THE EQUILIBRIUM STATES
FOR
SEMIGROUPS OF RATIONAL MAPS

HIROKI SUMI AND MARIUSZ URBANSKI

ABSTRACT. We consider the dynamics of skew product maps associated with finitely gener-
ated semigroups of rational maps on the Riemann sphere. We show that under some condi-
tions on the dynamics and the potential function ¢, there exists a unique equilibrium state
for ¢ and a unique exp(P(¢) — ¥)-conformal measure, where P(¢) denotes the topological
pressure of .

1. Introduction

In this paper, we frequently use the notation from [S1]. A “rational semigroup” G is a
semigroup generated by non-constant rational maps g : € — @, where €' denotes the Riemann
sphere, with the semigroup operation being functional composition. For a rational semigroup
G, we set F(G) := {# € € | G is normal in a neighborhood of z} and J(G) := @'\ F(G).
F(Q) is called the Fatou set of G and J(G) is called the Julia set of G. If G is generated by
a family {f;};, then we write G = (fi, fa,.. ).

The research on the dynamics of rational semigroup was initiated by Hinkkanen and Martin
([HM]), who were interested in the role of the dynamics of polynomial semigroups while
studying various one-complex-dimensional moduli spaces for discrete groups, and by F. Ren’s
group ([ZR]), who studied such semigroups from the perspective of random complex dynamics.

The theory of the dynamics of rational semigroups is deeply related to that of the fractal
geometry. In fact, if G = (f1,.., fs) is a finitely generated rational semigroup, then the Julia
set J(G) of G has the “backward self-similarity”, i.e.,

J(G) = [T (J(@) U U fTHI(G))

(See [S1]). Hence, the behavior of the (backward) dynamics of finitely generated rational
semigroups can be regarded as that of the “backward iterated function systems.” For example,
the Sierpinski gasket can be regarded as the Julia set of a rational semigroup.

The research on the dynamics of rational semigroups is also directly related to that on
the random dynamics of holomorphic maps. The first study on the random dynamics of
holomorphic maps was by Fornaess and Sibony ([FS]), and much research has followed. (See
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[Br],[Bul],[Bu2], [BBR].) In fact, it is very natural and important to combine both the theory
of rational semigroups and that of random complex dynamics (see [S1],[S2], [S4],[S5]).

We use throughout spherical derivatives and, for each meromorphic function ¢, we denote
by |¢'(2)| the norm of the derivative with respect to the spherical metric. We denote by
C'V (p) the set of critical values of ¢. The symbol A is used to denote the spherical area. We
set k = A(B(0,1))/4. Obviously, A(B(z,R)) = k(2R)*.

Let G = (fi,..., fs) be a finitely generated rational semigroup. Then, we use the following
notation. Let ¥, := {1,...,s}" be the space of one-sided sequences of s-symbols endowed
with the product topology. This is a compact metric space. Let f : X, x @' — ¥, x @ be the
skew product map associated with {fi, ..., fs} given by the formula, f(w, z) = (c(w), fu,(2)),
where (w,z) € ¥, X €, w = (w;,ws,..), and 0 : ¥; — ¥, denotes the shift map. We denote
by m1 : ¥, x @' — X, the projection onto ¥, and 75 : ¥, x € — € the projection onto €. That
is, 71 (w, 2) = w and T(w, z) = z. Under the canonical identification 77 '{w} = @, each fiber
71 {w} is a Riemann surface which is isomorphic to .

Let_Crit(f) = Upes, {v € m Y{w} | visa critical point of flazipey = ﬂfl{aiw)}} (C
Y; x @) be the set of critical points of f. For each n € N and (w,z) € X; x @, we set
(f") (W, 2) = (fu, 00 fu)'(2).

For each w € ¥, we define
Jo:={2 € @|{f., 0 -0 fu tnen is not normal in any neighborhood of z}

and we then set

J(f) = Uweﬁs{w} X Jwa
where the closure is taken in the product space ¥, x @ By definition, J(f) is compact.
Furthermore, by Proposition 3.2 in [S1], J(f) is completely invariant under f, f is an open
map on J(f), (f,J(f)) is topologically exact, and J(f) is equal to the closure of the set of
repelling periodic points of f, where we say that a periodic point (w, z) of f with period n is
repelling if |(f") (w, z)| > 1. Furthermore, mo(J(f)) = J(G). We set

e; == deg(f;) and d:= jr:nl@?cs(er —2).

Throughout the paper, we assume the following.

(E1) There exists an element g € G with deg(g) > 2. Furthermore, for the semigroup
H :={h7' | h € Aut@"G}, we have J(G) C F(H). (If H is empty, we put F(H) := T.)

(E2) #(Crit (f) N J(f)) < oo

(E3) There is no super attracting cycle of f in J(f). That is, if (w,2) € J(f) is a periodic
point with period n, then (f")'(w, z) # 0.

Any finitely generated rational semigroup G' = (f1, ..., fs) satisfying all the conditions (E1)-
(E3) will be called an E-semigroup of rational maps.

Examples.

e If ¢ is a rational map with deg(g) > 2, then (g) is an E-semigroup of rational maps.
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e Let G = (fi,..., fs) be a finitely generated rational semigroup. If CV(f;) N J(G) =0
for each 7 =1,...,s, then G is an E-semigroup of rational maps.
e Let g; and g, be two polynomials with deg(g;) > 2 (j = 1,2). Suppose that

U097 (CV(91)) C Axs(g2) and Up2,g5(CV (g2)) C Asolg1),

where A (-) denotes the basin of infinity. Let m € N be a sufficiently large number
so that

97" (Uppg5 (CV (g2))) C Uss and g3" (UsZpgt (CV (1)) C U,

where U,, denotes the connected component of F'((g1,¢g2)) with oo € Uy. Then, the
semigroup (g7, g5} is an E-semigroup of rational maps.

The dynamics of the skew product map f : ¥, x @ — ¥, x €'is directly related to the dynamics
of the semigroup G = (fi,..., fs). For example, we use the dynamics of f to analyze the
dimension of Julia set J(G) of G (See [S1], [S2], [S3], and [S4]).

Our main concern in this paper is the existence and uniqueness of equilibrium states for
all E-semigroups of rational maps and a large class of Holder continuous potentials. We do
not assume any kind of expanding property. If T": X — X is a continuous mapping of a
compact metric space X, the one can define the topological pressure P(g) for every real-valued
continuous function g on X (see [Wa] for instance) in purely topological terms. The link with
measurable dynamics is given by the Variational Principle (see [Wa| again) saying that the
topological pressure P(g) is equal to the supremum of all numbers h,(T) + [ gdu, pv being
Borel probability T-invariant measures on X. Any invariant measure j satisfying equality

P(g) = h(T) + [ gd

is called an equilibrium state. All equilibrium states have a profound physical meaning (see
[Ru]), their existence as well as uniqueness is of primary importance and is in general not clear
at all. A general sufficient condition for the existence is expansiveness, a weaker one, holding
for all rational functions of the sphere (see [Ly]), is asymptotic h-expansiveness. This covers
the case of hyperbolic maps studied in [S3]. Our goal in this paper is to do both, existence
and uniqueness of equilibrium states, for E-semigroup of rational maps and a large class of
Holder continuous potentials. Thus, the main purpose of this paper is to prove the following
result.

Theorem 1.1. (Main result) Let G = (fi,..., fs) be an E-semigroup of rational maps. Let
f:3, x @ — %, x T be the skew product map associated with {f1, ..., fs}. Let v : J(f) = R
be a Hdélder continuous function. Moreover, let PP() be the pointwise pressure of 1 with
respect to the dynamics of f: J(f) — J(f) (see the definition (4.2)). Suppose that PP(1)) >
sup(¢)) 4+ log s. Then, all of the following statements hold.

(1) Regarding the dynamics of f : J(f) — J(f), there exists a unique equilibrium state for
Y and a unique exp(P(v) — ¥)-conformal measure in the sense of [DU1], where P (1))
denotes the pressure of (f|cp), ).
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(2) Moreover, P(¢)) = PP(¢) and for each point x € J(f), we have that Llog L1 (x) —
P(y) = PP(¢) as n — oo, where Ly, denotes the Perron-Frobenius operator associated
with the potential ¢ (see (4.1)) and 1 = 1.

Remark 1.2. If ¢ : J(f) = R is a Hélder continuous function such that sup(y) — inf(y)) <
log(¥5-, €5) — log s, then PP(3)) > sup(¢) + log s.

Remark 1.3. Under a very mild condition, the topological entropy h(f) of f : Sy x @ — S, x T
is equal to log(325_, ;) (See [S1]).

The proof of the main result is given in the following several sections. In this proof we utilize
some arguments from [DU1| to show the existence of a conformal measure. Then, using
the normality of a family of inverse branches of elements of the semigroup (see section 2),
we analyze the Perron-Frobenius operator in detail. Developing the techniques worked out
in [DU2] and [S1], we show the existence of an equilibrium state and the uniqueness of a
conformal measure as well as an equilibrium state.

2. DISTORTION THEOREMS

Let us recall the following well-known version of Koebe’s Distortion Theorem concerning
spherical derivatives.

Theorem 2.1. For every u € (0,diam(@)/2) there exists a function k, : [0,1) — (0, +00),
continuous at 0, with k,(0) = 1 and the following property. If ¢ € @, R > 0, and H :
B(&, R) — @ is a meromorphic univalent function such that @\ H(B(&, R)) contains a ball of
radius u, then for every t € [0,1) and all z,w € B(,tR),

. | H'(w)]
k1O < o) S k(O

As an immediate consequence of this theorem, combined with Lemma 4.5 in [S1], we get the
following.

Lemma 2.2. Let G = (f1,..., [m) be a finitely generated rational semigroup satisfying the
condition (E1). Then, there exists a number Ry > 0 and a function kg : [0,1) x (0, Ry] —
[1,00) such that for each x € J(G),0 < R < Ry and 0 < t < 1, the family Fyr = {¢ :
B(x,R) — @| ¢ is a well-defined inverse branch of h™', h € G} satisfies that for each H €
Fur, w,2 € B(x,tR), we have

)
S )

< kG(ta R)



THE EQUILIBRIUM STATES FOR SEMIGROUPS OF RATIONAL MAPS 5

Proof. By Lemma 4.5 in [S1], we have that there exists a number Ry > 0 such that for
each x € J(G) and each 0 < R < Ry, the family F, r is normal in B(z, R). Now, suppose
the statement of our lemma is false. Then, there exist a 0 < ¢ < 1, a sequence (x,,) in J(G),
a sequence (w,) in @, a sequence (z,) in @, a number 0 < R < Ry, and a sequence (¢,) of
meromorphic functions, such that for each n € N, we have w,,, 2z, € B(z,,tR), ¢n € Fu,.r,

and ﬁi((il::))‘l > n. We may assume z,, — Too € J(G), wy — we € €, and 2z, — 24 € T. Let
u be a number with ¢ < u < 1. Then there exists an ng € N such that each ¢, (n > ng) is
defined on B(zw, uR) and the family {¢;, }n>n, is normal in B(z,, uR). Then we may assume
that ¢, tends to a meromorphic function s, : B(7s,uR) — @ as n — oo, uniformly on
B(,uR). Since each ¢, is injective, we have that pu : B(Zs,uR) — @' is either injective
or constant. Hence, ¢o(B(T0, uR)) # €. Let v be a number with ¢ < v < u. Then, there
exist a number 0 < s < 1 and a point a € € such that for each large n > ny,

Bl(a,s) C @\ ¢n(B(Ts, vR)).

Then, by Theorem 2.1, it causes a contradiction. We are done. B

Notation. Throughout the rest of the paper, we set Kq(R) := kq(3, R).

3. INVERSE BRANCHES

We set F := U2, {1,...,5}/ (disjoint union). For each w € X%, we set |w| = j if w €
{1,...,s}. By f]j we denote the space dual to X, that is f]j consists of infinite sequences

w = ...wswow; of elements from the set {1,2,...,s}. For each w € f)j, by wl|, we denote the
finite word (wy,wp_1,...,ws,w;); more generally, for b > a we put w|f = (wp, Wp—1, .- ., Wy)-
For each finite word w = (wy,...,w1), we set f, := f, o---o f, . The technical tool that
allows us to develop the further machinery is the following.

Lemma 3.1. Let G =< fi,..., fs > be a rational semigroup satisfying the condition (E1).
Let Ry be the number in Lemma 2.2. Fiz an integer ¢ > land a real number X € (0,1). Then

for every finite set E C J(G), every w € ST, every

s 7

R € <O,n’1in {1,R0, kY2, %dist(E, C’V(ﬁd|q)),4’1 min{d(z,§) : 2, € E,z # f}}) ,

every integer n > 0, and every z € E, there exists a subset I,(z,w) of the set of all inverse
meromorphic branches of f,),. defined on B(z,2R) and satisfying the following properties with

ITL — UZEE [n(Z,C{))
(a,) If z € E and ¢ € I,41(z,w), then fw|q?+l) o€ Iy(z,w).
a(n+1
(by) If ¢ € I, then diam(¢(B(z, R))) < Kq(R)?k~1/2\"/2,
(cn) &(B(z,2R)) N cv(fw‘q?ﬂ )) =0 forallz € E and all ¢ € I,.
a(nt1
(dp) #(Ju \ In) < dg+ A" for all n > 1, where J,, is the family of all compositions of all
maps ¢ € I, 1(z,w), z € E, with all meromorphic inverse branches of fw‘q(nfl)#»l.
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(6) I() = {Id|B(z,2R) | A E}

Proof. We shall construct recursively the sets I,,(z,w), n > 0, such that the conditions
(an), (b)), (cn) and (d,,) (here n > 1), where (b)) requires that

(B,) If ¢ € I, then A(g(B(z, R))) < A"
The base of induction, the family Iy consists of all the identity maps defined on the balls

B(z,2R), z € E. The condition (b)) is satisfied since A(C) = 1 and (cp) is satisfied because
of the choice of the radius R. Now assume that for some n > 0 the subsets I,,(z,w), z € E,
have been constructed so that the conditions (b)) and (c,) are satisfied. The inductive step
is to construct the subsets I, 1(z,w), 2 € E, so that the conditions (an11), (0),41), (cny1) and
(dy+1) are satisfied. This will complete our recursive construction. In view of (¢,) all the

meromorphic inverse branches of f“"qFH | are well defined on all the sets ¢(B(z,2R)), z € F,
q(n+1

¢ € I,(z,w). Their compositions with corresponding elements ¢ € I,,(z,w) are said to form
the subset J,41(z,w). Note that J,11 = U,ep Jnt1(2,w). The subset I,,1(2,w), z € E, is
defined to consist of all the elements ¢ € J,,(z,w) for which the following two conditions
are satisfied.

(1) A(W(B(z, R)) <A™

(i) ¥(B(z,2R)) N CV( waEnE;H) = 0.
Thus, conditions (b],, ) and (cn41) are satisfied immediately. Condition (a,) is satisfied since
it holds for all ¢ € J,,41(2,w), 2 € E, and I,,41(z,w) is a subset of J,;1(z,w). We are left to
show that (d,41) holds. Now, if ¢ € J, 11, say ¢ € J,11(2,w), z € E, but (i) is not satisfied,
then A(¢(B(z, R)) > A"*1. Since all the sets )(B(z, R)), ¥ € Juy1(2,w), z € E, are mutually
disjoint and since A(€) = 1, we conclude that the number of elements of J,,; for which
condition (i) fails is bounded above by 1/A"*! = A=(»*1)| Since the number of critical points
of each generator of the semigroup G is bounded above by d, the cardinality of the set of critical

values of fw|q(n+1)+1 is bounded above by dgq. Since all the sets ¥(B(z,2R)), ¥ € J,11(2,w),
q(n+2
z € E, are mutually disjoint, we thus conclude that the number of elements ¢ € J,,,; for which

condition (ii) fails, is bounded above by dg. In conclusion #(Jnq1 \ Tns1) < dg + A~
meaning that (d,.1) is satisfied. The recursive construction is complete. Since G satisfies
(E1), it follows from Lemma 2.2 that for all n > 0, all z € F, and all ¢ € I,,(z,w), we have

B(¢(2), Ka(R)™'|¢'(2)|R) C ¢(B(2, R)) C B(8(2), Ka(R)|¢'(2)|R).
Hence, making use of (b)), we get that
diam? (6(B(z ) < (2Ke(R)|¢'(2)|R)” = Ko(R)'s " (26" Ka(R) ¢/ ()| R)
= Ko(R)'n ' A(B(6(2), Ka(R)™'¢'(2)|R) ) < Ka(R)'v " A($(B(z, R)))
< Kg(R)'w A",
Thus, diam(qﬁ(B(z,R))) < Kg(R)?k~1/2A"/2, We are done. m
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In order to simplify the notation, put

R(E,wl|,) := min {I,RO, k2, %dist(E, CV(fw|‘1))’4_1 min{d(z,§) : 2, € B,z # 5}} .

Corollary 3.2. Suppose that G =< fi,..., fs > is an E-semigroup of rational maps. Fiz an
integer ¢ > land a real number A € (0,1). Then for every z € J(G), there ezists a number
R = Ry(2) > 0, a number R, (2) > 0, and a number D > 1, where D does not depend on
q, A, z, such that for every w € f)j and every integer n > 1, there exists W, (z,w), Z,(z,w), a
subset of the set of all connected components of f;‘;n(B(z, R)), with the following properties.
(An) If Ve Wyi1(z,w), then fw|q?+1 )(V) € Wy(z,w).
g(n+1

(By) If V € Wyii(z,w), then diam(V) < Kg(R)(2))* k=" /2A"/2.
(Ch) Zn(z,w) is the family of all connected components of the sets f;ég—lm(v)f Ve

Waei(2,w), and #(Za(2,w0) \ Wa(z,w)) < dg+ A", and
(Dn) For every V € Z,(z,w), the map f,,.|v : V — @ is at most D-to-1.
(Ey) Wi(z,w) = Z1(z,w) = {connected components V' of f(;‘;(B(z,R))}.
Note also that in fact W, (z,w) depends only on z and w|y,, so we can and will in the forth-
coming sections write W, (z,w|qn)

Proof. Let z € J(G) be a point. Since J(G) = mo(J(f)), there exists a point w € ¥, such
that (w, z) € J(f). Then, from the assumption E2, E3, there exists p > 1 independent of ¢
(but depending on (w, z)) such that

(U (7)) w, 2)) N Crit(f) = 0.
reN
Then, we obtain

U U £'(f() nCrit(f,) = 0.

PEX] |T|=pq
In particular

( U f?l(Z)) nCv(f,) =10 (3.1)

I7|=pq

for all p € X}, Set E = Uj=py f; '(2). It follows from (3.1) that
A 1
R,(z) = 5)\”/2 -min{R(E,p) : p € {1,2,...,s}P} > 0.

Now, there is R,(z) > 0 so small that the following two conditions are satisfied.
(a) Foreach T € {1,2,...,5}P each connected component of f~!(B(z, R,(z))) is contained

in exactly one ball B(¢, R,(2)), where £ € E.
(b) For each v € ¥} with |y| < pg, each connected component of f!(B(z, Ry(2))) has the

diameter bounded above by x~1/2\N/2.
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Now, for every 1 < k < p and every w € f)j, define Wy (z,w) and Zi(z,w) to be the family
of all connected components of f;‘ik(B(z, R,(2))). The conditions (Ag), (By), and (Cy) are

obviously satisfied for all 1 < k£ < p. Now, for every w € f)j, every n > p+ 1 and every

€ € f(;‘iq(z) C F, consider the inverse branch ¢ : B(£,2A7P/2R,(2)) — @ € I,,_,(€,w[P?). Tt
follows from Lemma 3.1(b,,_,) and Lemma 2.2 that

2K (20 B Ry(2)) "N PP (€)| Ry(2) < diam(9(B(EA "R, (2))))
< Kg(2A 3Ry (2))2 672N 5",

Thus |¢'(€)] < LKa(2\ R, (2))3k~1/2A"2R,(2)~! , and therefore, using Lemma 2.2 again
and the definition of R,(z), we get that

diam (¢(B(&, Ry(2)))) < Ka(2A™ 8 Ry(2))" k7202,

So, looking also at Lemma 3.1(d,,) and (¢,), we complete the proof of items (4,), (B,) and
(Cy,) by defining for every n > p the family W), (z,w) to consist of all the sets of the form ¢(V;),

where £ € fw—liq (2), Vg is a connected component of f;‘iq (B(z, Ry(2)) contained in B(€, Ry(z)),
and ¢ € I,,_,(&,wP?). Decreasing R,(z) appropriately, the items (D,,) follow now from this
construction and Lemma 3.1. B

4. PERRON-FROBENIUS OPERATORS AND (GIBBS STATES

From now on throughout the entire paper assume that ¢ : J(f) — IR is a Holder continuous
function. Given n > 1, w € {1,...,s}", and a continuous function g : J(f) — IR, define

LPg(rz)= 3 exp(Suv(wr,x))glwr, o),

eefs ' (2)
where here and in the sequel the summation is taken with multiplicities of all critical points
of f,, and Syt := Y23 o fI. Since sup{#(f,'(2)) : z € €} < o0, L) is a bounded linear
operator acting on the Banach space C(J(f)) of continuous functions on J(f) endowed with
the supremum norm. Set

£y =3 L), L,= L) (4.1)

|w|=n

Then £Ebn) and Ly, also act continuously on the Banach space C'(J(f)). Wecall Ly, : C(J(f)) —
C(J(f)) the Perron-Frobenius operator associated with the potential ). Note that

LPg@) =Y exp(Sat(y))g(y) = Lig(x).

yef~n(z)
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Define the pointwise pressure PP (1)) of the function 1 by the following formula.

Py () := limsup logﬂn (), z € J(f), and PP(y):=sup{Ps(¢):x € J(f)},

(4.2)
where 1(z) := 1. Throughout the entire paper we work with the assumption that
PP(y) > sup(¢) + log s. (4.3)
In particular, we can fix a point b € J(f) such that
7 = exp (sup(w) +logs — Pb(w)) < 1. (4.4)
Fix A € (0,1). There then exists ¢ = ¢(\) > 1 such that
v, li=dg+ AT < (1+2D) g (4.5)

Let £y, : C(J(f))" — C(J(f))* be the operator conjugate to Ly, i.e., Lyv(g) = v(Lyg).
Using (4.4) and the fact that the map f : J(f) — J(f) is open, as an immediate consequence
of Theorem 3.9 and Proposition 2.2 in [DU1], we get the following.

Lemma 4.1. If G =< fi,..., fs > is an E-semigroup of rational functions, 1 : J(f) — IR is
a Hélder continuous potential satisfying (4.3) and b € J(f) is selected so that (4.4) holds, then
there exists a Borel atomless probability measure my, on J(f) such that Lymy, = ePb(w)m¢.

The measure my, is called exp(Py(1)) — ¢)-conformal for f. Obviously (£,)"my = e™*®)mm,,
for all n > 0, and this equivalently means that

my(f(A)) = /A exp (P () — S,¢))dm,

for every Borel set A C J(f) for which the restriction f™|4 is injective.

Remark 4.2. Note that all forthcoming considerations depend only on the above relation
and not on the particular way the measure m,, was constructed.

From now on throughout the paper put

) =1 — Py(1)).
Now set

LW =% fr=r2 and L=Ly

w % )
Now for every z € J(G), every n > 1, every w € {1,...,5}9", and every g € C(J(f)), define
the function G”wg 75 (B(z, R, z))) — IR by setting
L9(7,8) = > exp(Spt(wr,2))glwr,x), (4.6)

VEWn(2.w) zefrH(6)NV
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where R,(z) and W, (z,w) come from Corollary 3.2. Since for every V' € W, (z,w) the map
fu 1V = B(z,Ry(2)) is a branched covering, for every £ € B(z, R,(z)) there is a bijection
|

E:f12) NV = f,1(€) NV, where all critical points of f,, in f,(z) and f,(€) are counted
with multiplicities. So, (4.6) can be rewritten in the following form.

G = 3 S exp(Spv(wr,€(x))g(wr, ().
VEWn(2.w) zef, (2)nV

Since the function ¢ : J(f) — IR is Hélder continuous, it follows from Corollary 3.2(B,,) that
there exists a constant H > 0 such that (with z € f;'(2) NV),

St (wr, €(2)) — Syt (wh, z)| < H
for all 7,0 € X, or equivalently,
e " exp (Sqna(wH,x)) < exp (Sqnﬂ(wﬂ f(x))) < efexp (S,m@(wﬁ, :U)) (4.7)
In consequence

e "G (0, 2) < Gr (T, E) < e"GE (0, 2). (4.8)

= > G,

|lw|=gn

Set

It then follows from (4.8) that
e TG0, 2) < Y Gr (1, &) < e"GRI(D, 2) (4.9)
w|=gn
for alln > 0, all (6, 2) € J(f) and all (7,,,&,) € 7, '(B(2, Ry(2))). Since J(G) is a compact set,
there exist finitely many points, say 21, 29, . . ., 2, € J(G) such that U5_, B(zj, R,(2;)) D J(G).
Put

M?,g =L Mrg= 3% Mg, Gi,=G: ,, G =G
j,w w _ ) Jywd 2j,w? 7 250
) ! (B (Z]7RQ(Z]))) ‘w‘ qn
and
1G5 gllle = 3= NG uglloor 1M glllso = 3 [1Mglloe, MLl = 3 11257 glloc-
|l |w|= ||
w|=qn w|=qn wj=qn

We shall prove the following.

Lemma 4.3. It holds
PR n
0<Qy:= f%%ig%ﬂHGiMHm} < 00.

Proof. Since the map f : J(f) — J(f) is topologically exact and since {B(zj, Rq(zj))}}‘:l
is an open cover of J(f), there exists £ > 1 such that for all j =1,2,...,u,

749(m5 (B2, By(2)))) 2 J(£). (4.10)
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By Lemma 4.1, £*m,, = my, for all n > 0, and consequently [ £"Ldm, = [1dm, = 1. Fix
n > 0. There then exists wy € J(f) such that

LIE () < 1. (4.11)

Now fix an arbitrary 1 < j < u, an arbitrary w € {1,...,s}?, and an arbitrary z, €
WZ_I(B(Zj,Rq(Z]’))). By (4.10) there exists y; € WZ_I(B(Zj,Rq(Z]’))) such that f*(y;) = w.
Applying (4.9) with z = z;, we get that
Y. Giul(aw) < MGTL(y)).
|wl=gn
Also, by (4.11), we obtain
GIL(y;) < L7(y;) < || exp(Seq(—1)) oo L7 (wo) < ] exp (Skg(=)) lso-
Thus, 3ju—gn G, 1 () < e[ exp (Skq(—ﬂ)) ||, and we are done by taking supremum over

all 2, € my (B(zj, Rq(zj))). u

Now we are in position to prove the required upper bound on the iterates of the Perron-
Frobenius operator L.

Lemma 4.4. For every n > 1, we have that
L k n —k B
L™ 1o < Qo+ D Y (%9 ML D1 | < Qu+ D 3 (1 +2D) (1L 91 ..
k=1 k=1

Proof. Fixn > 1, w = (Wgn, Wgn—1, - - »wi1) € {1,...,5}9", and (7,2) € J(f). There then
exists 1 < j < w such that (7,z) € WQI(B(zj,Rq(zj))). For each a,b € N with a < b < ¢n,

we set w|f := (wp, . . ., wq). Moreover, for each [ € N with | < gn, we set w|; = (w, .. .,w1).
One can now represent L1 (7, ) in the following way.
S — —k
ME(T,2) = > > eXP(SqM/)(quT, ?J))Liqégﬂ M (w] e, y)

k=1V€Zk(2j w)\Wer(zj w) yevmf;‘lk (z)
q

+ GV (7, ) o
<y 0% S exp(ahsup(@) LT (wlger, ) + 1G]
= — w|gﬁ+1 qk Y 7w [elel)

k=1VeZy(z; w)\Wan(2j,w) erﬂf;‘lk (z)
ok

Applying now Corollary 3.2 (C,,) and (D,,), we estimate further as follows.

MEU(r,2) < 3 D(dg + A exp(gh sup (@) 1L oo + G 1 e
k=1 an
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Since dg + A% <, % (see (4.5)), we thus get

M (7)< DS (exp(asup(@)r, ) WL Wl + 1G5 e
k=1

Taking supremum over all (7,2) € 75" (B (zj, Rq(zj))), we thus get

IMP0 0 < D z(exp(qsupw» DRIl TN
So, summing over all words € {1,...,s}7, we obtain using Lemma 4.3, the following.

n = A —1\k n— n
A" Wlse < DY (exp(a5up(@) ;) ™ 171l + 1165 e
k_

<D 2 exp (qh(sup(i) + log 5)) (v, )F11L7" 1|00 + Qu
(4.13)

= DZ(U Yo ) £ 91| oo + Q-
Since this inequality holds for all j = 1,..., u, we thus get
n
0K et
L1 [lo < D2 (0, 1) L™ 90| |oo + Q-
k=1

The first inequality to be proved is thus established. In order to derive the second one from
it, invoke (4.5). W

Lemma 4.5. There exists a constant @@/} > 0 such that for all n > 0, we have
1Ll < By
Proof. We first shall prove by induction that
L7 1 ]]|oo < 2Qy (4.14)

for all integers n > 0. Since ||1||o = 1, this formula holds for n = 0. So, fix n > 1 and
suppose that (4.14) is true for all 0 < k < n — 1. It then follows from Lemma 4.4 that

L™l < Qu+DY(142D)2Q, = Q, (1 +2DY 1+ 20)"“) < 2Q,,
k=1 k=1

2Qy max{|||L¥1 |||l : k= 0,1,...,¢—1}. m

and (4.14) is proved. Since |[|[L1]|]oc < [[|L71]||sol[|£71]]|o, We are done by setting @, =

Lemma 4.6. There exists a constant Qd) > 0 such that for all n > 0, we have

inf £ 1 (y) > Q .
,nf (y) > @,



THE EQUILIBRIUM STATES FOR SEMIGROUPS OF RATIONAL MAPS 13

Proof. Taking ¢ > 1 sufficiently large, we can make the product 7%y, " (see (4.5)) as small
as we wish. It therefore follows from (4.13) and Lemma 4.5 that for ¢ > 1 large enough, for
alln > 1 and all 1 < j < u, we have

n 1 n
M ]| < 5 + [IGFI |- (4.15)

Since, by Lemma 4.1, [L£"1dm, = [l1dmy, = 1, there thus exists x € J(f) such that
L1 (x) > 1. Since {m '(B(zj, Ry(z))) Y4, is a cover of J(f), there exists 1 < i < u such
that @ € 1, ' (B(2;, Ry(2))). Tt follows from (4.15) that |||G?(1)|||c > 1/2. Applying now

(4.9) we see that
GIMl(w) > (2e*) 7! (4.16)
for all w € w5 ' (B(2;, Ry(2i))). Take now an arbitrary point y € J(f). With k > 1, as in the

proof of Lemma 4.3, it follows from (4.10) that there exists ¥ € 5 *(B(z;, Ry(2i))) such that
f*(y) = y. So, using (4.16) and the definition of the Perron-Frobenius operator, we obtain

L7 () > exp(Sko(B(7)) £71(F) > exp (inf (Sky(1) ) G71()
> (2e*") " exp (inf(Skq@)))
Since inf (£a+b]1) > inf(ﬁ“]l) inf(ﬁb]l), we are therefore done by taking

Qw = min {(262H)*1 exp(inf(Skq(E))), 1} - min {inf(ﬁ“]l) cu=0,1,..., kq— 1} .

Now repeating verbatim the proof of Lemma 20 from [DU2], using Lemma 4.5 and Lemma 4.6,
we get the following.

Lemma 4.7. Let h(z) := lim inf,_, 1L (z), hy(z) = inf,>g L7h(x) and h(z) := fhzi(x)dw
O
for each x € J(f). Then h: J(f) = R is a Borel measurable function such that the following

hold.

(a)

&y Qu

o8 < h(x) < Q, for every x € J(f).
(b) Lh(x) = h(z) for every x € J(f).
(C) fhdmw =1.

Remark 4.8. Note that up to a normalized factor ( to make (c) hold ) the function h is
independent of the conformal measure m.
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As an immediate consequence of this lemma and Proposition 2.2 in [DU1], we have the
following.

Theorem 4.9. The Borel probability measure p, = hmy, is f-invariant, equivalent to my,

and g:li € [ w/@¢a@¢/Q¢]'

5. EQUILIBRIUM STATES

Our objective in this section is to show that the measure j,;, produced in Theorem 4.9 is a
unique equilibrium state for the potential ¢ and that it is ergodic. Let P(¢)) be the ordinary
topological pressure of the potential v. If u is a Borel probability f-invariant measure on
J(f), denote by .J, its Jacobian with respect to the map f (see page 108 in [Pa]). We start
with the following.

Lemma 5.1. P(¢) > Py(¢)).

Proof. Since hy,(f) > [y 1og Ju,duy (this is true for every finite-to-one endomorphisms
and every probability invariant measure. See Lemma 10.5 and Theorem 5.14 in [Pa]) and
since J,,, = bol exp(Py (1) — 1) everywhere, it follows from (4.3) and the Variational Principle
that

P(6) > by, (f) + [ Uiy > [(Po() = &+ ¥)dpsy = Py(0). (5.1)
We are done. B
Now, let p be a Borel f-invariant ergodic measure on J(f) such that h,(f|o) > 0, where

h,(f|o) denotes the relative entropy of (f, i) with respect to o, and let T}, : Loo (1) — Loo(1t)
be the Perron-Frobenius operator associated to the measure p. It is defined by the formula

Tuy(x) = Z T (W)g()- (5:2)

yef—1(z)
Since Lh = h everywhere throughout J(f), using Lemma 6.9 from [S1], we get that

hexp() [ hexp(¥)
1= = [ Slan= [ 7, (th f>d“— T ho

h N
> 1+/1 <J ‘fxph )f> du:1+/loghd,u—/log(h,of)du—l—/z/)du—l—/log!]u%g‘g)

14 /z/)d,u — Py(eh) + b, (f).
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Seeking contradiction suppose that P(¢)) > Py(¢). By the Variational Principle there exists
a Borel probability f-invariant ergodic measure p such that

h(f) + [ > P(6) — min{P (1) ~ Py(e), P() — sup(v) ~ log s}.
Note that, because of (4.3), P(¢)) — sup(¢)) — log s > 0, and therefore

bu(f) > P() = (P(¥) = sup(v) — logs) — [ iy = logs +sup(v) — [ vdu > logs,

which implies h,(f|o) > 0. Hence, (5.3) applies, and we can continue it to get that 1 >
L+ [du — Py(v) + h,(f) > 1+ P(¥) — (P(¢) — Po(¢0)) — Py(¢p) = 1. This contradiction
along with (5.1) and Lemma 5.1 give the following.

Proposition 5.2. P(y)) = P,(¢) and py is an equilibrium state for 1.
Lemma 5.3. For each point x € J(f), we have +log L}1(x) — P(¢)) as n — oco.

Proof. By Proposition 5.2, L4, = (exp(P(¢))) - £. Combining it with Lemma 4.5 and
Lemma 4.6, we obtain that the statement of our lemma holds. ®

Now suppose that p is an arbitrary ergodic equilibrium state for 1. Then h,(f) — logs =
P(¢)— [du—logs > P(y)—sup(v) —log s > 0. Hence h,,(f|o) > 0. In view of the proposition
above, the last component in (5.3) is equal to 1. Consequently, the only inequality in this

hexp(t))

Jl.hof> =0 p-a.e. We thus get the following.

formula becomes an equality, and so log

Lemma 5.4. If pu is an ergodic arbitrary equilibrium state for 1, then J, = h_zi exp(P(¢) — )
p-a.e.

Now we shall prove the following.

Lemma 5.5. If a Borel f-invariant probability measure p satisfies J, = h;f exp(P(¢) — ) u-
a.e., and if a Borel f-invariant probability measure m satisfies J,, = h—ziexp(P(d)) — )

everywhere, then p is absolutely continuous with respect to m.

Proof. Tt suffices to prove that for every £ > 0 there exists § > 0 such that if g : J(f)
(0,1] is a continuous function and [gdm < 4, then [gdu < . Taking ¢ = q(e) >
large enough, taking points z; (j = 1,...,u) in J(G) such that UY_, B(z;, Ry(z;)) D J(G),
using (4.5), Lemma 4.5, and redoing the considerations between (4.12) and (4.13) with the
function 1 replaced by the function g, and [|G} 1| replaced by G g(7, z), after applying
Lemma 5.4 and (5.2), we get for every 1 < j < u, every n =1-q > 1 (Il € N) and every

v € 73" (B2, Ry(2))), that

%
1

T"g(z) < %+ CGg(x) and Tig(z) > C 'Glg(x), (5.4)
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where C' = Qw/@P is a positive constant which does not depend on [, j,z,g. We take a
partition of the set J(G) into mutually disjoint sets {Y] :1<j <wu, 1 <i<i(j)} each of
which has a positive mom, ! measure and U Ys C B(zj, Ry(2;)) forall j =1,2,...,u. (Note
that we can take such a partition, since the support of m is equal to J(f), which follows from

the topological exactness of f : J(f) — J(f) and the condition “J,, = 2Lexp(P(1)) — ¢)
everywhere”.) Put

oo mo7r2_1(Y.i)'

Since g is everywhere positive, there exist ( > 0 and £ > 1 such that

<2 (5.5)

for all (0,vy), (p,z) € J(f) with d(y, z) < ¢ and 0|, = p|x. Fix now n =1-¢g > 1 so large that
for each 1 < j < u, Ka(R, (z]))4 “I\"/2 < ¢ (see item (B,) of Corollary 3.2). Using then
item (B,,) of this corollary and (5.5), the application of (4.7) gives for alln =1-q > k, all

we{l,..,s}", and all &,z € WZ_I(B(Z]', Rq(zj))), that

Se MG Lg(x) < G Lg(€) < 2627 GYg(x).
Hence summing over all w € {1,...,s}", we get

1
56’2HG§”9(5L") < GPg(8) < 2e°MGhg(x) (5.6)
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foralln =1-¢ >k alll<j<uandall&z €' (B(z,Ry())). Now applying (5.4),
(5.6), and the definition of a, we get

u i)
/gduz /T[{”gdu < %+ZC§]:/,G§‘gdu
=1 i=17Y
< % + ZU:C' . /L(Y]l) sup(G?g)
<5t L O 2 u(Y) (o)

< - +2 2HZC’Z (Yl) G gdm

— & lm(yz) Y
< 6+ 2HaZC’2 / 77" gdm
2 j=1 =1
= % + 2e* 0 C? /Tgl"gdm =3 + 2e* 0 C? /gdm.

So, taking 0 = (4aC?e?")~¢, finishes the proof. m

Lemma 5.6. If 1 is an ergodic equilibrium state, and if a Borel f-invariant probability mea-
sure m satisfies Jp, —iexp(P(z/)) — 1)) everywhere, then p is absolutely continuous with
respect to m.

Proof. By Lemma, 5.4 and Lemma 5.5, we obtain the statement. B

We conclude the paper with the following.

Theorem 5.7. The measure ., forms a unique (ergodic) equilibrium state for 1 and my, is
a unique exp(P (1)) — )-conformal measure.

Proof. For every exp(P (1) — v)-conformal measure v let h = h” be the density function
obtained in Lemma 4.7 with m, replaced by v. Note that by Remark 4.8, they differ by
a positive multiplicative constant. Suppose that there exist two exp(P(¢) — t)-conformal
measures m; and my that are not equivalent. Then there exists a Borel set A C J(f)
such that m;(A) > 0 and my(A) = 0. Hence, on the one hand, h™m;(A) > 0 since, by
Lemma 4.7, h™ > ( everywhere, and, on the other hand, ™ m;(A) = 0 since each measure
7, = h™m,; (i = 1,2) satisfies J,, = L2°Lexp(P(¢)) — ¢) everywhere and hence these two
measures are equivalent by Lemma 5.5. So, any two exp(P(¢) — 1))-conformal measures
are equivalent. Now suppose that there are two different ergodic equilibrium states p; and

ue for . Then they are mutually singular and there is a completely invariant Borel set
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AcC J(f) (f(A) = A= f1(A)) such that u;(A) = 1 and pa(A) = 0 (which implies that
pa(J(f) \ A) = 1). Then, by Lemma 5.6, my(A) > 0 and my(J(f) \ A) > 0. Hence, both
Borel probability measures m}b and mi on J(f), respectively defined by the formulas

_ my(FNA) my (F' 0 (J(f)\ 4)

my(A) my(J(f)\A4)
are exp(P(¢) —¢)-conformal. Since they are singular, we get a contradiction, and the unique-
ness of equilibrium state for ¢ : J(f) — IR is established. So, coming back to conformal
measures, if v; and vy are two exp(P(¢)) — ¢)-conformal measures, then h*'v; = h*>vy. Since

the ratio A2 /h¥' is constant, so is the ratio v»/vy. Since, in addition, both these measures v,
and 1, are probabilistic, they are equal. We are done. B

my,(F) and mj(F) =

Proof of the main result Theorem 1.1: Combining Theorem 5.7 and Lemma 5.3, the
statement of the theorem follows. W
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