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ABSTRACT

DeMarco, Krieger, and Ye conjectured that there is a uniform bound B, depending only
on the degree d, so that any pair of holomorphic maps f, g : P* — P! with degree d will
either share all of their preperiodic points or have at most B in common. Here we show
that this uniform bound holds for a Zariski open and dense set in the space of all pairs,
Raty x Raty, for each degree d > 2. The proof involves a combination of arithmetic
intersection theory and complex-dynamical results, especially as developed recently by
Gauthier and Vigny, Yuan and Zhang, and Mavraki and Schmidt. In addition, we
present alternate proofs of the main results of DeMarco, Krieger, and Ye [Uniform
Manin-Mumford for a family of genus 2 curves, Ann. of Math. (2) 191 (2020), 949-1001;
Common preperiodic points for quadratic polynomials, J. Mod. Dyn. 18 (2022), 363-413]
and of Poineau [Dynamique analytique sur 7 II : Ecart uniforme entre Lattés et con-
jecture de Bogomolov-Fu-Tschinkel, Preprint (2022), arXiv:2207.01574 [math.NT]]. In
fact, we prove a generalization of a conjecture of Bogomolov, Fu, and Tschinkel in a
mixed setting of dynamical systems and elliptic curves.

1. Introduction

Fix an integer d > 2. Let P! denote the complex projective line, and let Rat, denote the space of
all holomorphic maps f : P! — P! of degree d. Parameterizing these maps by their coefficients,
throughout this article, we identify Raty with a Zariski-open subset of the complex projective
space P24*1 For f € Raty(C), let Preper(f) denote its set of preperiodic points in P*(C).

Given any pair f, g : P! — P! of degrees > 1, it is known that either Preper(f) N Preper(g) is a
finite set or Preper(f) = Preper(g) and the two maps have the same measure of maximal entropy
[BDeM11, YZ13]. Moreover, if we assume that f and g are non-exceptional, then equality of their
preperiodic points holds if and only if the maps satisfy a strong compositional relation [LP97].
Further background is provided in §2.

In this article, we show there exists a uniform bound on the size of Preper(f) N Preper(g)
for general pairs (f,g) of any given degree d > 2, addressing a conjecture of [DeMKY22]. The
conjecture of [DeMKY22] was in part motivated by a conjecture of Bogomolov, Fu, and Tschinkel
in the setting of Latteés maps, that is, the maps arising as quotients of endomorphisms on elliptic
curves [BFT18]. We prove a generalization of their conjecture where f is a Latteés map and g is
arbitrary.
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The proofs involve a combination of techniques from arithmetic geometry and complex
dynamics. As much as possible, we mimic the arguments for 1-parameter families of pairs (f, g)
acting on P! x P! of [MS22]. The new ingredients here involve the passage from one-parameter
families to higher-dimensional parameter spaces: we rely on the recent equidistribution results
of Yuan and Zhang [YZ21], and we take inspiration from the analysis of bifurcation currents in
[BB07, BE09, BBD18], and especially the recent work of Gauthier and Vigny [GV19].

1.1 Summary of main results
The first main goal of this article is to prove the existence of a uniform bound on the size of the
intersection Preper(f) N Preper(g), for a general pair f,g: P! — P! in each degree.

THEOREM 1.1. For each degree d > 2, there is a proper closed algebraic subvariety V; of Ratgy x
Raty defined over Q and a constant By so that

|Preper(f) N Preper(g)| < By
for all pairs (f,g) € (Ratq x Ratg \ V4)(C).
The same result holds in the space of polynomial pairs.

THEOREM 1.2. For each degree d > 2, there is a proper closed algebraic subvariety Wy
of Poly, x Poly, defined over Q and a constant B/, so that

|Preper(f) N Preper(g)| < B

for all pairs (f, g) € (Polyy x Poly,; \ W4)(C), where Poly, is the (d + 1)-dimensional space of all
complex polynomials of degree d.

Conjecture 1.4 of [DeMKY?22] posited that, for each degree d > 2, there should exist a
constant By so that every pair f,g € Raty has either Preper(f) = Preper(g) or |Preper(f)nN
Preper(g)| < By. The proof of Theorem 1.1 does not provide an explicit description of the sub-
variety Vg, and so it fails to provide a complete proof of this conjecture in any degree d, though
it allows us to deduce Theorem 1.2.

In some settings, our approach to Theorem 1.1 allows us to characterize the excluded
subvarieties, and we obtain new proofs of the main results of [DeMKY22] and [DeMKY20],
stated as Theorems 1.12 and 1.13 here. We also prove the following generalization of the
Bogomolov-Fu-Tschinkel conjecture [BFT18].

THEOREM 1.3. For each d > 2, there exists a uniform bound M, so that for each elliptic curve
E over C and each f € Raty(C) we have that either

|Preper(f) Nx(Fiors)| < Mg or Preper(f) = x(Eiors),
where x(E}os) denotes the x-coordinates of the torsion points of a Weierstrass model of E.

The latter case, where Preper(f) = x(E}os), will only hold if f is a Lattés map arising as
the quotient of a map on the same elliptic curve E; see §2.3 for background on the preperiodic
points of Lattes maps. The conjecture of Bogomolov, Fu, and Tschinkel is the case of Theorem 1.3
where f is assumed to be a Lattes map, and it is stated here as Corollary 8.2; the conjecture has
recently been established by Poineau [Poi22] and also follows by Kiihne’s work [Kiih23] and a
result of Gao, Ge, and Kiithne [GGK21]. We also include a proof here to illustrate the differences
in approach.
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Easy examples (or an interpolation argument) show that there are maps f and g in every
degree d > 2 so that

2d < |Preper(f) N Preper(g)| < oo.

The question remains of how large this intersection can be (when finite), if we bound the degree.
Doyle and Hyde have shown there exist pairs (f, g) of degree d with

d? + 4d < [Preper(f) N Preper(g)| < co

for every d > 2 (see [DH22]). Corollary 1.7, stated in the following, shows that the general bound
B, of Theorem 1.1 must be at least 4d — 1. In fact, we believe the following may hold.

CONJECTURE 1.4. We can take By = 4d — 1 in Theorem 1.1.

A key ingredient in the proof of Theorem 1.1 is the following result that we consider
interesting in its own right.

THEOREM 1.5. For each degree d > 2, the pairwise-bifurcation measure pua is nonzero on the
moduli space

(Raty x Ratg)/ Aut P!
of all pairs (f,g) of degree d.
Here, Aut P! ~ PSL,C acts on the space Raty x Raty by simultaneous conjugation,
A-(f,g)=(AofoA™l AogoA™l),

and the moduli space is well defined as a complex orbifold of dimension 4d — 1. The pairwise-
bifurcation current is a closed, positive (1,1)-current on Raty x Raty defined by

T = m(piT A p3T), (1.1)

where 7 : (Raty x Ratg) % P! — Raty x Raty is the projection; T is the dynamical Green current
on Raty x P! associated to the universal family; and p; is the projection (Raty x Ratg) x P! —
Ratg x P! given by pi(f1, f2,2) = (fs, ) for i = 1,2. (See §2.5 for the definition of 7" and §4.1
for more information about TA.) The associated pairwise-bifurcation measure is defined by

pa = (Ta) 4D (1.2)

on Raty x Ratg, which projects to a measure on the moduli space of pairs (f,g). The current
Ta is a special case of the bifurcation currents introduced in [GV19], extending the notions of
bifurcation current and measure that characterize stability for holomorphic families of maps on
P! (see [DeMO1, DeM03, BB07, DF08]). With this perspective the statement of Theorem 1.5
may be compared with [BB07, Proposition 6.3] that the (standard) bifurcation measure does
not vanish identically on the moduli space My = Raty/ Aut P'. More details are given in § 4.

In working towards Theorems 1.1 and 1.3, we actually prove two contrasting results in a
more general setting. Let .S be a smooth and irreducible quasiprojective variety over C, and let
k = C(S) be its function field. An algebraic family of pairs (f,g) of degree d > 2 over S is a pair
of rational functions f,g € k(z) of degree d for which f and g each induce holomorphic maps
S x P! — P! via specialization (¢, z) — f;(z). We say that the family (f,g) is isotrivial if the
induced map S — (Raty x Ratg)/ Aut P! is constant; the family (f, g) is mazimally non-isotrivial
if the induced map S — (Raty x Raty)/ Aut P! is finite-to-one.

THEOREM 1.6. Let S be a smooth and irreducible quasiprojective variety over C. Suppose
that (f,g) is a maximally non-isotrivial algebraic family of pairs over S of degree d > 2.
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Let m = dim¢ S. Then the set of points
{(s,21,...,2¢) € (S x (PHYY)(C) : z; € Preper(fs) N Preper(gs) for each i}
is Zariski dense in S x (P')¢ for each 1 < £ < m.

COROLLARY 1.7. In every degree d > 2, the set of pairs (f,g) sharing at least 4d — 1 distinct
preperiodic points is Zariski dense in Raty x Ratg.

Let (f,g) be an algebraic family of pairs parameterized by S, with m = dim¢ S. An m-tuple
X = (z1,...,2m) € (PY)™ is a rigid m-repeller at sy € S if (1) each z; is preperiodic to a repelling
cycle for fs, and for gs,, and (2) there is no non-constant holomorphic disk ¢ : D — S x (P1)™
parametrizing a family of m common preperiodic points for ( fr(,(1))s Ir(p())) With ©(0) = (s0,%),
where 7 is the projection to S.

The following non-density result should be contrasted with the density result of
Theorem 1.6.

THEOREM 1.8. Fix degree d > 2, and suppose that S is a smooth, irreducible quasiprojective
variety, parameterizing an algebraic family of pairs (f,g) of degree d, defined over Q. Let m =
dim¢ S. Suppose there exists a rigid m-repeller at some sy € S(C), and assume that f and g are
not both conjugate to 2% over the algebraic closure of k = Q(S). Then the set of points

{(s,21,. .y Zmy1) € (S x (PHY™)(Q) : 2; € Preper(f,) N Preper(gs) for each i}
is not Zariski dense in S x (P1)™+1,
Under the hypotheses of Theorem 1.8, Theorem 1.6 implies that there is a Zariski-dense
collection of pairs (fs,gs) in S(C) which have at least m common preperiodic points. However,
we will deduce from Theorem 1.8 that if just one of them forms a rigid m-repeller at sy € S(C),

there will be a uniform bound on the number of common preperiodic points for a general pair
(fs,gs) for complex parameters s € S(C). See Theorem 5.2 and Corollary 4.9.

Remark 1.9. The family defined by fs(z) = 2 and g4(z) = 5?71 27 for s € C* does not satisfy
the conclusion of Theorem 1.8, though it satisfies all the other hypotheses of the theorem.
For example, near s) = 1, the common fixed point at z = 1 splits into distinct fixed points at
z=1for fs and z =1/s for g5 near s, so it forms a rigid 1-repeller at sy. However, we have
Preper(fs) = Preper(gs) for all roots of unity s. In the terminology of [MS22], the diagonal in
P! x P! is weakly (f, g)-special for this example, over the function field C(s).

A proof of Theorem 1.1 is obtained from Theorem 1.8 by showing that the pair
fo(z) = 2% and go(z) = 2%

for ( = e2mi/(d+1) hag a rigid (4d — 1)-repeller, which also implies Theorem 1.5. The rigidity for
this pair (fo, go) is deduced from the following.

THEOREM 1.10. Fix degree d > 2. Let fo(z) = 2% and go(z) = (2% for ¢ = €2>™/(4+1) " and let ) =
(f,g9) : D — Raty x Raty be a holomorphic map from the unit disk D C C with 1(0) = (fo, 90)-
If

Preper(f;) N J(f:) = Preper(g:) N J(g¢)
for all t € D, where J denotes the Julia set, then this family of pairs is isotrivial.

Remark 1.11. The conclusion of Theorem 1.10 is false if we allow ( to be a root of unity
of any order < d. See §7.4. The proof of Theorem 1.10, and thus of Theorem 1.5, does not
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involve any arithmetic ingredients. This is in contrast to the proofs of related statements
in [MS22].

1.2 Background and proof ideas

Recently, there has been a series of breakthroughs in arithmetic geometry and dynamics,
leading to powerful height estimates and equidistribution results, and ultimately to uniform
bounds in related settings, especially for families of abelian varieties. Dimitrov, Gao, and
Habegger [DGH21b| and Kiihne [Kiih21] established uniformity in the Mordell-Lang conjecture
following the blueprint they laid out in [DGH21a, GH19, Hab13]. Kiihne [Kiih21] established
an arithmetic equidistribution theorem in families of abelian varieties and combined it with
Gao’s results [Gao20a, Gao20b] to prove uniformity in the Manin—-Mumford and Bogomolov
conjectures for curves in their Jacobians, a result that Yuan also obtained later with a differ-
ent approach [Yua2l]. Kiithne’s approach has been extended to higher dimensional subvarieties
of abelian varieties by Gao, Ge, and Kithne [GGK21]; see Gao’s survey article and the refer-
ences therein for more about these developments [Gao21]. In a study of more general dynamical
systems, the recent complex-analytic results of Gauthier and Vigny [GV19] and the arithmetic
equidistribution theorems of Yuan and Zhang [YZ21] and Gauthier [Gau2l] provide a whole
host of new tools. These equidistribution results played an important role in recent work by the
second author and Schmidt, who obtained for example a version of Theorem 1.1 for families of
pairs (f,g) on P! parameterized by curves (see Theorem 1.14) [MS22]. This article grew out of
an effort to synthesize these ideas and to extend the results of the first author with Krieger and
Ye in [DeMKY20, DeMKY22].

For maps f,g: P! — P! defined over C, uniform bounds on the intersections Preper(f) N
Preper(g) were obtained by DeMarco, Krieger, and Ye for two families of maps, with proofs
that also involved both arithmetic and complex-dynamical techniques, but which relied on
computations specific to the families studied.

THEOREM 1.12 [DeMKY22|. Suppose that f; is the family of quadratic polynomials, fi(z) =
22 4+t for t € C. There is a uniform B so that

|Preper(f;,) N Preper(f,)| < B
for all t1 # ts.

THEOREM 1.13 [DeMKY?20]. Suppose that f; is the family of flexible Lattés maps fi(z) =
(22 —1)?/(42(2 — 1)(z — t)) for t € C\ {0,1}. There is a uniform B so that

|Preper(f;,) N Preper(f,)| < B
for all t1 # ts.

Theorem 1.13 addressed a conjecture of Bogomolov, Fu, and Tschinkel [BFT18] about torsion
points on pairs of elliptic curves. Indeed, the preperiodic points of the Lattes map f; are the
images of the torsion points on the Legendre curve {y? = x(z — 1)(x — t)} under the projection
to the xz-coordinate. The full conjecture from [BFT18] is now a theorem: there exists a uniform
bound B so that every pair (f,g) of (flexible) Lattés maps (in any choice of coordinates on
P!) will either share all of their preperiodic points or have at most B in common. A proof was
recently obtained by Poineau in [Poi22], and it can also be deduced from the ‘relative Bogomolov’
theorem proved by Kiihne [Kiith23] or the main theorem of [GGK21]. We present an alternate
proof as a corollary to Theorem 1.3.

Note that Theorems 1.12 and 1.13 each covered a two-parameter family of pairs (¢1,¢2), but,
as mentioned above, the proofs were specific to these particular families. For one-parameter
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families of pairs, Mavraki and Schmidt recently obtained uniform bounds that did not rely on
particular dynamical features of the maps.

THEOREM 1.14 [MS22]. Let C be any algebraic curve in Raty x Raty defined over Q, parame-
terizing a pair of maps (fi, g:) for t € C(C). Then there exists a constant B = B(C') so that, for
each t € C(C), either

|Preper(f;) N Preper(g:)] < B or Preper(f;) = Preper(g:).

In this article, we follow the strategy of [MS22] to treat more general families. Their approach
uses an arithmetic equidistribution theorem of Yuan and Zhang [YZ21] amongst other ingredi-
ents, allowing them to reduce the problem to a result of Levin and Przytycki on maps sharing
a measure of maximal entropy [LP97]. But in order to apply Yuan and Zhang’s equidistri-
bution theorem, the challenge is to prove that a non-degeneracy hypothesis is satisfied. This
non-degeneracy is defined in terms of a volume of a certain adelically metrized line bundle, and its
positivity can be deduced from showing that a certain measure is nonzero [YZ21, Lemma 5.4.4].
In [MS22] the authors relied on arithmetic ingredients to provide a characterization of this
positivity for 1-parameter families of products (f, g) acting on P* x P! (see [MS22, Theorems 4.1
and 4.3]). In contrast, to prove that this positivity condition is satisfied over the full space of
pairs Raty x Raty, we interpret it here as a notion of dynamical stability, inspired by the recent
work of Gauthier and Vigny [GV19]. The non-degeneracy condition is then reduced to showing
the positivity of the bifurcation measure pa defined above in (1.2). We exhibit this positiv-
ity by mimicking the proofs that Misiurewicz maps lie in support of the (usual) bifurcation
measure in the moduli space of maps of degree d on P! (see [BE09]), and the proofs of [BBD18,
Proposition 3.7] and [GV19, Lemma 4.8]. Finally, the rigidity we rely upon to prove Theorem 1.1
(stated as Theorem 1.10), follows from a general treatment of monomial maps and symmetries
of maps on P!. The analogous rigidity result we rely upon for Theorem 1.3 follows by repeated
applications of the main theorem in [DeM16] on the stability of a family of maps f on P! equipped
with a marked point.

1.3 Outline

In §2, we provide some background on the dynamics of maps on P!, recalling the notion of
exceptional map and the relation between the measures of maximal entropy and the preperiodic
points of the map. In § 3 we prove Theorem 1.6 and deduce Corollary 1.7. These results are pre-
sented as a consequence of the main theorem in [DeM16]. For a proof of Theorem 1.8, we follow
the strategy of Mavraki and Schmidt in [MS22]. To prove that the non-degeneracy assumption
required to use the equidistribution result in [YZ21] is satisfied, we use the complex-analytic
tools (of bifurcation currents and measures) developed by Gauthier and Vigny in [GV19]. More
precisely, in §4 we recall the definitions from [GV19] of a generalized bifurcation current associ-
ated to an arbitrary family of polarized dynamical systems and subvarieties. In Proposition 4.8
we show that certain rigid pre-repelling parameters are in the support of our (generalized) bifur-
cation measure, giving a criterion for non-degeneracy. We complete the proof of Theorem 1.8 in
§5 and deduce its consequence towards uniform bounds in the number of common preperiodic
points therein; see Theorem 5.2. In §6, we include an explanation of how this method gives an
alternative proof of Theorem 1.12, using the special quadratic polynomial examples of [DH22]
and the results of Mavraki and Schmidt [MS22]. In § 7, we prove Theorem 1.10, and we construct
a rigid repeller, completing the proof of Theorems 1.1, 1.2, and 1.5. In § 8, we study pairs (f, g)
where f is a Lattes map and prove Theorem 1.3.
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2. Background on 1-dimensional dynamics

In this section, we provide some important background information on the dynamics of maps
f : P! — P! defined over C.

2.1 The measure of maximal entropy

For each rational map f: P! — P! of degree d > 2, there is a unique probability measure Iy
of maximal entropy. Its support is equal to the Julia set of f, and it is characterized by the
properties that it has no atoms, so p¢({z}) = 0 for all z € P}(C), and éf*uf = py, meaning that

! /( 3 So@c))uf(y): [, ¢@ns(@)

f(@)=y
for all continuous functions ¢ on P! (see [Mafi83, FLMS83, Lyu83al).

2.2 Exceptional maps

We say that a map f: P! — P! of degree d > 2 is exceptional if it is the quotient of an affine
transformation of C; see [Mil06] for details. Every exceptional f is conjugate by an element of
AutP! ~ PSLyC to a power map 2+%, a Tchebyshev polynomial +£7, or it is a Lattés map, mean-
ing that it is the quotient of a map on an elliptic curve. The exceptional maps are distinguished
by properties of their measures y. In each case, the Julia set J(f) is a real submanifold of P*(C)
(with boundary, in the case of the Tchebyshev polynomials), and the measure iy is absolutely
continuous with respect to the Hausdorff measure on J(f). Zdunik proved the converse: the
exceptional maps are the only maps for which this absolute continuity can hold [Zdu90].

2.3 Preperiodic points and the maximal measure
It is well known that the preperiodic points of f are uniformly distributed with respect to the
measure (7. That is, defining discrete measures

1
MHnm = d7 Z 6z
fr(z)=fm(z)

in P! for every pair of integers n > m > 0, then for any sequence (ny, my,) of integers nj, > my > 0
with max{ny, my} — 0o as k — oo, the measures ji,, m, converge weakly to the measure iy (see
[Man83, FLM83, Lyu83al).

But the preperiodic points determine the measure iy in a stronger sense, without ordering
them by period or orbit length.

THEOREM 2.1 [LP97, BDeM11, YZ13]. For any maps f, g : P! — P! of degrees > 1 defined over
C, the following are equivalent:

(1) |Preper(f) N Preper(g)| = oo; and
(2) Preper(f) = Preper(g);

and these conditions imply that

(3) py = ng-

Moreover, if at least one of f or g is not conjugate to a power map, then condition (3) is equivalent
to conditions (1) and (2).
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Remark 2.2. The main theorem of [LP97| states that if py =g, and if f and g are
non-exceptional, then there exist iterates f™ and ¢”* and positive integers ¢ and k so that

(g™ og™ og"™ = (f "o f")o

for some (possibly multi-valued) branches of the inverse g~ and f~". It follows that Preper(f) =
Preper(g); see [LP97, Theorem A and Remark 2].

As the equivalences of Theorem 2.1 are not stated this way in the literature, we outline the
proof ingredients.

Sketch proof of Theorem 2.1. The implication that condition (2) == condition (1) is imme-
diate, because all maps of degree > 1 have infinitely many distinct preperiodic points. The
implications condition (1) == condition (2) == condition (3) are proved in [BDeM11,
Theorem 1.2] and [YZ13, Theorems 1.3 and 1.4]. The key input is the equidistribution of points
of small canonical height for a map f : P! — P!, working over number fields or, more generally,
fields that are finitely generated over Q.

If f and g are non-exceptional, then the implication condition (3) == condition (2) is
proved in [LP97, Theorem A and Remark 2|. See Remark 2.2.

It remains to carry out a case-by-case analysis of the measures for exceptional maps, appealing
to Zdunik’s characterization of exceptional maps by their measures in [Zdu90].

If f is a Tchebyshev polynomial £7}, its measure py is supported on a closed interval. If
g = jif, then g must be equal to &1, where e = deg g; indeed, we know that g must be conjugate
to +7¢, but the only A € AutP! for which A.puy = py are A(z) = 2. All of these maps have
the same sets of preperiodic points.

If f(z) = 2%9, then uy is the uniform distribution on the unit circle, and uy = g implies
that g must also be a power map. In this case, either Preper(f) = Preper(g) or Preper(f)N
Preper(g) = (); writing g(z) = az*® with |a| = 1 and depending on whether or not « is a root of
unity.

Finally, suppose f is a Lattes map. Then the measure py is the projection of the Haar
measure from the associated elliptic curve. In particular, the measure knows the branch points
of this quotient map and the ramification degree at each point. In other words, the measure p ¢
uniquely determines the orbifold structure on the quotient Riemann sphere. As such, it uniquely
determines the isomorphism class of the elliptic curve over C and thus the set of preperiodic
points of f, which is equal to the projection of the torsion points of the elliptic curve. It follows
that if uy = pg for some g, then g is a Lattes map from the same elliptic curve with the same
set of preperiodic points. See [Mil06] for more information on these Lattes maps. O

Remark 2.3. In [Pak21], Pakovich proved that each f € Ratg of degree d > 4 with 2d — 2 distinct
critical values satisfies

{9 € Ratg: pg = ps} = {f}.

As these form a Zariski-dense and -open subset of Ratg, this implies, when combined with
Theorem 2.1 for degrees d > 4, the set of pairs (f,g) with |Preper(f) N Preper(g)| = oo is not
Zariski dense in the space Raty x Raty of all pairs with d > 4.

2.4 Why not periodic points?
It is reasonable to ask why we work with all preperiodic points and not the subset Per(f)

of periodic points of f, which are also uniformly distributed with respect to uy. Of course,
the uniform bound on |Preper(f) N Preper(g)| in Theorem 1.1 is stronger than a bound on
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|Per(f) N Per(g)|, but there are two underlying reasons for our focus on preperiodic points.
First, if we were to replace Preper(f) with Per(f), then the equivalences of Theorem 2.1 would
break down. For example, if f and g are Lattes maps induced from P — 2P and P — 3P on
the same elliptic curve via the same projection to P!, then puf = py with |Per(f) N Per(g)| = oo
but Per(f) # Per(f). In addition, there are many non-exceptional examples with pf = p, but
|Per(f) N Per(g)| < oo, such as f(z) = 22 + cand g(z) = — (22 + ¢) for ¢ € C. On the other hand,
it follows from the proof of [LP97, Theorem A] that if s = 4 for non-exceptional f and g, and if
there exists just one common repelling periodic point z € Per(f) N Per(g), then Per(f) = Per(g);
see [Yel5, Theorem 1.5]. A second reason is our method of proof and original motivation for this
project. For maps f : P! — P! defined over Q, the preperiodic points for f are precisely the
points in P!(Q) for which the canonical height i vanishes [CS93]. Though somewhat hidden in
this article, much of our analysis is, fundamentally, about properties of these height functions.

2.5 Stability and the bifurcation current
Let A be a connected complex manifold and f: A x P! — A x P! a holomorphic map defined by
(A, 2) = (A, fa(2)) where each fy has degree d > 2. The measures iy, can be packaged together
into a positive (1, 1)-current on the total space A x P! as follows. Let w be a smooth and positive
(1,1)-form on P! with f]pl w =1, and consider p*w on A x P!, where p: A x P! — P! is the
projection. The dynamical Green current for f on A x P! is
Ty = Jim () ("), (2.1)

Then Tf is a closed, positive (1,1)-current on A x P! with continuous potentials, and the slice
current Tf|{)\}><ﬂl)1 coincides with the measure jiy,. See, for example, [DFO08, §3]. If A = Ratg is
the space of all maps of degree d, then we simply denote this current by T , as in the introduction.

We say the family fy, for A € A, is stable if the Julia sets of fy are moving holomorphically
with A; see [MSS83, Lyu83b, McM94] for background. Following [DeM01, DF08], the bifurcation
current for f is defined by

Ty pis = (7a)«(T A [C)), (2.2)

where 75 : A x P! — A is the projection and [C] is the current of integration along the critical
locus of f; it is a closed and positive (1, 1)-current on A with continuous potentials. In [DeMO01],
it is proved that T’ i = 0 if and only if the family is stable.

For algebraic families, namely where A is a smooth quasiprojective complex algebraic variety,
and f is a morphism, McMullen proved in [McM87] that the family {fy : A € A} is stable if and
only if either f is isotrivial or f is a family of flexible Lattés maps. (The family f is isotrivial if
all fy are conjugate by elements of AutP'.) Specifically, McMullen proved that if f is stable but
not isotrivial, then each critical point of f is preperiodic for all A € A. In [DF08], Dujardin and
Favre extended this result by studying the iterates of each critical point independently. Namely,
if ¢ : A — P! parameterizes a critical point for fy, they introduced the current

Tte = (ma)«(Ty A[Te)) (2.3)

on A, where I'. C A x P! is the graph of ¢, and they proved that Tf,c =0 if and only if f is
isotrivial or ¢ is persistently preperiodic for fy (see [DF08, Theorems 2.5 and 3.2]).

2.6 Stability of a marked point
Assume that A is a smooth quasiprojective complex algebraic variety. Suppose that a € P!(k)
is any point defined over the function field k¥ = C(A) defining a holomorphic map a : A — P!,
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The pair (f,a) is isotrivial if both f and a, after changing coordinates by Mobius transformation
defined over a finite extension of £ = C(A), become independent of the parameter A. In other
words, working over C, the group AutP! acts on pairs (f,a) € Ratg x P! by A-(f,a) = (Ao
foA~' Aoca), and a pair (f,a) defined over k is isotrivial if the associated map A — (Raty x
P!)/ Aut P! is constant.

Similarly to (2.3), we can define Tf,a = (WA)*(Tf A [I'g]) by intersecting the graph I', with
T ¥ in A x PL. Then T o =0 if and only if the pair (f,a) is either isotrivial or persistently
preperiodic [DeM16, Theorem 1.4]. (Strictly speaking, the theorem there is only proved for A
of dimension 1, but it holds more generally, and it is not formulated in terms of the current
Tf’a. The equivalence between the stability condition there and the vanishing of Tf,a is proved in
[DeMO03, Theorem 9.1].) This characterization of stability was reproved and extended to a more
general setting by Gauthier and Vigny in [GV19]. We need the following consequence.

THEOREM 2.4 [DeM16]. Suppose A is a smooth, irreducible complex quasiprojective algebraic
variety, and let k = C(A) be its function field. Suppose that f € k(z) defines a holomorphic
family of maps fy : P! — P! of degree d > 2 for A\ € A; fix a € P*(k) defining a holomorphic map
a: A — Pl If the pair (f,a) is neither isotrivial nor persistently preperiodic, then there exists
Ao € A for which a(\g) is preperiodic to a repelling cycle for f,.

Proof. The hypothesis that (f,a) is neither isotrivial nor persistently preperiodic on A implies
we can find an algebraic curve C' in A along which (f,a) is neither isotrivial nor persistently
preperiodic. Indeed, if (f,a) is not isotrivial, then the associated map A — (Ratgy x P')/ Aut P!
is non-constant; by the irreducibility of A, every A € A is contained in some algebraic curve along
which (f,a) is not isotrivial. But if the pair is persistently preperiodic along all such curves, then
the pair would be preperiodic on all of A. Note, moreover, that if (f,a) is neither isotrivial nor
persistently preperiodic on a curve C, then it is also the case on the complement of any finite
set of points in C. Thus, it suffices to prove the result for a smooth and quasiprojective curve A.

Now assume that A is a smooth, quasiprojective algebraic curve defined over C. From [DeM16,
Theorem 1.4], the hypothesis that (f,a) is neither isotrivial nor persistently preperiodic implies
that the sequence of holomorphic functions {\ — f{(a(\))}n>0 fails to be normal on A. Thus,
as a consequence of Montel’s theorem, there must be a parameter \g € U and positive integer
ng so that f{'”(a(Ao)) is a repelling periodic point for f,; see [DeM16, Proposition 5.1]. O

3. Zariski density of preperiodic points

In this section we prove Theorem 1.6, restated here as Theorem 3.1.

Throughout, we assume that S is a smooth and irreducible quasiprojective variety over C.
Let k = C(S) be its function field. An algebraic family of pairs (f,g) over S is a pair of ratio-
nal functions f,g € k(z) for which f and g each induce holomorphic maps S x P! — P! via
specialization (s, z) — fs(z). The pair (f, g) induces a holomorphic map we denote by

®=(fg) :8x (P xP)— S x (P xP

given by (s,z,y) — (s, fs(x),9s(y)). We say that ® = (f,g) has degree d > 2 if f; and g5 are
both of degree d for each t € S.

Recall that f € k(z) is isotrivial if the induced map S — Raty given by s +— fs has constant
image in the quotient space My = Raty/ Aut P!. Equivalently, there exists a finite extension &’
of k and a linear fractional transformation B defined over k' so that Bo f o B~!is in C(z). An
algebraic family of pairs (f, g) is isotrivial if the induced map S — Raty x Ratg is constant when
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passing to the quotient space (Ratq x Ratg)/ AutPl. Here, Aut P! ~ PSL,C is acting diagonally
by conjugation, so that A-(f,g) = (Ao foA™' Aogo A~!) and dim(Ratg x Ratg)/ Aut P! =
4d — 1. We say that an algebraic family of pairs ® = (f,g) over S is mazimally non-isotrivial if
the family determines a finite map from S to (Raty x Raty)/ Aut P

For each integer ¢ > 1, we let ®© denote the map on S x (P! x Pl)g given by the product
action of ® on the fiber power.

THEOREM 3.1. Suppose ® is a maximally non-isotrivial algebraic family of pairs over S, of
degree d > 2, and let A C P! x P! be the diagonal. The preperiodic points of d® in S x At
form a Zariski dense subset of S x AY, for every 1 < ¢ < dim S.

The key ingredient in the proof is the characterization of stability of marked points (f,a),
for an algebraic family of maps f on P! and holomorphic a:S — P!, from [DeM16]; see
Theorem 2.4.

3.1 Proof of Theorem 3.1 when dimension of S is 1

For simplicity, we first present the proof when S is a curve. Let 2 be any Zariski-open subset
of S x PL. Tt suffices to show there exists a single point (sg, 29) € Q2 for which 2z € Preper(fs,) N
Preper(gs,). Choose any irreducible, algebraic curve P C S x P! parameterizing a periodic point
of f that intersects 2. Note that there are infinitely many choices of such curves, because f;
has infinitely many periodic points for every s € S. In fact, there exists a choice of s so that
all periodic points of sufficiently large period for fs will lie in £ (a fact that will be relevant
to our argument). We may view the curve P as the graph of a point in P!(k’) for some finite
extension k' of k = C(S5). Let S” — S denote a finite branched covering map so that k' = C(5’).
By construction, the pair (f, P) is persistently preperiodic over S’.

Now assume that the pair (g, P) is not isotrivial. If the pair (g, P) is also persistently
preperiodic for g, then we are done. Otherwise, by Theorem 2.4, there exists sy € S’ at which
Py, is preperiodic for gg,. This completes the proof under this assumption of non-isotriviality
of (g, P).

If (g, P) is isotrivial, it is convenient to pass to a further finite branched cover S’ — S,
if necessary, and change coordinates so that the family gy is independent of s € S’ and the
point Pj is constant. In these new coordinates, if the pair (g, P) is persistently preperiodic,
the proof is complete. If the pair (g, P) is isotrivial but with infinite orbit, we then repeat the
argument with a different choice of curve P. If the pair (g, P) is isotrivial for all curves P
parameterizing points of a given large period for f, then each of these periodic points for f
is constant in these coordinates over S’. In particular, by an interpolation argument, f itself
must be a constant family. More precisely, choosing any period N > 2d + 1, we would be able to
find a set of distinct points 21, 22, ..., 2x € P}(C) so that fs(2;) = z;11 for all s € S” and all i =
1,..., N — 1, and this would imply that the maps f; are constant in s (see [DeM16, Lemma 2.5]).
In other words, the pair (f,g) is isotrivial, violating the hypothesis. This completes the
proof.

3.2 Proof of Theorem 3.1 for any base S
Let m = dimc S. Let Q be any Zariski-open subset of S x (P!1)™. It suffices to show that there
exists a single point (sg, 21, 22, . - -, 2m) € € for which

z; € Preper(fs,) N Preper(gs,)
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for all i =1,...,m. Indeed, this shows Zariski density of the preperiodic points of ®(™ in
S x A™. For S x A with £ < m, we observe that the projection, forgetting some factors of A,
will still be Zariski dense, which will complete the proof.

The proof proceeds by induction on the dimension of S.

First let P; denote an irreducible subvariety in S x (P!)™ of codimension 1 having nontrivial
intersection with €2, and for which z; is periodic for f, for all (s, z1,. .., 2m) € Pi. As the periodic
points of f are Zariski dense in S x P!, we can always find such a P;. Projecting P; to the z;
coordinate, we may view this P as single marked point defined on a finite (branched) cover S’
of S. Now consider the pair (g, P;) over S’, abusing the notation slightly to identify P, with
its projection. If this pair is isotrivial over S’, then there is a change of coordinates (passing
to a further finite branched cover of S’ if necessary) so that the pair is constant. In this case,
we select a different periodic point P; for f. If all periodic points of large period for f lead to
isotrivial pairs for g, then we carry out an interpolation argument as in §3.1 to deduce that f
must also be constant in the new coordinates over S’. In other words, the pair (f, g) is isotrivial,
a contradiction.

Thus, we may assume that there exists a periodic point P; for f so that P, NQ # () and
the pair (g, P1) is not isotrivial over S. It follows from Theorem 2.4 that the pair (g, P;) is
either persistently preperiodic, in which case we let 1 be any element of P; N €}, or there exists
a point x1 = (s1,21,...,2m) € PLNQ so that z; is preperiodic to a repelling cycle of gs,. We
then consider an irreducible subvariety Pj C P; containing x; along which z; is persistently
preperiodic for g. Note that the codimension of Pj is at most 1 and its projection to S will
have codimension at most 1. If the codimension is 1, we let S; be its projection to the base.
If this codimension is 0, we replace P| with its intersection with 7~1(S;) for an arbitrarily
chosen irreducible subvariety S; of codimension 1 in S passing through s;. Therefore, P| has
nonempty intersection with €2, the projection of Pj to the base S has dimension m — 1, and the
z1-coordinate of P is persistently preperiodic for both f and g. If S; is singular, we replace
it with the regular part, so that it will be a smooth and irreducible quasiprojective variety of
dimension m — 1.

We now repeat the process, beginning with a subvariety P, of codimension 1 in Pj, having
nonempty intersection with 2, and for which the second coordinate z3 is periodic for f over all
of S1, with 29 not identically equal to z; throughout P». Projecting to the zs-coordinate, we
consider the associated pair (g, P»), passing to a further finite branched cover S’ — S if needed.
If this pair is isotrivial, we replace P, with another choice of periodic point for f; as above, if all
periodic points of sufficiently large period for f lead to isotrivial pairs (g, P»), then the pair (f, g)
would be isotrivial along S;. Here we use the assumption that (f,¢) is maximally non-isotrivial,
not just non-isotrivial. So we can find a P, that has nonempty intersection with €2 and so that,
when projecting to the zs-coordinate, the pair (f, P») is persistently periodic and the pair (g, Py)
is not isotrivial.

In this way, we inductively reduce the problem to the argument of §3.1. This completes the
proof of Theorem 3.1.

4. Non-degeneracy and the bifurcation measure

In this section, we work in the more general setting of families of polarized dynamical systems over
a complex quasiprojective variety S. We review some important notions introduced in [GV19]
and [YZ21] and remind the reader of their relations to the non-degeneracy conditions introduced
by Habegger [Hab13] and studied by Gao [Gao20a] for subvarieties in families of abelian varieties.
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Finally, in §4.3, we establish a criterion for non-degeneracy for certain families of polarized
dynamical systems and subvarieties.

4.1 The bifurcation current and measure for families of endomorphisms

Suppose that S is a smooth and irreducible quasiprojective variety defined over C. A family
of (k-dimensional) polarized dynamical systems (X — S, ®, L) is given by a family of complex
projective varieties X — S, flat over S with smooth fibers X, of dimension k over each s € S, a
regular map ® : X — X that preserves the fibers X, and a relatively ample line bundle £ on X
such that for each s € S, we have (®|x,)*(L|x.) =~ (L|x,)®? for some d > 0.

Ezample 4.1. Let ® = (f, g) be an algebraic family of pairs over S, of degree d > 1, as considered
in the previous section. Then ® defines a family of 2-dimensional polarized dynamical systems.
The degree d is the degree of a polarization of ®, taking line bundle L = p;O(1) ® p50(1) on
S x P! x P!, where p; : S x P! x P! — P! is the projection to the ith factor of P!, i = 1,2.

As explained, for instance, in [GV19, §2.3], to such a family we can associate a dynamical
Green current, denoted by Tg, as follows. We let @ be a smooth positive (1,1)-form on X
cohomologous to a multiple of £ such that w, := @|x, is Kéhler for all s € S and

/ wh =1 (4.1)

for each s € S, where k = dim X. The sequence d~"(®")*(w) converges weakly to a closed
positive (1,1)-current Ty with continuous potentials.

Example 4.2. For X = S x P! and family of maps f, the dynamical Green current of f coin-
cides with the current defined in (2.1), taking & to be p*w for the projection p: S x P! — P!,
If ®=(f,g) is an algebraic family of pairs over S, polarized as in Example 4.1, then Ty =
(1/\&)(}9?1? +p§Tg), taking & = (1/v/2)(pi@ + p5@) with p; : S x P x P! — S x P! the pro-
jection to the product of S with the ith factor of P!, i = 1,2. Note that the constant 1/4/2 comes
from the normalization (4.1).

Suppose (X — S, ®, L) is a family of k-dimensional polarized dynamical systems. Suppose
that Y is closed subvariety of X of codimension equal to r, defining a flat family over S. As
defined in [GV19], the bifurcation current for the triple (X,Y, ®) is defined by

Toy = m(Tg " A Y], (4.2)
where 7 : X — S is the projection. The bifurcation measure is given by
pay = (Tpy) 45 (4.3)

on S. The wedge powers are well defined because the current has continuous potentials. Also as
a consequence of having a continuous potential, the bifurcation measure pgy does not charge
pluripolar sets in S (see [Kli91, Proposition 4.6.4]).

Example 4.3. Suppose that f is an algebraic family of maps on P! of degree d > 1, parameterized
by a smooth and irreducible S. Let Y be the critical locus of f in S x P!. Then the bifurcation
current T’ 'ty coincides with the bifurcation current Tﬂbif defined above in (2.2), introduced in
[DeMO01, DF08], and the bifurcation measure coincides with that of [BB07].

Ezample 4.4. For any algebraic family of pairs ® = (f, g) over a smooth and irreducible complex
quasiprojective variety S, with projection 7 : S x (P1)?2 — S, we let X = S x (P! x P!) and set
Y =S x A, where A C P! x P! is the diagonal. Then we refer to Ty as the pairwise-bifurcation

368

https://doi.org/10.1112/S0010437X23007546 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007546

DynNaMIcs ON P!

current associated to ® and denote it by Tq)7A. In the notation of Example 4.2, we have
Ton =m(TH2 A [S x A])
— m(piTy ApsTy ALS x A])
=, (Tf A Tg):

where 7/ denotes the projection from S x P! to S. In particular, when S is the total space
Raty x Ratg, this agrees with the pairwise-bifurcation current Ta defined in (1.1). The pairwise-
bifurcation measure is defined as

oA = (Té,A)/\(dimS)-

4.2 Non-degeneracy and equidistribution

Suppose (X — S, ®, L) is a family of k-dimensional polarized dynamical systems. Suppose that
Y is a closed subvariety of X of codimension equal to r, defining a flat family of subvarieties
in X. We say that the triple (X, Y, ®) is non-degenerate if the current

is nonzero on X. This is an exact analog of the notion of non-degeneracy introduced by Habegger
in [Hab13] and studied in general by Gao [Gao20a] for subvarieties in families of abelian varieties,
where the Betti form is replaced by Tp on the total space X. This notion of non-degeneracy
agrees with the one introduced by Yuan and Zhang [YZ21, §6.2.2] as they demonstrate in [YZ21,
Lemma 5.4.4].

For a family of hypersurfaces Y, Gauthier, Taflin, and Vigny recently observed a relation
between the bifurcation measure and non-degeneracy on a fiber power of X (see [GTV23];
compare [Yua2l, Lemma 4.1]). For any integer m > 1, let

oM . x(m) _, x(m)
be the fiber power of ® acting on the mth fiber power of X over S. It is polarized by the line

bundle piL ® --- ® p;, L, where p; : X(m) _, X is the projection to the ith factor. Let Y (™) be
the corresponding fiber power of Y over S. We continue to denote the projection to S by .

PROPOSITION 4.5 [GTV23, Proposition 1.4]. Suppose (X — S, ®, L) is a family of k-dimensional
polarized dynamical systems, and let m = dim S. Assume that Y is a closed hypersurface in X,
defining a flat family of hypersurfaces over S. Then the bifurcation measure jioy on S satisfies

poy = (Toy )™ = m(TH0H A [y (™)),

In particular, the triple (X, Y (™ &) is non-degenerate if and only if the bifurcation

measure [lg )y IS nonzero.

Proof. The first equality is simply the definition of xe y, and we need to prove the second. Since

the dimension of each fiber of X — S is k, it follows that TQ(kH) =0 on X. Let m=dim S,
and note that the fibers of X(™ — S have dimension mk and Y™ has codimension m. Let
pj: X(m) _, X be the projection to the jth factor. Then there is a constant C' > 0 so that

Tomt) = C(piT + -+ py To) ™)

P(m)
:C<kl)m /\pjT(Q ’
j=1
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Because of the normalization that T;\((Z;k) be a probability measure on each slice over t € S, we

must take C' = (k!)™/(mk)!. On the other hand, we have
Yoo = A pilY],
j=1
so that

A~ mk m m IS
O A Y] = N p5(TpF A TY))
j=1

and the conclusion follows. OJ

Now assume that the triple (X,Y, ®) is defined over a number field and is non-degenerate.
Yuan and Zhang recently proved an equidistribution theorem in [YZ21] for points of small fiber-
wise canonical height in Y, extending a result of Kiihne [Kith21]. A closely related result has

also recently been obtained by Gauthier [Gau2l]. A sequence of points y, € Y (Q) is said to be
generic if no subsequence lies in a proper, Zariski-closed subset of Y.

THEOREM 4.6 [YZ21, Theorem 6.2.3]. Suppose (X — S,®,L) is a family of k-dimensional
polarized dynamical systems over smooth, irreducible, quasiprojective S, defined over a number
field K. Suppose that the triple (X,Y, ®) is non-degenerate, where Y is a closed subvariety of X
of codimension r, defining a flat family over S, and also defined over K. Then for any generic
sequence of preperiodic points of ® in Y (K), their Gal(K /K)-orbits are uniformly distributed
with respect to the measure T£ (k=rtdim 5) [Y] on X(C). More precisely, given any continuous
function ¢ with compact support in X, and given any generic sequence {y,} of points in Y (K)

that are preperiodic for ®, we have

1 1 ~A(k—r+dim S)
— ply) — / o(T. A Y],
# Gal(K/K) *Yn yeGal(g/K).yn VOI(Y) X((C) @

as n — oo where vol(Y') = fX(C) T(Q(kfﬂrdim DAY

4.3 A repelling-cycle criterion to show non-degeneracy

Suppose (7 : X — S,®, L) is a family of k-dimensional polarized dynamical systems. Now sup-

pose that Y is a closed subvariety of X of codimension m = dim S in X, defining a flat family of

subvarieties with codimension m. We say that a point yo € Y(C) is a rigid repeller for (X,Y, ®)

if:

(1) some iterate xgp = ®"(yp) is a repelling periodic point for ®4,, where so = m(yp);

(2) the point yp lies in the support of the equilibrium measure p , := (T¢,| Xso)k in the fiber
Xs,; and

(3) there is a holomorphic section 7 over a neighborhood of sy in S parameterizing a repelling
periodic point of @4, with n(sg) = xg, so that z( is an isolated point of the intersection of
®"0(Y') with the image of 7.

Remark 4.7. If ® = (f, g) is an algebraic family of pairs over S, as defined in § 3 and Example 4.1,
with m = dim S, a rigid repeller for the fiber product ®(™ : X(m) — X(m) in y = § x A™ C
XM where X = S x P! x P!, coincides with the notion of the rigid m-repeller for ® from the
Introduction. In this setting, the repelling periodic points and their preimages are always in the
support of the equilibrium measure.
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The next proposition is a minor modification of [GV19, Lemma 4.8|, and the proof is very
similar to that of [BBD18, Proposition 3.7].

PROPOSITION 4.8. Suppose (X — S, ®, L) is a family of k-dimensional polarized dynamical
systems over quasiprojective S. Suppose that Y is a closed subvariety of X of codimension equal
to dim S, defining a flat family over S. Suppose there exists a rigid repeller for (X,Y,®) at
yo € Y(C). Then yo lies in the support of the (nonzero) measure

(Te)"* A [Y]
on X(C). In particular, the triple (X,Y, ®) is non-degenerate.

Proof. Let d > 2 be the polarization degree of ®. Let zg = @™ (yg) € (YY) be a repelling
periodic point in the orbit of yy. Let s = 7(xg) € S. Since yg is in the support of the equilibrium
measure fis, = (’ﬂp] Xoo )k, it follows that zq is also in this support. Let p be the period of zg. Let
7 denote the parameterization of the nearby repelling periodic points over a neighborhood U of
50, and let T'; denote its image in X. By hypothesis, 2o is an isolated point of the intersection
of I';y with ®"(Yp).

Shrinking U if necessary, there exists a tubular neighborhood N of I'; in 7 1(U) and a
constant K > 1 so that

dx, (®5(x), ®E(n(s))) = K dx, (2,7(s))

for all x € NN X, and all s € U and for any reasonable choice of distance function dx, on the
fibers. In particular, there exists a nested sequence of tubular neighborhoods N,, C N around
I, N7 YU), for n > 1, so that ®" : N,, — N is proper and one-to-one. Then for all integers
n >0,

e [T e = [ @yt aen )

n

— [ Taka@m.lemy)
N

= / Tok A [@motmP(Y)).
N
On the other hand, we have
lim yn[@"T™P(Y)] = a[Xs, N N]
n—oo

for some « > 0, in the weak sense of currents, where x is the indicator function. Indeed, since
NN®™(Y)NT, = {xo}, the vertical expansion of ®” shows that the limit must be supported
in the fiber Xg,. As the limit current is closed and positive and nonzero, it must be (a scalar
multiple of) the current of integration along X, N N. Finally, since x¢ is in the support of the
measure fig, = T£k| X,,» We have

/TQ’“A[XSOQN] >0
N

so that
/ THF A [@™0FP(Y)] > 0
N

for all sufficiently large n.
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Now choose an open set V' around gy so that & : V' — N is proper. Then
dnok / THF A [Y] = / (@) TH* A Y]
1% 1%
_ / Tk A (@70),[Y]
N
> [ 2y a e
N

> [ 2 alen)
Np,
for all n > 1. Therefore,

/TQ’“/\[Y]>O. O
14

Now let S be a smooth and irreducible complex quasiprojective variety. Recall that an
algebraic family of pairs ® = (f,g) was defined in §3, and the pairwise-bifurcation current
was defined in Example 4.4.

COROLLARY 4.9. Let S be a smooth and irreducible complex quasiprojective variety of dimen-
sion m. Suppose that ® = (f,g) is an algebraic family of pairs over S. If there exists a rigid
m-repeller at some parameter so € S(C), then the pairwise-bifurcation measure pg A is nonzero

on S(C).

Proof. As observed above, a rigid m-repeller for ® implies there is a rigid repeller for the mth fiber
power &™) in § x A™ C § x (P! x P')™. Proposition 4.8 implies that (Tym)) 2™ A [S x A™] is
nonzero. Proposition 4.5 then implies that the measure ug A is nonzero on S. ]

5. Proof of Theorem 1.8

We will deduce Theorem 1.8 from the following result, combined with the material of the previous
section. Recall that the pairwise-bifurcation measure p1¢ A was defined in Example 4.4.

THEOREM 5.1. Fix degree d > 2, and suppose that S is a smooth, irreducible quasiprojective
variety of dimension m parameterizing an algebraic family of pairs ® = (f,g) of degree d > 2
over S, all defined over Q. Assume that f and g are not both conjugate to z*? over the algebraic

closure of k = Q(S). If the pairwise-bifurcation measure jip A is nonzero on S(C), then the set
of points

{(s,21,...,2mys1) € (S x (PHY™1)(Q) : x; € Preper(fs) N Preper(gs) for each i}
is not Zariski dense in S x (P)™+1,

To prove Theorem 5.1, we follow the proof strategy from [MS22], which exploits the product
structure of (f, g) acting on P! x P! and relies on the general equidistribution result of Yuan and
Zhang [YZ21], stated above as Theorem 4.6. As a consequence, we infer the following result.

THEOREM 5.2. Fix degree d > 2, and suppose that S is a smooth, irreducible quasiprojective
variety parameterizing an algebraic family of pairs ® = (f, g) of degree d > 2 over S, all defined
over Q. Assume that f and g are not both conjugate to 2= over the algebraic closure of k = Q(S).
If the pairwise-bifurcation measure pg A is nonzero on S(C), then there exist a Zariski-closed

372

https://doi.org/10.1112/S0010437X23007546 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007546

DynNaMIcs ON P!

proper subvariety V C S defined over Q and M > 0 such that
#Preper(f,) N Preper(g) < M,
for all s € (S'\ V)(C).

5.1 Product structure

Let ® = (f,g) act on P! x P!, defined over the field &k = Q(S). Let A C P! x P! be the diag-
onal. For m =dim S, we let ®™) denote the product map acting on (P! x PHY™ over k.
Following [MS22], we consider the product of (P! x P1)™ with another copy of P!, acted on
by f or by g. This defines maps over C as

((I)(m)7f) % (Pl)Qm—l—l — S x (]P)l)2m+1
(8,21, 22m+1) = (8, fs5(21), 9s(22), fs(23), - - - 5 gs(22m); fs(22m+1))

and

((I)(m)’g) .S % (P1)2m+1 — S % (P1)2m+1

(8,21, -+ s 22mt1) = (8, fs(21), 9s(22), fs(23), - - -5 9s(22dim 5)5 9s(22m+1))-
Let
p1: S x (Pt xPHY™ x P! — § x (P! x PL)™
be the projection forgetting the final factor of P'. Let
p2: S x (P! xPHY™ x Pt — § x P!

denote the projection forgetting the intermediate factor.

PROPOSITION 5.3. Let S be an irreducible quasiprojective complex algebraic variety of dimen-
sion m, and suppose ® = (f,g) is an algebraic family of pairs of degree d > 1 over S. We
have

M = T(f}ff";;;) NS x A™ x PY] = ptR A piTy,

where
R:=TH0m A[S x A™].
Similarly for g and

My =T ) A [S x A™ x P1].

Consequently, if the bifurcation measure pg A is nonzero for a family of pairs ® = (f,g)
parameterized by S, then My and M, are nonzero.

Proof. Suppose that f is an algebraic family of maps on P! over S. Then T’ r on S x P! satisfies
TJ{\Q = 0. It follows that, for any fiber product of such maps, (f1,..., f¢) on (P1)¢ over S, we have

AL T T
T(fl,...,fe) = qTTfl ARRRRA q;Tff
for the projections ¢; : S x (P')? — S x P!. In the setting of the proposition, it follows that
A (2 *r7 *r7 * 7 *
Tq,((m:n) =qTr NI N NGoy 1T N Gop Ty

and

“/\(2m+1) _ * A/\(Qm) *r-
T(cp(m),f) = P1l gy A P2y
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The first statements of the proposition follow. Finally, since A C P! x P! is a hypersurface, we
know from Proposition 4.5 that ue A is nonzero if and only if

SA(2
R=Th2"M NS x A™] > 0.
In this case, we see immediately that My and M, are also nonzero. O

5.2 Proof of Theorem 5.1
Recall that a sequence of points z, in a variety Z is said to be generic if no subsequence lies in
a proper, Zariski-closed subset of Z.

Let m = dim¢ S. Note that the set

{(8,21,- -y Zma1) € (S x (PHY™™)(@Q) : 2; € Preper(fs) N Preper(gs) for each i}
in the statement of Theorem 5.1 is naturally identified with the set
Preper(® ) 0 (S(Q) x A™H) ¢ § x (P! x Py™FL,

for the (m + 1)th fiber power of ® over S.

Let K be a number field over which ® and S are defined. Suppose, towards a contradiction,
that Preper(®(™+1) is Zariski dense in S(K) x A™+!. Via the projection of A C P! x P! to
the component P'’s, these preperiodic points of ®(™*1) in § x A" project to define a generic
sequence of points in (S x A™ x P1)(K) that are preperiodic for both the maps (®(d™9) f)
and (®1™5) ). Since the pairwise-bifurcation measure pg A is nonzero on S(C), we know from
Proposition 5.3 that the measures M, and My are nonzero on (S x (P! x P1)™ x P1)(C). In
other words, setting

X=SxP'xPH" xP! and Y =8 xA™ x P!,

the triples (X, Y, (®(™), f)) and (X,Y, (®(™), g)) are non-degenerate. By Theorem 4.6, it follows
that the Gal(K/K)-orbits of these preperiodic points must be uniformly distributed with respect
to the measures My and M,. Consequently, we have My = M, in X (C).

Now let p1: S x (P! x P1)™ x P! — § x (P! x P1)™ be the projection forgetting the final
factor of P!, as in Proposition 5.3. By slicing M ¢ and M, we conclude that

/ / (t,z)dpy, , (z) dR( / / (t,z) dpg, ., (x) dR(1) (5.1)
SX(Pl)QnL Pt Sx Pl 2m Jpl

for every continuous and compactly supported function ¢ on S x (P')?™*! and the R of
Proposition 5.3. Here, 7 : S x (P1)™ — S denotes the projection to the base, and P and
Ky TE the measures of maximal entropy introduced in §2.1. But since 7, R = us A, we infer
that

/’Lfs = Mgs

on P! for pg a-almost every parameter s € S(C). Indeed, suppose there exists b € S(C) with
g, 7 g, and so that pue A(U) >0 for every open neighborhood U of b. Then we can find
a continuous function ¢ on P!'(C) such that Jpys, # [ pg,. By continuity of the mea-
sures we find that [tpug, # [Ypg for all t in a neighborhood U of b. Therefore, setting
o(t, 21, ..., Tom, Tamr1) = hp(t)Y(22my1) on S x (P1)?m*! for a bump function h; supported
in U, the equality (5.1) will fail.

Now we use the hypothesis that f and ¢ are not both conjugate to a power map z
over all of S. Let V' C S be the (possibly empty) proper subvariety over which the maps f
and g are both conjugate to #2z¢. Tt follows from Theorem 2.1 that Preper(f;) = Preper(gs)

+d
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for all s € (supp oA \V)(C). As pp a does not charge pluripolar sets, we conclude that
Preper(fs) = Preper(gs) for all s € (S'\ V)(C). Indeed, the preperiodic points of f or g each form
a countable union of hypersurfaces in (S '\ V') x P!, For each irreducible hypersurface P C S x P!
which is preperiodic for f, its intersection with Preper(g) contains all of P N7~ !(supp pa.a \ V)
and so cannot lie in a countable union of hypersurfaces of P. Therefore P must be persistently
preperiodic for g. This shows that Preper(fs) C Preper(gs) for all s € (S'\ V)(C); equality follows
from the same argument in reverse.

Again using Theorem 2.1, it follows that ps, = pg, for all s € (S'\ V)(C). By continuity of
the equilibrium measures, we conclude that py, = pg, for all s € S(C). Now fix a small open D
in the base S, and let U be a continuous potential for Tf — Tg for (s,2) € D x PL. As Tf and
Tg have the same slice measures for every s, we see that U depends only on the variable s € D.
As Tjﬁ\z = ZZ\Q = 0, we compute

. . . 1 1
Ton=m(Ts NT,) = —iddcwi(UddCU) = —2(dd"’)s</1 U(s,z)(dd),U (s, z)) =0,
P

for the projection 7/:S x P! — S (as in Example 4.4). The current Tq),A vanishes on
all open D C S, so we may conclude that pupa =0 on all of S(C), contradicting our
hypothesis. O

5.3 Proof of Theorem 1.8

We assume there exists a rigid m-repeller for the family (f,g) over S, where m =dim S.
Corollary 4.9 implies that the bifurcation measure pe A is nonzero on the space S. Finally,
Theorem 5.1 gives us the result we desire. O

5.4 Proof of Theorem 5.2
Recall that a sequence of points s, € S is said to be generic if no subsequence lies in a proper,
Zariski-closed subset of S. We start with the following lemma.

LEMMA 5.4. Let ® = (f,g) be an algebraic family of pairs parameterized by a smooth and
irreducible S, defined over C. If there is a generic sequence of points s, € S(C), n>1,
over which the number of common preperiodic points for fs, and gs, is either infinite or
increasing to oo, then the preperiodic points of ®™) are Zariski dense in S x A™ for every
m > 1.

Proof. Fix m > 1. For each n, let
M (n) < # Preper(fs, ) N Preper(gs,) € NU{oo}

so be chosen so that M(n) — oo as n — oco. The points of Preper(fs, )N Preper(gs,)

determine a configuration of M (n)™ points in A™ that are preperiodic for &g .
Note that this collection of points is symmetric under permutation of the coordinates
on A™.

Let Z be the Zariski closure of these points in S x A™. The symmetry of the preperiodic
points in A™ implies that Z is also symmetric under permuting the m coordinates of A™.
Moreover, because the sequence {s, } is Zariski dense in S, we see that 7(Z) = S for the projection
T8 xA™— S,

Now suppose that Z is not all of S x A"™. Then, over a Zariski-open subset U C S, Z is
contained in a family of hypersurfaces in A™ ~ (P})™ over U that are symmetric under permuting
the m coordinates. Shrinking U if necessary, these hypersurfaces will have a well-defined degree
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(r,...,r) for some r > 1; that is, each projection that forgets one component A will be of degree 7.
But since the sequence {sy} is generic, this implies that M(n) <r for all sufficiently large n.
This is a contradiction. g

Now to prove Theorem 5.2, let S be a smooth, irreducible quasiprojective variety parameter-
izing an algebraic family of pairs (f, g), all defined over Q as in its statement. By Theorem 5.1
and in view of Lemma 5.4 we infer that there exists a strict Zariski closed V' C S defined over Q
and M € R such that

#Preper(fs) N Preper(gs) < M, (5.2)

for all s € (S\ V)(Q). Write U := S\ V. We want to show that M can be chosen so that (5.2)
holds for all s € U(C). Fix sg € U(C) \ U(Q) and let Py, := Preper(fs,) N Preper(gs,). Let L
be a finitely generated subfield of C (with transcendence degree at least 1) such that &g, is
defined over L. Thus, there is a quasiprojective variety X over Q of finite type with function
field L over which we can extend ®g, (viewing sg as an element of L) to an endomorphism
Oy : X xPl x P! - X x P! x P! defined over Q. We also extend P, to Px C X x P! x PL.

Note that each specialization (®x); = (f;, g¢) for t € X(Q) is naturally identified with some @,

for s € U(Q). Thus, for each ¢t € X(Q) we have a uniform bound on #Preper(f;) N Preper(g:).

But clearly the specializations of the distinct points in Px remain distinct at some ¢t € X (Q).
The proof is complete. l

6. Quadratic polynomials

Before proceeding to the proof of Theorem 1.1, we present in this section a new proof of
Theorem 1.12. The strategy of proof is the same as for Theorem 1.1, but the argument for
proving that the pairwise-bifurcation measure is nonzero is considerably simpler for these pairs
of quadratic polynomials. In addition, because the parameter space is two dimensional, we can
use Theorem 1.14 to complete the proof of Theorem 1.12, allowing us to provide a complete
description of the subset of pairs of quadratic polynomials for which the uniform bound cannot
exist,.

THEOREM 6.1. Let f.(z) = 22 + ¢ for ¢ € C, and consider the algebraic family of pairs Py en) =

(feys fey) parameterized by (ci,c2) € C2. The pairwise-bifurcation measure He A IS nonzero
on C?.

Proof. We appeal to Corollary 4.9 and study the pair

f2116(2) = 2 —21/16 and f20116(2) = 2% —29/16.

These two polynomials have at least 26 common preperiodic points in C; see [DH22]
for a construction of these quadratic polynomials and similar examples in higher degrees.
We will show that two of the common preperiodic points define a rigid 2-repeller over
S =C2.

The procedure is as follows. Let (ag,bo) = (—21/16,—29/16) € S. Suppose pg,qo € C are
common preperiodic points, each iterating to a repelling cycle for both f,, and f;,, and suppose
that we are given a holomorphic map R : U — C* from a small neighborhood U of (ag, by) € S,
with coordinate functions defined by

R(c1,¢2) = (p1(c1), pa(c2), q1(c1), g2(c2)) € C*,
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so that R(ag,bo) = (po,Po, 90, qo) € A% and R(cq, ¢o) is persistently preperiodic for the fiber power
) over S. Then the pair (po, go) will form a rigid 2-repeller in (P! x P')? at (ag, bg) if

1000 1 0

0100 0 1

0 0 1 0 pi(ao) 0
o010 0 g |7

000 1 dgfa) O

000 1 0  gbo)

for any such R. The first four columns are a basis for the tangent space to S x A2 in S x (P! x
P1)2, while the second two columns span the tangent space to the graph of R over a neighborhood
of (ag,bg) € S. In fact, showing this determinant is nonzero is stronger than being a rigid repeller,
since this will show the graph of R intersects A? transversely over (ag, bp).

A simple computation shows that the above determinant is equal to

pi(ao) ph(bo)
det < di(ao)  db(b0) >

Now let us take pg = 5/4 and gg = —7/4. The orbits of py and gy for f,, are

s = s —2 T,
_,; — = = L

with each landing on a repelling cycle. The orbits of pg and ¢g for f;, are

5 1 7 5
17T Ty g

with each in a repelling cycle of period 3. To compute the values of p)(ag), ph(bo), ¢} (ao), and
¢4 (bo), we determine the equations for these cycles as a function of the parameter ¢, and use
implicit differentiation.

The equation for a (strictly) preperiodic point z so that f.(z) is in a cycle of period 2 is

Pi(c,z2)=1+c—2z+2>=0,

so that
or, /0P
/ _ v ool _
pl(a’o)_ 86 82’ B B 2/3
c=ap,2=po
The prefixed points for f. satisfy
Qi(c,2) = c+z+22=0,
SO
Q1 /00
/ =/ = = 2/5.
¢ (ao) oc / 0z c—a.2=qo /

The period-three cycles for f,. satisfy
Py(c,2) =1+ c+ 2+ + 2+ 2c2 + 2z + 2% + 3c2?
+3c%22 4+ 23 4+ 2¢23 + 24 + 3e2 + 20 + 20,
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This gives
oP, /0P,
Ly = 02 [0 =2/9
pz( 0) oc 0z c=bo,z=po / 7
0Py /0P,
gy — 0T [OPs =2/9.
q2(bo) dc 0z e=bo,z=q0 /

We conclude that

d1(ao)  g5(bo) 135
With Corollary 4.9, this completes the proof of Theorem 6.1. O
Proof of Theorem 1.12. Let S = C2. In view of Theorem 6.1, Theorem 5.2 implies that there is a

finite collection of irreducible, algebraic curves Ci, ..., C,, C S all defined over Q and a constant
B so that

det < Pi(ao)  ph(bo) ) 32,

|[Preper(fi,) N Preper(ft,)| < B, (6.1)

for all (t1,t2) € C%\ (U; Ci). Applying Theorem 1.14 to each C; we see that (enlarging B if
necessary) the bound in (6.1) holds for each (t1,t3) € C? unless Preper(f;,) = Preper(f;,). The
latter happens only if the Julia sets of f;, and f;, coincide, and so by [BES8T], only if ¢; = ta,
which completes our proof. O

7. Monomials

In this section, we complete the proof of Theorem 1.1. To achieve this, we will prove the following
result.

THEOREM 7.1. For each degree d > 2, the pair (2%, ( 2%) for primitive root of unity ¢4*! =1 has
a rigid (4d — 1)-repeller.

Recall that the bifurcation measure ua on the (4d — 1)-dimensional moduli space of pairs
(Raty x Ratg)/ Aut P! was defined in (1.2). Via Corollary 4.9, Theorem 7.1 will imply that ua
is nonzero. But we must be careful: the moduli space is likely to be singular at pairs (f, g) with
automorphisms, and this pair (z¢, ¢ 2?) has automorphisms of the form A(z) = wz for w? = 1.
Throughout this section, we work with the subspace

Sg C Ratg x Raty
consisting of pairs (f, g) where
zd—i—ad_lz—i—---—i—alz

bao124= bz + (14 00 = ST )

with a;,b; € C and g is arbitrary. Note that Sy is a smooth and irreducible quasiprojective
complex algebraic variety. This normalization for f fixes the three elements of {0,1, 00} in P!,
and the projection from S, to the moduli space (Raty x Ratg)/ Aut P! is finite-to-one. In other
words, this S; defines a maximally non-isotrivial algebraic family of pairs of degree d, with

dim Sy = 4d — 1. It is not surjective to the moduli space of pairs, but it covers a Zariski-open
subset. The pair (2%, (2%) is an element of S, for any choice of primitive (d + 1)th root of unity ¢.

fz) =

7.1 Proof of Theorem 1.1, assuming Theorem 7.1
Let 1o A denote the pairwise-bifurcation measure on Sg(C) for the family of all pairs ® = (f, g)
parameterized by Sy, as defined in (4.3) and Example 4.4. With Theorem 7.1, we may apply
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Corollary 4.9 to deduce that the pairwise-bifurcation measure pug A is nonzero on S4(C). We
then apply Theorem 5.2 to conclude that there is a Zariski-open subset U of Sy, defined over
Q, for which there is a uniform bound on the number of common preperiodic points of f, and
gs for all s € U(C). Taking the union of all (AutP')-orbits of U in Raty x Raty completes the
proof. O

7.2 Proof of Theorem 1.5, assuming Theorem 7.1

From §7.1, we know that the measure p¢ A is nonzero on the space Sg. By construction, the
natural map from Sy to the moduli space of pairs (Ratq x Ratg)/ AutP! is dominant and finite-
to-one to its image. Recall that the pairwise-bifurcation measure pa was defined in (1.2). It is
(a nonzero multiple of) the push-forward of pp A under the natural map from Sg. Therefore pa
is nonzero. g

7.3 Proof of Theorem 1.2, assuming Theorem 7.1
Fix degree d > 2. Let Py be the space of polynomial pairs of the form

(2% + a2 2 + - 4 ag, boz? + - + by)

with a;,b; € C and by # 0, parameterized by their coefficients. This space Py has dimension
2d and maps surjectively and finite-to-one to the moduli space of polynomial pairs (Poly, x
Poly,)/ Aut C. Theorem 7.1 implies that the pair (2%, ¢ 2¢) for primitive root of unity ¢4t! =1
has a rigid (2d)-repeller over the parameter space Py. As in § 7.1, we deduce the uniform bound
on the number of common preperiodic points for all pairs of polynomials in a Zariski open subset

of Pd. O

7.4 Rigidity of the monomial pair

We now aim to prove Theorem 1.10. Fix degree d > 2. Let fy(z) = 2% and go(z) = ¢2? for ¢ =
e2mi/(d+1) By conjugating the image of ¢ and shrinking the domain disk if necessary, we may
assume that its image lies in the subvariety S; C Raty x Ratgy. Thus, let D C C denote the unit
disk, and suppose that ) = (¢1,19) : D — Sy is a holomorphic map with (0) = (fo, go) so that

Preper(11(t)) N J(11(t)) = Preper(wa(t)) N J(12(t))
for all t € D. We need to show that ¢ is constant.

Remark 7.2. The conclusion of Theorem 1.10 is false if we allow ( to be a root of unity of any
order < d. For each m < d and ¢ with ("™ =1, let

fc(z) = dem(zm + C) and gc(z) = Cfc(z)

for ¢ € C. Then ( is a symmetry of the Julia set of f., and f.((z) = ¢¢"™f.(z) = ¢¢f.(z). Note
that g7(z) = (14" 7" f7(2) for all n and all c. If a point x is preperiodic for f., then the iterates
g () must eventually cycle, and vice versa. That is, Preper(f.) = Preper(g.) for all ¢ € C and
J(f.) = J(gc) for all ¢ € C. See, for example, [BE87| for more information on symmetries.

Returning to our setting, where ( = e2mi/(d+1) " note that the second iterates of fy and )

coincide. We first observe that the same relation must hold throughout D; that is, we have

P1(t)? = ha(t)?

for all t € D. Indeed, both fy and gg are J-stable in Rat,, and so there is a holomorphic motion of
the Julia sets, inducing conjugacies between v;(0) and 1;(¢) on their Julia sets for ¢ small, i = 1, 2.
In particular, because all preperiodic points of 1;(t), i = 1,2, in the Julia set must coincide for
all ¢, the motions z; of these preperiodic points z € J(¢1(0)) = J(¢2(0)) must coincide for 1)1 (t)
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and for ¢y(t), for all ¢ small. The induced conjugacy forces a relation on the second iterates,
Y1 (t)?(z¢) = b2 (t)?(z), holding for all preperiodic points z € J(¢1(0)) = J(2(0)) for all ¢ small.
As there are infinitely many preperiodic points in the Julia set, we have equality of iterates
1(t)? = 1)o(t)? for all t small. Finally, by holomorphic continuation, the equality persists for all

t € D.

Now consider the map F = f2 — ¢? from the space Ratg x Raty to the set of all rational
functions Ryge C C(2) of degree at most 2d?. Recall that the image of ¢ lies in the subspace
Sy, which maps finite-to-one to (Raty x Ratg)/ Aut P', and we have shown that F(v(t)) =0
for all t € D. We aim to conclude that v is constant. Choosing coefficients for coordinates on
Raty x Raty near the point (fp, go) and on the target space Ryg2, it is enough to show that the
derivative matrix DF{, o) has the maximal possible rank of 4d — 1. Indeed, since F' vanishes on
the fiber of the quotient Raty x Ratqy — (Raty x Ratg)/ Aut P! through (fo, go), this will imply,
by the chain rule, that some (possibly higher-order) derivative of ¢ — F'(1(t))(z) will be nonzero

at t = 0, whenever v is non-constant.
We have thus reduced the proof of Theorem 1.10 to the following lemma.

LEMMA 7.3. Ford > 2, let

gzt bz + 1 C Bz +Biz4 1

Let F=f2—g% Let @=(1,0,...,0) corresponding to z% and A= ((,0,...

and g(z)

,0) corre-

sponding to (Cz% for (' =1 a primitive (d+1)th root of unity. Then the vectors

=Y —,

0, (@), Op, F(@), 04, F(A),0p,F(A), for all i,k €{0,...,d} and j,£€{1,...,d} generate a

subspace of C|[z] of dimension 4d — 1.

Proof. First we compute the derivatives

- 1
8AkF(A) — _Edde—d-HC _ <kzdk”

Op, F(A) = (=74 1 =z,

S

0q, F (@) = dz® =iy yid,
O, F(

24 5 24 5
) = —pdirid _ g i,

Let M be the matrix with sth column consisting of the coefficients of 2°~! as they occur in order

-, -, -,

Oa,F(A),...,04,F(A), 0p,F(A),... 08

d

F(A), 04, F(@),...,00,F(@), 9y F(@),...,0
Each is a polynomial in z with degree at most 2d?, so this a (4d + 2) x (2d? + 1) matrix.

F(a).

Set {e;} to be the standard basis vectors for C**2_ Note that all powers of z that appear,

appear twice with the exception of z4(d—1) = 24°=d ang L4°+d

14+1+4+2d—1=4d — 1 nonzero columns of M are as follows:

k
Mpd+1 = —C g1 + €2d4k+2, k=0,...,d =2,
- __ d—1 d
M(d-1)dt1 = = FeL (" eq + deaaya + €3dt1,
M(d-1)d+14+5 = T FCi+1 +deggio4i, i=1,...,d—1.

This covers the first d(d — 1) 4+ d columns of the matrix. The central column of M is

1
’md2+1 = —z(d + 1)€d+1 + (d + 1)€3d+2.
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The following nonzero columns are

Ma2 145 = deayi+j — desaratj, Jj=1,...,d—1,
Ma(d+1)+1 = Cedta + dezdy1 — €3d+3 — desda, (7.3)
_ s+l —
My(d41)+14sd = C° " €dts+2 — €3d+3+s, S=1,...,d— 1

From (7.2) and (7.3) we infer

(Mkdt1, M(d—1)drkt1) = (€41, €2d4k+2), k=1,...,d—2, )
(M2 Lkt 15 Md(d41)+14(k—1)d) = (Cdrk+1,€3drkr2), K =2,...,d—1,
and the space generated by the above column vectors V' has dimension 2d — 4 + 2d — 4. Note
that we have not yet considered the column vectors

m1 = —e1 + €442,
d
Mgz = _Eed + desqy1,
Mgz 9 = degqya — desdys, (7.5)
1

Moq241 = Eezdﬂ — €4d+2,

1
Ma2 41 = _E(d + Dear1 + (d+ 1)esao,

which are mutually orthogonal and so generate a 5-dimensional space W. Further W is contained
in the orthogonal complement of V' so that dim V + W = 4d — 3. Finally, look at the vectors

d _
M(g—1)d+1 = —561 — (¥ ey + desgio + €3a41, (76)

Mg(d+1)+1 = Gedr2 + deaqr1 — €3a+3 — degaro.

They are clearly linearly independent so generate a 2-dimensional U. We can easily see that they
do not belong in V + W. Indeed, the only vector in V + W involving e; is mi, but note that
it also involves ezqyo and the coefficients do not match that of mg_1)441. Similarly, the only
vector involving eqy9 in V + W is mg2, 5, which also involves e3443 in a way that does not match
Mg(d+1)+1-

Thus the rank of our matrix is at least dimV + W + U = 4d — 1 and the lemma follows. [
Remark 7.4. Tt is necessary to take a root of unity with order at least (d + 1) for the dimension
in Lemma 7.3 to be 4d — 1. Clearly, the dimension is smaller for ( = 1. If, on the other hand,
we chose ¢ with (¢ = ¢* for some k € {0,...,d — 2}, then (at least) two nonzero columns of the
matrix M in the proof of Lemma 7.3 are related. For instance, we have

d
M(d—1)d+k+1 = dMgd+1 = —dC ek 41 + deadtovk-

7.5 Proof of Theorem 7.1
With Theorem 1.10 in hand, we can now complete the proof of Theorem 7.1.

Enumerate the roots of unity as {&;}i>1, in any order. For pairs (f,g) € Sq near (fo, go), let
P; (respectively, ();) denote a parameterization of the preperiodic point of f (respectively, g)
that agrees with & at (fo,go). By stability, each of these P; and Q; is well defined and smooth
at (fo,90). Note also that the subvariety of Sy defined by Vi = {P1 = Q1} cannot be all of Sy,
because there exist pairs (f, g) with all of their preperiodic points disjoint. Thus, the codimension
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of V} is 1. Now consider the subvarieties V; = {P; = @;} and their intersections with V, for
all 4. If all of them coincide with Vj mnear (fy,go), then we would have Preper(f)NJ(f) =
Preper(g) N J(g) persistently along Vi near (fo, go). This contradicts Theorem 1.10. Therefore,
there exists an index i so that V3 N'V; has codimension 2 near ( fy, go). Continuing inductively in
this way, we find a (4d — 1)-tuple of roots of unity that form a rigid (4d — 1)-repeller at ( fo, go).

This completes the proof of Theorem 7.1. O

8. Lattés maps

In this final section, we prove Theorem 1.3, restated here as Theorem 8.1.
Let £ denote the Legendre family of flexible Lattes maps in degree 4, defined by

22 _ )2
fi(z) = ( )
4z(z—1)(z — 1)
fort € C\ {0, 1}. This f; is the quotient of the multiplication-by-2 endomorphism of the Legendre
elliptic curve

By ={y*=x(x—1)(z — 1)}
via the projection (z,y) — z. The preperiodic points of f; coincide with the projection of the
torsion points of Ej.
THEOREM 8.1. For each degree d > 2, there exists a uniform bound M so that either
|Preper(f) N Preper(g)] < My or Preper(f)= Preper(g)
for all pairs (f,g) with f € £ and g € Ratg.

COROLLARY 8.2. There exists a constant M > 0 such that for every pair of elliptic curves E1 and
E5 over C, equipped with degree-two projections ; : E; — P! ramified at the 2-torsion points
E;[2], we have

| (B17) N (E)| < M,
if and on]y ifﬂ'l (El [2]) 7'é 7r2(E2[2]).
COROLLARY 8.3. Let us C C denote the set of roots of unity. There exists a constant B > 0
such that

[7(B") (o] < B,

for every elliptic curve E defined over C and any degree-2 projection w : E — P! ramified at the
2-torsion points of E.

8.1 Non-isotriviality

Fix a degree d > 2. Let L£(d) := L x Raty. Consider the map L(d) — Ratg x Ratgze which
sends a pair (f,g) to the pair (fas ¢%), where fq; is the quotient of the multiplication-
by-d endomorphism on the elliptic curve E; and g¢? is the second iterate of g. Note that
Preper(f;) = Preper(fy,) for all t € C\ {0,1} and Preper(g) = Preper(g?).

PROPOSITION 8.4. The induced map L(d) — (Ratg x Ratg)/ AutP! to the moduli space of
pairs is finite-to-one, so S = L(d) parametrizes a maximally non-isotrivial family of pairs of
maps of degree d>.

Proof. Two maps fq:, and fg:, are conjugate if and only if the elliptic curves E;, and Ej, are
isomorphic. Moreover, the map Raty; — Rat, 2 defined by iteration is finite, because it is proper
between affine varieties; see, e.g., [DeM05, Corollary 0.3]. O
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8.2 Non-degeneracy
Fix a degree d > 2. Let £(d) := £ x Raty parameterize the family of pairs of degree d? as in §8.1.

PROPOSITION 8.5. Let S — L(d) be a finite map from a smooth, irreducible quasiprojective
algebraic variety S of dimension m > 1, defined over C, and let ® = (f,g) be the associated
algebraic family of pairs of degree d*> over S. Then either there exists a rigid m-repeller at some
point sg € S(C) or Preper(fs) = Preper(ygs) for all s € S(C).

Proof. First note that ® = (f, g) is maximally non-isotrivial, because the map to £(d) is finite.
Let m = dim S. Assume that we do not have Preper(f,;) = Preper(gs) for all s € S(C). To show
the existence of a rigid m-repeller at a parameter sg € S(C), we repeat the arguments in the
proof of Theorem 1.6 to build common preperiodic points. While Theorem 1.6 shows there are
at least m common preperiodic points for a Zariski-dense set of pairs (fs, gs) in S(C), it does
not give control over whether they are repellers nor whether they will be rigid. We use the fact
that f is Lattes to provide this.

For simplicity, we first give the proof assuming that both f and g are Latteés maps throughout
S. In particular, the periodic points of fs and gs are all repelling, for all s € S(C). Moreover,
the subset of pairs (fs,gs) € S for which Preper(fs) = Preper(gs) is a Zariski-closed algebraic
subvariety Z. Indeed, we know from Theorem 2.1 and its proof that this set coincides with the
set of pairs for which py, = pg,, and so the pairs for which the corresponding elliptic curves are
isomorphic and equipped with the same degree-2 projections to P!. By replacing S with the
Zariski open subset S\ Z, we may assume that Preper(fs) # Preper(gs) for all s € S.

Let P; denote a hypersurface in S x P! parameterizing a periodic point for f, chosen so
that it is not persistently preperiodic for g. If no such hypersurface exists, then we deduce that
Preper(f) = Preper(g) throughout S (as a consequence of Theorem 2.1), which is a contradic-
tion. Thus, we assume that we have such a P;. As in the proof of Theorem 1.6, we will apply
Theorem 2.4 to the pair (g, P1) over a branched cover S; — S where P; may be viewed as the
graph of a point in Sy x PL. If the pair (g, P;) is isotrivial over Si, then we replace P; with
another periodic point for f. If the pair (g, P;) is isotrivial for all periodic points P; of a given
large period > 2d?, then interpolation (as in the proof of Theorem 1.6) implies that the pair
(f,g) must be isotrivial, contradicting our assumption. We conclude from Theorem 2.4 that
there exists a parameter s; € S1(C) at which P; is preperiodic to a repelling point for g;,. We
then let P{ C P, be the subvariety of codimension 1 containing (s1, P1(s1)) along which both f
and g are persistently preperiodic. Then P] projects to a subvariety S; C Si of codimension 1.
We now repeat the argument with another periodic point Py for f over S}, distinct from Pj.
We continue inductively, using the fact that (f,g) is maximally non-isotrivial, to find m distinct
common preperiodic points at some parameter so € S(C) that form a rigid m-repeller.

Now we assume that g is not everywhere Lattes. As the Lattes pairs (f,g) form a proper
subvariety of S, we replace S with a Zariski-open subset so that g is not a Lattes map for any
s € S(C).

Again let m = dim S. Let P; denote a hypersurface in S x P! parameterizing a periodic point
for f, chosen so that it is not persistently preperiodic for g. If no such curve exists, then, as above,
we have Preper(f) = Preper(g) and we are done. Thus, we may assume that P; exists. Again as
in the proof of Theorem 1.6, we pass to a branched cover S; — S so that P, may be viewed as
the graph of a point in S7 x PL. If the pair (g, Py) is isotrivial, and if this holds for all choices of
Py, then the pair (f,g) is isotrivial by an interpolation argument, and we have a contradiction.
So from Theorem 2.4, there exists a parameter s; € S1(C) where the point P; is preperiodic
to a repelling cycle for g, but not persistently so. As above, we let P/ C P; be the subvariety
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of codimension 1 containing (s1, P1(s1)) along which both f and g are persistently preperiodic.
Then P| projects to a subvariety S7 C S7 of codimension 1.

Since P| is preperiodic to a repelling cycle for gs,, there is an open neighborhood U; of
$1 in S} on which that cycle remains repelling for gs. The density of stability implies that we
can find an open V; C U; on which the family g, is stable for s € Vi, so its Julia set (and, in
particular, including all repelling periodic points) is moving holomorphically. As the family f is
stable over all of S, we also have a holomorphic motion of its preperiodic points, and these are
dense in P! over every s € S. Thus there are only two possibilities: either there is a codimension-1
intersection of one of the pre-repelling points of g with a preperiodic point # Pj of f at some
parameter in Vi, or each of the preperiodic points of g in its Julia set becomes a leaf of the
holomorphic motion of the Julia set of f. In the latter case, by analytic continuation, this shared
holomorphic motion must persist over all of S]. But then the algebraic family of maps g must
itself be stable on all of S7, as there would be no collisions between the distinct periodic points;
see §2.5. It follows from McMullen’s theorem [McM87] that ¢ is also a family of Lattés maps,
which is a contradiction. Thus, we can find a parameter so € V; so that preperiodic points of f
and ¢ in their Julia sets intersect in a subvariety of codimension 1 in V; x P!,

The proof is completed by induction on dimension. O

8.3 Proof of Theorem 8.1 and its corollaries

Proof of Theorem 8.1. Fix a degree d > 2. Asin §8.1, we let £(d) = £ x Raty and let & = (f, g)
denote the algebraic family of maps of degree d? parameterized by £(d). This ® is maximally
non-isotrivial, by Proposition 8.4. Note that dim £(d) = 2d + 2.

Since there exist g € Raty with Julia sets J(g) # P!, we do not have Preper(f;) = Preper(gs)
for all s € L(d). Thus, from Proposition 8.5, there exists a rigid (2d + 2)-repeller at some param-
eter so € £(d). It follows from Corollary 4.9 that the pairwise-bifurcation measure pe A is
nonzero on £(d). Then from Theorem 5.2, there exists a Zariski-closed subvariety Vi C £(d)
of codimension 1, defined over Q, and a constant M; so that

#Preper(f,) N Preper(g,) < M,

for all s € (L(d) \ V1)(C).

We then repeat these arguments on each irreducible component V; of V;. Either Preper(fs) =
Preper(gs) for all s € V{/(C) or there is a subvariety V4 C V{ of codimension 1, defined over Q,
and a constant Mj so that #Preper(fs) N Preper(gs) < Ma for all s € V{ \ V5)(C). We let V4 be
the union over all of the Vj. It has codimension 2 in £(d). Induction on dimension completes the

proof. O

Proof of Corollary 8.2. We apply Theorem 8.1 to the algebraic family of pairs ® = (f,g) for
f € L and g the family of all conjugates of maps in £. More precisely, we consider the subvariety
V C Raty of all maps that are conjugate to elements of £ by Mdbius transformations, and let
S = L x V. Theorem 8.1 then implies that there is a constant M so that either

|Preper(fs) N Preper(gs)| < M or Preper(fs) = Preper(gs)

for all s € S(C). For any pair of elliptic curves E; and Es over C, equipped with their degree-two
projections 7; : E; — P!, there exists a Mdbius transformation A € AutP! and an s € S(C) so
that

A(my(E{)) = Preper(f,) and  A(ms(EY™)) = Preper(gy).
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Observing also that m1(FE1[2]) = ma(E»[2]) if and only if mp(E{™) = mo(EL™) if and only
Preper(fs) = Preper(gs), the proof is complete. O

Proof of Corollary 8.3. We apply Theorem 8.1 to the algebraic family of pairs ® = (f,g) for
f € £ and g the family of all conjugates of the map go(z) = 22. More precisely, let V C Rats be
the AutP!-orbit of go. Note that Preper(go) D fioo, the set of all roots of unity. Let S = £ x V.
For any elliptic curve E over C, equipped with its degree-two projection 7 : E — P!, there exists
a Mobius transformation A € AutP! and an s € S(C) so that

A(m(E'™)) = Preper(f;) and A(ueo) C Preper(gs).

Note that we cannot have Preper(fs) = Preper(gs) for any s € S(C), because the Julia set of g,
is a circle while J(fs) = P'. We apply Theorem 8.1 to complete the proof. (|
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