SS1) (regularity bounds) there is M > 0 such that for all § € [O, 3)
||h8 ”ss <M.

(SS2) (convergence to equilibrium for the unperturbed operator) There is a sequence
an, > 0 with a, — 0 such that for all g € Vi

”‘cgg”s < anllgllss-

(SS3) (small perturbation) Let Boyy = {x € Bys, ||x||ss < 2MY}. There is K > 0 such
that and Lo — Ls : Boyy — By is K§-Lipschitz.
Then

lim ||hs — holls = 0.
§—0

Remark 13. The convergence to equilibrium assumption in (§S2) is required only for
the unperturbed operator Lo, which is a linear operator. We also remark that under this
assumption A is the unique invariant probability measure of Lg in By;.

Proof. Let us estimate ||hs — ho||s exploiting Lshs = hs in the following way:

lhs — holls < IIL5hs — Loholls

< L5hs — Lohslls + 11 Lohs — Loholls.

Since ks, ho are probability measures, hs — ho € Vs and by (SS1), ||hs — hollss < 2M,
then because of the assumption (SS2) we have

I1Lohs — Loholls < Q(n)
with Q(n) = 2a, M — 0 (not depending on §). This implies
lhs — holls < IL5hs — Lohslls + Q).
To estimate ||[L5hs — Lyhslls we rewrite the sum L[ — Lf telescopically so that

n
(L5 — Lhs =Y LG (Ls — L)Ly hs

k=1
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- Z Lo78(Ls — Lo)hs
k=1

(note that only the linearity of Ly is used here). The assumption that ||As|ss < M,
together with the small perturbation assumption (SS3) implies that ||(Ls — Lo)hslls <
8KM as § — 0. Thus

lhs — holls = Q(n) + nMr(n)[K M] (41)

where M>(n) = max;<y(1, ||£0”33v»3y)' Choosing first n big enough to let Q(n) be
close to 0 and then § small enough we can make nM;(n)[§ K M] as small as wanted,
proving the statement. O

‘We now show a general result about the linear response of fixed points of Markov op-
erators under suitable nonlinear perturbations, the result will be applied to self-consistent
transfer operators in the following sections.

Theorem 14 (Linear Response). Let L5 : By — By Ls : Byg — By with § € [0, )
be a family of nonlinear Markov operators. Suppose that Ly is linear and bounded
: Bi — Bj fori € {w,s,ss}. Suppose that the family satisfy (SS1), (§S2), (§53).
Suppose furthermore that the family Lg satisfy

(LR1) (resolvent of the unperturbed operator) (Id — Lo)~" := Z?io Ef) is a bounded
operator Vy, — Vy,. B

(LR2) (small perturbation and derivative operator) Let Boyy = {x € By, ||x||s < 2M}.
There is K > 0 such that Lo — Ls : Boy — By is K8-Lipschitz. Furthermore,
there is Lhy € Vy, such that

Ls— L ;
fim | S =20 Aol =o. (42)
§—0 w
Then we have the following Linear Response formula
hs —h .
lim | =>—=% — (1d — £o)""Lho| =0. (43)
5—0 w

Remark 15. The assumption (LR1) on the existence of the resolvent is asked only for
the unperturbed transfer operator, which is linear. This allows a large class of perturba-
tions. In many systems this assumption will result from the presence of a spectral gap
(compactness or quasi-compactness of Ly acting on By,).

Proof of Theorem 14. By Theorem 12 we have
lim |25 = holls = 0. (44)

Let us now consider (/d — L)~ " as a continuous linear operator Vy, — Vy,. Remark
that since Lhg € V,,, the resolvent can be computed at Lh¢. By using that g and hs are
fixed points of their respective operators we obtain that

hs — ho 1
(Id — Lo) = ~(Ls — Lo)hs.
8 8
Since the operators preserve probability measures, (L5 — Lo)hs € V,,. By applying the
resolvent to both sides
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hs — h Ls — L
(Id — Lo)™"(I1d — L) = ; 0 =(1d—/30)_15T0h3
Ls — L
= (Id — Lo)*”TOho
Ls — L Ls — L
+(Id — Lo) ™[ 55 Ohs — 55 % hol

we obtain that the left hand side is equal to %(/’lg — hg). Moreover, with respect to the
right hand side we observe that, applying assumption (L R2) eventually, as § — 0

. Ls— L Ls—L _
Hud—&n 220 — 22— 2000l < 1 = £0) vy v, K 1hs — holls

w

5 5 0]

which goes to zero thanks to Theorem 12. Thus considering the limit § — 0 we are left
with

hs —h .
lim =29 — (1d — Lo)~'Lhy.
§—0
converging in the || - ||, norm, which proves our claim. |

In Sects. 3 and 4 we considered nonlinear self-consistent transfer operators of the
type

Ls(u) = Ls ;i (1)

for u € A C Py,. These functions are positive and integral preserving. In many
cases these functions can be extended to nonlinear Markov operators B; — B; for
i € {w, s, ss} and the above statistical stability theorems can be applied, as it will be
shown in the next sections.

6. Mean Field Coupled Continuous Maps

We show the flexibility of Theorem 3 proving the existence of an invariant probability
measure in the general case of continuous maps interacting by a Lipschitz coupling
function A. In the following we denote by || ||.;p the Lipschitz norm, defined by

g(y) —gx)
llgllLip = max(||g]lec, SUP T
x,yeS! (x, )

forg:S! - R.
Proposition 16. Let us consider a system of mean field coupled maps as described in

Sect. 2 with a map Ty € CO(S' — SN, h € Lip(S! x S! — R) and § > 0, then there
is € PM(S") such that

Ls(n) = p.
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Proof. Let us consider the space of signed Borel measures SM (S'). We consider two
different norms on this space. || ||, || ||s defined by

[lpllw = sup /g m
gEL[[’(Sl_)R)’HgHLipfl

and [|u|ls = u*(SY) + 1w (S') where u* are the positive and negative parts of 1 (the
total variation norm). We apply Theorem 3 with (SM (S, 1 1w)s (SM(Sh, [|1]s) as a
weak and strong space. We remark that by Prokhorov’s theorem, P,, is complete when
considered with the || ||, norm.

Now let us define a projection m, as requested by Theorem 3. Let us consider
n € N and divide S! into n equal intervals Iy, ..., I, with I; = [x;, x;4+1). Let us
consider a partition of unity {¢1, ..., ¢, } made of continuous piecewise linear functions
¢; which are affine on each interval of the partition, such that ¢; (x;+;) = 1 and they
are supported on I; u0d(n) YU Li+1 mod(n) (hat functions). Let us consider the projection
7, SM(S') — SM(S") defined by

Ta() =Y 8y / ¢i du

i<n

we have that this projection is linear, preserves probability measures, and ||, (1)|[s <
Hel]ss Hmn (W llw < Ilpllw (the first inequality is straightforward, for the second see
[21, Proposition 9.4] Proposition 9.4°). Since, by the definition of 1, for each interval
I, the part of the measure p which is contained in 1, is transported to the endpoints of
the interval {x;, x;;1} and hence at a distance < % we get (see [21, Proposition 9.4],
proof of Proposition 9.5 for the details)

1
[l7n () = el = 1l (45)

Each invariant probability measure p for each Ls , is such that ||u||¢ < 1. The same
can be said for the finite dimensional reduced operator 7, Lz, .7, , hence Exil, Exil.b
are satisfied.

To verify Exi2 we have to verify that

L5y — Lo lellw < 8K || pellslmr — pallw (40)

we remark that since % is K Lipschitz, for all x € S!

[P,y (x) — Ps,p, (X)] = S/h(x,y) dlp — w21(y)
< K||lur — p2llw.

Hence

5 The idea of the proof is the following. We consider p with ||||w < 1 and prove ||, ||w < 1. For this
we first remark that by the way the discretization is constructed, for each function g such that ||g||.;, < 1 and
g is affine on each interval I,, we have [ gdu = [ gdmppu < 1. Then consider a generic Lipschitz function
g with [|g]|L;p < 1 and note that there is a function g affine on each interval I, such that ||g||z;p < 1 and

J gdryu = [ gdmyp and then [ gdm,u < 1.
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||[L5,,u| - LS,,(LQ]MHw = ||[L<I>5<,Ll - LCD@_MZ]LTH/“w

< sup [ @, (x) — P, O [ L7 plls
xeS!
< 8K|lm1 — pmallwll LT plls

< 8K|[u1 = pallwllmlls

leading to 46.
We can then apply Theorem 3 leading to the existence of an invariant probability
measure for Ls. |

Remark 17. For simplicity the statement is proved for maps on S!. It seems that the
statement can be generalized with the same idea to maps on compact metric spaces for
which there is a sequence of Lipschitz partitions of unity, which can be used to define
suitable projections 1, on combinations of delta measures placed on some sequences of
€ — nets covering the space.

Remark 18. Inthe introduction we described this statement as a kind of Krilov-Bogoliubov
theorem for mean field coupled maps. This similarity is restricted to the fact that we geta
general statement about invariant measures and continuous maps. Our statement allows
to find a fixed probability measure for the self-consistent transfer operator L associated
to the coupled system, and not an invariant measure for a continuous map on a compact
metric space.

‘We remark that finding such a fixed probability measure for the self-consistent transfer
operator L; associated to the system (which is a measure on S') is not equivalent to the
problem of finding invariant measures for the global system (X, 7) associated to a
network of coupled maps as defined in Sect. 2. These are measures on (S')” which
could be equipped with the product o —algebra. In this case the system (X', 7) can also
have invariant measures which are product of different measures on S!. For a trivial
example let us think about the uncoupled system (Sl, T,§, h) where T is the doubling
map and § = 0. In this case, an invariant measure is given by the product of the Lebesgue
measure on some set of coordinates and the delta measure placed in O (which is a fixed
point for 7') in all the other coordinates.

7. Coupled Expanding Circle Maps

In this section we consider self-consistent operators modeling a network of all to all
coupled expanding maps, we will prove the existence of an absolutely continuous in-
variant measure and exponential convergence to equilibrium for this kind of systems.
Similar results appeared in [33] where the rigorous study of maps coupled by mean field
interaction was started and in [7,41] in a more general setting. We will also consider the
zero-coupling limit and the related linear response. We show that the transfer operators
in this limit satisfy the assumptions of our general theorems considering as a strong and
weak spaces suitable Sobolev spaces W% 1(S!) of measures having a density whose k-th
derivative is in L1(S}).

Let k > 1and Ty € C*(S!, S!) be a nonsingular map® of the circle. Let us denote
the transfer operator associated with Tp by L7,. We recall that the transfer operator

6 A nonsingular map 7 is a map such that for any Lebesgue measurable set A we have m(A) =0 <—
m(T_1 (A)) = 0, where m is the Lebesgue measure. If T is nonsingular its associated pushforward map
induces a function L! (S1 ,R) — L (S1 ,R).



744 S. Galatolo

associated with a map can be defined on signed measures by the pushforward of the
map, however when the map is nonsingular, this operator preserves measures having a
density with respect to the Lebesgue measure, L' (S', R) and then with a small abuse of

notation, identifying a measure p with its density 7, = Z—Y’; with respect to the Lebesgue
measure m, the same operator can be also considered as Ly : L! (S] ,R) — L! (Sl , R).

In this case, given any density ¢ € L'(S!, R) the action of the operator on the density
can then be described by the explicit formula

o(y)
Ty

[Lo@](x) = Y

yelTy ' ()

Given h € C*(S! x S',R), § > 0 and (a probability density) ¥ € L'(S!,R),
coherently with Sect. 2, we define gy : St — St as

@y () =478 [ e )W),

We will always consider § small enough such that ®s v is a diffeomorphism. Denote by
Qs,y the transfer operator associated with @5 y ,defined as

¢ (D5, (x)

(05,4 @)]00) = ——— T
PO T ey, @, ol

(47)

for any ¢ € L'(S', R).
We will consider expanding maps Ty : S! — S! satisfying the following assumptions:

(1) Ty € C°,
02 thereis o < 1 such that Vx € S!, |Tj(x)| > «~! > 1.

Definition 19. A set Ay 1 of expanding maps is called a uniform family with parameters
M > 0 and L > 1 if it satisfies uniformly the expansiveness and regularity condition:
VT € AyL

T|lco <M, inf |T'(x)| > L.
xesS!

It is well known that the transfer operator associated with a smooth expanding map
has spectral gap and it is quasicompact when acting on suitable Sobolev spaces (see e.g.
[27]). In the following we recall some particularly important related estimates we will
use in this paper. We start by recalling the fact that such transfer operators satisfy some
one step Lasota Yorke inequalities over these Sobolev spaces (see [15], Lemma 29 and
its proof). This will be useful when applying the results of Sect. 4.

Lemma 20. Let Ayr,1 be a uniform family of expanding maps, the transfer operators
Lt associated with a map T € Ap, L satisfy a uniform Lasota-Yorke inequality on
Wk*l(Sl): letaw := L~ < 1. Forall 1 <k < 5 there are, Ay, By > 0 such that for all
n>0TEe AM,L

LT fllwe-11 < Al fllwi-1a (48)
LT fllwes < @1 f e + Bicll £l (49)
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From this result, it is classically deduced that the transfer operator L7 of a C® ex-
panding map T is quasi-compact on each W1 (S!), with 1 < k < 5. Furthermore, by
the topological transitivity of expanding maps, 1 is the only eigenvalue on the unit circle
and this implies the following result. (see [15] Proposition 30).

Proposition 21. Forall T € Ay 1, there are C > 0 and p € (0, 1) such that for all

g€ Vi:={ge WS .. / gdm =0}
gl
with1 <k <5andn > 0 it holds

IL7gllwer < Co"lIgllyx..

In particular, the resolvent R(1, L) := (Id — LT)’1 = Z?io LiT is a well-defined and
bounded operator on V.

Now we recall some estimates relative to small perturbations of expanding maps and
their associated transfer operators. These will be useful to apply our general framework
to self-consistent transfer operators representing a family of coupled expanding maps.
The estimates will be useful to check that the assumptions of our general theorems are
satisfied. We will again identify absolutely continuous measures with their densities and
consider the spaces W31 (S'),..., L' (S!) as strongest, strong and weak space.

Proposition 22. If Ly and L, are transfer operators associated with expanding maps
Ty and Ty, then there is a C € R such that Vk € {1,2,3}, Vf € wkl.

[[(L1 = Lo) fllwk-1.1 = ClIT1 = Tollcre || f et (50)

Proof. In the case k = 1 the proof of this statement can be found for example in [16],
Proposition 26. When k£ = 2 we have to prove that

(L1 = Lo) )l < CIT — Tollcall fllwa (51)
we have the well known formula (see [16] Equation 3) valid for i € {0, 1}
1 T
(Lif) = Li <Ff/>—Li (Wf) (52)

By (52) we have

l(Li—Lo)p)|, <

(7))
1 0 1

L1< 1Y f)—Lo( 1o f)
Ty Ty

Considering each summand and applying the statement for the case k = 1 we get
[ ()= ) = (7)1 (77)
1\ = — Lo\ = = L1\ = —Li\+

Ty ™ Ty Ty
(= fr)-L 1 f!
"1y '\ 7y

+

1

1

+

1
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< IT1 = Tollcs Kill f'11i + |1 T1 — To||c4C‘

T/ Wl,l
1
<= Bollea ki h+C || 17
for some constant K1 > 0. Similarly
L 1/ 7 L Ty f <z 1/ 7 L Ty 7
1 7 — Lo 7 = 1 7 - 1 7
(T)? (T,)? . (T)? (T,)? .
N P N
(Ty)? N2’ )|,
T// T//
reimiried VAL
(1) (T))" |
//
+|Ty — Tollc+C f
‘ (To>2
< [IT1 = Tollc+[Kal| f1]1 +8C ‘,’2 11w
TO) cl!
for some constant K> > 0. Proving the statement. We remark that " involves
0 Cl
the third derivative of Tj.
When k = 3 we have to prove that
(L1 — Lo) /)'IIh < CIITy — Tollesl | f s (53)

taking a further derivative in (52) for a transfer operator L; we get

' 1\ T" !
st = (i () - (1 (7))

where
Ll,’_Lll,,LT”l/
(1 (7)) =1 () -1 ()
_L 1 T// L T// 1 ,
- (T’ @l 7 ))_ 1<W(Ff))
and

T// / 1 T T// T//
( (T’ )zf)) (T/ (T )2f)> ((T 02T )Zf)>
// T T// T//
B <_((<T T >2f)> (W(Wﬁ)

and the proof can be concluded as before. O
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Now we can prove that the self-consistent transfer operator associated with a family of
coupled expanding maps has aregular invariant measure. We remark that since expanding
maps are continuous, the mere existence for an invariant measure for these systems can
be obtained by Proposition 16. In the following result we prove the existence in of such
measure in a space of measures having a smooth density. Let us consider the expanding
map Tp and denote with L its transfer operator, consider § > 0 and a coupling function
h e CO(S' x S — R), consider the extended system (S!, T, 8, &) in which these maps
are coupled by & as explained in Sect. 2 and the associated self-consistent transfer
operator Ls : L'(S!, R) — L'(S!, R)

Ls(@) = Qs,¢(L1y(9)) (54)

as defined at (5). We show that this transfer operator has under suitable assumptions a
fixed probability density in W>-! which is unique when § is small enough.

Proposition 23 (Existence and uniqueness of the invariant measure). Let Ty, h, § and

Ls as above. Suppose § is such that the set . UP {®s,¢ 0 To} S Am, L is contained in a
S w

uniform family of expanding maps with parameters M, L (see Definition 19). Then there
is at least one probability density fy € W' such that

Ls(fs) = fs.

For every such invariant measure, || fs||y31 < C(M, L) (the W31 norm is bonded by
a constant only depending on M and L).

Furthermore we have the uniqueness in the weak coupling regime. There is 8 such
that for each 8§ <8, Ls has unique invariant measure in L.

Before the proof of this proposition we need to collect some further preliminary
result.

First we prove a one-step Lasota-Yorke inequality for the bounded variation norm for
expanding maps. This result is surely known to the experts. We prove it for completeness.

Proposition 24. Let T be an expanding map of the circle. Let ¢ a bounded variation
density. Then

1
Var(Lt($)) < info (1) Var(¢)+sup(|T,2|)/ lp| dm. (35)

Proof. Let us suppose T of degree n and let us consider vy, ..., yy € S'. Suppose I; =
[vi, yi+1] (where the indices are considered modulo k). Suppose T-! I;) =Ui<j<ndji
and denote J;; = [l;;, r},;] (the left and right endpoints). Given a function ¢ : S! - R,
let us denote by

v(p, I;) =P (Vi modk)) — @ (Vit1 mod(k))!-

We estimate Var(Lr[¢]). We have Var(Lt[¢]) < Zf-;l v(L[¢], I;).
‘We have that

v(L[¢], I;) = |LID1(Yi moak)) — LID1Yit1 mod®))|

SR JUDERIGN)
=\ " T
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o) o@D o) o)
< _ _
= '; 0 T’(z,-,,-)'”; TWn T

IR N - SO — ¢(ri) (i)
sinfSI(T,)E«p(z,,,) ¢<r],,>|+|j2 .

= T'(ji)  T'(rjp)

The second summand can be bounded by remarking that by Lagrange theorem there
is &;; € Jj,; such that

LS SN GV
T'U;) T (T'(E))? SARNLL

Then

~ 00 S0 1
'];T/<lj,i) T(,,)'—Z'QS(”)"T(QJ )

T" (&)
i i — i
SJEII |¢(r/,)||(T,(E ))zll i = il

//(%—l
= e )2'Z'¢(r“)'|r“ ol

Finally we have

k k
Zv(L[m,l,-)_Z i (T/|Z¢(l,l> ¢l
i=1
T"(&)
+sup | 2|Z|¢>(r”>||r,,—z,-,,»u

vest (T"(6)

< @) (T)ZZU<¢ Jii)

i=1 j=1
+sup | 8D |ZZ|¢<r irji =1l
rer (T'E))2 7
We remark that when the subdivision J; ; is fine enough Z;‘:] Zl}:l lp(rjllrji —

ljil <2 s ¢ dm and Z;‘:l Z’}Zl v(¢, J;j i) < Var(¢). This leads directly to the
result. O

The following Lemma is about the nowadays well known statistical stability of ex-
panding maps (see e.g. [16] Sects. 4 and 7.4. for more details).

Lemma 25. Given a uniform set of expanding maps Ay 1, there is K > 1 such that it
holds

[1f1 = f2llpr < K|IT1 — T2l cs

SforallT\, T, € Ay, 1 having f1, fr € w1 as absolutely continuous invariant densities.
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Now we estimate how the transfer operator Qs y changes when changing . This
will allow to apply Lemma 25 in the proof of Proposition 4.

Lemma 26. If Ty, h € C¥ there are K| > 1 such that for all ¥, ¢ € L'

@5,y — Ps,pllck < 5K 1Y — @l
[|®5,4 0 To — s, 0 Tollck < SK1l1 — @llp1.

Proof. We have that ®s y(x) = x + 7(§ fSl h(x, MY (y)dy) and &5 4(x) = x +
(6 fSl h(x,y)¢(y)dy), hence when § and ||yy — ¢||;1 are small enough

904 = 50 = lx +76 [ G 0y = 5476 [ bt 0]

= |8 /sl h(x, VY (y) =@ Wldy| < 8||hllLellp — YllL1

Considering the derivative with respect to x we get @:wl(x) = 1+n( fsl
)y (y)dy) and similarly for @ 4(x). We have then

’ oh )
), (6) — B} ()] = 15 /S D1y )~ gy

X

and

/ oh
@5,y (x) = @ 4 ()] < 5IIEIILOOII¢ =¥l

similarly, we get the same estimate for the further derivatives, proving the statement. O
Now we are ready for the proof of Proposition 23.

Proof of Proposition 23. Now we consider the first part of the statement and the exis-
tence of an invariant measure in the stronger coupling case. The existence in L' of a
fixed probability measure for L in this case follows from Theorem 3, applying it with
By = BV[S!]and B,, = L'[S!] to the family of operators L5 , = Qs o L7,. We now
verify that the required assumptions hold.

The maps @5 ,, o Ty involved in the system are a uniform family of expanding maps.
By Proposition 24 the operators Ls,,, satisfy a common Lasota Yorke inequality on
BV[S!']and L'[S'] and this gives a family of invariant measures for the operators Ls_,
which is uniformly bounded in in B V[S'] hence (Exil) is verified in this case.

We now verify (Exi2) for the BV norm. Let f € BV, consider f. € W! with
| fellwir < |1 fllgv +e€and || fe — fll 1 < e.

(Lo, uy — Ls,puo) fllpr = Lo,y — Lo u)[f — fe + felllp
< I(Ls,uy — Lo, u )l — felllpr + 11(Ls,uy — Ls,up) fellpn
< 2Me + Cllpur — pallpr| fellwr
< 2Me +Cllur — pallpr(l fellpy +€)

and since € is arbitrary, also (Exi2) is verified in this case.

Let P, be the partition subdividing the circle into n equal intervals. We can consider
7, + LYY — L'(SY) to be the Ulam discretization defined as 7, (f) = E(f|Py),
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where the conditional expectation is made using the Lebesgue measure, projecting to
piecewise constant functions.

For the Ulam projectionitis knownthat ||, f — f||;1 < %llf“gv, nllpip <1,
[l7nllBv—Bv < 1(see[19]orthe proof of [28, Lemma4.1] e.g.) and then the discretized
operators 1, Ls 7, satisfy a uniform Lasota Yorke inequality on BV and L' (seee.g.
[16], Section 9.3). By this the assumption Exi 1.5 is satisfied. We can then apply Theorem
3, and get the existence of an invariant probability density f in BV. Since Ty, h € C®
and Ls ¢ f = f we getthat f € W31 and its norm can be uniformly estimated by the
uniform Lasota Yorke inequality on W>! and W*! and then on W*! and W3 ! and so
on, satisfied uniformly by all the transfer operators related to the family of maps Ay 1.

For the second part of the statement (the weak coupling case) we apply Theorem 4
with By = W"![S!] and B,, = L'[S"].

By Lemmas 26 and 20 when § is small enough all the operators in the family L; ,
with u € P, are the transfer operators associated with a uniform family of expanding
maps and satisfy a uniform Lasota Yorke inequality on W' and L!, by this each one
of these operators has a unique invariant probability measure in W!-! with uniformly
bounded norm and (Exi1) is verified.

By Lemma 26 and Proposition 22 we get

I[(Ls,uy — Lspo) fllpr < Const{lwr — pallptlLf Iy (56)

verifying (Exi2) in this case.
By Lemmas 25, and 26 also (Exi3) is verified. Then we can apply Theorem 4 to
get the existence and uniqueness for small §. O

The following statement is an estimate for the speed of convergence to equilibrium
of mean field coupled expanding maps (see [33], Theorem 4 or [41] Theorem 1.1 for
similar statements).

Proposition 27 (Exponential convergence to equilibrium). Let Lg be the family of self-
consistent transfer operators arising from Ty € C S andh € C° as above. Let f5 € W1
be an invariant probability density of Ls. Then there exists 8 > 0 and C,y > 0 such
that for all 0 < § < 8, and each probability density v € W we have

[1L5 (W) — fsllwir < Ce "y — fsllyra.

Proof. The proof is an application of Theorem 6, considering By = W21, By = W1,
By, = L' Let L5y be the family of transfer operators associated with this system.

By the Lasota Yorke inequalities (Lemma 20) we have that the operators Ls , :
w2l w2l L5y : whl —» wlhl Ls, : L' - ! with © € P, are bounded
uniformly for § small enough. By Lemma 20 they satisfy (Conl). Furthermore by
Lemma 26 and Proposition 22 they satisfy (Con?2).

By Proposition 23 the invariant measures fs satisfy lims_ || fs||w21 < +00. Since
the circle expanding map 7y has convergence to equilibrium then (Con3) is satisfied.
We can then apply Theorem 6 directly implying the statement. O

To get some useful formula for the linear response for expanding maps coupled
in a mean field regime, let us now consider small perturbations of expanding maps
T:S!—¢s! by left composition with a family of diffeomorphisms (Ds)sc[—¢,e]. More
precisely, let Ds : S' — S! be a diffeomorphism, with

Ds = 751 o (Id +55) (57)
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and S € C®(S!, R). In this setting let us define the perturbed transfer operators as
Ls=LpsoLr

(remark that here Lo = L7 ). These kinds of perturbations are of the type induced by a
mean field coupling, they satisfy the “small perturbation” and “existence of a derivative
operator” assumptions of our general theorems like (Con2) or (L R2) of Theorem 14.
We have indeed (see [15, Proposition 35, 36]):

Proposition 28. Let (Dﬁ)ae[o,g] be as in (57), and T : S! — S! be a C° uniformly
expanding map. Let us define L - W*1(S!) — w31(S!) by

L(f):==—(S-Lr(f)). (58)
Then one has that forall 1 < k < 4 and f € Wk!
HM< ) - L )H 0 (59)
1) H=Lif wk-11 Q) ’

We have now all the ingredients to prove a result regarding the Linear Response of
the coupled system in the small coupling regime.

Proposition 29 (Linear Response for coupled expanding maps (zero coupling limit)).
Consider the family of self-consistent transfer operators Ls associated with a C 6 ex-
panding map T and a coupling driven by the function h, with h € C%. Let hq be the
unique invariant probability measure in L' for Ly and hs some invariant probability
measure for Ls. Then for § — 0 we have the following Linear Response formula

. hs — ho -1 ’
lim | ————+(Id — Lo)" (ho | h(x,y)ho(y)dy) =0. (60)
§—0 8 sl Wil

Proof. The proofis a direct application of Theorem 14 to our case with By = W31 (S!) ¢
By, = W>1(S") ¢ B, = WI1(S). Let us we see why the assumptions needed to ap-
ply the theorem are satisfied. We recall that the transfer operators £s : W31 (S!) —
w3 1(S!) involved are defined by

Ls(9) = 0s,(L1, ().

The assumption (SS1) (regularity bounds), is implied by Proposition 23. The assump-
tion (S52) (convergence to equilibrium for the unperturbed operator), is well known to
be verified, as it stands for the unperturbed transfer operator £y which is the transfer
operator associated with a smooth expanding map. The assumption (L R1) regarding the
existence of the resolvent of the unperturbed operator on the weak space W!! follows
from Proposition 21.

As Ls is a small perturbation of Ly given by the composition of the transfer operator
05,4 associated with a diffeomorphism near to the identity, the assumption (SS3) and
the first part of (L R2) (small perturbation) follows from Proposition 28, Proposition 22
and Lemma 26 as before. Let us prove indeed that there is K > 0 such that and Ly — Ls
is K 8-Lipschitz when considered as a function ‘Boy — By, and Bayr — Bs. In the first
case we have to prove that for ¢y, ¢, € W2!

11Qs,¢1 (L7y (#1)) — L1y (@1)] — [ Q5,05 (L1 (#2)) — L7y (@)l w11 < K6|lp1 — 2l
(61)
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Developing the formula we get

105,61 (L1 (1)) — L1y (1) — Os,¢, (L1y (92)) + L1y (92) [ yy1.1
< 1Qs,¢; (L1 (¢1)) — L1,(1) — Os,¢, (LT (92))
+Q05.01 (L1 (@2)) — Q5,60 (L7 (¢2)) + L1y (92|11

and

1056, (LTy(@1)) — L1y (91) — Q5,1 (L1 (¢2)) + Ly (2|11
< Qs.¢; (L1y (@1 — #2)) — L1y (1 — d2)ll 1
< CK22M34||p1 — d2llwar

by applying Lemma 26 with ¢ = 0 and ¢ = ¢ and Proposition 22. The other term
can be estimated as

195,61 (L1, (#2)) — Q5.6 (L1 ($2) |11
=< 11Qs.¢1 © L1y — Q5,45 © Lrpllw21wrillg2llw2s
< 3CK22M||p1 — d2llw2

using Proposition 22 and Lemma 26 and proving the Lipschitz assumption in the
By — By, case. The case Boy; — By is similar.

The assumption (L R2) on the derivative operator follows from Proposition 28. Let
us apply it and find an expression for LA in our case. In this case the perturbing operator
to be considered is Qs 5, associated with the diffeomorphism @5 ;,,. With the notation
(57) we have Ds = @5, = Id + 35S with

5 = [ e o)y
and then
£lho) = (8 Ligho) = =(ho [ s, »ho(1)dy (©2)

Applying Theorem 14, we then get

hs —h .
lim | 2—"% — (1d — Ly)) 'L(ho)| =0 (63)
§—0 w1
as in our case Wh! is the weak space Substituting (62) in (63) we get (60). |

Remark 30. From (40) we see that this response result with convergence in the quite
strong topology W1 gives information on the behavior of a large class of observables,
for example we can consider observables in L or L' or even distributions in the dual
of Wh1,
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8. Maps with Additive Noise on S!

We illustrate the flexibility of our approach with an application to systems of coupled
random maps. For simplicity we will consider a class of random dynamical systems
on the unit circle S'. Informally speaking, a random dynamics on S' is defined by the
iteration of maps chosen randomly in the family 7,, : S' — S!, w € Q according to a
certain probability distribution p defined on 2. In our case we will model this random
choice as independent and identically distributed at each time.

Let Tp: S' — S! a continuous and piecewise C', nonsingular map’. We consider a
random dynamical system, corresponding to the stochastic process (X,,), N defined by

Xp1 =To(X,)+2, mod 1 (64)

where (£2;,),¢n are i.i.d random variables distributed according to some smooth kernel
p. We will call Ty the deterministic part of the system and p the noise kernel of the
system.

Remark 31. We remark that the maps considered here are quite general. We do not require
expansiveness or hyperbolicity, allowing many examples of random maps coming as
models of natural phenomena (see e.g. [9,20,36]).

We will consider the annealed transfer operators associated with these systems (see
[47], Sect. 5 for more details about transfer operators associated with this kind of systems
or [15]). Let SM (S') be the space of signed Borel measures in S!. The annealed transfer
operator L : SM(S') — SM(S') associated with the random system is defined by

L(1) Z/QLT(,J(M)dp (65)

where L1, (u) : SM (S"Y — SM(S!) is the transfer operator associated with 7,,, hence
taking the average of the pushforward maps with respect to p. For some class of random
dynamical systems L is defined as an operator : LY(SYH — LY(SY) and sometime this
operator is a kernel operator: let k € L%°(S! x SY) (the kernel), consider the operator L
defined in the following way: for f € L!(S")

Lf(r) = fS ke ) F0y. 66)

This kind of operators naturally appear when the random dynamics is defined by the
action of a deterministic map and some additive noise Since the effect of the additive
noise is to perturb the deterministic map by a translation, the annealed transfer operator
will be an average of translations, i.e. a convolution. The well known regularization
properties of convolutions then imply that the annealed transfer operator associated with
a system with additive noise is a regularizing one.

Let us consider a probability density p : R — R representing how the noise is
distributed. For simplicity we will suppose p being such that p(x) = p(—x) for all
x € R and being a Schwartz function, hence p € C k for all k > 1. The periodization
5 S! — R of such a function is defined as

pl) =) plx+h)
keZ
7 We mean that S! can be partitioned in a finite set of intevrals where T is C! and that the associated

pushforward map Ty sends a measure which is absolutely continuous with respect to the Lebesgue measure
to another measure which is absolutely continuous with respect to the Lebesgue measure.
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which clearly converge for a rapidly decreasing function as p.
Definition 32. Let f € L'(S'") and p as before. We define the convolution p * f by

o f) = [ A= S0y, (67

To a system with additive noise as defined in (64) we then associate the annealed
transfer operator L : L' — L' defined by

L(¢) := p * [L1y(#)] (68)

forall ¢ € L', where L, is the transfer operator associated with the deterministic map
To.

We now define the self-consistent transfer operator associated with an infinite collec-
tion of interacting random maps in a mean field coupling. Like in the deterministic case
let us consider 1 € C*(S! x S!,R), § > 0, for some k > 1 and a probability density
¥ € L!. Define @5y :S! — S! again as

Dy () =478 [ e )W),

Denote by Qs y the transfer operator associated with ®s v, as in (47). We consider

the following family of operators depending on a probability density ¢ € L' and § > 0
defined as

Ls (V) = p*[Qs,¢(L1, (¥))]. (69)

Finally we define the nonlinear self-consistent transfer operator associated with this
system of coupled random maps by

Ls(P) = p * [Qs.¢(L1y(@)]. (70)

This represents the idea that a certain initial condition is first moved by the determin-
istic part of the dynamics represented by the map 7j and by the mean field perturbation
®s.¢, then a further (external and independent of the dynamics) random perturbation
is applied by the noise. In the remaining part of the section we will apply our general
theory to this kind of operators.

The following proposition contains some of the regularization properties for the
convolution we need (see [15] Proposition 15 for the proof and details).

Proposition 33. Let f € L' and p be as before. The convolution p  f has the following
properties:

(1) Forallk > 1, px f : S' — Ris CX, and (p * )V = pD s f foranyi <k.

(2) One has the following regularization inequality:

o fllex < llollicell flizr- (71)

These regularization properties together with the Ascoli Arzela theory imply that a
linear operator L : L' — L' of the kind

Lo(¢) = p* L1,(9) (72)

is a compact operator. If we suppose that the system satisfy a convergence to equilibrium
assumption, this will allow to obtain the spectral gap and the existence of the resolvent
operators, required to apply Theorem 14.
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Proposition 34. Let L be the annealed transfer operator associated with a map Ty with
additive noise distributed with a kernel p as in (72). Consider m > 1 and suppose that
forall g € C™ suchthat [ g dm =0

o
Tim ILjgllr = 0. (73)

Then forallk > 1, (Id — L())’1 = Z?io Lf) is a bounded operator ck — ¢k,

Proof. (73) and (71) impliy that lim;,_, ||L8g||ck =0 forall g € L' such that
f g dm = 0 and then some iterate of the transfer operator is a uniform contraction on

the space of C densities with zero average. By this the operator has a spectral gap,
implying the existence of the resolvent operator (see for the details [15], section IV). O

By [15, proposition 18 and 19] and their simple proof the lemma below directly
follows

Lemma 35. Let us consider transfer operators Lo, Ly associated with dynamical sys-
tems with additive noise having noise kernel p, deterministic part given by continuous
maps Ty and Ty and k > 0. Then there is C > 0 such that for all such Ty, Ty and f € L!

IL1f — Lo fllck-1 < ClipllcrlITo — Till ol f 111

We state a result analogous to Proposition 23 in the case of systems with additive
noise. The application to this case is simpler due to the regularizing effect of the noise.

Proposition 36. Suppose Ty is S' — S' continuous, nonsingular and piecewise C'.
Suppose h € C', let Ls be the self-consistent family of operators associated with this
coupled system as defined in (70), then for all § > O there is fs € C* such that for all
k>1

1 fsllcx = 1lpllcx (74)

and

Ls(fs) = fs.

Let us suppose that the (linear) operator Lo has convergence to equilibrium when con-
sidered as acting on the spaces C Uand L' (see (73)) then there is 8 > 0 such that for
all § € [0, 8], fs is unique.

Proof. We sketch the proof, whose arguments are similar to the ones of Proposition 23.
We will obtain the statement applying Theorems 3 and 4 to the family of operators

Lsy = p*[0Qs¢ 0 Ll

as defined in (69). First we will apply Theorem 3 with B; = BV and B,, = L'. We
remark that given k& > 1, (71) implies a Lasota Yorke inequality which is uniformly
satisfied by these operators, indeed

IILs.p (Wllck = 1o % [Qs.¢ o L1y (¥)]llck
= 0¥ llex + 1ol 1@s.¢ © Ly (Y11
= 0llYllex + lpllex Il (75)
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This implies that the transfer operators in the family are uniformly bounded as oper-
ators L' — C* and hence each invariant probability measure S5, of Ls ¢ is such that
Il f5.0llBv < || f5.6!lck < llpllcx and then the family of operators satisfy (Exil).

The assumption (Exi2) (or (12))is provided similarly as a consequence of the Lemma
26 and Lemma 35.

In order to apply Theorem 3 we consider a suitable projection ;. As in the proof
of Proposition 23, let P, be the partition subdividing the circle into n equal intervals.
Consider 7, defined as in the proof of Proposition 23 by w,(f) = E(f|P,), where
the conditional expectation is made using the Lebesgue measure, projecting to piece-
wise constant functions. Again, the discretized operators satisfy a uniform Lasota Yorke
inequality on BV and L', indeed

[lmnLs,p0n (Y)|IBY < ||Ls,¢mn(¥)]lBV
< [|Ls.p7n ()l ck
< Ilp*[Qs.¢ o L1y (wn (YNl ck
< llpllckllmn (¥
< llpllexll¥lh

and Exil.b is satisfied. We can then apply Theorem 3, and get the existence of an
invariant probability density f in BV. Since p € C¥ and Ls yf = fwegetthat f € C k
for all k > 1, also proving (74).

Now we apply Theorem 4 to get the uniqueness. In this case we consider By = C!
and B, = L'. We first have to prove that for § small enough each operator Ls 4 with
¢ € P, ha a unique invariant probability measure in P,,. Since L has convergence to
equilibrium, is regularizing and C! is compactly immersed in L' it is standard to find
that this operator has a unique invariant probability measure. From the convergence
to equilibrium, the small perturbation assumption (Exi2) we verified above and the
regularization property (71) we get that there is y > 0 such that Ls ¢ has convergence
to equilibrium for all § < y and ¢ € P,. Indeed let us consider f € V; and suppose
that by convergence to equilibrium 7 is such that || L f|| 1 < W [If1lct then

n+l n l
1Lo™ fller = llplleILry (Lo Nl = 11 ler-

This implies that Lg“ is a contraction of V5. Now let us consider ¢ € Py, y <
m and § < y. By a computation similar to the proof of Lemma 8 (remark
C

that Q = 1 in the case B,, = L! and by (75), » = 0) we can get

1L} 48 — Lgll < 8K(Cligller +nBllgl L) (76)
< 8K(C+nB)llgllc (77)
< llgllcr (78)

4lpller €

n < 3 : . n+l
and then ||L5,¢g||L1 = Mol llgllc1, thus repeating the same reasoning as before L3,¢

also is a contraction of Vy. Hence we have that when § is small enough each L; 4 has
convergence to equilibrium. It follow that Ls ¢ also has spectral gap on C'andon L'
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Indeed forall f € V1 :={f € Ll,ff =0} we get |[|Ls.¢ fllct < llpllctI f1l1 and
if we have if 7 is such that [|L} ; f|I;1 < ancl then again
’ C

3 3
1255 Fllr < 7——IILsg fller < SNl
O Al T 4T

Thus each L; 4 has a unique invariant probability measure f4 € P, . Furthermore, the
resolvent of Ls 4 is defined on V 1and its norm uniformly bounded for every ¢ € P,.

Now we can prove that (Exi3) holds. Let us consider probability measures ¢; and
¢> € Py, and the operators Ls ¢, Ls ¢, we have seen that when § < y these operators
have unique fixed probability densities fy,, f4,. We want to prove that

I for — JoullLr = Kallp1r — 2l

We hence apply a construction similar to the proof of Theorem 14 to the family of
operators L : L' — L' defined by

~

Le = Ls g, +€[Ls g, — L5 g1
Consider

(Id — Ls,g,)(fo — J1) = S — Ls.go fo, — Jo + Lo, fo
= (Ls,¢ — Ls,¢1) f91-

‘We have that
(oo — for) = (Id — Ls.go) " (Ls.gp — Ls.g) f-

By the fact that (Id — Ls,g4,) " is well defined and continuous on V; 1 remarked before
and by the fact that || f4,1lc1 < |lpllc1 and (Exi2) we get

IS¢ — JoullLr = 8KIpllctlig2 — ¢l

and then (Exi3) is verified. Applying Theorem 4 we then get the uniqueness for § small
enough. O

Proposition 37 (Exponential convergence to equilibrium). Let Ls be the family of self-
consistent transfer operators arising from a map Ty, a kernel p as above, and h € Ck
with k > 1. Suppose the uncoupled system Ly has convergence to equilibrium. Let f;
be an invariant probability measure of Ls. Then there exists 8 > 0 and C,y > 0 such
that for all 0 < 8 < 8 and each probability density v € C* we have

I1L5(v) = fsller < Ce™ [y — fisllcx.

Proof. Again the proof is a direct application of Theorem 6 to Ls considering the spaces
Bss = CK*1, B, = C¥ and B,, = L'. The assumption (Con1) for this kind of systems is
already verified in (75). The assumption (Con2) is as a direct consequence of Lemmas
26 and 35. The assumption (Con3) is required as an assumption in this statement. O

Let us now consider a linear response result for the invariant measure of £s when
6 — 0 in the case of coupled maps with additive noise.
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Proposition 38 (Linear Response for coupled maps with additive noise). Let Ls be
the family of self-consistent transfer operators arising from a map Ty, a kernel p and
h as above. Suppose the uncoupled initial transfer operator Ly has convergence to
equilibrium in the sense of (73). Let fo € C* be the unique invariant probability density
of Lo and fs € C* be the invariant probability density of Ls (unique when § is small
enough). Then we have the following Linear Response formula

. fs—fo fb
1m

lim #(1d = Loy px (L (ho) [ G o)y

=0. (79

ck—1

Before the proof, we recall some preliminary result on the response of systems with
additive noise. We now consider small perturbations of our random maps with additive
noise by composition with a map Dy, which is when § is small, a diffeomorphism near
to the identity. Consider a map S € C?(S', R) and the map Ds : S' — S! defined by
Ds = Id +65S. Let us consider then the perturbation of Ty by composition with Ds
defined by 75 = Tpo Ds. Starting from this family of maps and a kernel p we can consider
a family of dynamical systems with additive noise as in (64 ). Since L7y = Lp; o L,
to this system we associate the annealed transfer operator defined by

Ls:=px* LD,;OT() =p* (LD5 o LT())~ (80)

Now, in order to apply our general theorems it will be useful to consider the derivative
operator L for the family of operators (L DsoTy)se0.5)- In this direction, the following
result ( [15, Theorem 24]) gives some useful estlmates

Proposition 39. Let (L), c[0.5) be the family of transfer operators as described in (80).
Forallk > 2

Ls— Lo
1)

lim —L

§—0

Il
o

(1)

Ck—Ck-1
where L : CK(SY) — C*—1(S") is defined by:
L(f)y=—p*(S-Lpf)-

Proof of Proposition 38. Similar to the proof of Proposition 29, the proof is a direct
application of Theorem 14. We apply Theorem 14 to the family of operators Ls(¢) =
p *[Qs,4(L1,(¢))] considering the spaces By; = ck2@sh c B, = ¢ (s ¢ B, =
C*(S"). Letus now verify that the assumptions needed to apply the theorem are satisfied.
The assumption (SS1) (regularity bounds), is implied by Proposition 36.

The assumption (S52)(convergence to equilibrium for the unperturbed operator), is
supposed to hold. The assumption (§S83) and the first part of the assumption (L R2)
(small perturbation) follows from Lemma 26 and 35. Indeed we have to prove that
there is K > 0 such that £y — L5 is K§-Lipschitz when considered as a function
Boy — By and Boy — Bs. In the first case we have to prove that for ¢1, ¢2 € {¢ €
K Il < 2M)

llp *[Qs,¢, (L1y(91)) — L1y (1)1 — p * [Qs5,9, (L1 (92)) — L1y (92) |k < K8||p1 — P2ll kst
We have
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[lo* [Qs,¢, (L1y(@1)) — L1y (91)] — o * [Qs,00 (L1 (¢2)) — L1y (92)]11] ck
<o * Qs,¢; (L1 (¢1)) — p * L1,(d1) — p * Qs ¢, (L, (¢2))
+0 % Q5.9 (L1y(92)) — p % Q5.5 (L7, (¢2)) + p % L7y (¢2)]cx

and

[lo* Q5.0 (L1 (1)) — p * L1y (1) — p * Q5.9 (L1 ($2)) + p * Ly (P2)|ck
<o * QOs¢, (L1y(d1 — $2)) — p * L1y (1 — ¢2)llck
< SCK12M||p1 — P2llcrn

applying Lemma 26 with = 0 and ¢ = ¢ and Lemma 35.
Furthermore

[lo* Qs ¢ (LTy(¢2)) — p * Os.6, (LT (@2)|lck < SCK12M |1 — 2]l e

again by Lemmas 26 and 35.
In the second case we have to prove that for ¢1, ¢, € {¢p € CF*2, @]l < 2M}

[lo* [Qs,¢; (Lo(1)) — Lo(¢1)] — p * [Qs,¢, (Lo($2)) — Lo(d2)]||crer < kb||dp1 — P2llcke2

which can be proved similarly as before.

The assumption (L R1) (resolvent of the unperturbed operator) follows from Propo-
sition 34. The second part of assumption (LR2) (derivative operator) follows from
Proposition 39 in a way similar to what is done in the proof of Proposition 29. Applying
Theorem 14, we then get

hs — h .
8= (1d — Lo) 'Lho| =0.

Cck

lim
§—0

We can now let the formula be more explicit by finding an expression for L. In our case

S(x) = /Sl h(x, y)ho(y)dy
and then
L(ho) = p * (—hoS) = p * (=L, (ho) /S hGe ho()dy) -

0

Remark 40. The convergence to equilibrium assumption (73) required in Proposition 37
and Proposition 38 for the uncoupled transfer operator Ly is easy to be verified in many
examples of systems whose deterministic part has some kind of topological mixing and
the noise is distributed by a smooth kernel or it has large support in some sense, see
[29, Corollary 5.7.1], [22, Lemma 41] or [1, Remarks 2.3 and 6.4]. In more complicated
situations it can be also verified by computer aided estimates ([20]).
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Remark 41. We remark that another meaningful definition for the transfer operator as-
sociated with a family of random maps coupled in by their mean field could be the
following

Ls(P) = [Qs,6(p * L1y(#))]. (82)

In this case one applies the coupling directly to the annealed transfer operator of the
random maps. Here for small § the application of our theory seems to be possible by
estimates similar to the ones shown in this section and in Sect. 7. Indeed the transfer
operator realizing the coupling Qs ¢ is applied after the convolution. Considering ¢ €
L', by (71) we get that (p * L7,(¢)) is regularized to the regularity of the kernel p. If &
is smooth enough and § small enough, this regularity is preserved by the application of
05,4 leading to the verification of regularity properties like Exil, Exil.b, Conl and
SS1.

The verification of small perturbation properties like Exi2, Con2, SS3 and L R2 for
the family of transfer operators associated with (82) Ls 4 = Qs ¢(p * LT,) relies on the
estimation of the distance of Qs ¢, from Qs 4, on a mixed norm which can be done in
a way similar to the use of Lemmas 22 and Lemma 26 as done in Sect. 7 . The form of
the derivative operator L is probably similar to the one given at Proposition 28.

9. Self-Consistent Operators not Coming from Coupled Map Networks

In this section we consider a class of self-consistent transfer operators not coming from
networks of coupled maps, giving other examples of application of our general theory.
The systems considered are inspired to some examples studied in [5,44], where we have
a map whose slope depends on the average of a certain observable during the iterates.
We add noise to simplify the functional analytic properties of the system. Let us consider
again a family of random maps on [0, 1] depending on a probability measure p and on
a parameter § > 0.

Let us consider the classical tent map 7 : [0, 1] — [0, 1], defined by T'(x) =
min(2x, 2 — 2x), the family of maps 75, : [0, 1] — [0, 1] we consider as a self-
consistent perturbation of the tent map are defined by

Ty () T (x)
X)) = ———F.

S 1+68 [ xdu

Then adding a noise-like perturbation to the map T, ;, we consider the process (X,),en

defined on [0, 1] by

Xn+1 = T(S,u(Xn)‘T'Qn mod 1 (83)

where (£2;,),en are i.i.d random variables distributed according to a kernel p € Lip(R),
supported on [—1, 1] with Lipschitz constant L and where + is the “boundary reflecting”
sum, defined by a+b := w(a +b) , and 7 : R — [0, 1] is the piecewise linear map
m(x) = min;ez |x — 2i|. This is a model of a system on [0, 1] with reflecting boundary
conditions. When the noise sends a point outside the space [0, 1] the projection & is
applied to let the image of the map againin [0, 1]. Letus denote as L, the transfer operator
L, : LY(R) — L'([0, 1]) associated with the map 7. Let b € R and g € Lip(R)
consider the translation operator t;, defined by (7, g)(y) := g(y +b).
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The annealed transfer operator associated with the random dynamical system (83)
is a Markov operator and is given by the following kernel operator (for details see [1],
Section 6):

Lo f(x) = / ks Cx. ) (D, (84)
where

ks pu(x,y) = (LaT-1; ,(y)P)(X) (85)

and x, y € [0, 1]. Since the perturbation induced on the system with additive noise by
increasing the parameter § is not coming from the composition with a diffeomorphism
we cannot use the estimates from the previous sections directly. We hence take a slightly
different point of view on systems with additive noise, and related basic estimates which
were developed in [1].

In this case we will consider B, = L2[0, 1]. Let P,, be the set of measures having
a probability density in L?. The nonlinear self-consistent operator we consider in this
case hence is given by Ls : P, — P, defined as

Lsp = Ls st (86)

for all u € P,. We remark that since p € Lip(R) and it is supported on [—1, 1] the
kernel of this operator is bounded: k5, € L* ([0, 1]2). Let us recall some classical and
useful facts about kernel operators.

o If ks, € L™([0, 1]%), then
HLsu S lloo = Hks,ullLo o, 1121 f 111 (87)

and the operator Ls , : L' — L% is bounded. Furthermore, ILs,ullLp—spe <
llks, ull Lo (jo,172) for 1 < p < oo.
e The operator Ls ;, : L? — L? is compact and

Ls,ufll2 < ks, ull 20,1211 f 112 (88)
(see [10, Proposition 4.7] or [32]).

It is also well known that these Markov operators have invariant probability densities
in L? (see e.g. [1, Theorem 2.2]). Since ks, € L*(]0, 1]2), by (87) we also have that
any invariant probability density fs , for this operator satisfies

1f5,ulloo = 11Ks, ull Lo go,12) = llellzoero,11- (89)

In [1, Section 6] the following estimates are proved for such kernel operators coming
from maps with additive noise and reflecting boundaries conditions (see Proposition
6.2):

Proposition 42. Assume that ks, is the kernel associated to the transfer operator of
a system with additive noise and reflecting boundaries composed by a map T, and a
noise kernel p (see (85)). Let us fix 8, suppose that the family of interval maps {T¢ }ec|o,¢)
satisfies
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To = T5,M (90)
T.=Ty+e - T +Ty,

where T, T. € L? and |ITc|l2 = o(e). Consider the transfer operator Lo associated
with the unperturbed system with map Ty and kernel p. Let L be the transfer operator
associated with the system driven by T, and kernel p. Then there are €, K > 0 such that
fore € [0,¢€)

lLo — Lellp2p2 < €K 91)
andV fy € L?
. L.—L ! dp .
lim ———— OfO == / (Ln <T—To<y)—>) T () fo(y)dy, (92)
e—0 € 0 dx

with convergence in L?.

The inequality (91) shows that the perturbations we are interested in applying to the
transfer operators associated with this kind of systems are small perturbations in the
L? — L? topology. We will then consider the transfer operators associated with this
kind of systems as operators acting on L2[0, 1] and in this subsection we will apply our
general statements with the choice By; = By = By = L2[0, 1]. We now can apply
Theorem 4 and prove

Proposition 43. Let Ls be the self-consistent transfer operator associated to Ts ,, and

p as defined in (86). There are M, 8 > 0 such that for all § € [0, 8] there is a unique
fs € Py with || f5||;2 < M such that

Ls(fs) = fs.

Before the proof of Proposition 43 we need a couple of preliminary results
Proposition 44. There is C > 0 such that for all ju1, uy € Py, € L?,
sy — Lol 2 < 8C| 1 — pallz2
Loy — Ls,pill2 2 < 8C| I mallp2

Proof. The proof follows by (88), estimating the difference of the associated kernels.
Let us first consider ||Ls, ., — Ls,u; 72—, 2. We have

WLsuy, — Lopi 2212 < ks, — ks o ll2 0,172

1
= (/ (ks puy (X, ¥) — ks, iy (X, ¥))2dxdy) 2.
0,172

We first estimate the distance between the two deterministic parts of the dynamics.
For all y € [0, 1] we get
T(y) _ T(y) |
1+68 [xdpi(x) 148 [xdpa(x)
T(y)(1+8 [xduz(x)) — T(y)(1+8 [ xdp(x))
(146 [ xdpuy (0)(1+8 [ xdua(x))

1 Ts.10 () = Ts, i, (D) =

=1
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< 8|/xdu2(x) —/xdm(X)I
< 8llp1 — pallpe.

Now let us suppose that p is L—Lipschitz. Since p is supported in [—1, 1] we get
that T_7; , (y) 0 (x) is supported in [—2, 1] for each w. By this L (t_7; ,(y)0(x)) is the
sum of at most three non zero contributions for each x € [0, 1], hence

ks, — ks, (X, M < |Lalt-75 ,, (P (X) = T-75 ., (» P (D]

<3 sup IlT=75,0, P (X) = T=175 ., P ()]
xe[—1,2],y€[0,1]

< 38L |lpr — m2llp2

proving the statement. The estimate for [|Lo,,, — Ls,u,172_ p2 is similar. We have

T(y)
1+68 [ xdpi(x) — T
TO)(1+6 [ xdua(x)) — T(y)
= (1 +6 [ xdu1 ()
ESI/xdm(x)l

< dllurll2

1T5,, () = To, . W] = |

and the statement is obtained as before. m|

Proposition 45. Let us consider a self-consistent operator Ls as defined at beginning
of Sect. 9. Consider V;» := {v € L2, [ vdm = 0}. Suppose that there is n such that

foreachv € Vpa, |[L5()[[2 < %||v||Lz. Then there are K, 8 > 0 such that for every

8 € [0, 8), and probability measures i1, ;2 € L? satisfying [lill2 < |lplleo for all
i € {1,2} it holds that Ls ,,; has a unique invariant probability measure with density in
L? which we denote by Sfu; - Furthermore, with these notations

I fur = fuallp2 < 8Ky — pallp2.

Proof. 'We sketch the proof, which is similar to part of the proof of Proposition 36. Since
[ILG(W)Il2 < %||v||Lz, by Proposition 44 for § small enough we have ||L§’M1 W2 <

%Ilvlle for all p; with |{u1l||;2 < |lplleo and v € V2, impliying the uniqueness of
the invariant probability density in L?. By this we can also define the resolvent for each
such operator Ls ;,, on V;2 with a uniform bound on its L? norm. Since

(Id = Ls ) (fro = fur) = Jus = Lo,pa fruo — fur + Lo, fr
= (LS»ILZ - Lavﬂl)flll'

‘We have that
(fur = fuy) = (d = Ls i)™ (Ls iy = L) fus -

Since ||(Id — Ls.;1,) " 'lI;2_, 12 is uniformly bounded and || f,;, |2 < || fu, ||z <
[1polloo, applying Proposition 44 we get the statement. O
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Proof of Proposition 43. 'We apply Theorem 4 with By = B,, = L?[0, 1]. The assump-
tion (Exil) is provided by (89), (Exi2) is provided by Proposition 44, (91) and (Exi3)
is provided by Proposition 45. The unique fixed point we find is in L? and since the
kernels we consider in the construction are uniformly bounded in L> the L? norm of
the fixed point is uniformly bounded as § varies. O

Now we can prove the linear response formula for these self-consistent operators in
the small nonlinear perturbation regime.

Proposition 46 (Linear response). Consider the family of self-consistent transfer oper-
ators Ls : L> — L? as described before with § € (0, 8) as found in Proposition 43 and
with invariant probability measures fs. We have the following Linear Response formula

i fs— fo
1m

§—0 1)

1 d
=(Id —Lo)™! /0 (Ln (r_my)f)) ()aT ) foy)dy, (93)

where a = [ tdfy(t) and the limit is converging in L.

Proof. The proof is an application of Theorem 14 where the spaces considered in this
caseare By = By = B,, = L?. The assumption (SS1) (regularity bounds), is implied by
Proposition 43. Let us remark that the unperturbed system is a noisy tent map, hence it has
convergence to equilibrium (by [1, Remarks 6.4]) and the assumption (SS2) is satisfied.
To verify assumption (S53) (small perturbation) we need to verify that, considering
Boy = {x € L?,||x|| < 2M}. There is K > 0 such that and £y — Ls : Bopy — L% is
K 8-Lipschitz. We have to verify that for all u, u2 € Bay

(Ls — Loyt — (Ls — Lolpallrz = Kdllwr — pallz2. (94)

Recalling that by Proposition 44 we have Lo ,, = Lo, 4, := Lo, we have

(Ls — Loy — (Ls — Lo) 2
= Ls ;1 — Lo, i1 — Ls s 02 + Lo,y 12
= Ls yp1 — Ly 2+ Ly b2 — Loy i1 — Ly b + Loy, 12
= [Ls,puy; — Lol(ur — p2) +[Ls,uy — Loy lie2

Now by Proposition 44

L5,y — Lol(u1 — pu2)llz2 < 8C|pallp2 |l — pallz2

and

WILs.uy = Lo lallp2 < 8C||pall2llmr — pallp2

proving the statement. Now we can apply Theorem 12 and deduce that f5 — fj in
L2. The assumption (LR1) on the existence of the resolvent is equivalent to (SS2)
since we consider only one space L? and for the same reason the first part of (L R2)is
equivalent to (SS53). We now only need to compute the derivative operator. When the
self-consistent operator is considered, as § increases, the effect of the perturbation on the
system is only on the map defining the deterministic part of the dynamics. We then use
(92), from Proposition 42. We remark that this perturbation on the deterministic part of
the dynamics depends on the invariant measure fs of the system as § changes, however
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we will see that since f; — fp in L? this also give rise to a family of maps with additive
noise of the type

Ts=To+8 T +15

as in (90). Indeed let us compute T in this case. Considering that T f,(x) = H(ST/(—’;)M
we get
Ts — Ty 1 T(x)
== — T ()]
8 5 1+ Sfxdfg
-3 [ xd
— T(x)M
8+ 682 fxdf,s
d
_ L
1+68 [ xdfs
Since fs — fpin L? hence
. . Ts—To
T = (}m%) =—-T(x) [ xdfy

and we have the expression for L fo from (92). Applying Theorem 14 then, we then get

_ ! d
lim fizho _ (Id — Lg)~! /0 (Ln (T—To(y)£>> (x)aT (y) fo(y)dy

§—0 1)

where a = [ tdfy(1). ]

10. Coupling Different Maps

In this section we show how one can use a self-consistent transfer operator approach as a
model for the behavior of networks of coupled maps of different types. We will see that
our general theoretical framework naturally includes this case. For simplicity we will
consider only two types of maps, also for simplicity we will consider coupled expanding
maps on the circle. Let us consider two different C® expanding maps of the circle
(Ty, S]), (T, Sh. Given two probability densities {1, Y2 € L! (SI,R) representing
the distribution of probability of the states in the two systems, two coupling functions
hi,hp e C 6(Sl xS, R)and$ € [0, o] representing the way in which these distributions
perturb the dynamics (which can be different for the two different systems). Let us define
sy, : St — St withi € {1,2} as

Ds (X)) = x + 751 (8 /Sl hi(x, YY1 (y)dy +6 /Sl ha(x, y)¥2(y)dy)

(here for simplicity we suppose that the diffeomorphism perturbing the two different
maps is the same though with different contributions for the two different maps, but
one can consider different ways to define @5 y, for each map) the maps will hence be
perturbed by the combined action of the two densities ¥; and ;.
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Again we assume € is so small that ®s v, y, is a diffeomorphism for all § € [0, €]
and <I>fs,1//171/j2 > 0. Denote by Qs v, v, the transfer operator associated with @3 v, y,,
defined as

DDy 4y ()

[Os, 91,y (P](x) = — —
. 15 50105 (P55 51,2 )]

for any ¢ € L'(S', R). Now we consider the action of the two maps by considering a
global system (S' x S', Fs y, y,) with

Fs 0, (X1, X2) = (@5, y,y, 0 T1(X1), Ds,yy, 4, © T2(x2)).

Finally let us consider the space of functions B := {(f1, f2) € L'(SYH x L(ShH}
with the norm ||(f1, f2)Il, = Il fillz1 + [[f2ll;1 (this is also called the direct sum
L'(SY @ L'(SY)), the space P; of probability elements in By, P = {(f1, f») €
By s.tNi € {1,2}, fi > O,fﬁdm = 1} and the stronger spaces By := {(f1, f2) €
WISt x whSh) with the norm ||(f1, /2115, = [ fillwi1 + 11 f2lly11 and B3 :=
{(f1, f) € W2 (SY) x W21 (Sh) with the norm [[(f1, f2)I15, = 1 fillw21 +11 f2llya
(again direct sums of Sobolev spaces). These sets can be trivially endowed with a struc-
ture of normed vector space. Coherently with the previous sections we define a family
of transfer operators Ls 4, ¢, : By — By depending on elements of the weaker space

(@1, ¢2) € Py as
L5,¢1,¢2((f17 f2)) = (Q(S,(P],(pz (LTl (fl))v Q5,¢1,¢2 (LTz(fZ)) (95)

By this we can define the self-consistent transfer operator L5 : B,, — B,, associated
with this system as

Ls((f1, f2)) = Ls, 11, ((f1. f2))- (96)

We remark that By can be identified with a closed subset of L' (S' xS!) by (f1, f>) —
f where f is defined by f(x,y) = fi(x)f2(y) and Ls preserves this subspace.

We now prove the existence and uniqueness of the invariant measure for this kind of
self-consistent operators for small §, applying our general statement, Theorem 4.

Proposition 47. Let Ty, T> be two C® expanding maps and let hy, ho € C6(Sl x S!, R).
Let us consider a globally coupled system as defined above. There is some § such that
forall § € [0, 8] there is a unique ( f1.s, f2.s) € Ba such that

Ls((f1,s: [2.6)) = (f1,5, [2.8)-
Furthermore there is M > 0 such that for all § € [0, 3]

(f1,5. f2.8)1B, < M.

Proof. The proof follows by the application of Theorem 4 with B, = B and By =
B>. We verify the needed assumptions; the assumption (Exil) is trivial, indeed given
= (¢1, ¢2) € By for any § small enough the invariant measure of Ls 4, 4,, Which
is a system which is the product of two expanding maps, is trivially in B, and if we
let (¢1, ¢2) range in P, the B> norm of the associated invariant measure is uniformly
bounded.
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The assumption (Exi2) can be easily deduced by Proposition 22 as done in the case
of system made by coupling identical maps obtaining that there is some K; > 0 such
that

L5, ¢, — Ls,¢3.0411Bo—B, < SK1|[(d1, $2) — (93, 4|5,

for § ranging in some neighborhood of the origin and (@1, ¢2), (P3, P4) € Py. Again,
applying Lemma 25, like done in Proposition 23 we verify (Exi3) for this product
system. Then Theorem 4 can be applied, giving the statement. O

It seems that it is possible to extend all the results we proved for coupled expanding
maps to this kind of systems, with the same ideas and estimates (but longer formulas
and computations, as we have two coordinates). This work however would be quite long
and outside of the scope of this paper.

During the revisions of the present paper, the preprint [42] was published. In this
work a formalization of a system of coupled maps of different types and its related self-
consistent transfer operators similar to the one shown in this section was used to study
the synchronization of interacting clusters of globally coupled maps.

11. The Optimal Coupling

In this section we study the problem of finding an optimal small coupling functions
8h in order to maximize the average of a given observable. This is an optimal control
problem in which the goal is to change the statistical properties of the system in an
certain direction, in some optimal way. In this case we consider an initial uncoupled
system and introduce a small perturbation by a coupling function §% and we look for
the response of the system to this small perturbation like in Theorem 14. We suppose
the direction of perturbation % can vary in some (infinite dimensional) set P, and in this
set we look for an optimal one. In the context of extended systems this kind of problems
were also defined as “management of the statistical properties of the complex system”
([37]). In some sense this is an inverse problem related to the linear response, in which
the goal is to find the optimal perturbation giving a certain kind of response. Related
problems in which the focus is more on the realization of a given fixed response have
also been called “linear request” problems (see [17,30]).

The problem of finding an optimal infinitesimal perturbation, in order to maximize
the average of a given observable and other statistical properties of dynamics was inves-
tigated in the case of finite Markov chains in [2] and for a class of random dynamical
systems whose transfer operators are Hilbert Schmidt operators in [1].

In this section we start the investigation of these kind of problems in the case of self-
consistent transfer operators. We obtain existence and uniqueness of the optimal solution
under assumptions similar to the ones used in [1]. We will focus on the question of finding
the best coupling in order to optimize the behavior of a given observable. Let us explain
more precisely but still a bit informally the kind of problem we are going to consider:
given a certain system, we consider a set P of allowed infinitesimal perturbations we
can put in the system. It is natural to think of the set of allowed perturbations P as a
convex set because if two different perturbations of the system are possible, then their
convex combination (applying the two perturbations with different intensities) should
also be possible. We will also consider P as a subset of some Hilbert space H (as it is
useful for optimization purposes). Let i 5 be the invariant probability measure of the

system after applying a perturbation in the direction 2 € P with intensity § (we will
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formalize later what we mean by direction and intensity in our case). Let the response
to this perturbation be denoted as

R(h) = lim His — 1O
5—0 )

Let us consider ¢ : [0, 1] — R. We are interested in the rate of increasing of the
expectation of ¢

d(fc duj, s)
dé

=0

and the element 4 € P for which this is maximized, thus we are interested in finding

hope such that

d(fc d“hnp,,s)

d(f cdujy)
=—max—
ds

§=0 heP ds

o7

=0

By (39) and (40), under the suitable assumptions, this turns out to be equivalent to finding
hope such that

/cdR(fz(,p,) = max/cdR(h). (98)
heP

This is hence the maximization of a certain linear function on the set P.

11.1. Some reminders on optimization of a linear function on a convex set. The optimal
perturbation problem we mean to consider is related to the maximization of a continuous
linear function on the set of allowed infinitesimal perturbations P. The existence and
uniqueness of an optimal perturbation hence depends on the properties of the convex
bounded set P. We now recall some general results, adapted for our purposes, on
optimizing a linear continuous function on a convex set. Let 7 : H — Rbe a continuous
linear function, where H is a separable Hilbert space and P C 'H.
The abstract problem we consider then is to find A,,; € P such that

T (hopr) = max T (h). (99)
heP

The following propositions summarizes some efficient criteria for the existence and
uniqueness of the solution of such problem (see [1], Section 4 for more details and the
proofs).

Proposition 48 (Existence of the optimal solution). Let P be bounded, convex, and
closed in 'H. Then, Problem (99) has at least one solution.

Uniqueness of the optimal solution will be provided by strict convexity of P.

Definition 49. We say that a convex closed set A € H is strictly convex if for all pair
x,y € Aand forall 0 < y < 1, the points yx + (1 — y)y € int(A), where the relative
interior® is meant.

8 The relative interior of a closed convex set C is the interior of C relative to the closed affine hull of C.
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Proposition 50 (Uniqueness of the optimal solution). Suppose P is closed, bounded,
and strictly convex subset of H, and that P contains the zero vector in its relative interior.
If J is not uniformly vanishing on P then the optimal solution to (99) is unique.

We remark that in the case J is uniformly vanishing, all the elements of P are
solutions of the problem (98).

11.2. Optimizing the response of the expectation of an observable. Let ¢ € L' be a
given observable. We consider the problem of finding an infinitesimal perturbation that
maximizes the expectation of c. As motivated before, we want to solve the problem stated
in (98). Suppose that P is a closed, bounded, convex subset of H containing the zero
perturbation, and that 7 is not uniformly vanishing on P. Let us consider the function
Jh) = f ¢ dR(h). When this function is continuous as a map from (P, || - ||x) to R,
we may immediately apply Proposition 48 to obtain that there exists a solution to the
problem considered in (98). If, in addition, P is strictly convex and 7 is nonvanishing,
then by Proposition 50 the solution to (98) is unique.

In the following subsections we hence apply these remarks to find the existence and
uniqueness of the optimal coupling in the case of coupled expanding map and maps with
additive noise.

11.2.1. The optimal coupling for expanding maps We consider self-consistent transfer
operators coming from a system of coupled maps as in Sect. 7, where £ is the uncoupled
operator and L; is the self-consistent operator with coupling driven by a function % :
S! x S! — R and with strength §. We proved in Proposition 29 (see (60)) that the
response of the invariant measure of the system as § increases is given by

R = (1d = L) o [ e, y)hot)dy

Given some observable ¢ € L' and some convex set of allowed perturbations P we
now apply the previous results to the problem of finding the optimal coupling 4., € P
solving the problem (98) for this response function R(h). From Remark 30 (see also
(40)) we know that the rate of change of the average of ¢ can be estimated by the linear
response when the convergence of the linear response is in W11

We remark that to apply the general results of Sect. 11.1 we need P being a subset
of a Hilbert space. Since to apply Proposition 29 we need & € C® we consider a Hilbert
space of perturbations which is included in C°. A simple choice is W2, We hence
consider a system with coupled expanding maps, the Hilbert space W’-% and a convex
set P € W2(s! x Sh).

Proposition 51. Under the above assumptions, supposing that P is a closed bounded
convex set in W2, Problem (98) has a solution in P. If furthermore P is strictly convex
either the optimal solution is unique or every h € P is the optimal solution.

Proof. The result directly follows applying Propositions 48 and 50. In order to apply
the propositions we have to check that h — [ ¢ d R(h) is continuous on P. Since

RGY) = (Id — Lo)~ (ho /S G, o)y
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we have
/cdR(iz) < llellili(rd - Lo)_l(hofsl h(x, y)ho(1)dy) lloo

< llelhillzd - L0)71||W1.1_>W1.1||(h0/sl h(x, y)ho(0)dy) [l
< llellilldd = Lo) Iy, ., w112llholIgs 1Al Iy

Now the result follow by a direct application of Propositions 48 and 50. O

11.2.2. The optimal coupling for systems with additive noise Now we consider the
optimal coupling in order to maximize the average of one observable ¢ in the case of the
coupled maps with additive noise as described in Sect. 8. Since Proposition 38 gives a
convergence of the linear response in the strong space C*, by Remark 30 we know that
we can consider very general observables. For simplicity we will consider ¢ € L' but in
fact we could consider even weaker spaces as distribution spaces (the dual of C¥). For
simplicity we also take P € W2 to let (79) make sense. The response formula in this
case is

R(h) = (Id = Lo)™" p * (L7, (ho) / B y)ho(y)dy)'.
S
We will hence consider the problem (98) with this response function. Similarly to the

expanding maps case we get the following statement.

Proposition 52. Under the above assumptions, supposing that P is a closed bounded
convex set in W2 Problem (98) has a solution in P. If furthermore P is strictly convex
either the solution is unique or every h € P is the optimal solution.

Proof. The result again directly follows applying Propositions 48 and 50. In order to
apply the propositions we check that A — [ ¢ dR(h) is continuous on P. Since in this
case

R(h) = (Id — Lo) ™" p * (ho /S 1 h(x, y)ho(y)dy)'
we have

[ earaiy < elniitd = Lo tho [ it o031y 1l
N
< llellallrd = Lo) ™ llvg—c=2llplcx ol By [l 2

establishing the continuity of 7 — [ ¢ dR(h). i
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