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THE GENERIC EXTENSION MAP AND
MODULAR STANDARD MODULES

JOHANNES DROSCHL

We study two classes of £-modular standard modules of the general linear
group. The first class is obtained by reducing existing standard modules over
@, to F, with respect to their natural integral structure. The second class
is obtained by studying the generic extension map of the cyclical quiver,
which was motivated by the construction of certain monomial bases of
quantum algebras. In the latter case we also manage to prove a modular
version of the Langlands classification, similar to the work of Langlands and
Zelevinsky over C. We also compute the corresponding £-modular Rankin-
Selberg L-functions and check that they agree with the L-functions of their
C-parameters constructed by Kurinczuk and Matringe.

1. Introduction

Let F be a nonarchimedean local field with ring of integers Op and residue field
k, whose cardinality we denote by ¢, and G be a reductive group over F. We also
fix a prime ¢ not dividing ¢ together with a field of coefficients R € {F,, Q;, C}.
The classification of irreducible smooth representations of G (F) over R is of great
importance in establishing the local Langlands correspondence. If R = C, the
classification was first achieved by Langlands in what is now known as the Langlands
classification. His classification associates to each irreducible smooth representation
7 of G(F) a parabolic subgroup P C G, a tempered representation o of the F-points
of the Levi component M of P and a character n of the center of M satisfying certain
inequalities. Then 7 can be realized as the unique quotient of the parabolically
induced representation S(w) = indggg (0 ® nn), known as the standard module
associated to 7, and the triple (P, o, 1) is unique up to certain natural symmetries.

The analytical nature of the Langlands classification as sketched above makes it
clear that it is a nontrivial task to extend it to fields of nonzero characteristic, as
soon as one ventures beyond the banal setting of [22]. Therefore the construction
of modular standard modules remained an open problem. The proposed definitions

MSC2020: 11F70, 22E50.
Keywords: Rankin—Selberg L-function, modular representation theory, local Langlands
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2 JOHANNES DROSCHL

given in this paper avoid the above issue by considering standard modules which
are, in the modular case, not necessarily induced representations, but rather certain
subrepresentations of the space of Whittaker functions.

To motivate this approach we return for a moment to the problem of the classifi-
cation of irreducible modular representations. We recall that in the case G = GL,,
Bernstein and Zelevinsky gave in [32; 2; 3] a second classification of irreducible
complex representation in terms of combinatorial objects called multisegments.
To this date this complete second classification is a feature only present in the
representation theory of GL,, and its inner forms, although certain extensions of these
ideas to more general groups have been pursued [10]. Furthermore, the Langlands
and Zelevinsky classifications are related by the Aubert—Zelevinsky involution, an
involution on the set of isomorphism classes of the irreducible representations of
GL,, (F); see [32; 1]. It thus fell upon the classification of Bernstein and Zelevinsky
in the case G = GL,, to offer itself to generalization in the modular case.

In the works of Vignéras [30] and Minguez and Sécherre [23], this feat has
been accomplished by extending their ideas. In general, the study of irreducible
representations of GL, over F, shows many similarities to the study of complex
representations, but with several key differences as we will see later. For example,
no longer is every cuspidal representation supercuspidal.

Note that the usefulness of standard modules in the complex case goes much
further than the simple classification of irreducible representations. A promi-
nent example, and the main motivator of this paper, are the local Rankin—Selberg
L-factors L(s, p, p’) of [11], which are defined for pairs of complex representations
of Whittaker type (p, p’) and they are rational functions in ¢°*. In particular, if
G =GL,, every standard module S(sr) is of Whittaker type, which in turn allows one
to define the invariant L(s, S(;r), S(r)) for any pair of irreducible representations
of GL,,. It comes as no surprise that the L-factor L(s, S(ir), S(;t’)) can be explicitly
computed in terms of the Langlands parameters of 7 and 7’.

Passing from the complex to the modular setting, the definition of local Rankin—
Selberg L-factors has been extended in [14] to the more general fields R we are going
to consider in this paper. The authors again associate to a pair of representations
of Whittaker type an L-factor L(X, 7, '), which is a rational function in X (with
X = g~ in the C-case this recovers the original construction of [12]). The Rankin—
Selberg L-factors so obtained satisfy a functional equation, which in turn gives rise
to €- and y-factors associated to the pair (7, /). In [16] the authors associate to
each irreducible representation of GL,, (F) a so-called C-parameter C(;r), which is
a modular version of the Langlands parameter. Moreover, they equip C-parameters
with a tensor product ®,; and define their L-, - and y- factors.

In this paper we hope to initiate the investigation of possible candidates for
standard modules in the modular setting and their properties. We do this by
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giving two natural possible candidates for standard modules, one obtained by
reducing the ones defined over Qy to Fy, the other one by considering the so-called
generic extension map, which is rooted in the analysis of certain (quantum)-algebras
associated to certain Dynkin or affine Dynkin quivers. We will prove that the former
always contain the latter and note that at the moment the evidence points towards
them being equal, although we do not treat this question in this paper.

The properties discussed above give us natural constraints our potential standard
modules should satisfy. Firstly, they should admit a modular formulation of the
Langlands classification and secondly, they should allow us to define Rankin—
Selberg L-functions, which should be explicitly computable using the C-parameters
of the underlying irreducible representations.

The contents of this paper can thus be roughly divided into three parts: the
construction of standard modules, establishing certain representation-theoretic
properties and finally the computation of their Rankin—Selberg L-factors.

To state our results more precisely, we need to introduce some notation. Let
¥ : F — R be a smooth, additive character and recall the space of Whittaker-
functions,

W) =

L ouyp ... )
ne

gl = 1/I<Z u,~)i+1>f(g), f locally constant ¢.

i=l1

0 ... 1 wuy_1pn
0 0 1
We also recall that a smooth representation & of G, of finite length is called of
Whittaker type if

dimg Homg, (m, W(¥)) =1,
and in this case we denote its image by W(r, ). We let
Repy y» = (W, ¢) 1 T arepresentation of G, of Whittaker type}.

Let us recall that to a cuspidal representation of G, we can associate o(p) € NU{oo},
with o(p) = oo if and only if char(R) = 0, and and that if o(p) is finite, it is the
minimal k € Z- such that p = p|—|F. We let moreover be e(p) = £ if o(p) = 1
and e(p) = o(p) otherwise. To two integers a < b and p cuspidal, we associate
a segment (over R) [a, b], = (p|—|*, ..., p|—1?) and we identify [a, b], with
[a+o0(p), b+o0(p)]l,. We also write [a, b]g =[—b, —al,v. A finite formal sum of
segments is called a multisegment and we denote the set of multisegments over R by
Multg, to which we extend the operation (—)". A multisegment is called aperiodic
if it does not contain a submultisegment of the form

la,blp+la+1,b+1],+- - -+[ate(p)—1,b+e(p)—1],,
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and we denote the set of aperiodic multisegments by /\/lult;p. We decompose any
multisegment m as my, 4+ m,,;, where m,;, consists of those [a, b], with o(p) = 1.
We let Mulfyy _ be the set of aperiodic multisegments such that m = m,. Note
that if char(R) = 0 all multisegments are aperiodic and Multg, = Mult%iﬂ. Then
there exists a bijection

(=) : Multy — Jre(R);

see [25] and [23]. The definition of Mult?epﬂ is motivated by the following facts.
If, as usual, we denote by x the normalized parabolic induction, then (m) =
(mp) x (my) and

L(X, C((m)) ®ss C((n))) = L(X, C((mp)) Qss C((15))).

In particular, representations with nontrivial L-functions are precisely those coming
from Mult?epﬂ. The set Mult;f) moreover admits an order, denoted by <, which
comes from the degeneration order on certain quiver-varieties, which we will
discuss in a moment. Our goal is then to construct a map

Slp : Mult;? — fRepW,l/, = U 9%epw,l//,n

neN

satisfying, among others, the following properties.

(1) L(X, Sy (m) @ Sy-1(n)) = L(X, C((m)) ® C((n))).

(2) Sy (m) admits (m) as a quotient and (m) appears in the Jordan-Holder decom-
position of Sy (m) with multiplicity one.

(3) Sy (m) admits (m) as its unique irreducible quotient.

Properties (2) and (3) would imply that dimg Homg, (Sy (m), Sy, -1 m")V)=1
and every morphism in this space would factor through (m). The description of
irreducible representations in the style of properties (2) and (3) is also known as
the Langlands classification, and has not yet been achieved over Fy, unlike the case
char(R) = 0, where the relevant statements were first proved in [32] (see p. 2).

In this paper we construct such a map Sy, satisfying (1) and (2), as well as a map

Seen,y Mult;‘fm — Repyy .y

satisfying the analogues of properties (2) and (3) for multisegments in Mult%p’m.
We also show that Sgep, y (m) C Sy (m) for m € Multg . If char(R) =0, these two
constructions agree.

We start with a sketch of the construction of Sy,. If p is a cuspidal representation
over @, admitting an integral structure, we denote its reduction mod £ by r4(5).
If ry(p) is again a cuspidal representation p, we say p is a lift of p. It is then
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straightforward to define a lift m € Mulrg, of m € Multg, by first saying that
a segment [a’, b']; is a lift of [a, b], if p is a lift of p, a = a’ modo(p) and
b—a=0b"—da’, and then extending this notion linearly to all multisegments. In
this case one can equip Sy (m) with its natural integral structure given by those
Whittaker functions that take values in Z,, and we denote the reduction mod ¢ of
this specific integral structure by S,/,Tﬁl) For m an aperiodic multisegment over Fy,
we write
Symy:= [ Sy@),
m lift of m

where the intersection was taken in W(r).

Theorem 1. The map Sy, :./\/tult%i — Repyy y, satisfies property (1). If me Mult%lz .
then (m) is a quotient of Sy, (m) and appears with multiplicity 1 in it.

The proof of this theorem uses our second construction of standard modules,
denoted by Sgen,y, to which we come now. We will focus on the case R = Fy, but
the construction works similarly for char(R) = 0. In the introduction, for the sake
of clarity, we will focus on multisegments of the form [ay, by, +- - -+ [ak, bi], for
a fixed cuspidal p with o(p)>1. We denote this set by /\/lultﬁ (p) and the aperiodic
multisegments in it by Mulrg, (p)®. Let Q be the cyclical quiver with o(p) vertices
and oriented counterclockwise.

0(./))

[ [ cee ° _— °

1 2 o(p) =2 o(p) -1
Then the isomorphism classes of finite-dimensional, nilpotent C-representations of
Q, denoted by [Q], are in bijection with Multﬁ (p). The order < on multisegments
mentioned above is nothing but the degeneration order on [Q] transported to
Multﬁ (p). In [28; 4; 27] the authors investigate the so-called generic exten-
sion map * : [Q] x [Q] — [Q], which sends the tuple ([M], [N]) to [X], where
X e ExtlQ (M, N) is such that dim¢ Homg (X, X) is minimal. The product so
constructed,

* 1 Multg, (p) x Multg,(p) — Multg,(p),

is associative. The subset of Multg (p) generated by multisegments of the form
[i, i1, is then precisely the set of aperiodic multisegments Multg, (p)*.

The next result was motivated by a similar consideration of monomial bases of
quantum and Hall algebras; see for example [7] or [28].
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Theorem 2. Let m = [i1,i1], % - - - * [ix, ix], € Mult%’z (o). Then
Sgen.y (M) :=W(p|—["x -+ x p|—[*, )
only depends on m and satisfies properties (1) and (2).
This construction allows us to define the desired map:

Theorem 3. Lerm, m’ € /\/lult;p’m. Then Sgen,y :/\/lult?ep’m—> Repyy .y, is defined by

Sgerm// (m * m/) = W(Sgen,w// (m) X Sgen,lll (m/)’ 1//)
Moreover, if char(R) = 0, Sy = Sgen.y and if R = Fy, Sgen,y (m) C Sy (m).

Although the following seems at the moment out of reach, examples of small
rank seem to suggest the equality Sy = Sgen,y ON ./\/lult%'iD as well as the equality
Sy (m) = Sy (m) for any lift m of m.

2. Notation

Let F be a nonarchimedean local field with ring of integers Or and residue field k,
whose cardinality we denote by g. We also choose a uniformizer zg of the maximal
ideal of O and fix a prime £ not dividing g. We let |—| be the absolute value of F
such that |@g|=¢ .

From now on R is one of the algebraically closed ﬁelds F¢ or @;. We let A be
the maximal ideal of Z, € @, and fix a square root qz of g in Z;. By abuse of
notation, we are also going to denote its image in Fy by ¢ 3,

For n € Z>o we let G, := GL,(F). We denote by 1, the identity in G, and by

1
w, =
1
the antidiagonal. For m, n € N, we denote by w, ,, the block-diagonal embedding

of (1,,, wy) into G4, and the space M, ,, of n x m matrices with entries in F.
Inside G,, we consider for k € Z the closed subsets

Gt :={g € G, : valp(det(g)) =k},

where valg denotes the valuation of F with valg(zw) = 1. We let B,, be the Borel
subgroup of G, of upper diagonal matrices and N, its unipotent subgroup. More
generally, if o« = (o1, ..., o) is a partition of n, we denote by P, the parabolic
subgroup containing B, with Levi component G, := Gg, X - - - X G4, . Its opposite
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parabolic subgroup P, is conjugate to Py, . «,). We denote by

H, ., = {(g fl> :8€Gy, xeMy,, ne Nm} C Guim
and let P, := H,_1,; be the mirabolic subgroup of G,. Let C°(F") be the space
of R-valued locally constant and compactly supported functions on F” and we set
€,:=(0,...,0,1) e F".

2.1. Representations. In the next sections we recall the usual setup for £-adic
and ¢-modular representation theory. For details, see [29]. Let G € G, be a
closed subgroup. We denote by Rep(G, R) the category of smooth, admissible
representations of finite length of G. Whenever possible we will omit the field of
coefficients R. Let o« = («1, ..., ;) be a partition of n. We let Rep, = Rep(Gy),
let Jvr, be the set of isomorphism classes of irreducible representations in SRep,,
and set
Rep 1= U Rep,,, Jrr:i= U Jre,.

neN neN

If G € H C G, are closed subgroups, we denote the functors of normalized
induction by Indg and their compactly supported version by indg. We recall the
normalized Jacquet functor and parabolic induction corresponding to parabolic
subgroups P = MN of G, which give rise to the exact functors

rp: Rep, — Rep(M),  ind5" : Rep(M) — Rep,.

We write ry :=rp, andry :=r P, Recall that r, and 7, are the left and right adjoints,
respectively, of indg:, by Frobenius and Bernstein reciprocities (respectively). By
abuse of notation we will also notate the maps they induce between the respective
Grothendieck groups by the same letters. As is conventional, we will write

L X -+ X T ::indg:(m@...@nk).

If x is a smooth character of F and m € fRep, we write xm = x (det). If m € Rep,,,
we denote the corresponding element in the Grothendieck of Rep, by [7] and
define the length of 7 as the number of its irreducible subquotients counted with
multiplicity. If 7 is a representation of G,, we denote by 7 ¢ the representation
obtained by twisting 7 by g — w, (g_l)t w,. We recall that if 7 is irreducible and
¢ > 2, then 7° = ¥ (see for example [29] or [23, Remark 2.7]), and

() X m)* =" x m°.

Finally, we recall that parabolic induction on G, is commutative on the level of
Grothendieck groups, in particular for 77, 7’ € Jvr such that 7 x 7’ is irreducible,
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mxn' =Zx’ xm;see [29, 1.16] for £ > 2, [32, Theorem 1.9] for the case R =C
and [23, Proposition 2.6] in general.

2.1.1. Cuspidal representations. A representation p € Jrv, is called cuspidal if
for all nontrivial partitions « of n, r,(p) = 0. It is called supercuspidal if there
exists no nontrivial partition & and 7 € Jvr, such that p appears as a subquotient of
indg:n. In general, supercuspidal implies cuspidal and if R = Q;, cuspidal implies
supercuspidal. We denote the subset of Jtv, consisting of cuspidal respectively
supercuspidal representations by &, respectively G¢, and define

¢:= U ¢,, OC:= U SC,.

neN neN

We also recall the notation of cuspidal support, meaning that if & € Jvv there exist
up to possible permutation and isomorphism unique py, ..., ok € € such that 7 —
P1 X - -+ X pr. We denote by cusp(r) :=[p1]+ - - + [ox] the cuspidal support of 7.
Weakening in the above definition the condition of being a subrepresentation to being
a subquotient and cuspidal representations to supercuspidal representations gives
rise to the supercuspidal support scusp(sr). If at any point the field of coefficients
becomes important, we will add it in parentheses to the respective category or set,
e.g., Jee(Fy) versus Jee(Qyp).

We recall the following notions; see for example [24, §3.4, §4.5]. Let p € € and
recall that p x yp is reducible if and only if x = |—|*. We recall the cuspidal line

Zlp] == {lp|—I*1: k e Z}

and denote the cardinality of Z[p] by o(p). Note that o(p) is finite if and only if
R = F@. Set

o(p) ifo(p)>1,
V4 otherwise.

e(p) = {

One can associate to p an integer f(p) via type theory. If o(p) > 1, o(p) is
the order of ¢/» in R. We let €} be the subset of €, consisting of p such that
o(p) > 1; i.e., those p which make p x p is irreducible. Finally, we say p and p’
are in different cuspidal lines if [p] ¢ Z[p] and we set €7 := |, .y €,

2.2. Multisegments. We now recall the combinatorics of multisegment (for details,
see [32; 23]). Let p € €,, and a < b € Z. A segment is a sequence

la, bl, = ([pl—1"1, ..., [p|=1"]D).
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Two segments [a, b], and [da’, b'],y are equal if and only if p'|—|*= p|—|* and
b—a=>b'—a'. We also let [a, b]x = [—b, —a],v. Define
_[avb]p=[a+lvb]p7 [a9b];=[avb_1]pa
+[avb]p:[a_1’b]p7 [avb];:[a9b+1]pa

Z/(o(p)Z) if o(p) < o0,
Z if 0(p) = o0,

Z/(o(p)Z) if o(p) < o0,
Z if o(p) = o0.

ap(la,bly) =a € {

by(la,bl,) =b € {

We define the length and degree of a segment as [([a, b],) :=b—a+ 1€ Z and
deg([a, b],) = (b —a + 1)m € Z. The cuspidal support of [a, b], is defined as
cusp([a, bl,) :=[p|—|]1+---+ [p|—|1°. By abuse of notation we will often write
p for the segment [0, 0],.

A multisegment is a formal finite sum and we extend the length /, the degree
deg, the notion of cuspidal support, and (—)" linearly. We let Multg be the set
of multisegments and Multg(p) be the set of multisegments consisting only of
segments of the form [a, b],. A multisegment is called aperiodic if it does not
contain a submultisegment of the form

la,blp+[a+1,b+1],+- - -+[a+e(p)—1, b+e(p)—1],.

For any subset N/ C Multg, we denote by N?P the aperiodic multisegments in
N. For any m € Multg, we decompose m = m,, + m,,;, with m;, consisting of all
segments [a, b], in m with p € ¢, We let Multg - be the set of multisegments
such that m = my,.

Theorem 2.2.1 [23, §9; 32, §6]. There exists a surjective map
7 : Multp — Jre

satisfying the following.

(1) Z(m) € Trtgeg(m)-

(2) Z restricted to aperiodic multisegments is a bijection.

3) Zm)V =ZmY).

4) Form e Multag’, cusp(Z(m)) = cusp(m). If m € Multr(p)*® with p € &€,
then scusp(Z(m)) = cusp(Z(m)).

(5) If m = my 4+ my then Z(m) is a subquotient of Z(m) x Z(my) and appears
with multiplicity one in its Jordan—Holder decomposition.

(6) Z([a, bl,) is a subrepresentation of p|—|“x - - - X pl—I°.
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) If p1, ..., pi € € lie in pairwise different cuspidal lines and m =mj+- - - +my
with m; € MultR (p,‘),

Z(m) = Z(my) X --- X Z(my).

If m consists only of segments of length 1, we call Z(m) nondegenerate. Finally,
we recall the Aubert—Zelevinsky involution (—)* : Jrv — Jrr (see [1; 32; 25]), and
denote

(=)= @)* : Multf — Tr.

This map preserves the cuspidal support and if m, my, ..., mg € Mult?ep, the multi-
plicity of (m) in (m) x - - - x (my) is the multiplicity of Z(m) in Z(m;) x - - - Z(my).

Lemma 2.2.1. Let p, p' € €" be in different cuspidal lines. Moreover, let & be
an irreducible subquotient of p1 X - -+ X px, pi € Z[p], and &' be an irreducible
subquotient of p| % - -- x p], pi € Z[p]. Then w x 7t is irreducible.

Proof. By the classification of cuspidal representations in [21, §6], the cuspidal
lines of the cuspidal supports of 77 and 7’ do not intersect. Indeed, if o is a cuspidal
representation appearing in the cuspidal support of 7, its supercuspidal support
consists of representations in Z[p]; see [23, Theorem 9.36(3)]. By the uniqueness of
the cuspidal and supercuspidal supports, it follows that the cuspidal representations
appearing in 7 and 7’ lie in different cuspidal lines. The claim follows from
property (7) in Theorem 2.2.1. O

Let m € Multg and A =[a, b],, A" =[a’, b'], be two segments in m with
a+l1<ad <b+1<Vb.
An elementary operation on m refers to changing the segment in the following way:
m>m—A—A'+[a,b],+d,bl,.

We will say that the elementary operation is of the form [a, b], + [a', '], >
[a,b'],+[d’, b],. We write n < m if n can be obtained by repeated applications of
elementary operations to m and n < m if n <m and m # n. We call two segments
A, A’ linked if there exists a presentation A = [a, b],, A" =[a’, b'], such that one
of the inequalities

a+l1<ad <b+1<b or d+1<a<b+1<bh

is satisfied, i.e., there exists a multisegment n with n < A + A’. The multisegment
m = Ay +---+ Ay is called unlinked, if for all i # j € {1,...,k} A; and A; are
unlinked.
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Lemma 2.2.2 [32, Theorem 7.1; 8, Theorem 6.4.1]. Letm= A1+ --+ A, € Multg
andn e ./\/lult;p. Then (A1) X - - - X (Ag) contains (n) as an irreducible subgquotient
if and only if n < m. In particular, (m) = (A1) X --- X (Ag) if and only if m is
unlinked.

Proof. The case in R = Q, was treated in [32, Theorem 7.1] and the case R = Fs in
[8, Theorem 6.4.1]. (In [8], the claim was proven for Z(—) instead of (—), however,
applying the Aubert—Zelevinsky yields the equivalence.)

To see the claim regarding the irreducibility, note that the induced representation
is irreducible if and only if it contains no irreducible subquotient (n’) for m #n’ €
Multg. If ' is not aperiodic, it is easy to construct n” < n’ via one elementary
operation, and hence n” < n’ < m. Repeating this process, we arrive at n < n’ <m
with n aperiodic, and hence by the above lemma (n) is a subquotient of the induced
representation. Thus the induced representation is irreducible if and only if it
contains no (n) with n € /\/lulté;ep, which by the above can only happen if and only
ifn<m. (|

Assume for a moment that R = @, and let A, A’ be two segments. We say A
precedes A" if A =[a, bl,, A'=1[d’,b'], and

a+l<d <b+1<Vb.

Thus, A and A’ are unlinked if and only if A does not precede A’ and vice versa.
Letm = A+ -4+ Ay € Multg,. We say (Ay, ..., Ay) is in arranged form if for
alli, j e{l,...,k}, i < j A; does not precede A ;. Any multisegment over @g
admits an arranged form and any two arranged forms can be obtained from each
other by repeatedly changing the order of two neighboring unlinked segments, i.e.,
replacing (..., Aj, Ajs1, ... )= (oo Ajyr, Aj, ... ) if A; and A4 are unlinked.

2.3. Integral structures. We recall the following results of [29, 1.9] on integral
structures. Let o be a partition of n € N and (77, V) € %epa(@g). We recall that an
integral structure of 7 is a Z,-lattice [ in V which generates V/, i.e., the natural map
induces an isomorphism [ ®z, Q¢ = V. If # admits an integral structure it is called
integral. For T € Rep,, integral and [ an integral structure, [®z, [ is an object in
NRep, (F¢). We denote by

(%) = [[®z, Fel,

which is an element in the Grothendieck group of Rep,, (F¢). It is r¢(7) which is
independent of the chosen integral structure; the representation [ ®z, Fy is highly
dependent on the specific [ and in general not irreducible. Moreover, the represen-
tation indg:ﬁ is integral, with the natural integral structure indg: [, i.e., the [-valued
functions. Then

(ind3' ) ®7, Fe = ind}y (1®7, Fo).
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Moreover, if T is a subrepresentation (resp. quotient) of 77, then [N T (resp. the
image of [in 7) is an integral structure of 7.

Finally, the functors r, and r, commute on the level of Grothendieck groups by
[6, Proposition 1.4(1)], i.e.,

ro(1¢(7)) = 1¢(re (7).

An integral representation 77 € jtt(@g) iscalledaliftof T € Jee(Fy) if e (7) =[x ].
If A ={a, b], is a segment over Fe,a segment A=[d, b 15 over Qy is called a lift
of Aif pis aliftof p, b’ —a’ =b—a and a = @’ mod o(p). Finally, we extend this
notation of a lift to segments Multg, linearly.

In [29, III] the Bushnell-Kutzko construction for £-adic and modular represen-
tations was carried out. It was shown that every cuspidal representation over [Fy
admits a cuspidal lift 5 to @, and that if 5 is such a lift of p, f(p) = f(p).

memzyumfmmmm9w]LameﬂWM%mWammmhﬁqumn
Z.(m) appears with multiplicity 1 in r¢(Z(m)) and ( ) appears with multiplicity 1
in re({Mm)).

Proof. The claim for Z can be found in [23, Theorem 9.39]. The one for (—)
is derived from the definition of (—) in [1] as follows. Recall the definition of
(—)*: For [r] an element in the Grothendieck group of fRep,,, one first defines a
nonzero element D([r]) in the same Grothendieck group, which is represented by
the cohomology of a complex obtained from [r] by applying repeatedly the Jacquet
functor and parabolic induction. In particular, if [7] <[], then D([7r]) < D([7]).
Moreover, if 7 is irreducible, there exists a unique irreducible summand [7*] in
D(rr) with the same cuspidal support as 7 and if R = Qy, then D(7r) = [7*]. The
above construction implies that D commutes with rp. Thus, r,((M)) =1, (D(Z(W))) =
D(r¢(Z(m))), where the latter contains D(Z(m)) > [(m)] by the first claim. O

2.4. Generic extensions. In this section we recall the composition algebra of the
cyclic quiver; compare [28]. We fix 1 <n € NU {oo} and consider the cyclic quiver
O with vertices

_|Z/n2) ifn < oo,

_{z if n = oo,

and an arrow from i to j if j =i+ 1 modn if n is finite and j =i + 1 if n = oco.
We recall that a representation of Q is nothing but a finite-dimensional /-graded
C-vector V space together with a linear map 7 : V +— V of weight 1. We call the
representation nilpotent if 7% = 0 for large enough N € N, and associate to V
the dimension vector grdimV € N/, whose i-th entry equals dim¢ V;. Note that if
n = oo, for all but finitely many i € /, the dimension of dim¢ V; vanishes. We call
a vector d € N/ a dimension vector if it is O for all but finitely many i € I. We
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let Eg ={(V4, T)} be the set of finite-dimensional, nilpotent representations of Q
over C with underlying graded vector space

Vg = @Cdi,

where we write for C° the trivial vector space. We let G 4 := [1;c; GL4 (C), where
GL(C) denotes the trivial group, and note that G4 acts on E; by conjugation. The
orbits of this action are naturally parametrized as follows. We let Mult(Q) be the
set of multisegments, i.e., the formal finite sums of segments [a, b], a <b € Z up
to the equivalence

@bl ~1d.b] if {a :a: modn, b—a=>b"—d %fn < 00,

a=da,b=>b if n = o0.

We write [a, b]Y = [—b, —al, [([a, b]) = b —a + 1 and extend these operations
linearly to Mult(Q). To [a, b] € Mult(Q) we associate the indecomposable repre-
sentation A([a, b]) whose underlying vector space has as a basis b —a + 1 vectors
€1, ..., ep—qt1, With ¢; in degree i modn if n < co and in degree i if n = oo and
T(e;) =ejy1 fori <b—a and T(ep—s+1) = 0. The dimension vector of this
representation, denoted by grdim[a, b], has as its i-th entry

#xeZ.:a<x<b,x=imodn} ifn < oo,
(grdim[a, b]); = 4 1 ifn=00,a<i<bh,
0 otherwise.

More generally, we associate to a multisegment m = [ay, by] + - - - + [ak, by ] the
representation A(m) := A([a, b1]) ® ... D A([ax, br]). We denote its dimension
vector grdimm = grdim|[aj, b;] + - - - + grdim[ag, bx]. We call a multisegment
aperiodic if either n = 0o or n < 0o and it does not contain a multisegment of the form
la, b]+- - -+[a+n—1, b+n+1]. We denote the set of aperiodic multisegments by
Mult(Q)?.

Via this construction, the Gg-orbits [E4] of E4 are then in bijection with multi-
segments m such that d = grdimm. For M a representation in E;, we denote by
[M]=Gg4- M its orbit.

We write [M] < [N] for two orbits in E; if [N] is in the closure of [M] with
respect to the analytic topology. This relation gives rise to the so-called degeneration
order. We also recall the associative product

% [Eql X [Eg) = [Eg,q']

given by sending ([M], [N]) — [M]*[N] to the orbit of their generic extension;
see [7, §3] for cyclic quivers and [27, §2] for Dynkin quivers. The generic extension
of two representations M and N is defined as the set of X € ExtlQ (M, N) for which
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the dimension of the complex algebraic variety [X] is maximal, or equivalently,
for which dim¢ Homg (X, X) is minimal. Any X, X’ in the generic extension of
M and N lie in the same equivalence class, thus we can define [M] % [N] as [X]
for some X in the generic extension of M and N.

Lemma 2.4.1 ([27, Proposition 2.4]; see also [7, Proposition 3.4]). Let M € E4, N €
Ey,X € Eg, g Then [M]*[N] X [X] if and only if there exist [M] < (M,
[N] < [N'] such that there exists a short exact sequence 0 - M' — X — N’ — 0.
In particular, if [M] < [M'], [N] X [N'] then [M]*[N] < [M'] % [N'].

For a word w =i ...i; of indices in I, we write

and we denote the set of words in I by £2. We can describe mge,(w) recursively as
follows; see for example [7, p. 285 and Proposition 3.7].
For m € Mult(Q) and i € I we let

. m+[i, 1] if there does not exist a segment of the form [i+1, ] in m,
i+m:=
m+TA—A where A is the longest segment of the form [i + 1, 5] in m.

Similarly, we let
et {m—l— [i,1] if there does not exist a segment of the form [a,i—1] in m,
=

m+AT —A  where A is the longest segment of the form [a, i — 1] in m.

Lemma 2.4.2 [7, Proposition 3.7]. In this notation, we have Mge, (i w) =i +Mgen (W)
and Mgen (Wi) = Mgen (W) + 1.

From now on we implicitly identify the isomorphism classes of representations

of O with Mult(Q)™.

Theorem 2.4.1. The map Wge, : 2 — Mult(Q) has image Mult(Q)* and two
words w and w' give rise to the same multisegment if and only if they are related by
the degenerate Serre relations.

(1) ij = ji if i and j are not neighbors.
Qi+Di=i((+D)andiG+1)i+1)=>G+1D)iG+1)ifn>2.
B)i+Dii=ii@+1Diifn=2.
Proof. For a proof see [28, Theorem A, Theorem B], where the author considers the
algebras H,(Q) we consider below specialised to the case that ¢ is a prime number.
We sketch the argument for the sake of the reader; see also [27, Theorem 4.2]. Let

t be an indeterminate and consider the QQ[z]-algebra H,(Q), which is generated by
variables x, ..., x, satisfying the following relations:

(1) xjx; =xjx; if i, j are not neighbors in Q;
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2 2
i XX = (@ Dxipixixig

2) xl-zx,'_H — txi_Hxiz = (t+ Dx;x;j4+1x; and x;x
ifn > 2;
3) txzxf’ — >+t + 1)(x1x2x12 +x12x2x1) = tx13 and
txlxg — 4t + 1)(xzx1x§ —l—x%xlxz) = txg ifn=2.
Given a dimension vector d, we can ask for the rank of the free Q[¢]-submodule
H,d(Q) of H;(Q) spanned by the monomials containing x; with multiplicity d;.
Specializing at r = 1, we have that H;(Q) is the universal enveloping algebra of a
certain upper-triangular part of a Lie algebra, and obtain by [28, Proposition 7.2]
that the rank equals the number of aperiodic elements in Mult(Q) with dimension
vector d. The author achieves this by constructing an explicit PBW basis of the
latter space. But on the other hand, we obtain by specializing at t = 0 the associative
algebra on €2 subject to the Serre relations. We have a morphism of algebras

Ho(Q) — Q[Mult(Q)*],

where the right side is equipped with the generic extension product and we send i
to [Z, i]. Indeed, one just needs to check that the expressions involved in the Serre
relations give rise to the same multisegments. For example, if n > 2,

G+ Di=4i+11+0il=iG+1).
The other relations can be checked similarly. This map is surjective by [28, §4],

and since for d a cuspidal support, Hél (Q) has image in the multisegments with
cuspidal support d, the claim follows, because the dimensions agree. (I

Remark. There exists a second map merys : 2 — Mult(Q) linked to p-derivatives
and certain crystal bases of quantum groups; see for example [8] or [17]. Even
though mc;ys admits a similar, although slightly more involved, recursive description
as Mgey, these two maps differ in general.

Ifw=i...if €2, welet w¥ = (—iy)...(—iy). It follows from the definitions
that (i +m)Y =m" + (—i) and hence

mgen(wv) = mgen(w)v-

2.4.1. Degeneration order and Serre relations. In this subsection we describe how,
given two words v, w € £2, one can decide whether [Mge, (V)] < [Mgen(w)]. Elemen-
tary operations on Mult(Q) can be defined in a manner completely analogous to
those on Multp and the first step in answering the above question is the following.

Proposition 2.1 [33, Theorem 2.2; 13; 26, Theorem 3.12]. The degeneration order
and the order by elementary operations are equivalent, i.e.,

[A(m)] < [A(n)]

if and only if m can be obtained by n via finitely many elementary operations.
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Let v, w € 2. We write v < w if v can be obtained from w by applying a finite
sequence of the following moves.

(1) ij +— jiifi and j are not neighbors in /.
Q) Iftn>2,(i+Diri(+1andii(+1D)—i(i+1)i.
B Un=2,i+DE+D)—G+1)iGi+1).

The Serre relations are invariant under these moves.
The goal of this section is to prove the following proposition.

Proposition 2.2. Let v, w € Q. If v > w then Mge,(v) < Mgen(w). If n = 00, then
Mgen (V) < Mgen(w) implies v > w.

It is possible that there exists a more straightforward proof than the direct, purely
combinatorial proof we offer, namely by relating the questions to properties of
PBW bases as in the proof of Theorem 2.4.1. Note that the second implication
in the proposition is wrong if n is not infinite. For example, if n = 3, we can set
v =002211102 and w = 022110021. Then w is maximal with respect to the above
order but

Mgen(v) = [0, 2] + [0, 1]+ [2, 3]+ [2, 2] +[1, 1]

Proof of Proposition 2.2. Assume first that v < w. Then it suffices by Lemma 2.4.1
to show that [i, i]+[i+1,i+1]=(G+D+i =i+@G+1D)=[,i+1]andi+i+(G+1) =
i+(@+1)+i if n > 2. The first is seen to be a simple elementary operation whereas
the second is a Serre relation. The case n = 2 can be checked analogously.

For the other direction (in the case n being infinite) write n = mgey(v) and
m = Mgen(w), n < m. Using the Serre relations, it suffices to find some words
v < w' with n = Mg, (V) and m = mgen(w’). We will thus construct for any
aperiodic n < m two such words v < w’ via induction on the length of m.

It clearly suffices to treat the case where n is obtained from m via one elementary
operation [a, b]+[a’,b'] — [a,b']1+[d’,b],a <a’+1 <b <b'+1andn<m
is minimal, i.e., there exists no £ with n < £ < m. This implies in particular the
following. If there exists [c,d] e m witha < ¢ <d' <b <d < b/, then [c,d]
is one of [a, b], [a’, '], [a,b’] or [a’,b]. Indeed, if there would exist a [c, d]
different from these four segments we could decompose the above elementary
operation in the following way. Assume that a < ¢ < a’; the other case follows
analogously. Then we can first apply [@’, b']+[c, d] + [a’, d]+[c, b'] to m, then
la,b]+[d’,d] — [a’,b]+[a,d] and finally [a,d]+ [c,b'] — [a,b']+[c,d] to
obtain n, contradicting the minimality of the elementary operation.

Note that it makes no difference whether we prove the claim for m or m"; thus
we can assume without loss of generality that b—a > b’ —a’. We now let [c, d]
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be the longest segment in m with @ < ¢ such that [c+ 1, d + 1] does not appear
inm. Set m' = m—[c,d]+[c+1,d] and by construction c+m’ = m. If [c, d]
is not the precise copy of [a’, b'] involved in the elementary operation, it follows
straightforwardly that the elementary operation descends to an elementary operation
on m’ yielding a multisegment n” < m’ with c4+n’ =n. In this case the claim follows
by the induction hypothesis. On the other hand, if [c, d] = [@’, b], it follows by
construction and the assumption b—a > b’ —a’ that b—a = b’ —a’ and for all
i €{0,...,a"—a}, [a+i,b+i] appears in m. By the minimality of the elementary
operation this implies that [a’, b'] = [a — 1, b—1]. Moreover, [a, b] is a longest
segment in m.

It follows that for m” = m—[a, b]—[a’,b']1+[a+1,b]+[a’+1,b'] we have
a+(@+1)+m' =nand (a+1)+a+m' =m, finishing the claim. O

Letw=1i;...i; € Q and m € Mult(Q). We call w a descendant of m if it is
obtained from m in the following, recursive, way. Write m = [ay, b;]+- - -+ [ak, bx]
and choose i € {1, ..., k}. Then choose a descendant w’ of m’ = [ay, b1]+--- +
la; + 1, b;1+ - - - + [ak, be]. If m’ is empty, w’ is the empty word. Finally, w is a
descendant of m if it is of the form w = a;w’ for some a; and w’ as above.

Lemma 2.4.3. Let w € Q and m € Mult(Q). Then w is a descendant of m if and
only if mgen(w) < m.

Proof. We argue by induction on the length of m, the case of length 1 being
trivially true, and we use the notation employed above the lemma. First assume
that w is a descendant of m and write w = q; w’, w’ a descendant of m’, as above
the lemma. By the induction hypothesis we have that mge,(w’) < m’ and hence
Mgen(w) < a; +m'. It thus suffices to show that a; +m’ < m, which follows quickly.
If [a; + 1, b;] is the longest segment in m’ starting in a; + 1 mod n, we have in
fact equality. Otherwise, let [a; 4+ 1, d] be the respective longest segment. Then
ai+m’'=m—[a;+1, d]+[a;, d]. Note that we can perform the elementary operation
[a;, bj]+[a; +1, d] — [a;, d]+[a; +1, b;] on m, yielding a; +m/’, and thus proving
the claim.

For the other direction, assume that mge,(w) < m and write w = cw',cel.

Then it follows from [8, Lemma 6.3.3] that ¢ € {ay, ..., a;} and mgen(w') < W,
where !’ is of the form [ay, b{]+- - +laj+1,b;]1+---+[ax, bi] for some j with
aj = c mod n. The claim follows immediately. U

3. Whittaker models

We follow the setup of [2] (see [14] for the case of nonzero characteristic). Let ¥g
be an additive character g : F— R. Moreover, we demand that g, ®z, Fe= Vg,
By abuse of notation, we will from now on write {» = ¥ g. We extend ¥ to N, by
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defining
n—1
Yu) =y (Zu,-m) :
i=1
We define the space of Whittaker functions of G, with respect to v as

W) =W, (¢) === Indg:w = {W : G, = R locally constant :
W(ug) =y w)W(g) forallu € N,, g € Gy},

on which G, acts by right-translation. We call = € Rep,, of Whittaker type if
dimg Homg, (m, W(¥)) =1,

in which case we denote the image of & in W(y) by W(r, ). Thus, W(m, ¥) is
socle-irreducible and its unique irreducible subrepresentation appears with multi-
plicity 1 in it. Moreover, if

W(r, ) = W', )

is a nonzero map for a second representation " of Whittaker type, it is injective.
If 7 is on top of that irreducible we call it generic.
Let W be a Whittaker function. We define the map W by

g W(g) = Wwa(g™H.
Finally, if 7 is of Whittaker type, we set
W, ) ={W(g): WeW(m, ¥)} =W, ¥ ).

We recall that if 7y and 7, are of Whittaker type, so is 7 x m, (see [2; 3], and
also [29, II1.1.10]), and then W(mr; X ma, ¥) = WW(m1, ¥) X W(ma, ¥), V).
We denote by Repyy ,, ,, the set of finite-length subrepresentations of W, (y) which
are of Whittaker type and we set

%QPW’W = U %epw’w’n.

neN

Then Repyy ,, can be equipped with an associative product
*: Repyy g X Repy y, — Repy ., (T, 7)) > W xa’, ¥).

Associativity is an easy consequence of the uniqueness of the equality W(mr; x
72, ¥) = WW(mr, ) x W(mz, &), ¥).

If A = [a,b], is a segment, the representation (A) is of Whittaker type if
[(A) < e(p), by [23, Remark 8.14]. Every cuspidal representation is of Whittaker

type.
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3.1. Derivatives. We recall the four exact functors in the definition of the Bernstein—
Zelevinsky derivatives; see [2; 3], and compare [29, III.1]. Recall also the groups
P, from Section 2 and write the unipotent subgroups as

{Un—l,l = (IT) € Gn L X e Mn—l,l}-

The four functors are
(1) W :Rep,_;, — Rep(P,), the extension by the trivial representation of U, ;
and twisted by |—|%;
(2) ¥ : Rep(Py) — Rep,,_1, the U,,_1 1-coinvariants twisted by |—|_%;
(3) T =indy (= ®Y): Rep(Py1) — Rep(Po);

4) ©7 :Rep(P,) = Rep(Py—1), the (U,_1.1, ¥)-coinvariants twisted by |—|_%.
Let T € Rep(Py), k€ {1,...,n} and set 74 := ()1 (r) and t® := U~ (1(p)).
For m € Rep,, we set wyy 1= (] p,) k) 7® .= (n|pn)(k) and 7© .= 7.

3.2. Derivatives and Whittaker models. We recall also the Kirillov model of a
representation 7 of Whittaker type. It is defined as the P,-representation given by

KGr, ¥) i=(Wlp, : W e Wix, ¥)) S Indyy .
Theorem 3.2.1 [9, 4.3; 20; 15]. Let w € Rep,, be of Whittaker type. The map
W — W|p, is injective on W(r, ).
We have the following description of (&™),

Lemma 3.2.1 [5, Proposition 1.3]. Let w be of Whittaker type. Then we can identify
(P (K (7, %)) with the space

[pr> a2 W (P )i pe Pis WeWer v}

The authors only prove the claim for R = C, but the same method works for
arbitrary base fields.

The description of the space W (O (K(m, )) is trickier. Let T be a subrep-
resentation of K (i, ¥)® with central character x. Let o be the inverse image of T
in (o, ¥). For W € 0 and g € G,—; define the map

. k—n koo 8
(1) SOW)(g) = limlz| = lder() Fx ' @W ().

Here z € F* is seen as an element of Z,_; and the limit becomes stationary for z
small enough.

Proposition 3.1 [5, Proposition 1.7; 18, Corollary 2.1]. The map S : o — W()

induces the nonzero, injective map

S:t > WH).
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Whittaker models are a useful place to look for integral structures, as the next
theorem shows.

Theorem 3.2.2 [31, Theorem 2]. For w an integral representation of Whittaker
type over Q; of G, set

W, ) = {W e W(rr, ) : W(G,) S Z,}.

If T € Rep is integral and of Whittaker type, then W (7w, V) is an integral structure
of W(z, ¥).

In this case we denote
W, ) == W"(x, ¥) ®z, Fr.

Lemma 3.2.2. Let 7y, ..., my be integral representations of Whittaker type. Then
the nonzero map

Wy, ) X - X W(Ttn, ¥) = Wy X -+ - X 71, §r)

respects the integral structures and hence induces a nonzero map

W, ) X - X W, ) — Wy X - - X g, ).
Proof. See for example the proof of [14, Theorem 2.26]. (]
We recall some useful properties of Whittaker models.

Proposition 3.2 [15, Proposition 3.7]. Let w1 € Rep,,,, w2 € Rep,,,
W(ma, ¥) S Wy x 2, ) ™.

Theorem 3.2.3 [15, Theorem 3.10]. Let n > 2 and t be an a submodule of Ind% .
Iffork e {1,...,n—1}, T® admits a central character, for any Wo € W(t® )
and ¢ € C° (F"%) there exists W € t such that for all g € G,y

WGlgzmwww%M®@ﬂﬁ

The proofs of these two results in [15] apply to R = C, but the methods readily
generalize to the more general settings presented here.

3.3. Rankin-Selberg L-factors. We now recall the construction of Rankin—Selberg
L-factors as presented in [14]. For complex representations this goes back to the clas-
sical text [12]. Let & € Rep,, and 7’ € Rep,, be representations of Whittaker type.

Definition. Let W € W(rr, v), W e W', v ~!) and k € Z.
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(1) The case n =m: Let ¢ € C°(F") and define

(W, W', ¢) = / W(e)W'(g)¢(exg) dig,
N, \GE

X, W, W, )= (W, W, $)x" e R(X).
keZ

(2) The case n <m: Let j € {0, ..., n—m — 1} and define

8
(W, W', j):= / / W(gW |x 1; d;gdx,
My INNGY —

IX, W, W, )= e(W, W', pX* e R(X).
kez

(3) The case n > m: Analogous to the case n < m.
Having defined this, we can now recall the definition of the L-factors.

Theorem 3.3.1 [14, Theorem 3.5]. Let w € Rep, and 7’ € Rep,, be representations
of Whittaker type.

(1) The case n = m. The ideal spanned by I (X, W, W', ¢), where we vary over
W eW(r,¥), WeW@', v and ¢ € C°(F") is fractional and admits
a generator L(X, w, ') with L(X, w, ©')~' € R[X], which is normalized by
demanding L(0, 7, 7n") = 1.

(2) The casen#m. Fix j€{0, ..., [n—m|—1}. The ideal spanned by I (X, W, W', j),
where we vary over W € W(rr, ) and W' € W(r', ¥ ~Y) is fractional, inde-
pendent of j and admits a generator L(X, 7, ") with L(X, w, 7')~' € R[X],
which is normalized by demanding L(0, w, ") = 1.

In particular L(X, 7, 7") = L(X, n/, w). As usual, these L-factors satisfy a
functional equation, giving rise to an e-factor. For ¢ € C2°(F"), we denote by ¢ its
Fourier transform with respect to the character .

Theorem 3.3.2 [14, Corollary 3.11; 14, Lemma 3.12]. Let & € Rep,,, 7’ € Rep,, be
representations of Whittaker type with central characters ¢, and ¢y, and let n < m.
Let W e W(m, ), W e W', vy, ¢ € C°(F") and j € {0,...,m —n —1}.
Then there exists e(X, 7, 7', ¥) € R[X, X% such that the following holds.

(1) The case n = m.

1@ ' X"\, W, W, ¢ I(X, W, W,
4 D ety e )
L(g=',n¢, n'%) L(X,m, ")
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(2) The case n < m.

g X~ ppw) W. W m—n—j—1)
L=, 7, n’%)

_ L(X, W, W, j)
— (=) (X, 7.7 ) T
("X ) =

The last local factor, the y-factor, is finally defined as follows.
Definition. Let 77, 7’ € QRep be representations of Whittaker type. Then we define

x U (X ;oL@ X R(X
yX,m, 7', ¢) =e(X, w7, ) LX) € (X).

We now recall the most important properties of these local factors.

Lemma 3.3.1 [14, Theorem 3.13]. Let 7, 7', n” € Rep be representations of
Whittaker type and t a subrepresentation of w of Whittaker type. Then

yX, o7 ) =yX,t,7',¥) and L(X,7,7) '|L(X, 7, 7).
Moreover, we have the so-called inductivity relation
vy X,axa", 7' )=y X, 7,7, )y X, 7", 7', ¥).
Finally, let us remark how these factors interact with respect to reductionmod ¢.

Lemma 3.3.2 [14, Theorem 4.1, §4.1]. Let w, ' € Rep be two integral representa-
tions of Whittaker type over Q. Then L(X, 7w, '), e X, 7w, 7', ¥), y(X, 7, 7', ¥)
lie in Z¢(X) and

y (X, W@, ), W, ), o) = re(y (X, m, ', ),
LX, W, ), W', ) re(L(X, 7w, 7).

Lemma 3.3.3. Let w € Rep,, ' € Rep,, be two representation of Whittaker type
and k € {0, ...,n). Let t be a subrepresentation of 7™ admitting a central
character. Then

LX, 7,7 "\L(X, 7, ")~

Proof. As explained in the proof of [14, Lemma 4.6, Proposition 4.7] (see also [12,
Lemma 9.2]), the claim holds true if one shows the following. For any Wy e W(z, ¥)
and ¢ € C° (F"%) there exists W € W(rr, ¥) such that for all g € G,

w (g | k) = Wo(g)9 (€r-—x8) |det(g)| 7 -

But by assumption on AN W(r(k), Yr) admits a central character; hence this follows
from Theorem 3.2.3. (]
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We finish by recalling the L-factors of C-parameters of [16]. For the moment
we slightly extend this notation to aperiodic multisegments and to avoid confusion
we will denote our parameters by C'.

Definition. Let p, p’ € €. We set

L(X,C'(p),C'(p)) =
{(1 — (x(@p) X)TP)=1 if p = xpY, p € €, x an unramified character,

1 otherwise.

Let A ={a,bl,, A'=[d, b’]:o be two segments. Then we set

[T LX. C(pl=1). C(p'| =10y if 1(A) < 1(A),

L(X,C'(A),C/(A)) =1 % o
{l’[f-’:a,L(X,C/(pl—l”),C/(p’l—l’)) if [(A) = [(A).

Finally, if m, n € Multg of the formm = A;4---+Ag, n=A| +---+ A} we set

L(X,C'(m),C'(n)) := 1_[ L(X,C(A)), C/(A’j)).
1<i<k
I<j=l
3.4. Associative products and the map Sgen, y. For the rest of this section, we
fix an additive character ¥ of F. We also fix p € €" and let Q be the quiver of
Section 2.4 with n = 0(p) > 1 and set of indices /. Fix a cuspidal support

d=>) dilpl-|]
iel

and note that d; = O for all but finitely many i € I and hence d gives rise to a
dimension vector denoted by the same letter d for Q. We let Multg(p)q be the set
of multisegments with support d. We then recall the natural bijection

Multg(p)g < {Ggq-orbits in E 4},

which respects the orders on each side, by Proposition 2.1. This bijection allows us
to import the generic extension product to Multg(p), which by abuse of notation
we also denote by x. This product has the following representation-theoretic
interpretation. By Theorem 2.4.1, there exists for m € /\/lult;lep (p) representations
O1, ..., Pr In Z[p] such that m = p; * - - - x p. We then set

Sgen,w(m) = W(Pl X X Pk, 1//)

This representation is independent of our choices; to prove this, we first note the
following analogue of the degenerate Serre relations.
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Lemma 3.4.1. Let p’ € Z[p] be such that p’ % p|—|*". Then
W(p x p', ) =W(p" x p, ¥).
Ifo(p) > 2,
W(p x p X p|l=|,¥) =W(p X p|—=[xp,¥),
W(p x pl=Ixpl=|. %) =W(pl=Ixp x p|=|. ¥).
If o(p) =2,
W(p x pl=Ixpxp,¥) =W(p x pXpl=|xp, ¥).
Proof. Under the hypothesis, p x p’ is irreducible, and
W xp', ¥)ZEpxp' Zp xp=W(p' xp, ¥).
Hence they are equal. We only show the remaining claims for o(p) > 2; the case
o(p) =2 follows analogously. We start with the equality W(p x p X p|—|, ¥) =
W(p x p|—|xp, ¥). By [23, Proposition 7.17],
p X p x pl—=|=p x([0,1],),

which is irreducible by Lemma 2.2.2 and of Whittaker type. Thus the uniqueness
of the Whittaker model forces

W(p x pxpl=],¥) = p x([0,1],).
Similarly,

W(p x pl=Ixp, ¥) = ([0,1],) x p.

By the commutativity of parabolic induction on the Grothendieck group we have
([0,1],) x p = px([0,1],); the claim follows. The equality W(p X p|—|xp|—|, V)=
W(p|—|xp x p|—|,¥) follows by an analogous argument. O

From the lemma and Theorem 2.4.1 we obtain:

Corollary 3.4.1. The representation Sgen y (W) is independent of the sequence
P1, - ., Pk With py%- - % pr =m. Moreover, the map Sgen, y : Multg(p)*? — Repyy
respects the respective products, i.e., for mi, my € Multg(p)*°, we have

W(Sgen,W(ml) X Sgen,w(mZ), V) = Sgen,w(ml *my)

Next we define the map S, by setting for m € Multg(p) not necessarily

gen,yr
aperiodic
U .
Sgny@ = | Seenym.
n<m,
n aperiodic

Here the union is taken in the space of Whittaker functions.
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Proposition 3.3. Let n, m € Multg(p) withn <m. Then

S;enyw (n) C en w (m)

Moreover, let m' € Multg(p) such that w' x p =m. Then
W(S,, eny (M) X 0, ¥) C S en p(m).

Similarly, if m" € Multg(p) such that p * m' = m, then
W(D X Sgny (W), ¥) S gy, ().

Proof. The first claim follows from the definition. For the second claim we
argue as follows. We only treat the case m’ % p = m, as the other one follows
similarly Then for n’ < m/ we have by Lemma 2.4.1 that n’ % p < m and hence
W(S sen, W(m/) xp,Y)CS en »(m) by the first claim. O

Finally, for m € Multg o, write m = my 4 - - - 4+ m with m; € Multg o(p;),
where the p; € €" are in pairwise different cuspidal lines. Then we set

Sgen,w// (m):= W(Sgerm// (my)x--- XSgen,\p (M), ¥), Sgen W (m):= U Sgen,l// ),
n al;)gr‘;lddic

and if m' =m/| +--- +m; € Multg o, m; € Multgr(p;) is a second multisegment,
we define

mxm i=myxm| + -+ mxmp,

extending the product * to * : Multg o x Multg o — Multg .
Lemma 34.2. Letm=my+---+my € /\/lult;‘el'iD as above. Then

W(Sgen,y (M), ¥) = Sgen,y (M) X - -+ X Sgen,y (My)
and hence for m’ € Mult?gm a second multisegment we have

W(Sgen,y (M) x Sgen,w(m/), ¥) = Sgen,y (M +m').

An analogous claim holdsfor oy andifn <mthen S gen w(n) cSs gen lp(m).
Proof. There exists a nonzero map

Sgen,y (M) X -+ X Sgen,y (M) = W(Sgen,y (M), V).

Let 7 be the unique irreducible subrepresentation of the latter representation. It is
then enough to show that 7 is the unique subrepresentation of the former represen-
tation. To see this note that by Theorem 2.2.1 and Lemma 2.2.1, the representation
Ty X - - X 7, is irreducible, where 7; is the unique irreducible subrepresentation of
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Sgen,y (M;). Since y X - - - X my is generic, it has to be isomorphic to 7. Thus 7 is
a subrepresentation of

Sgen,i/f(ml) XX Sgen,lﬁ(mk)-

For the second point, note that if m and m’ are in different cuspidal lines, then
we just proved that W(Sgen,y (M) X Sgen,y (M), ¥) = W(Sgen,y (M +m), ¥) =
W(Sgen,y (M +m), ¥) = W(Sgen,yy (M) X Sgen,y (M), ¥). From this the second
claim follows. Finally, if n < m with m;, n; € Multg(p;) as above, we have
by definition n < m if and only if n; < m; for all i. From the first point and
Proposition 3.3 it then follows that there exists an injection

ngen’w (n) — S;anﬂ// (m) )
which by the uniqueness of the Whittaker model must be an inclusion.

The claim for S;en’w follows the exact same pattern. U

4. Standard modules

For the rest of this section, we fix an additive character .

Definition. Two maps Ty, Ty-1 : Multgp — PRep are called of Whittaker type if
they satisfy the following.

(1) For each m € Multg, Ty (m) is a representation of Ggeg(m) and is contained in
D‘iepw,w.

(@) Ty (M) =Ty-1(m").
(3) If n <m then Ty (n) C Ty (m).
Since by (2), Ty-1 is determined by 7y, we will usually omit 7,-1.

The map Ty, is called L-standard if it is of Whittaker type and for all n, m €
Mult;p

L(X, Ty(®), Ty-1(m)) = L(X, C'(n), C'(m)).

Finally, an L-standard map 7 is called standard if it moreover satisfies the following.

(1) For eachm € /\/lulte;ep there exists a nonzero map 7Ty (m) — (m).
(2) For eachm € /\/lultag), dimpg HOMAG oy ) (Typ (M) @ Ty mY),R)=1.
(3) The multiplicity of (m) in 7y (m) is 1.

Replacing Multg by Multg - in the above definition, we obtain the notions of
[-Whittaker type, [1-L-standard and [J-standard.

It is easy to see that if 7y is standard and £ # 2, the nonzero map Ty (m) —
Ty (m")Y, which is unique up to a scalar, factors through (m). Indeed, since £ # 2,
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we have that (m)¢ = (m)" is a quotient of 7,-1(m"), and since Aubert duality
commutes with taking duals, we have a nonzero map

Ty (m) — (m) = Ty-1(m”)".

For T a standard map, the representations 7,-1(m) with m aperiodic are called
standard modules.

4.1. Standard modules over Q,. For this section we set R = Q. For an arranged
form (Ay, ..., Ag) of a multisegment m we denote

Ty (m) :=W({(A1)) x - - x W({(Ap), ¥),

whose isomorphism type is independent of the arranged order; see, for example,
[32, Theorem 6.1]. If m is moreover integral we write

Ty (m) := WAL, ) x -« x W ((Ak), ¥).

Theorem 4.1.1. The map Sy, : Multg, — Rep given by m > W(T (m), ¥) is
standard.

Proof. For the computation of L-factors see [12, Theorem 8.2]. The other properties
are proved in [32, §6, §7, §9]. U

We let Sy, (m)*" be the subspace of Z-valued function in Sy (m).
Lemma 4.1.1. For all m € Multg,, Sgen,y (M) = Sy (m).

Proof. We argue by induction on deg(m). We first treat the case where m is one
segment [0, b],. Then by [32, Proposition 9.5] and Frobenius reciprocity we have
p x([1,Db],) — ([0, b],), which is a generic representation by the uniqueness of
the Whittaker model. Thus W(p x ([1, b],), ¥) = W(([O0, b],), ¥). By induction
on b the left-hand side equals Sgep,y ([0, b],) by Proposition 3.3.

We come to the general case. Write m = p *m’ as follows. Let [0, b] 0> P €C, be
a longest segment in m such all segments A in m with a,(A) = 1 satisfy [(A) < b.
Taking m" =m—[0, b]+[1, b], we obtain p*m’ =m. One can choose an arranged
form (A4, ..., Ar) of m’ such that for j < i, where i is the minimal i such that
A; =[1, b],, either A; has cuspidal support not intersecting Z[p] or a,(A ;) is not
equal to 1. In any case, [0, 0] + A; is unlinked for j < i. We recall that by the
uniqueness of the Whittaker model, we have for three representations m, 5, 73 of
Whittaker type

W(my x mp X 713, ) = W(my x W(ma, ¢) X w3, ¥).
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Thus by the case of a single segment

W(p x (A1) x--- X (Ag), ¥) = W((A1) X -+ X p X (Aj) X+ X (A), )
= WAL X - XW(p X (Aj), ¥) X+ X (Ag), ¥)
= WAL XX (TA;) X X (Ag), ).

It is easy to see that (A, ..., TA;, ..., Ag) is an arranged form of m; hence the
right-hand side is equal to Sy, (m). By induction and Proposition 3.3 the left-hand
side is equal to Sgep, y (M). U

4.2. Standard modules over ;. We come to our definition of standard modules
over F,. We saw in the introduction that if fit is a lift of m € /\/lultﬁ (Section 2.3),
Theorem 3.2.2 says that Sy, (m) can be equipped with a natural integral structure,
whose reduction mod ¢ is again of Whittaker type and is denoted by m For
me /\/lultﬁ we then defined the intersection

Symy= [ Sy@)
m lift of m
in the space of Whittaker functions. The representation is nonzero if m € Multg :
indeed, each m contains with multiplicity one and as a unique subrepresen-
tation the degenerate representation Z(s), where s = cusp(m). Then Z(s) is a
subrepresentation of Sy (m) since dimg Homg, (Z(s), W(¥)) = 1.

Definition. Let 7, a map of Whittaker type. We call T extending if for all m €
Multg - and p € €7

W(p X Ty(m), ) C Ty (p*xm), W(Ty(m) x p, ¥) C Ty(mx*p)

Lemma 4.2.1. The maps Sy, and S y are extending.

gen,
Proof. For S;en,l// the claim is a consequence of Proposition 3.3. The claim for

Sy in the case R = [, follows by noting that on the one hand, for every lift @’ of
p *m, one can find lifts p and M of p and m such that g * M = M’ and vice versa.
By Lemma 3.2.2 the surjective, and hence nonzero, map W(p, ¥) x Sy (m) —»
W(p x Sy (M), ) = W(Sy (0 *m), ) reduces to a nonzero map

W(p, ) X Sy (M) = W(Sy (p * ), ¥).

Taking the intersection in the space of Whittaker models we obtain a nonzero map

p xSy (m) — Sy (p*xm).
To see that the map on the intersection is nonzero, it suffices to note that the map

W(p, ) x Sy () — W(Sy (p *m), V)
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does not vanish on the subrepresentation W(p, ¥) x Z(cusp(m)), where Z(cusp(m))

is the unique irreducible subrepresentation of m that is independent of the lift m.
By the uniqueness of the Whittaker model we thus have that W(p x Sy (W), ¢) C

Sy (p x m). The other inclusion follows by the same argument. (I

Corollary 4.2.1. The map S gen vt /\/lult[F o = Rep is of U-Whittaker type. For
me Mult[F » Sgen,y (M) € Sy (m) and S, en 1l,(m) C Sy (m).

Proof. We start with proving properties (1) and (2) of being a [1-Whittaker type for
Sgen,y» Which proves them for S/ sen, - 1N€ first claim is true by construction. The
second claim follows from the followmg observation. Let m € Multg,  and p € €".
Then it follows from the construction of mge, that (o *m)¥ =m" % p". In particular,
if m is of the form py - - - * pi for suitable p; € €7, then m" = p *---* p/'.
Moreover, Multﬁﬂ is nonzero only if £ # 2 and hence p] = ,ol.V . We thus have that

Seen,y (M) =W(p1 X+ X i, Y) = W(pf x -+ x pf, Y1) = Sgen -1 (m")

and the second claim follows. The third claim for Sgeq y follows from Lemma 2.4.1.

Finally, to prove S sen,y (M) € Sy (m) it suffices to prove that for n aperiodic with
n<m we have SV sen, i (n) € Sy (m). Moreover, by Lemma 3.4.2 it suffices to assume
that m € MultR(,o) Write n = p; * - - - x p;. By the uniqueness of the Whittaker
model it suffices to give a nonzero map p; X - - - X px — Sy (m). By Lemma 2.4.3
and the Geometric Lemma, we have that p; ® ... ® p appears in r P, (SWT&)), for
any lift m of m, as a subquotient. Since m € Multg(p), considering the central
characters implies that it appears as a subrepresentation, which in turn implies
that there exists a nonzero map p; X - -+ X pr —> &I,Tﬁi) Since p; X + -+ X pg is of
Whittaker type, W(p1 X - -+ X pg, ¥) is contained in the intersection of the m
implying the claim. 0
Remark. If m is a banal multisegment (see [22]), i.e., if for each cuspidal repre-
sentation p, the cuspidal support of m does not contain p|—|* for some k, the same
argument as in Lemma 4.1.1 shows that Sgep, y (m) and Sy, (m) agree.

Lemma 4.2.2. Assume Ty is an extending map of Whittaker type. Let m € Multg
and let A =[a, bl,, p € QI,%, be a segment inm. Then Ty(m—A+"A) C ﬁ(m)(’").

Proof. We show that p|—|*x(m —A+~A) <m. LetI' =[a — 1, '], be the longest
segment in m — A+ ~A with a,(I') =a — 1. If I' = A we have that the left side
equals the right side. Otherwise, we have b’ > b and that the left side equals

m—A+ A-T+7"T,

which can be obtained from m via the elementary operation I' + A > T + ~A.
By the above observation and the properties of 7, we obtain that

W(pl=1*xTy(m—=A+7A), ) S Ty (m).
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The claim then follows from Proposition 3.2. U

4.3. L-factors of standard modules. Fix an additive character 1. The goal of this
section is to show that Sy, and Sgep y are L-standard.

Theorem 4.3.1. Let Ty, be an extending map of Whittaker type such that Ty (m) C
Sy (m) for all m € Multg. Then Ty, is L-standard, i.e., for n, m € /\/lult}lel'iD

L(X, Ty(m), Ty-1(n) = L(X, C"(m), C'(n)).

This has been achieved in [16, Theorem 4.22] for generic representations if R is
arbitrary. In the case R = Qy, this follows from the work of [12] as mentioned in
Section 4.1, yielding the following corollary of Lemma 3.3.2 and Lemma 3.3.3.

Corollary 4.3.1. Let n, m € Multg. Then
L(X, Ty(m), Ty-1 ()| L(X, C'(m), C'(n)~".

Before we come to the proof of Theorem 4.3.1, we note the following useful
lemmas, all of which follow easily from the definitions.

Lemma 4.3.1. Let m € Multy containing segments A=|a, bl,, A'=[a+1, b+1],
for some p € €. Let n € Multg and let W be the submultisegment of n consisting
of segments of the form [c, d], with p' = xp" for some unramified character x and
¢—d=>b—a. Finally, setm' =m—A — A"+ [a,b+1],+[a+1,D],. Then

L(X,C'(m),C'(n))
L(X,C'(m),C'(n)

[ a-x@pgx)-7.

[C,d]xpv en

Lemma 4.3.2. Let m,n € Multg and A = [a, b], a segment of maximal length
in m, where we assume p € €. Let W be the submultisegment of n consisting of
segments [c, d]y with p' = xp" for some unramified character x and c —d > b —a.
Finally setm' =m — A+ ~A. Then

LX,C(m),C'(w)
L(X,C'(w),C'(n)

[ d—x@pqg“x)7®.

[c,d]mven’

Lemma 4.3.3. Let m, n € Multg and Ty, a map of Whittaker type such that Ty, (n) C
Sy (), Ty (m) € Sy (m). Then

L(X, Ty(m), T, () L(g~' X", C'(m"), C'(n"))
L(g='X~1, Ty (mY), Ty-1 (V) L(X, C'(m), C'(n))

is a unit in R[X, X~'].
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Proof. Combining Lemmas 3.3.1 and 3.3.2 shows that the above fraction equals
re(e(X, Sy (), Sy-1 (), ¥))e (X, Ty (m), Ty-1(w), )~

for suitable lifts M and i of m and n. Since e-factors are units in R[X, X '], the
claim follows. O

Lemma 4.3.4. Let o, B € R such that / # B/. Then
ged(1 — (@X)/, 1—- (X)) = 1.

Proof of Theorem 4.3.1. In fact we will show the slightly stronger statement that if
m, n € Multg with at least one of them aperiodic, then

L(X, Ty(m), Ty-1(n)) = L(X, C'(m), C'(n)).

We argue firstly by induction on deg(m) and deg(n) and for fixed deg(m) and deg(n)
we argue moreover by induction on the order < on the set of multisegments. The
base case is [16, Theorem 4.22].

By Corollary 4.3.1 we know that there exists P € F/[X] such that

L(X, Typ(m), Ty-1 ()~ P(X) = L(X, C'(m), C'(n))~".
Moreover, let m;, and n, be the banal parts of m and n. By definition
L(X,C'(m),C' () = L(X, C'(my), C'(np))
and by Lemma 3.3.1 and Proposition 3.2 and the base case,
L(X, Ty (mp), Ty-1(np)) = L(X, Ty (m), Ty-1(n)),

hence it is enough to treat the case where m = m;, n = ny.
We first assume without loss of generality that m is not aperiodic, i.e., it contains
a multisegment

[a,bl,+---+[a+o(p)—1,b+0(p)—1],.

Choose i € {0, ..., 0(p) — 1} and using the notation of Lemma 4.3.1, we set A =
la+i,b+il,, A'=[a+i+1,b+i+1],. By assumption on, Ty, Ty (m') C Ty (m)
and hence by induction on < we obtain by Lemma 4.3.1 that

PX)| J] (=x@rg " x)/®.
[c,d]xpven
d—c=b—a

Let I; = {x(wr)g “" "¢ :[c,d],,» €n: d—c=b—a}). Assume that P(X) is
nonzero and let (1 — «X) be one of its nonzero factors with

(1=aX) [l = x(@p)g ™"~ X) /@
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for some i and [c,d],,v €n:d—c=b—a.Let je{l,...,o0(p)}. Since
(—eX)| [] a=x@pg /"),
[c,d]mven
d—c=b—a

it follows that (1 — aX)| (1 — x/'(@r)g /=4 X)/® for some [¢’,d'],,v € n.
Therefore, by Lemma 4.3.4,

X/(w.F)f(,O)qf(p)(—a—j—d) =x (w'p)f(p)qf(p)(_“_i—d).

It follows straightforwardly that this implies that for each j, [c + j, d + jl,,v
appears in m, contradicting the assumption on its being aperiodic.

Secondly, we assume that both m and n are aperiodic and, without loss of
generality, that the length of the longest segment in m is greater than or equal than
the length of the longest segment in n. We will now use the notation of Lemma 4.3.2,
e.g., A =[a, b], is a longest segment in m. Now Lemma 4.2.2 and the induction
hypothesis in combination with Proposition 3.2 and Lemma 3.3.3 give

POl J] (=x(@rgx)/®.

[C,d]Xp\/ en

If n’ is empty, we are done; hence we can assume that the longest segment in m
and the longest segment in n have the same length.
Replacing m and n by m" and n" we obtain a polynomial P (X) such that by

Lemma 4.3.3

P(X) . -
— = —rxk, reF, ke
PY(g~'X1

Applying the same reasoning as above to PV (X) we obtain

PYX)| J] a=x@e g™ x) .

[C,d]xpv en’

We now assume that P(X) is not a constant, and has a zero at (x (wp)q_”_d)_1
with [c, d],,v € 0. Then PY(¢~'X~!) has to have a zero also at x (wg)g ¢,

implying that there exists [¢’, d'],/,v € n’ such that

—b—c'+1

X (@r)g = x(@wr)g .

Thus x' = x|—|~*'*¢ and hence [c + 1, d + 1],,v € 0.
But now we can switch the roles of m and n as

L(X, Ty (m), Ty-1(n)) = L(X, Ty (), Ty-1(m))

and apply Lemma 4.3.2 with the longest segment [c + 1, d + 1],,v, yielding that
[a—1,b—1], has to be a segment of m, since ()((zvp)q_“_d)_1 is a zero of P(X).
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Repeating this process we obtain that for all i € Z-( the segment [a — i, b —i], is
contained in m, a contradiction to the assumption that m is aperiodic. ]

Recall now the C-parameters of [16], i.e., the image of the injective map con-
structed in [16]

C : Jrr, — {semisimple Deligne R — representations of length n}.

For the precise definition we refer to [16]. The right hand side of the above map
is equipped with a tensor product denoted by ®,; and one can associate to two
C-parameters C(r) and C(’) the three local factors

L(X, C(1r) ®;s C(11")), €(X, C(1) ®ss C(r'), ¥), y(X, C(1) ®ss C(), ¥).
As a corollary to Theorem 4.3.1, one can prove exactly as in [16, §6.4] the following.
Corollary 4.3.2. Let 7 = (m), 7’ = (w/) € Jrev. Then

L(X, Sy(m), Sy-1(n)) = L(X, C(7) ®ys C(n)),
€(X, Sy(m), Sy-1(n), ¥) = (X, C(1) ®ss C(), ¥),
Y (X, Sy(m), Sy (), ) =y (X, C(1r) ®ys C(r), ¥).

If m € Multg o, the same is true if one replaces S by S;en’w_

4.4. Quotients of standard modules. Let m € Multg 5. We can define

Jon 1 Sy(m) ® Sy-1(m") @ C°(F") — R
by
(W, W', ¢) > L(X, Sy(m), Sy-1(m") ' I(X, W, W, ¢)|x=1.

Let C25(F") be the subspace of C2°(F") consisting of all function vanishing at 0.

Proposition 4.1. The map J, vanishes for all ¢ € Cff())(F”). In particular, we
obtain a nonzero map

Jim ¢ Sgen,y (M) ® Sgen, g1 m") = S (m) @ Sy-1(m") - R

given by
WRW = Jn(W, W', ¢),

where ¢ is some fixed element in C2°(F") such that ¢ (0) # 0.
Moreover, if W is a lift of m then J, restricts to a map

T 0 Sy ()" @ Sy-1 (M) — Z,

whose reduction mod £ equals Jp,.
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Proof. We start with the case R = Q,. By [19, Proposition 4.6], if f is totally
unlinked the map

Ji Sy (M) @ Sy -1 (m )®C (F)—)@g

vanishes. More generally, let m = Ay 4 - - - + Ay with the segments in an arranged
order, choose s € Z*, and set

Sys (@) = WOWVAL, )= x - - x WAL, )| =%, ¥),
Sy-1 (@) = WOWUAY), ¥ D=1"%x - x WAV =7 ™ h, v h).

Fix flat sections
fs € Sy s(m), fs’ € Swfl’s(fﬁv)

in the sense of [5, §3]. We obtain for fixed ¢ € C2{(F") by [12, Proposition 3.3]
a rational function over @, such that P(Xi, ..., X «) such that Jy (fs, fi, ¢) =
P(q®, ..., q%). As observed above, for all but finitely many s, P(¢*!, ..., g*)=0
and hence it vanishes everywhere.

The case R = F; follows readily from the case R = Q. Let f be any lift of m
to @,. Then the map

Jii : Sy () ® Sy-1 (V) ® CH(F") — Qy
vanishes. Since Jg obviously respects the integral structures, it reduces to the map
Jm Sy (m) ®Slﬁ 1(mY )®C (Fn) - [’:67

which therefore also vanishes. Moreover, if fi is any multisegment over @, the map
Sy (M) @ Sy-1 (MmY) — Qy factors through (M) ® (M") and in particular vanishes
on Sy (M) ® Sy-1 (@) for any il < M. Hence Jg vanishes on

Sy () @ Sy-1 (M) ® C°(F™).
We now argue that Jy, does not vanish on the restriction to
Sgen,w(m) ® Sgen,wp*l (m\/) ® Cso (F");

this will prove the claim. It suffices to show that for n < m the map J,,, vanishes on

en s ® S - [ (mY) ® C°(F™). It suffices to show the claim for n maximal,
i.e., thatitis obtamed from m via one elementary operation. But then we can choose
a lift m of m and 1 of n with 1 < m and the claim follows from the observation above
and the fact that S Y en, v M) CSSy(n) C Sw (1); see Corollary 4.2.1. By an analogous
argument we can also show that J,,, vanishes on S* gen, v (m) (X)S;J gl @Y)QC(F")
and hence it cannot vanish on Sgen, y (M) ® Sgen, -1 (MmV)®C (F ). By the previous
arguments we know that Jp, vanishes on Sgen,y (M) @Sgen -1 (mv)®C o(F™), which
finishes the argument. U
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Theorem 4.4.1. Let m € Mult?epﬂ. Then (m) is the unique irreducible quotient of
Sgen,z// (m)

Proof. Letm € Mult‘;gu. We argue by induction on deg(m) and <. The base case
is trivial. Let w = (n) be a quotient of Sgen y (m). Note that cusp(r) = cusp(m).
Since 7 has to be an irreducible subquotient of Sy (m), we have by Lemma 2.2.2
that n < m.

We write m=m’xp, p € €, andm’ € Multi{m and hence Sgen,y (M) X p — 7
by Lemma 2.4.1. In particular Sgen y (M) ® p > Fdeg(m)—m,m) (7). By induction
and Proposition 3.3 we obtain that (m’) ® p appears in 7(eg(m)—m,m)(Sy (n)). By
the geometric lemma of Bernstein and Zelevinsky [2, Theorem 5.2; 32, Theorem
1.1], it follows that m’ < n’, where 1’ is of the form n’ =n — [a, 0], + [a, —1],
for a suitable segment [a, 0],. By the same argument as in Lemma 4.2.2 we have
n’ % p < n. On the other hand by Lemma 2.4.1 we have m=m'*p <n'xp <n
and hence n = m. Since Sgen,y (M) € Sy (M), and (m) appears in the latter with
multiplicity one by Lemma 2.3.1, this is also true for Sgep,y - ]

Let us state two corollaries to this result. By abuse of notation we will also
write Jy 1 Sy (m) — Sy (m")Y for the map obtained from Proposition 4.1. As a
consequence of this proposition, it restricts to a map Sgen,y (M) = Sgep, 3! (m")Y,
which factors through (m).

Corollary 4.4.1. Let m € Multg n. Then (m) appears in the image of Jn as a
quotient.

Proof. Let I (m) denote the image of Jy : Sy (m) — Sy-1(m")". Let X(m) be
the kernel of the map Sgep,y (M) — (m). Then Y (mY) = X (m). Since Sgen,y 18
[-standard, the kernel of the map Jy, restricted to Sgep,y (M) is X (m); thus 7 (m) is
a quotient of IT(m) := X (m)\Sy (m). we know that both /(m) and IT(m) contain
(m) with multiplicity 1 by Theorem 4.4.1 and I[1(m) contains it moreover as a
subrepresentation. Since IT(m)¢ = IT(m"), it also follows that IT(m) admits (m) as
a quotient, and hence as a direct summand since it appears only with multiplicity 1.
Thus (m) is also a quotient of I (m). (I

The second corollary follows readily from Theorem 4.4.1, Proposition 3.3,
Lemma 2.2.2 and Corollary 4.2.1.

Corollary 4.4.2. Forn, m € Multg o we have S;en,w(“) - S;en’w(m) if and only if
n < m. We thus have an order-preserving injection

Sgen,w s Multg o — %epw,w,

respecting the products.
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TRANSVERSE MINIMAL FOLIATIONS ON UNIT
TANGENT BUNDLES AND APPLICATIONS

SERGIO R. FENLEY AND RAFAEL POTRIE

We show that given two transverse minimal foliations on the unit tangent
bundle of a surface of genus > 2, their intersection either is an Anosov
foliation or contains a Reeb surface. The existence of a Reeb surface is
incompatible with partially hyperbolic foliations, so we deduce from this
that certain partially hyperbolic diffeomorphisms in unit tangent bundles
are collapsed Anosov flows. We also conclude that every volume preserving
partially hyperbolic diffeomorphism of a unit tangent bundle is ergodic.

1. Introduction

This article studies geometric and dynamical properties of one-dimensional subfolia-
tions obtained as the intersection of two transverse minimal foliations on unit tangent
bundles of higher genus surfaces. We prove some strong geometric properties that
imply that under certain conditions, the foliation must be homeomorphic to the
orbit foliation of the geodesic flow for a hyperbolic metric on the surface.

One big motivating example for us comes from partially hyperbolic dynamics
in dimension 3: under very general orientability conditions there is a pair of two-
dimensional branching foliations, which are approximated by regular foliations. The
pair of foliations are transverse to each other, yielding a one-dimensional subfoliation
of both. Suppose that one proves that the subfoliation is the flow foliation of a
topological Anosov flow. Then the partially hyperbolic diffeomorphism is what is
called a collapsed Anosov flow [5; 25]. This has some important consequences,
such as accessibility and ergodicity in the volume preserving case [23; 24].

This naturally leads to the following very general question, which was the initial
goal of this project:

Question. Let F| and F, be transverse minimal foliations in a closed 3-manifold.
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Are there simple conditions that guarantee that the intersection foliation is homeo-
morphic to an Anosov foliation?

Here, by an Anosov foliation we mean the orbit foliation of a (topological) Anosov
flow.! The scope of the question is quite general, and the conditions are somewhat
more restrictive than studying vector fields tangent to a foliation (for instance, the
horocycle flow is a subfoliation of the weak stable foliation of an Anosov flow but
it is rarely obtained as the intersection of two foliations). Having a vector field
tangent to a foliation already imposes some obstructions on the foliation and the
manifold (see for instance [11; 30]), so we expect here to have even more. This very
general question can be extended to the problem of understanding in general the one-
dimensional foliations induced by intersecting two general transverse foliations in a
closed 3-manifold; we have included minimality to simplify certain formulations?
but it makes sense to ask this question in general. (In fact, a similar question for
three transverse taut foliations is suggested in [39, § 7.1].)

We stress that the question of analyzing general transverse intersections of
foliations in 3-manifolds is very natural, interesting in itself, and has appeared in
other contexts, such as Anosov and pseudo-Anosov flows transverse to foliations
[19; 20; 21; 39].

In this article we start the general study of geometric properties of one-dimensional
subfoliations of a pair of transverse foliations in 3-manifolds. In this generality
the problem is at this point complex (see Section 1.2 for recent progress). Here
we restrict to a class of 3-manifolds: unit tangent bundles of surfaces of negative
Euler characteristic. In this case we have strong rigidity for single foliations and
this substantially helps study this problem. It is also relevant for us since many
people working in partially hyperbolic dynamics are more familiar with this family
of 3-manifolds. On the other hand many of the techniques introduced in this paper
should be useful for the general problem. In fact, since this paper was released,
much progress has been made in the problem, which we survey in Section 1.2,
showing the impact it has had.

Although minimal foliations in unit tangent bundles are homeomorphic to the
weak stable foliation of an Anosov flow (by a result of [34]; see also [29]), T. Barbot
pointed out to us the paper [35], which gives a beautiful example showing that even
in these manifolds, there may be obstructions to the intersection being an Anosov
foliation. (In fact, [35] contains a triple of pairwise transverse minimal foliations.)

A short definition of a topological Anosov flow is an expansive flow preserving a foliation; see
[2] for a nice introduction. In this paper we work in unit tangent bundles, where every topological
Anosov flow is orbit equivalent to the geodesic flow of some constant curvature metric (which is a
smooth Anosov flow) so we will not differentiate between them.

20ne can always blow up one of the foliations and the intersection will no longer be an Anosov
foliation. Other phenomena can also arise; see for instance the examples constructed in [10].
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Figure 1. A Reeb surface and its lift to the universal cover.

We show that, in unit tangent bundles, the conditions that obstruct the intersection
to be homeomorphic to an Anosov foliation, are similar to those appearing in the
example of [35]. In Section 7 we describe the example of [35] from the point of
view of this paper as well as discuss some possible extensions, and in Section 9 we
prove that the obstruction to intersect in a foliation homeomorphic to an Anosov
foliation can be explained by behavior identical to the ones discussed in Section 7.

The two-dimensional foliations F;, &, we deal with have Gromov hyperbolic
leaves. The strategy employed here to prove the Anosov behavior of the intersection
foliation § = | N F; in certain cases is the following: show geometric properties
of the subfoliations inside the leaves of the two-dimensional foliations. More
specifically we try to show that the subfoliations are by uniform quasigeodesics
inside these two-dimensional leaves. We obtain a structure that is enough to identify
the obstruction for this to happen: Reeb surfaces. These are surfaces in some leaf of
JF or I, which are finitely covered by a two-dimensional annulus whose boundary
circles are leaves of the foliation G and the leaves of G in the interior of the annulus
spiral towards the boundary components in opposite directions (see Figure 1).

Our main result is the following:

Theorem A. Let S be a closed orientable hyperbolic surface and let M = T'S. Let
F1, Fp be minimal, two-dimensional foliations in M which are transverse to each
other. Let G be the intersection of F| with F,. Then either G is homeomorphic to
the orbit foliation of the geodesic flow of a hyperbolic metric on S or G contains a
Reeb surface.

We remark that minimality is necessary as one can easily obtain counterexamples
by blowing up weak stable and weak unstable foliations of Anosov flows. We
note that we get a description of § when there are Reeb surfaces: we refer the
reader to Section 9 for precise formulations (see in particular, Corollary 9.20). The
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description says that if there are Reeb surfaces, then some structure very similar to
the Matsumoto—Tsuboi example has to occur. This is a rigidity result in the sense
that counterexamples to Anosov behavior for G have very few possibilities.

An important point is that in Theorem A there is no (a priori) dynamical hy-
pothesis, but there is a strong dynamical consequence. On the two-dimensional
level, there is an a priori result which is the starting point of our study here and
which explains the choice to work with unit tangent bundles rather than general
Seifert fibered manifolds: as mentioned earlier, Matsumoto [34] proved that each JF;
individually is topologically equivalent to the weak stable foliation® of the geodesic
flow in M. While many arguments in our proof hold in more generality, we have
chosen to avoid using too much terminology and background on foliations, so that
someone willing to believe Theorem 2.1 could in principle follow the proof of the
main theorem. It will also be helpful to convey the main strategy and ideas that we
are trying to communicate. See Section 1.2 for updates on recent results.

As a consequence we prove the following result for partially hyperbolic diffeo-
morphisms (see Section 10 for precise definitions and more general results).

Corollary B. Let f : M — M be a volume preserving partially hyperbolic diffeo-
morphism in M = T'S with S a closed orientable surface of genus g > 2. Then, f
is a collapsed Anosov flow. Hence f is accessible and if f is C?, then f is ergodic.

1.1. Outline of the strategy and organization of the paper. A way to detect that a
one-dimensional foliation is an Anosov foliation is to show that when seen as the
orbits of a flow, this flow is expansive. This implies that the flow is pseudo-Anosov
[31; 37], and since our one-dimensional foliation preserves a two-dimensional
foliation, being pseudo-Anosov is enough to show it is an Anosov foliation [5, § 5].

In this article we will instead consider a more geometric point of view. As
in [25; 5], the main strategy to show that the flow generated by the foliation
is a topological Anosov flow, is to show that its flow foliation subfoliates the
two-dimensional leaves by quasigeodesics. We say that the foliation is leafwise
quasigeodesic when in each leaf of say F 1 the leaves of the intersected foliation
G are quasigeodesics (note that we do not ask the one-dimensional leaves to be
quasigeodesics of M ).

The idea is to try extend arguments that work in a compact surface (see [32]
or [30, Appendix A]). Note however that in closed surfaces, compactness gives
many deck transformations that preserve the universal cover, while here, leaves
of the foliation in the universal cover may typically have small stabilizer. Here,

3In contrast, for general Seifert manifolds, it was already known that minimal foliations come
from representations of surface groups into Homeo(S 1) by [38; 13] (see also [16]), but what we use
here is the rigidity result of Matsumoto that gives conjugacy to a Fuchsian representation. This is also
based on previous work of Ghys [29].
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the key point is to use minimality and compactness of M to bring leaves together.
Transversality of the foliations allows to push some behavior to nearby leaves, and
then, arguments like in [22] can help partially reproducing the arguments in the
case of closed surfaces. However, there are some subtleties when trying to push
behavior to nearby leaves associated with the transverse geometry of leaves in the
universal cover. The fact that our two-dimensional foliations are Anosov (in the
sense that they are homeomorphic to the weak stable foliation of an Anosov flow
when M = T'S) is extremely useful. This allows for a very strong and precise form
of “pushing” at most points in the leaf approaching the boundary at infinity (see
Proposition 3.4). By this, we mean that if two leaves are close by in the leafspace,
then, we can sort of copy the intersected foliation § in one leaf to nearby leaves
by following the intersection with leaves of the other foliation. Note that pushing
requires having two transverse foliations and this is crucial in our arguments. In
fact, for flows tangent to a foliation, more diverse behavior is possible as it is shown
in [25] for the strong stable foliation of the examples constructed in [9].

The route taken for showing that the foliation G is leafwise quasigeodesic follows
the rough outline that was used in [25] for foliations that come from some special
dynamical systems. Not all steps hold in full generality, as examples show, but we
still describe here the main steps and explain under which assumptions they work.

Landing. In each leaf L € T 1 we look at the restriction of § to the leaf L. Then
every ray of any given leaf of g (which is always properly embedded in L) has a
well defined unique limit point in the compactification L U S'(L) by the Gromov
boundary of L. In Theorem 4.1 we show that in our setting, this holds in full
generality.

Small visual measure. There are many ways a properly embedded ray in a hyper-
bolic plane can be extended to the boundary, in particular, we wish to rule out the
possibility that it lands like horocycles do. For this, a technical property that we
call small visual measure is relevant. An important consequence of small visual
measure is that geodesic rays starting at a point of a ray » of a leaf ¢ € G and landing
at the same point as the ray r must be contained in a uniform neighborhood of r.
This is also something that holds always in our setting as we prove in Section 5. We
point out here that the fact that G is obtained as the intersection of two transverse
foliations is crucial, as the horocyclic flow of an Anosov flow subfoliates a minimal
foliation of T'!S but its leaves do not satisfy the small visual measure property.

No bubble leaves. To get a quasigeodesic foliation we need to rule out the existence
of leaves ¢ of § such that both rays of ¢ land in the same point of S (L) (where L
is the two-dimensional leaf containing c¢). We call such a leaf ¢ a bubble leaf. We
note that the example in [35] contains bubble leaves, so we cannot expect to prove
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the nonexistence of bubble leaves in general. But the existence of some nonbubble
leaves is important in our analysis of the small visual measure and the construction
of Reeb surfaces.

Hausdorff leaf space. Another consequence of a one-dimensional foliation subfoli-
ating a two-dimensional foliation by Gromov hyperbolic leaves and being leafwise
quasigeodesic is that the leaf space of the foliation G in each leaf L € F, ; must be
Hausdorff. A priori, the nonexistence of bubble leaves is not enough to rule out
non-Hausdorffness, so more analysis is needed. This is the content of Section 8
where we show that non-Hausdorffness of the leaf space leads to Reeb surfaces.

Getting the quasigeodesic property. Having Hausdorff leaf space is not enough to
deduce the leafwise quasigeodesic property as the horocycle flow shows. In our
context, we can show that it is enough and we do so in Section 6.

Outline. In Section 2 we study general properties of minimal foliations of 71§
and derive the consequences of [34] that we will use. In Section 3 we show some
properties of pairs of transverse foliations, defining and describing the landing
property and showing that in some settings it is possible to push behavior to nearby
leaves. In Sections 4 and 5 we address landing and the small visual measure
property. When the leaf space of G is leafwise Hausdorff we show in Section 6 that
the foliation § must be an Anosov foliation. In Section 7 we revisit the examples
from [35] and describe their properties from the point of view of this paper as well
as some possible extensions. In Section 8 we complete the proof of Theorem A.
In Section 9 we explore further properties that in some sense show that the examples
of [35] are the only possible way to introduce Reeb surfaces. In Section 10 we
study the applications of our result to the classification and ergodicity of partially
hyperbolic dynamics. We note that the applications to partial hyperbolicity do not
use Section 7 and Section 9, which can be skipped by the reader interested only in
the applications to partial hyperbolicity.

1.2. Recent developments. Since this paper was released in early 2023, several
new developments have been obtained that we explain here, trying to emphasize
the influence of this particular paper. Let us comment on the papers [1; 27; 26].
In [1] we extended part of the results of this paper to a more general setting, in
particular, we showed that if F, ¥, are transverse R-covered Anosov foliations
in a 3-manifold which are uniformly equivalent, then, they either intersect in the
orbit foliation of an Anosov flow, or they contain a Reeb surface. The goal of [1]
was to present a completely different approach and also present results in higher
dimensions (and some results in dimension 3 that are important in [26]), and while
it reproves Theorem A of this paper, the proof is completely different and the
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techniques do not allow to obtain the more precise results that we obtain here in
Section 9, and which we consider to be one of the main contributions of this paper
(and also, that up to now do not have any counterpart in any context).

The paper [27], which was released later than this paper, also has some overlap
with it, though they are largely independent. In [27] we reversed the strategy
presented in Section 1.1 by assuming from the start a very strong property on the
intersected foliation: that the leaf space of the intersected foliation is Hausdorff.
Under that assumption, we were able to work out the full outline of Section 1.1 by
showing landing, small visual measure (assuming that the manifold has fundamental
group which is not virtually solvable) and finally the quasigeodesic property of
leaves. While [27] works in much wider generality than this paper (no assumptions
on the topology of M), its results would not materially shorten the current paper;
they would only serve in reducing Section 6, by allowing us to apply directly the
results in [27] (but that would be less natural, as our proof here is more direct).

Finally, in the recent [26], we proved a general statement needed for the classifica-
tion of partially hyperbolic dynamics. Though it owes much to the ideas developed
here, [26] does not use or depend on this paper. Its main result is about transverse
foliations with Gromov hyperbolic leaves and says that the only obstruction to
the intersected foliation being leafwise quasigeodesic is the presence of what we
have called generalized Reeb surfaces, which extend the concept of Reeb surfaces
used here. We note that [26] gives hope in progressing in the understanding of
general transverse foliations, and in our opinion makes Section 9 of this paper even
more relevant, since no analogue of this has been shown, and the existence of Reeb
surfaces in some setting could be combined with the techniques in [26] to see if one
can produce some incompressible torus in M. This could for instance be relevant
in addressing the following question, which we believe may well have a positive
answer (see also the question on page 39):

Question. Let Fy and F, be two transverse minimal foliations in a closed hyperbolic
3-manifold. Then, they intersect in the orbit foliation of a (topological) Anosov flow.

2. Minimal foliations on unit tangent bundles

We consider M = T''S, the unit tangent bundle of a closed orientable surface S of
genus g > 2, together with a minimal foliation I on M. Such foliations have been
completely classified by Matsumoto [34]: each is homeomorphic to the weak stable
foliation of the geodesic flow on S for a hyperbolic metric. We will expand on this
as well as on previous results in [38; 13] to describe the foliations in a way that is
useful for our purposes.

We will assume throughout the article that the foliations we consider are C%!*.
This means that the leaves are C' surfaces; see for instance [17]. This assumption
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is mostly for convenience, as having smooth leaves simplifies the definition of
distances and lengths inside leaves. In [15] it is shown that for each foliation there
is a smooth structure in M which makes it C%, but it is unclear that this can be
done simultaneously for both foliations. To avoid discretizations of distances and
local problems, we will keep this assumption throughout.

2.1. Unit tangent bundles. Consider the universal covering map 7 : S — S in which
one can identify § = H? as follows: fix a discrete subgroup I" of Isom (H?) =
PSL(2, R) (acting on the right) where I' = ;(S). We can identify 7 with the
quotient map from H?> — H?/r.

Since PSL(2, R) naturally identifies with 7!'H? we obtain that 7S is identified
by this action with T'H?/r-. We parametrize 7'H? by H?> x dH? by identifying
a unit vector v € T,H? with the pair (x, vy) € {x} x dH?, where v, is the limit
point of the geodesic in H? starting at x with speed v. The action of PSL(2, R) on
dH? = S is given by extending the action of isometries on geodesic rays (if one
uses the upper half model of H? this action corresponds to the standard action by
rational transformations on R U {o0}).

We will denote by M = T'S, and by M = T'S its intermediate cover with
deck transformations identified with the action of I' in the coordinates given by
the identification of 71§ = H2 x dH2. We will denote by M the universal cover of
M which covers M with deck transformation group associated with the center of
1 (M) (which corresponds to the deck transformation associated to the circle fiber
of the circle bundle over §).

2.2. Horizontal foliations. Consider the foliation ?ws of T'S = H? x gH? given
by ?ws = {H? x {§}}¢come- This foliation is T'-invariant and since the I action on
9H? is minimal it descends to a minimal foliation F,; of M which is exactly the
weak stable foliation for the geodesic flow associated to the metric on S induced by
the choice of I" C Is0m+([|-[|2).

The following result from [34] will be very important in our study and says that
JFws 1s the unique minimal foliation of M up to homeomorphisms isotopic to the
identity on the base:

Theorem 2.1 (Matsumoto [34]). Let F be a minimal foliation of M, then, there
exists a homeomorphism h : M — M inducing the identity on the base such that

h(F) = Fys.

We note that the result of [34] is stated for C? foliations without compact leaves,
but all that is needed is that & is horizontal, see also [29; 38].

To get the horizontal property for J we use the fact that J is minimal and apply
Brittenham’s theorem [13]. There is a slightly technical issue in Brittenham’s result:
in [13] a lamination is one that is carried by a branched surface, so technically a
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foliation is not a lamination and must first be split along a finite set of leaves to
produce an essential lamination £ which, due to [13], has a minimal sublamination
which is either horizontal or vertical, which since JF is minimal this is £ itself.
But J cannot be vertical.* It follows that F is horizontal and then one can apply
Matsumoto’s result. See also [16] for generalities on foliations on circle bundles.

That & induces the identity on the base means that if p : T'S — S is the
projection, then the induced actions on the fundamental group satisfy p o h, = py.
Note however, that # may not be homotopic to identity as a map of M and therefore
two minimal foliations F; and &, may not be uniformly equivalent in the sense that
leaves in the universal cover may not be a bounded distance away from a leaf of
the other foliation. (See [39] for discussion on this notion, which is different from
the notion, also used sometimes, of having homotopic plane fields.)

We will use some other properties of minimal foliations on M. Some of these
hold more generally for Reebless foliations (due to Novikov’s theorem; see [16]).
We state the properties we need in the setting we will use where the proofs are a
direct consequence of the corresponding properties for F,,; and Theorem 2.1 (the
last point also uses [13] for smoothness):

Corollary 2.2. Let F be a minimal foliation on M = T'S and denote by F and T
the lifts to the covers M and M. Then:

(1) If T is a curve transverse to F then it intersects each leaf at most once.
(i1) The leaf space L=M /5 of Fis homeomorphic to S' and the leaf space L of
F is homeomorphic to R.

(iii) There is a (smooth) isotopy of F that makes every leaf transverse to the circle
fibers of T'S.

Note that a transversal to F or 7 is a continuous curve 7 : I — M where I is
some interval such that for every ¢ € I, there is ¢ > 0 such that the curve t|;—¢ /4¢)
is monotone in the leaf space of a foliation chart of ForF (which is an interval)
around 7(¢). We will many times abuse notation and denote by 7 the image of a
transversal.

2.3. Universal circle. One consequence of Matsumoto’s result (Theorem 2.1) is
that every minimal foliation in M is homeomorphic to our model and so we can
compare the geometry of leaves with that of hyperbolic disks simultaneously. This
allows to make natural prOJectlons into H? of lifts of leaves of a minimal foliation
F in M to the intermediate cover M or universal cover M.

We consider p : M — S to be the projection of the fiber bundle S' — M =
T'S — S. By our coordinate choices, the map p lifts to a projection p : M — H2,

41f it were, it would induce a nonsingular foliation in the base surface which has nonzero Euler
characteristic.
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that, given the identification M = H? x 9H> corresponds to the map p(x, &) = x.
We also denote by p : M — H? the lift to the universal cover.

For a minimal foliation & on M we will denote by F and 7 the lifts to M and
M. For concreteness we will consider the following metric on M = H? x 9H?,
given by the fact that the metric on H? x {£} is the one that makes projection in the
first coordinate an isometry, makes the sets H? x {£} and {x} x dH? orthogonal and
measures distances in {x} x dH? via the visual metric; namely, we define the length
of an interval [£1, £&] C dH? as as the angle between the geodesic rays starting from
x and landing on &; and &; respectively, and measured in the direction on which
rays land in the interior of the interval. This metric is invariant under the action
of I" and thus produces a Riemannian metric on the quotient M which makes the
projection p : M — S to be a Riemannian submersion on S when given the metric
induced by the action of " on H?. In coordinates M = H? x 9H? the Riemannian
metric is

_ 2 2 12
(2-1) (v, Wx,6) = ((sz, sz)Ttz + (Vg2 waﬂ'ﬂ2>(x,§)) .
where vy, wype, Ve, Wy are the projections of the vectors on the first and second
coordinates respectively, the inner product (-, - )7y is the standard inner product
in the hyperbolic plane and (-, - )y ¢) is an inner product on T(, &) ({x} X aH?) given
by the identification of the landing of geodesic rays of Tx] H? with 9H? at the point
£ € 9H>.

The metric on M will be the path metric associated with the pullback of the
Riemannian metric above by the universal cover projection. This metric in M will
be denoted by d : M x M — R>o.

Given a leaf L of a foliation F we consider the path distance in L induced by the
restriction of the ambient Riemannian metric on L. The choices we have made are
not important if we consider objects up to quasi-isometry: if one chooses another
metric, one obtains a distance that is quasi-isometric to the first one. Recall that a
(not necessarily continuous) map ¢q : (X1, d1) — (X2, dp) is a Q-quasi-isometry if
for every x, y € X one has

1
(2-2) Edl (x,y) = Q = da(q(x),q(y)) = Qdi(x,y) + Q

and the image of ¢ is Q-dense in X;. Being quasi-isometric (meaning there exists
a quasi-isometry between the spaces) is an equivalence relation between metric
spaces which is particularly relevant for Gromov hyperbolic spaces such as H?. We
will use several basic properties of Gromov hyperbolic spaces and refer to [12] for
proofs of those facts.

Theorem 2.1 implies the following which in particular shows that leaves of a
minimal foliation are Gromov hyperbolic:
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Proposition 2.3. There is a uniform constant Qg := Qo(F) such that for every
L € F (or € F) it follows that the restriction p|; : L — H?* (resp. p|p : L — H?) is
a Qo-quasi-isometry.

Proof. After an isotopy one can assume the foliation is horizontal (Corollary 2.2(iii)),
and thus, by choosing an appropriate metric, we can ensure that the projection is
an isometry. Since M is compact it follows that the lift of either p or p restricted
to any leaf is a uniform quasi-isometry. Since the statement (up to changing the
constants) is invariant under change of metric on M, we conclude. |

Remark 2.4. A far-reaching generalization is Candel’s uniformization theorem
(see [16, Chapter 7]). It can be used to show that every minimal foliation on a
3-manifold with fundamental group of exponential growth admits a metric which
makes every leaf of negative curvature (see [23, § 5] and [5, Appendix A]).

We can identify the Gromov boundary of L or, equivalently, the circle at infinity
SY(L) of each leaf L € F (or F) with dH? in a canonical way. Notice that the
universal circle of J as defined in [39] is also canonically identified with 9H? in
this case.

2.4. Nonmarker points. Here we introduce the notion of marker and nonmarker
points for the foliations we are interested in. More general definitions can be found
in [16]. We start by analyzing F,,; using the metric given by (2-1) and then in the
next subsection we show similar properties for every minimal foliation (because by
Theorem 2.1, they are all homeomorphic to F;).

An orientation will be fixed on H?. Then given an oriented geodesic £ € H? we
denote H, (¢) and H_(¢) the half spaces determined by ¢ (that is, the closure in
H? of the connected components of H? \ £) with respect to the chosen orientations.
Specifically H, (£) is the half space to the left of £ and H_({) is the half space to
the right of ¢, with respect to the orientation in H?. For X € H? and C > 0 denote
Bc(X) to be the set of points x € H? whose distance to X is less than or equal to C.

Proposition 2.5. Given ¢ € (0, ) there exists C := C(¢) such that for every interval
(1, £] € dH? the set of points x € H? such that the visual length from x of the interval
[n, &] is less than ¢ is H_(€) \ B¢ (£) where £ is a geodesic joining n, & oriented so
that the interval [n, £] is contained in the closure of Hy (£) in the compactification
H? U aH~

Proof. For every x € H, (£) the visual length from x of [, §] is greater than or
equal to m > ¢, so the set we wish to describe does not intersect H, (£).

Now, fix a geodesic ray r : [0, 00) — H?, parametrized by unit speed, starting
at some point (0) in ¢, orthogonal to it and contained in H_(¢). For t > ¢’ the
ideal geodesic triangle joining r (), &, n contains the triangle joining r(#'), &, n so
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Figure 2. The set D.(I) for I = [&, n] is the complement of the union of
H, (£) and B¢ (£). If ¢ is very small, then C is very large.

the inner angle at the point r(¢) is smaller than the one at the point r(¢') by Gauss—
Bonnet formula. As it varies continuously, and since the angle is 7 at r(0) and tends
to 0 at (00), it follows that every such geodesic ray has a unique point (fy) on
which the angle is exactly ¢ and it follows also that d(r (ty), £) =9 := C(¢). To show
that this does not depend on r(0) consider the one parameter family of isometries
of H? fixing &, n; these isometries map r(t) transitively along the boundary of
B;,(¢) preserving angles. Hence 7 does not depend on r(0), and depends only on €.
This proves the proposition. U

We can parametrize leaves of é"\ws by dH? as these are of the form H? x {£} with
£ € 9H?. We denote by Le= H? x {£} and call & the nonmarker point of L¢. This
will be denoted as o (Lg) =&. The key point is that the choices of coordinates make
this point in 9H? special with respect to the leaf L¢ as it will now be explained.

Given ¢ > 0 and an interval I C dH? we define the set (see Figure 2)

(2-3) D.(I)={x e H*: dy((x,8),L,) <eforall§,nel},

where dj; is the distance in M. The point (x, &) belongs to L¢ by definition. We will
always assume that 7 is not dH? nor a single point. For any interval I = [£_, £,],
the points in D, (1) form a subset of H? and the points in dH? for which the biggest
distance between the corresponding leaves is achieved is when {n, £} = {&£_, &, }.
So it is enough to look at the distance of points of the form (x,&_) to Lg, (or
(x,&4) € Lg ). From the previous proposition we deduce:

Corollary 2.6. Given I C dH? an interval and a constant ¢ € (0, 1), there exists
C :=C(,¢) such that D.(I) is equal to the set H_(£) \ B¢c(£). Here £ is the
geodesic joining the endpoints of I oriented so that 1 is contained in the closure of
H,(£) in H> U dH2.
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We will denote the lift of the points of D, (/) in L¢ by
(2-4) De(&, 1) ={(x,&) e H* x {£} : x € Do()} C Le.

2.5. Minimal foliations in M = T'S. Now, let J be an arbitrary minimal foliation
on M. By Theorem 2.1 there is a homeomorphism /4 : M — M mapping F to F;.

We will produce maps ®; for L in F which are uniform quasi-isometries
(Proposition 2.3). First fix an isotopy of M, which restricted to each individual leaf
of JF is as regular as the leaves of JF are, to get to a foliation I’ which is transverse
to the standard Seifert fibration of M = T'S (Corollary 2.2(iii)). This is the Seifert
fibration whose fibers are the unit vectors over a given point in S. The lift of
this isotopy to M is denoted by v. For any leaf of F project to H? using the lift
of this Seifert fibration, this projection is p. Since the angle between F’ and the
Seifert fibration is bounded below, this projection is a uniform quasi-isometry. The
composition of the initial isotopy (lifted to M) and the projection is well defined up
to a bounded distortion (depending on F). We denote this composition by @, . The
conclusion is that we obtain an equivariant collection of uniform quasi-isometries
@, from leaves L € F to H2. Also, if p : M — H? is the standard projection,
there is a uniform constant Cy > 0 such that dpp (® 1 (x), p(x)) < Cp. Note that
®; = pov restricted to L.

This allows us to:

« Associate to each L € F a point, which we will denote throughout the article by
a(L) € dH?, and that we will call the nonmarker point of L. It also identifies
the leaf space of F with 9H? = S'. This uses both / and the quasi-isometries
above. First the map & shows that for any leaf F' of F there is one ideal direction
which is transversely noncontracting (the nonmarker direction), and all other
directions are contracting. In particular, by lifting to appropriate covers, this
is also true for leaves in F or F. The uniform quasi-isometries then allow for
L € F to obtain the unique nonmarker point a(L) in dH?. Finally using h
again one can show that the map « is a homeomorphism when considered as a
map from the leaf space of F and 9H? = S

e Foreach L in F (or §) Identify the (Gromov) boundary at infinity S'(L) of L
with 9H? using the fact that ®; is a quasi-isometry. Importantly, the induced
map ®; : S'(L) — dH? is independent on the choice of the isotopy of J to a
horizontal foliation.

» We have maps
(2-5) &, : LUSY (L) »> H? U 9H?,

As explained before, each such map, when restricted to L is a diffeomorphism,
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for each L; and the diffeomorphisms have uniformly bounded derivatives (thus,
it is a uniform quasi-isometry, independent on L).

Note that a(L) belongs to dH? but we can identify it canonically with a point in
S'(L) via ®; and sometimes we will go back and forth with these identifications.
Also, these facts hold for leaves L € F and we will abuse notation and denote by
&, : LUSY (L) — H? U dH? all such maps.

2.6. Nearby sets in distinct leaves. For ¢ > 0, aleaf L € F (or F using the metric
dj;) and an interval I of the leaf space of I (or J) we define

(2-6) D.(L,I)={yeL:VEel, d(y,E) <&}

Corollary 2.6 leads to the next result, thanks to the map ®; and the fact that F
is homeomorphic to Fy;:

Proposition 2.7. There is a constant C > 0 independent of L such that the set
i)\g (L, I) it is at Hausdorff distance less than C from CIDZ1 (D¢ (I)). In particular,
since ® is a quasi-isometry, there is another constant C' > 0 such that the
Hausdorff distance between CIDL(ﬁg (L, 1)) and D.(I) is less than C'. Moreover,
if Ly € I and x, € D, (L, 1) is a sequence of points converging to some point
£ € S'(L) which is not a(L") for some L' € I then we have that d(x,, L) — 0.

Proof. Recall that we start with an isotopy from & to a horizontal foliation, then
project using the Seifert fibration. These are the maps ® ;. Choose ¢’ depending on
¢ and such that if points are within &’ then after undoing the isotopy the points are
at most ¢ from each other. This shows that

o, (D)) < De(L, ).

Since D,/ (I) and D.(I) are a bounded Hausdorff distance from each other, there is
Cy1 with Be, (@] ' (D: (1)) C De(L, I).

Conversely, given ¢, since the isotopy is the lift of a compact isotopy there is
g1 = ¢€1(¢g) such that <I>L(ﬁ£(L, 1)) C D¢, (). But D, (1) is a bounded Hausdorff
distance from D, (I), so there is C, > 0 such that

®L(D:(L, 1)) C Be,(De(D)).

Taking 7!, and noticing that it is a quasi-isometry, produces C3 > 0 such that
158 (L,I)C Bg, (dDZl (D¢(1))). This finishes the proof of the proposition. U

This proposition will combine well with Corollary 2.6 to control the geometry
of the sets D, (L, I).
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2.7. Minimality of the action in the universal circle. In the next proposition we
collect some facts about the action of the fundamental group of S in the boundary
dH?2. Recall that we have chosen a fixed hyperbolic metric on S which is induced
by a subgroup I" = 771 (S) of isometries of H? that induces an action on dH? (recall
that for such groups every non identity element acts as a hyperbolic isometry, so it
has exactly two fixed points in dH?, one attracting and one repelling).

The fundamental group 771 (M) of M is a central extension of 71 (S) (that is, there
is a surjective morphism 7 (M) — m1(S) such that the preimage of the identity is
the center of the group 71 (M) and is generated by the homotopy class of the fibers)
and its action on dH? is induced by the action of its projection on 7 (S).

Proposition 2.8. The action of T = 7((S) in dH? is minimal (i.e., every orbit is
dense). Given open sets U,V in OH? there exists an element y € I" such that

e y(U)NV # &, and
e the fixed points of y are one contained in U and one contained in V.

This result is classical; a proof can be found for instance in [22] where we prove
an extension to general uniform R-covered foliations ([22, Proposition 5.3] applied
to the foliation by compact surfaces in S x S' gives the previous result). Note that
since we can identify the leaf space of F with 9H? this also gives information about
the action of I" acting on the leaf space of F on T'H? which is a circle identified
with dH? via the map « sending a leaf into its nonmarker point. If we go to the
universal cover, then, the central extension of I' that is 7| (M) provides all lifts of
the action of I" in dH? to the universal cover (in particular, there are always lifts
with fixed points and the action is minimal).

2.8. Some plane topology. We will use the following standard consequence of the
classical Schoenflies theorem (see [36, § 9], for instance). We will always be using
piecewise smooth curves, so the proof is simpler.

Proposition 2.9. Let ¢ be a properly embedded curve in the plane. Then, the
complement of c is the union of two topological open disks whose boundary in the
plane is exactly c.

Since we will always be working on H?, where we have a natural compactification
H? U gH? homeomorphic to a disk, we want to understand the complements of
properly embedded curves in this compactification. For a set K C H? the limit set
of K is the closure of K in H? U dH? intersected with dH>. We consider a circular
order in dH?. Let ¢ be a properly embedded curve in H?> and denote by I; and
I the limit sets of the two rays of ¢ (i.e., consider x € ¢ and denote by cy, ¢, the
connected components of ¢ \ {x}, then [; is limit set of ¢;). Notice that both I, I»
are connected subsets of dH? and are either dH? or an interval. In the case that
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they (or one of them) are not 9H? we denote them by: I} :=la, b], I :=[c,d]in
the circular order of dH?.>

Corollary 2.10. Let ¢ be a properly embedded curve in H? as above. Let Dt and
D~ denote the connected components of H> \ ¢, and let J*, J~ be their respective
limit sets. Then

e IfLHUIL = dH? then both J* and J~ coincide with dH? (this includes the
case where one of the intervals I or I, coincides with aH?).

o Assume that [a,b] N [c,d] = &, and suppose that a, b, c,d are circularly
ordered in dH?. Then one of J*, J” is [a, d] and the other is [c, b].

e Finally suppose |a, b], [c, d] intersect (and their union is not dH?). Then one
of J*, J~ is OH? and the other is [a, b] U [c, d].

Proof. The limit set J* of D* is a compact connected subset of the boundary dH?.
Since c is the boundary in H? of both Dt and D~ it follows that I; U I, is contained
in both J* and J~. This already proves the first point.

For the second and third items, it is implicitly assumed that none of I, I, are
9H?2. Since DU D~ must accumulate in all of 9H?2, it follows that if one considers
a point £ € dH? \ (I; U I,) then it has a neighborhood N in the compactification
H2 U dH?, so that N N H? which is contained in either D or D~. To finish we
must show that (b, ¢) is contained in one of J*, J~ and (d, a) is contained in the
other. To do that consider a geodesic p in L with one ideal point in (b, ¢) and the
other in (d, a). The ideal points are disjoint from /; U I; so u has rays contained
in D; U D,. If both rays are contained in say D; it follows that both rays of ¢ are
also contained in the same complementary component of w. This contradicts that ¢
limits on both [a, b] and [c, d]. Hence only one ideal point is in J* and the other
is in J~, and consequently one of (b, ¢), (d, a) is contained in J T and the other in
J . This proves the second statement.

For the third statement: since [; intersects I, then the above fact implies that
dH2\ (I;Ul,) is contained in one and only one of J* or J~. Since LU, C J*NJ ™,
the third statement follows. O

We will also need the following consequence of Proposition 2.9

Proposition 2.11. Let ry, r; be two disjoint properly embedded rays in H* which
limit in intervals Iy and I, respectively. Assume that 1| # H?, then I, cannot be
contained in the interior of 1.

Proof. Consider a point o € H? and two geodesic rays g;, g» from o landing at points
&1, & in the interior of /| and a ray g3 landing at a point &3 ¢ ;. We claim that there
are arcs v, of ry joining g, g» which converge in the topology of H? U dH? to the

SWe allow a = b or ¢ = d, in which case the interval is a point.
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Figure 3. The limit set of ; is the interval /; with endpoints a, b. g1, g
are geodesic rays with ideal points in the interior of /;. The segments v,
are segments in r; which limit to [a, b]. The points z; are in r, and have
to connect outside the v, to one of g or g in D, . So the intersections
with (say) g; limit to an arbitrary point in the interior of I;.

interval [£1, & ] contained in /1. This is because given R > 0 we have that outside
the disk Bg(o) of radius R centered in o there are sequences of points x,,, y, of
r1 converging to points in I \ [§], &»] and such that the arc J, joining x, to y, is
completely outside Bg(0) and cannot intersect gs. Thus, there must be an arc inside
J, that we call v, joining g; and g> and which is outside Bg(0) and contained in
the region bounded by d Bg(0) U g1 U g> which accumulates in [£], &]. This proves
our claim.

We refer to Figure 3 for the situation in this Lemma.

Let g; be the subray of g; starting in v, N g;. If we consider the regions D,
obtained as the closure in H? U dH? bounded by v, U g; U g» and accumulating
in [&1, &] we get that after subsequence we can assume it is a nested sequence
D,y1 C D, of disks such that (| D, = [&, &]. If r; is a properly embedded ray
disjoint from r; which accumulates in a point £ € (£, &) we can see that there is a
sequence of points z; € r, converging to & and thus must be contained in some sets
of the form D, \ D,,,,. Since r; is connected, to join z; with z44 it must exit D,
without intersecting D, ,, thus there must be an arc #; of r, that joins z; to some
point wy in either g; or g. Up to subsequence, we can assume without loss of
generality that wy is in g; and we deduce that », must limit in [£{, £]. Since &, &
were arbitrary, we deduce that r, cannot limit in an interval completely contained
in the interior of I as desired. O

Remark 2.12. In Proposition 2.11, if I; = dH?, we cannot consider the ray g3
which forces the curves v, to join g1, g» on the “correct” side. It is possible however
to restrict the possible landing regions of disjoint properly embedded rays in this
setting. This will be used later, but we will not give a precise general statement.
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3. Pairs of transverse foliations

In this section we will consider two transverse minimal foliations F; and F, in
M =T'S. We will call G := F; NF, the one-dimensional foliation by the connected
components of intersections of leaves of &} and &,. Note that since § is orientable it
induces orientations on M, F; and 5, and thus also on G, we fix one such orientation
and lift it to M.

We consider the maps <I>1 and d>2 from the compactification of leaves L € F 1
(or F and E € 9’2 (or 3"2) as defined in (2-5). Since the foliation will be implicit
from the leaf, we will usually omit the superscript, writing ®; for (I>1 when it is
clear that L lies in F 1 or TF 1.

3.1. Some general properties. Given a leaf ¢ € G and x € ¢ we will denote by
(3-1) c;rch_:c\{x}

the two rays of ¢, where ¢ is the one in the positive orientation starting at x. We
will denote by ¢ and ¢~ the ray class, meaning the equivalence class of rays of ¢
such that any two equivalent rays coincide in a subray.

Given a curve ¢ € § (or §) we know that ¢ is a connected component of L N E
where L € F 1and E € .;7":2 (or in the corresponding lifts to the universal cover).®
The following is a direct consequence of the quasi-isometric properties of & IL and
<I>2 :

Lemma 3.1. The curves ®! . (c) and 3 % (c) are proper and a bounded distance
away from each other in I]-|]2.

In particular, if we denote by ¢, the closure of ¢ in L U S'(L) and by ¢ the
respective closure in E U S'(E) we get the following important property:

Corollary 3.2. The sets ®;(¢1 \ ¢) and ®p(Cg \ ¢) are contained in dH? and
coincide.

We will then write, for ¢ € §,
(3-2) 0®(c) :=Pr(cp\¢c) =DPg(cg\co) C dH>.

Since ¢ is properly embedded we can write d®(c) = 0T ®(c) U3~ ®(c) where
each denotes the accumulation points of the positive and negative rays of ¢ once
a point is removed (it is easy to see that this is independent on the removed point
and so it is a property of the ray class). Note that each of 97 ®(c) and 9~ ®(c) are
compact connected and nonempty subsets of dH? (see Figure 4). Now we define a
fundamental property to be analyzed in this article:

SFor the remainder of this section we will omit saying that things hold both in the cover M and the
universal cover M.
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Figure 4. An example where the negative ray of ¢ lands and the positive
ray of ¢ accumulates in an interval which is not a point.

Definition 3.3. Given c € § we say that the positive ray lands (resp. the negative
ray lands) if 3T ®(c) is a point (resp. 3~ ®(c) is a point).

For notational simplicity, we also denote by d® (r) the accumulating set of a ray
when r is a ray of a leaf ¢ € §;. In addition if r lands, we say that d®(r) is the
landing point of 7. If 7 in L lands, then r also limits in a single point b in S'(L)
(in particular ®; (b) = P (r)). We also say that r lands in b.

3.2. Pushing to nearby leaves. 1If ¢ is sufficiently small it is smaller than charts on
which JF is horizontal and F, vertical and this means that the whole structure of
9L that one sees in a leaf L of (say) F 1 can be pushed isotopically to nearby leaves
L of F 1 in the set D (L, I). The roles of the foliations can be reversed.

Proposition 3.4. There exists ¢ > 0 and C > 0 such that if L, E are leaves of F 1
which are contained in an interval I of the leaf space of F 1 and r is a segment of a
leaf of § which is contained in 58(L, 1), as in equation (2-6), such thatr C FNL
where F € .’;':2, then, there exists a segment r’ of a leaf in § contained in F N E such
that ®! . (r) and ! (r’) are at distance less than C. In particular, if r is a ray, then
the landlng sets 8<I>(r), oD (r") of r and r’ coincide.

Proof. This is a direct consequence of transversality of the foliations. If ¢ is small
enough, then as long as points remain at distance less than ¢ the intersection of F
with L and E will happen in a closeby set. Since the maps <I>1L and CD}E are quasi-
isometries and a bounded distance away from the projection to H?, the uniform
bound C is obtained. ]
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3.3. Nonseparated leaves. Given a leaf L € F ; (i =1, 2) we defined the foliation
G = §|L. Denote by £ = L /g, its leaf space which is a one-dimensional (possibly)
non-Hausdorff manifold.

When £ is non-Hausdorff one has nonseparated leaves, that is, distinct leaves
c1, ¢p € G which are accumulated by a sequence d, of leaves of G, (since these are
foliations, this is equivalent to having sequences x,, ¥, € d, such that x, — x € c|
and y, = Yoo € C2).

Remark 3.5. Two leaves c1, ¢y € G, may be separated while there is no transversal
to G, which intersects both, in that case, there must be leaves ¢, e (one of which
could coincide with c; or ¢p) which are nonseparated and separate c; from ¢, in
the sense that they lie in different connected components of L \ {e;}.

In principle, there is no a priori relation between £ and L g for different leaves
L, E. However:

Proposition 3.6. Assume that there is some L € év’,- (i = 1,2) such that the leaf
space Ly of Sy is Hausdorff. Then, for every E € F| and F € F, the leaf spaces
L and L are Hausdorff.

To show this, we first need the following useful property (see Figure 5):

Lemma3.7. Fix L€ F 1. The leaf space L of G1, is non-Hausdorff if and only if
there is E € F, such that L N E is not connected. Moreover, if two distinct leaves
c1, ¢z € G are nonseparated then, there is E € F5 such that c; Ucy C LNE.

Proof. Assume first that LN E is not connected, therefore, there are leaves ¢, c; € G
which belong to E. Assume that the leaf space £} of G is Hausdorff, this means

Figure 5. Intersection in more than one connected component forces
non-Hausdorff leaf space of the induced one-dimensional foliation.
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that there exists a transversal to Gy joining ¢; and ¢;. This transversal is a transversal
to F> intersecting E twice, in contradiction with Corollary 2.2.

Now, assume that ¢; and ¢, are nonseparated leaves in G;. Let d, € G be a
sequence of leaves converging to both c; and c;. It follows that d, € E, N L where
E, is a sequence of leaves of f;"z. Consider x,, y, € d, such that x, — xo € ¢; and
Yn = Yoo € 2. It follows that E, converges to both the leaf through x,, and the
leaf through y. Since the leaf space of ?2 is Hausdorff (see Corollary 2.2), these
leaves must coincide, and thus ¢; Uc; C ENL where E € ?2 is the leaf containing
Xoo (and yoo). O

Proof of Proposition 3.6. By the previous lemma, if there is a leaf L € F 1 for which
L is non-Hausdorff then the same holds for some leaf E € 5~"2 and vice versa.

This implies that it is enough to show that if there is a leaf L € T 1 for which £,
is non-Hausdorff then the same holds for every L' € F 1.

Since J is minimal, given an open interval / in the leaf space £ = M / 7 and a
leaf L' € F 1 there is some deck transformation y € 71 (M) such that y L’ € I. Thus,
since having non-Hausdorff leaf space is invariant under deck transformations, it is
enough to show that there is an interval in the leaf space where every leaf there has
non-Hausdorff leaf space.

Take L € F rand E € 5’2 such that L N E is not connected and let ¢1, ¢ € G, be
two different connected components. Note that ¢y, ¢, also belong to Gg. Consider
a transversal T : (—¢, €) — E to G through some point x € c¢; (i.e., T(0) = x) and
denote by ¢, the leaf of G through the point 7 (#). Up to changing orientation in
7, we can assume that for # > 0 the leaves ¢, and ¢, belong to different connected
components of E \ c;. This is because c; is in one component of E \ ¢;. Denote
L, the leaf of F 1 through 7(¢). Given a point y € ¢ it follows that for small
enough t € (—e¢, ¢) the leaf L, intersects E close to y, thus, in the same connected
component of E \ c; as c,. It follows that for small ¢ > 0 the leaf L, intersects E
in two connected components and thus G, has non-Hausdorff leaf space as we
wanted to show. O

3.4. Nonseparated rays and landing. 1f c € G, recall that a ray of ¢ is a connected
component of ¢\ {x} for some x € ¢ and a ray class is one equivalence class of rays
by the relation of one of them being contained in the other; there are exactly two
ray classes for each ¢ € ;.

Lemma 3.8. Let cq, ¢y € G be two nonseparated leaves, then, there is exactly one
ray class r of ¢\ and transversals 11, 15 : [0, €) = L with 7;(0) € ¢; and an increasing
homeomorphism ¢ : (0, t;] — (0, t2] for some small t|, t, with the property that if
0 <t <t and e, is the ray class of the leaf of G through t(t) oriented as r then
e; intersects T, at the point T(¢(1)).
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Proof. The existence of such segments is because being nonseparated implies that
there are leaves ¢,, € §; accumulating in both, so if we fix two transversals T and 7
to ¢; and ¢, we have segments of d, of e, intersecting T and n in points x, and y,
and such that x, — ¢; and y, — ¢,. The segments d,, have length going to infinity.
Assume first that there are segments d, and d,, with opposite orientation or
which cut 7 or 5 in different connected components of 7 \ ¢ or n \ c;. We get a
Jordan curve J made by d,, Ud,, and two segments of t and n joining the points
xn and x,, and y, and y,,. Assume without loss of generality that x, is closer to
c1 than x,,. Consider the ray r,, of e, starting from x,, which does not contain d,,,.
By construction, r,, enters the interior of the curve J and since it cannot intersect
d, or d, it must exit J intersecting either T or 1 in some point different from
Xm or y,, which is a contradiction with Corollary 2.2 (in this case, it is just the
Poincaré—Bendixson theorem that is being used since we are arguing inside L).
Now, the same argument implies that between two segments d,, and d,, every leaf
intersecting the transversal T must exit through n thus completing the proof of the

lemma by choosing convenient parametrizations t; and 1, of T and 7 respectively.
O

Define a nonseparated ray class of a leaf ¢ € Gy, to be one which is nonseparated
from some other leaf in G as in the previous Lemma. Now we can prove:

Proposition 3.9. Let ¢1, c; € G be nonseparated leaves of Gy, such that ¢c1 U cy C
LNE with L € F| and E € F,. Then, if CT is the nonseparated ray class of ¢ with
> then one has that the positive ray lands and 37 ®(c1) = a(E).

For the following proof, a crucial fact’ will be that if £ # «(L) and & > 0 is
small, then there is a neighborhood [ of L in the leaf space and a neighborhood J
of € in S'(L) such that in L U S'(L) the set ﬁg(L, I) contains N N L, where N is
a neighborhood of J in L U S'(L) (see Proposition 2.7).

If we assume that a(E) ¢ 31 ®(c;) then it is easier to obtain a contradiction,
since we can fix a transversal T to cfr sufficiently close to some & € 3T ®(cy) so
that the full ray from this point is contained in 5€(E , I) and thus, we can show
that if £’ is a leaf nearby to E intersecting t in the direction of c,, then the E' N L
must follow closely the curve c; all along the ray, but on the other hand, since c;
and ¢, are nonseparated the curve must joint a point close to 7 to some point in a
transversal to ¢;, and since leaves of ?fz cannot intersect a transversal twice, one gets
a contradiction. The main difficulty in what follows is that cfr could approach «(E)
and then we need to argue more carefully to get control on the nearby intersection.

Proof of Proposition 3.9. Assume that 97 ® (c1) # {a(E)}; this means that it contains
some point § # «(E) in aH->.

"This property is true for general foliations homeomorphic to weak stable foliations of Anosov
flows, but not true for general minimal foliations.
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Fix a sequence x; € CT such that ® (xx) — & which also implies that ® g (x;) — &
by Lemma 3.1. We can assume by taking some subsequence that for some small &
smaller than the one given by Proposition 3.4 and some small intervals of leaves /
of 3~"2 containing E in the boundary we have that x; € 58(E , ).

We fix a sequence of transversals 7; : [0, &) — L to Gy in L, through ¢; with
71 (0) = x of length ¢ for ¢ as above. We assume that the transversals intersect the
component of L \ ¢; which contains ¢;. We also fix a transversal n : [0, &) — L
such that n(0) € ¢; as in Lemma 3.8.

Since & is a marker point for 37'2 (i.e., & # a(E)) by our choice of I we know
that if a leaf E’ € I, it intersects 71 ([0, 8)) for some small §, and by Proposition 3.4
it contains a curve which remains at distance less than /2 from E and which limits
in & (in other words, whose image under ® g+ limits in £). Note that this curve has
nothing to do with the ray CT.

In particular, we know that E’ will intersect t; for all sufficiently large k (in
fact, Proposition 3.4 also implies that E” will intersect 74 in points arbitrarily close
to x;). Note however that it could be that the intersection of E” with 73 happens in a
different connected component of E'NL since we do not know that cf“ stays far from
«(E). Our goal in what follows is to show that this “splitting” does not take place. n

Since cfr is nonseparated from c; it follows from Lemma 3.8 that, up to reducing §,
for every ¢ € (0, 8] the leaf e, of Gy, through 7/ (¢) intersects 1 in some point defining
a segment d; which joins both transversals.

We claim that for every large k, every point in 7 ((0, £)) must belong to some d;.
To see this, first take the segment d;, and consider k so large that 7 ((0, ¢)) is
completely contained in the region of L bounded by cf, the arc of the transversals 7
joining 71 (0) with 71 (#1), d;,, the arc of 1 joining n(0) with the intersection point with
d;, with n and the corresponding ray of ¢, (this bounds a region by Proposition 2.9
and by the choice of the transversals 7 their image is contained in this region). Now,
fix some point 7 (s) with s € (0, €). By continuity of Gy, thereis ¢ € (0, §) such that e,
the curve of G, through 7 (¢) intersects t; in some i (s’) with s’ <s. Now consider
the region J bounded by the Jordan curve formed by d;, d;, and the arcs of n and 7}
joining their endpoints. Then we get that the curve e € G passing through 7, (s)
must escape J intersecting once the transversal t; and once the transversal 7, and the
intersection point with ; is in a point 71 (") with r < ¢’ < t1, which shows the claim.

For different values of ¢ the segments d, belong to distinct leaves of 3~"2, since
each leaf intersects a transversal at most once (see Corollary 2.2). On the other hand,
given some ¢, since d; is compact and the points x; escape to infinity, it follows
that d; cannot intersect t; for very large m because c; is properly embedded. This
contradicts the fact that the leaf E’ € 5?2 through some point 7 (¢) described before
must intersect t for all k. This contradiction then implies that ¢; cannot limit on
£ # a(E), or in other words T ®(c;) = {a(E)}. O
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Remark 3.10. If L € T 1 and two curves ¢y, ¢c; € Gy are nonseparated, then, as
proved in Lemma 3.7, they belong to L N E with some E € F,. However, it should
be noted that it does not follow from Lemma 3.7 that c; and ¢, must be nonseparated
in the leaf space of G (only that there is no transversal in E from c; to ¢, recall
Remark 3.5) and so it does not follow that «(L) = «(E). See Section 7 for concrete
examples.

4. Landing of rays

In this section we will show:

Theorem 4.1. Let Fy, F, be two transverse foliations on M = T'S and let

denote the foliation obtained by intersection. Then, every ray of a leaf of S lands
(cf. Definition 3.3).

The strategy of the proof is as follows. We show that if enough rays land,
then every ray should land. In Proposition 3.9 we have shown that if rays are
nonseparated then they should land in the nonmarker point of one of the foliations.
We will use this to reduce to the case where leaves have Hausdorff leaf space, where
landing can also be shown rather directly by “pushing” to close-by leaves.

4.1. Some rays land then every ray lands. We will first prove the following:

Proposition 4.2. Assume that there is a leaf ¢ € G, for some L € i?,- (i=1or2)
having one ray that lands in a point which is not a(L) (i.e., 3T ®(c) = {£} # {a(L)}
or 3~ ®(c) ={&} #{a(L)}). Then, every ray of any leaf of G lands in both foliations.

We will use minimality of the foliation to show that there is a dense set of points
in S'(L) which are landing points of leaves of Gy.

Lemma 4.3. Under the assumptions of Proposition 4.2, for every leaf E € g’}
and every I C OH? nontrivial interval, there is some leaf e € SE such that either
0T ®(e) = {n} or 3~ ®(e) = {n} for some n € I.

Proof. Let us work in M, else, we can apply some deck transformations in the
center of (M) so that everything makes sense. Let I' = (M) /Z where Z is the
center, notice that I' = 71 (S) (cf. Section 2.1).

Up to considering a subinterval of / we can assume that the closure of [ is disjoint
from o (E). Consider a deck transformation y € I' of M — M such that yEel
(see Proposition 2.8). Again, up to reducing / we can assume that ya (L) ¢ I.

Fix some open interval J, such that the closures of J, I are disjoint, and in
addition such that «(E), ya (L) are in the interior of J.

Fix ¢ > 0 given by Proposition 3.4. There is a subray r C ¢ landing in § such
that the projection of yr is completely contained in 58(E , J). This is because yr
lands in y& € I C J€ (see (2-6)) and x(E), ya(L) are in J. Here yr C y L and the
pushed through ray is in £ and has ideal point in y& € I. This finishes the proof. [



TRANSVERSE MINIMAL FOLIATIONS ON UNIT TANGENT BUNDLES 63

Proof of Proposition 4.2. Let E € 5",-. Suppose that some ray ¢ in G does not land,
and let / be its limit set, which is then not a point.

Let J be a closed nondegenerate interval whose closure is strictly contained in
the interior of I (possibly I = dH?).

By Lemma 4.3 one can find in E at least two rays ey, e; of G landing in different
points & # & in the interior of J. We can further assume that ey, e, are disjoint.
Fix a curve joining the starting points of ¢ and e, and this defines two regions D™
and D~ whose limit sets in dH? are the two closed intervals [&1, &] and [&;, &1] in
dH? with respect to the circular order (cf. Corollary 2.10). Since every ray of G is
properly embedded and rays are disjoint or contained in one another, it follows that
up to removing a compact piece, then the ray ¢ must belong to either D' or D™,
and so can only accumulate on [£], & ] or [&;, &1]. This contradicts the fact that ¢
accumulates on all of 7, and / is an interval intersecting the interior of both [£1, &;]
and (&>, &1]. This proves the proposition. O

The following stronger statement will be used later:

Lemma 4.4. Let e C L N E be such that 3" ®(e) = I where I is a not a point (in
other words, the positive ray of e does not land). Then a(L) € 1. In addition if
I # M2, then for every & in the interior of I there is no ray of a leaf of G which
lands in &. The same holds for 0~ ®(e).

Proof. In this lemma we also work in M, but the arguments can be easily adapted
to do the same in M. All leaves in this lemma are in the same foliation. First notice
that if 7 = dH? then there is nothing to prove.

First assume that «(L) ¢ I. Consider y € m1(M) such that y acting on dH? has
a repelling fixed point ¥~ ¢ I (and close to @(L)) and an attracting fixed point
y T € I (Proposition 2.8).

Now, consider the leaf E’ associated to the repelling fixed point, that is, such
that «(E") = y~. It follows that this leaf is invariant under y. Consider a ray r of
e, such that 9®(r) = I which is contained in Bg(E , J) where J is some interval
of the leaf space containing E’ and E and ¢ > 0 given by Proposition 3.4. Using
Proposition 3.4 we deduce that there is a ray r’ of a leaf of G’ such that 9® (r) = 1.
Moreover, yr’ is a ray in G with d® (v (r)) = y (1), which is strictly contained
in /. This contradicts Proposition 2.11.

The second statement follows immediately from Proposition 2.11. U

4.2. Finding landing rays. In this section we will show the following:

Proposition 4.5. Let L € ff~"1 and y € my (M) \ {id} such that y L = L. Then, there
is some ¢ € G which has at least one ray which lands.

We consider a closed curve in the annulus A = L/, not homotopically trivial
(for instance take a closed geodesic in A with some metric in L induced by M) and
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denote by £ a lift to L of this closed curve, which is thus y invariant, that is y £ = £.
For K > 0 we denote as Bk (£) the closed tubular neighborhood of radius K around
¢ for some y-invariant metric on L; note that the quotient Bg (£)/,) is compact.

Lemma 4.6. Assume that y does not fix any leaf of Gp. For every K > 0 there is
K’ > 0 such that if ¢ € G then any connected component of ¢ N Bk (£) has length
less than K'.

Proof. Assume, toward a contradiction, that there are sequences of arcs d, of leaves
cq € Gy, of length going to infinity such that d, C By (¢£). There is a sequence y* of
iterates of y with k, € Z such that y*»d, has its midpoint in a compact fundamental
domain of By (¢£) which is y-invariant by choice. It follows that in the limit, y**d,,
converges to at least one leaf ¢, € Gy which is completely contained in Bk (£).
Letm, : L — L/, be the projection. Then 7, (cx) is contained in a compact
annulus. It follows that each ray of c, either projects to a closed curve or to a
curve asymptotic to a closed curve. This is a contradiction to hypothesis. U

Note that if there is a leaf ¢ € G which is fixed by y then immediately we have
that the landing points of ¢ are 3*®; (c) = {y T, y~} the attractor and repeller of y
acting at infinity.

Now we show that under the assumptions of the previous lemma, rays must keep
intersecting Bk (£) indefinitely.

Lemma 4.7. Under the assumptions of Lemma 4.6 we have that there is K > 0 such
that if c € G and r is a ray of ¢ that does not land, then r must intersect Bk (£).

We stress that K is independent of ¢ and r. Note that since r cannot be contained
in Bg (£) by the previous lemma, we deduce that every ray needs to enter and leave
B () infinitely many times.

Proof. Fix € > 0 given by Proposition 3.4. Now fix some large K > 0 so that if [ is
a closed interval of the leaf space of F | containing L as an endpoint, then D, (L, 1)
contains the connected component of the complement of Bk (¢) which does not
accumulate in I (see Proposition 2.7). Note that this value of K is independent of
the interval I as long as L is an endpoint and [ is sufficiently small (so that it is
contained in the closure of one of the components of the complement of £).
Assume for a contradiction that r is completely contained in the complement of
Bk (£) which then must be contained in a unique connected component because
r is connected. Therefore, the limit set / = 0®, (r) is a proper interval contained
in 9H? which does not intersect the interior of the limit set of the image by @,
of the connected component of L \ Bk (£) which does not contain r. Now pick an
interval J of the leaf space with L as an endpoint so that «(E) € J only if E = L.
For any E # L in I we can then push the ray r to E applying Proposition 3.4 and
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we deduce that there is a ray r’ in E which lands in an interval which is disjoint
from a(E) contradicting Lemma 4.4. [l

Proof of Proposition 4.5. As noted, if y fixes some leaf of §; then this leaf must
land in the attractor and repeller of y so the proposition holds. Therefore, we can
assume we are under the assumptions of Lemma 4.6.

Let ¢ be a leaf of G and r a ray of c. If r lands, the Proposition is proved, so
assume that r does not land. Then we know that r must keep intersecting B (¢) for
K asin Lemma 4.7. Consider a sequence d,, of segments of r completely contained
in the complement of Bk (£) except for the endpoints which belong to d Bg (£).
Using Lemma 4.6 we can choose the segments d,, with arbitrarily large length,
since otherwise we would get arbitrarily large segments of » contained in By (£)
for some larger K'.

Let x,, y, be the endpoints of d,,. We claim first that d(x,,, y,) must be bounded:
if not, then up to considering an inverse we can assume that y x,, is contained in the
segment J of d Bx (£) joining x, and y,. Since d, U J is a Jordan curve and yy,
does not belong to J we deduce that yd, intersects d,, which is not possible since
they belong to different leaves of Gy .

There is a sequence k, € Z such that y*"x, belongs to a compact set. Thus,
up to taking subsequences both y*»x, and y*'y, converge to points xo, and Yoo
in dBg (£). Note that xo, and y,, cannot be in the same leaf of §; and being
accumulated by y*"d,, their leaves must be nonseparated. Therefore the proposition
follows from Proposition 3.9. ]

4.3. Proof of Theorem 4.1. To prove Theorem 4.1 we want to apply Proposition 4.2.
For this, it will be useful to use both foliations. We first show that if there is a leaf
of G which has both rays landing in the same point, then after going to a closeby
leaf of the other foliation, we will be able to apply Proposition 4.2 and we will get
landing for all leaves in both foliations:

Lemma4.8. Let L € F 1 be such that there is ¢ € G, both of whose rays land in the
same point, i.e., 8+<I>1L(c) = 8‘@1{(0) = {&}. Then, there is some leaf E € §2 with
a(E) # & such that it contains a leaf ¢’ € Gg with 8+CI>}E(C/) = 3_CDIE(C/) = {&}.
Proof. Consider the Jordan curve obtained by cU{£} in LU S!(L) and denote by D
the disk bounded by it.

Every curve ¢ € Gy, intersecting D must be contained in D and thus has both
rays landing on &. Given a transversal 7 : [0, #p) — L to G, with 7(0) € ¢ and
7(t) € D for t > 0 we denote E; € 3?2 to the leaf through ().

If we denote by ¢, the curve of §; containing 7 () we get ¢; C L N E,. Since in
L both rays of ¢, land and the landing point is &, we get by Corollary 3.2 that for
every small ¢, then ¢, lands in E; and the landing point is &. Since the nonmarker
point «(E;) varies monotonically we can choose ¢ so that «(E;) # &. U
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Figure 6. A depiction of the objects in the proof of Lemma 4.9.

The argument can be slightly extended to get:

Lemm&'lv4.9. Let c € Gy satisfy 0T ®;(c) = a(L) and 3~ P (c) # H?. Then all
rays of G land.

Proof. Let I =0~ ®1(c). Suppose first that I = «(L), then both rays of ¢ land in
the same point a(L). The previous lemma implies that there is some ray of G in
some leaf E of 5"2 landing in a point different from «(E). Then Proposition 4.2
implies that all rays of G land and the lemma is proved.

If I is a single point & # «a(L), then again Proposition 4.2 also implies that all
rays land, and the lemma is also proved.

Finally from now on assume that / is not a single point. Since I # 9H?Z,
Lemma 4.4 implies that «(L) € I.

The curve ¢ separates L in two connected components, each diffeomorphic to a
disk (see Proposition 2.9). Denote these components by Dt and D~. It follows
that up to relabeling we can assume that the closure of ®7(D%) in H> U dH? is
equal to ®; (c U D) U I while the closure of ®; (D7) in H? U 9H? is equal to
®; (cUD™)UdH?. See Figure 6.

Consider a transversal t : (—¢, &) — L to G with 7(0) € c¢. Denote by ¢, the
leaf of G; through the point 7(¢). We can assume that if # > O then 7(t) € DT,
thus, the limit set 3¥®; (¢;) = I, of ¢; must be contained in /. Again as in the
beginning of the proof we either finish the proof of the lemma or we are in the
case that, the interval I; is nondegenerate for any ¢ > 0. Hence I; contains «(L)
by Lemma 4.4. In addition /; is weakly monotonically decreasing, meaning that if
t > t' then I, C I (they could coincide).

Denote by E; the leaf of %2 such that ¢, C LNE,. Then a(Ep) = @ (L); otherwise
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again Proposition 4.2 would imply that all rays of G land in their appropriate leaves,
but at this point we are assuming that the negative ray of ¢ does not land. This
contradiction shows that «(Eg) = a(L).

In addition Lemma 4.4, applied to F,, implies that a(E;) is contained in I;.
For small ¢ > 0, a(E;) is contained in the interior of /. Notice that «(E,) varies
continuously with . We fix some small 79 > 0. Now fix a #; with 0 < #; < #p and
such that E;, is invariant under some deck transformation y which has a fixed point
outside / (such leaves are dense, so there must be one). The other fixed point of y
is necessarily «(E;,). We can arrange that this point is contained in the interior of
I, C I;, C I. This is because by choosing #; small we can ensure that «(E;,) is in
the interior of I, and since Iy, C I;,, the claim follows.

We get that ¢;, has a ray converging to an interval /;, which contains only one
of the fixed points of y. We proved before that «(L) = a(Ey) € I, for any ¢. In
addition since Iy, C I;, we get that «(E;,) is alsoin I, so the interval [ (Ep), a(Ey,)]
contained in [ is contained in I;,. We conclude that «(E;,) is an interior point of
I, and I;, does not contain the other fixed point of y. Applying y to E;, we obtain
two rays whose landing sets are proper intervals one contained in the interior of the
other (/;, and y (1)), contradicting Proposition 2.11 and completing the proof. [

Proof of Theorem 4.1. Using Proposition 4.5 we know that there is at least one
LeF 1 and one ¢ € Gy having one landing ray. Up to orientation we can assume that
9T ®; (c) = &. Using Proposition 4.2, either the result holds or & = a(L). Using
Lemma 4.9 we can further assume that 3~ ®; (¢) = dH? (it is the only possibility
of that lemma that does not yield that all rays land), in particular this assumption
means that there is a ray of § that does not land.

Note that all these results apply to both F 1 and 3“.52 so we will now work with 37"2.
Showing landing in both foliations is equivalent because of Lemma 3.1.

Let 7 : (—&, &) — L be a transversal to G; with 7(0) € ¢. Call ¢, the leaf of G,
passing through t(¢) and E, € §2 such that ¢, C L N E,. Notice that the {E,} are
pairwise distinct leaves.

We know that a(E() = a(L) because 97 P g, (c) = 37 P (c) = a(L) (else we
can apply Proposition 4.2 to &er). We choose the transversal T so small that «(E;)
is injective in (—e¢, ¢) and a(E;) is very close to «(L). Let I, be the short closed
interval in dH? from (L) to «(E;) and J; the closure of the complementary
interval in dH?. Note that for t > 0 since ¢, € L N E,, if it has a landing ray,
then Proposition 4.2 applied to both foliations implies it must land «(L) and in
o (E;) which are different, so the limit set of both rays is a nontrivial connected
set. Lemma 4.4 applied to both foliations implies that the limit set of each ray
of ¢; must contain both «(L) and o (E;) thus it is some nontrivial connected set
containing I; or J;.
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s>t

a(E)
al) g (k)

Figure 7. A depiction of some parts of the argument of the proof of
Theorem 4.1: inclusion of sets Dy C D, and the “pairing” configuration
for rays.

For any E;, which is a deck translate of Ey there is a ray of G, which lands (i.e.,
the image of the landing ray of cp). By Proposition 4.2 again, it follows that this
ray must land in «(E;). Let r; be one such ray. Consider

B = {t €(—¢,¢8): E; =y Ejforsome y € JTI(M)}.

By minimality B is dense in (—¢, £). We will consider BT = BN (0, &).

Consider ¢ € B and let g; be a ray of ¢;. Denote by I, its limit set (that is
0Pk, (g)) in dH2. Recall that I, must contain I; or J; (in particular, it not a point).
The ray g, is disjoint from r;, because r; lands and no ray of ¢, lands. If I, # aH2,
then applying Lemma 4.4 (first to L and ca“ and then to E; and r;) we deduce that
I, coincides with either /; or J; because there cannot be a ray landing in its interior.
If I, = dH? let us show a contradiction with a similar argument: in L the ray g; has
to be disjoint from the ray of ¢y which lands in «(L), in particular there cannot be
a sequence of segments in g, which limit to an interval in S Y(L) with a(L) in its
interior. When seen in E; then g, has to be disjoint from r,, so again it cannot have
a sequence of segments with a limit which is an interval in § Y(E,) with «(E,) in
its interior. It follows that /, could not be all of dH? and thus 1 ¢ 1s either I; or J;.

Recall that c(;“ is a ray which lands in «(L). Let D, be the component of L \ ¢,
which does not contain ¢y = ¢, in particular D, is an open set in L which has
boundary (in L) equal to ¢,. Notice that if s > ¢ > 0, then Dy C D;, and in particular
that ¢, is contained in D;. For each ¢ > 0 let ¢;", ¢;” be the subrays of ¢; determined
by 7(¢) and oriented coherently with co.

Consider ¢t € BT. We know that d®; (c; ) can only be I, or J; for each such z.
There are also two possibilities depending on where «(E;) is (so in total, four
possibilities). We say that o(E,;) and t(¢) cross if we consider a ray r from t(0) to
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& € J; avoiding c(J)r U t((0, t]) and there for every curve in L U SY(L) joining t(t)
with a(E;) the curve intersects car U r. Note that this is independent on the choice
of r, and it is also independent on ¢ > 0. We say they pair otherwise (i.e., there is a
curve joining 7 (¢) with a(E;) and avoiding c;{ ur).

We suppose first that 7(¢), «(E;) pair, see this in Figure 7. Suppose first that for
some ¢ € BT we have that 3®; (¢, ) = I,. In this case, note that the limit of ®; (D;)
is also I;. For any s > ¢ we have Dy C D,, so we now obtain that 0® (cy) C I;.
But for such s the limit set of ¢;” has to contain «(E,) which is not contained in /;
a contradiction. See Figure 7.

Now assume that t(¢), a(E;) pair but 0P (c; ) = J;. Then ¢; has points which
limit to «(E;) but ¢, does not limit in any point in the interior of /;. For any s > ¢
in BT we cannot have that 9 ® L(cy) is Js. This is because the ray ¢, limiting to
a(E;) forces the ray c; to limit to some point in the interior of /;. Thus, we can
apply the previous analysis to s to get a contradiction. This finishes the analysis in
the case where the transversal t pairs.

We now consider the case where 7(¢), «(E;) cross. Suppose first that for some
t € BT the ray ¢; limits to I;. We depict this in Figure 8, left. Then for s < 0, it
follows that the limit sets of both ¢, ¢, have to be contained in /;. This property is
impossible, because for s < 0 contained in B the limit sets would have to be either
I; or J; and neither is contained in ;.

The remaining case is that for any t € B+ we have that 7(¢), a(E;) cross and
d®; (c; ) = J;. Fix some ¢ € BT. We will need to consider a different disk Z; in
L whose boundary is made up of ¢, , the arc ([0, #]) and cg and chosen so that
it contains c;". Notice that this disk limits only on J; (see Figure 8, right). Now
consider s with 0 < s < ¢, and s € BT. Then c:r is contained in Z;, so its limit set

AT
aE) o) aE) al) oE)
t>0 t>0 s<0

Figure 8. A depiction of the cases that t(¢), «(¢) cross. Left: the case
that the limit set of ¢, is /;. Right: the case that the limit set is J;. For
simplicity of viewing we depict dH in a line segment, concentrating on
what is happening near «(L).
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Figure 9. The shadow of a set from a point x € L is the set of points
in S'(L) blocked by this set (when seen in H?). To have small visual
measure means that if an arc of G, is very far from x then its shadow has
to be very small (independently of its length).

has to be also contained in J;. On the other hand it has to be either J; or I, but
neither is contained in J;, which is a contradiction.
This finishes the proof of Theorem 4.1. (]

5. Small visual measure

Let F,, F> be two transverse minimal foliations on M = T''S and G = F; N F; the
intersection foliation.

We define the shadow of a subset X C L seen from x € L as the set of points
£ € OH? for which there is a geodesic ray in H? starting at ®; (x) and passing
through some point y € ®; (X) with ideal point &.

As in [25, §4.3] we will say that G has the small visual measure property if for
every € > 0 there exists R > O such that if L € 7, i»Xx € L and ¢ a segment of some
leaf of G such that £ N Bgr(x) = &, then the shadow of £ seen from x has length
smaller than ¢ (meaning that the angle of the interval of vectors such that geodesic
rays in H? from ®; (x) to the shadow of ¢ is less than ¢).

In this section we will show:

Proposition 5.1. Let F1, F> be two transverse minimal foliations on M = T'S and
let G denote the foliation obtained by intersection. Then, G has the small visual
measure property.

Before we proceed with the proof let us explore some of its consequences. In
[25, Lemma 5.9] the following is proved.
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Proposition 5.2. Assume that G has the small visual measure property, then, there
exists ag > 0 such that for every segment £ of leaf of S we have that the geodesic
segment joining the endpoints of € is contained in Bg,(£).

We stress that B, (£) is the neighborhood of £ of size ag in L, rather than in M.

Note that from this we get that small visual measure allows to control endpoints
of rays of leaves of G;. That is, if one considers a point x € L which belongs to
some leaf ¢ € G and considers points y, in ¢;” going to infinity. It follows that the
geodesic segments joining x and y, are all contained in the ag neighborhood of
¢}, thus, it follows that the geodesic ray joining x with 81 ®(c) is contained in the
ap-neighborhood of ¢

5.1. Bubble leaves.

Definition 5.3. (bubble leaves) We say that ¢ € § is a bubble leaf if 0T ®(c) =
3~ ®d(c) = (&) where & is some point in dH?2.

We have dealt with such leaves in Lemma 4.8 showing that nearby leaves of
the other foliation must also have bubble leaves with the same endpoint. We will
perform a similar argument now, but trying to control the size of the interval on the
leaf space where this holds.

The goal of this subsection is to show the following:

Proposition 5.4. There exists a leaf c € § such that 3T ®(c) # 9~ ®(c) (see (3-2)).

We will need to control the place where the bubble leaves land. For this, we
will separate the leaf L in bubble regions. To introduce this, let us first make some
definitions. Notice first that by Corollary 2.10 we know that if ¢ € G, is a bubble
leaf with 3T ®(c) = {£} we can define D, to be the disk in the complement of ¢
such that the accumulation of ®; (D,) in dH? is exactly &.

Definition 5.5. (bubble region of ¢) Given L € i and ¢ € §; a bubble leaf with
0t d(c) = {£} we denote by B(c, L) the bubble region of ¢ in L as the union of all
leaves ¢’ € G;, such that there is some ¢” € G; which is a bubble leaf and is such
that D.U Dy C D.». We call & the landing point of the bubble region.

We also remark that in general the bubble region of c¢ is not the union of all
bubble leaves ¢’ in Gy, such that 9d*(c’) = {£}. For example it could be that ¢, ¢/
bound maximal disjoint disks D., D. By maximal for ¢ we mean there is no leaf
¢” of Gy, distinct from ¢, and such that D.» D D,. In this case D., D are two
disjoint bubble regions with the same ideal point &.

Lemma 5.6. Every bubble region is either open or closed. Each leaf contains at
most countably many distinct bubble regions. If every leafin G is a bubble leaf,
then there is a unique open bubble region B such that 1 (B) accumulates in all of
IH?.
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Figure 10. Depiction of a leaf L such that every leaf of G, is a bubble leaf.
The painted regions are the closed bubble regions and their complement
is the open bubble region.

In Figure 10 a depiction of the conclusion of this lemma is presented.

Proof. Each bubble region is a set saturated by G. There is a natural partial order
between the leaves in a bubble region given by c¢| < ¢; if D, C D, . It follows that
if there is a maximal element in the bubble region, then it is unique (by definition
of bubble region, every pair of elements is smaller or equal than some element in
the region) and the bubble region is closed, while if there is no maximal element
then the bubble region is open. As bubble regions have nonempty interior we know
that there are at most countably many bubble regions.

Assume now that every leaf of G, belongs to some bubble region. If there is
a unique bubble region, then it is an open bubble region since there cannot be a
maximal element. We next prove that not every bubble is closed: Let B be a closed
bubble with boundary leaf ¢ and let t be a small transversal to § in L with an
endpoint in ¢ and not intersecting the interior of B. Parametrize 7 as x;,,0 <t <1
with xg in ¢. Suppose a bubble region B’ intersects 7 not in xo. Then its boundary
intersects T (as xq is not in B’). In addition its boundary intersects t in a single
point, because if it intersected t in two points, one would produce a bubble leaf
intersecting 7 in two points, contradiction. It follows that there is a single bubble
region B’ containing 7 \ {xo} and B’ is an open bubble.

Finally, given an open bubble region B we can consider B to be B together with
all the closed bubbles whose boundary intersects the boundary of B. It follows that
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B is an open set and that if B’ is another open bubble region, then BNB =g,
thus, we get there is a unique open bubble region.

To conclude, using Corollary 2.10 we know that the complement of a closed
bubble region accumulates in all of S'(L), so the same holds for the complement
of countably many closed bubble regions, thus the open bubble region accumulates
everywhere, also using the properties derived above. |

We remark that the uniqueness of open bubble regions in a leaf L of 5‘} does not
necessarily work if not every leaf in G is a bubble leaf.

Since open bubble regions are special, it is natural to expect that their landing
point will also be special:

Lemma 5.7. If every leaf in G is a bubble leaf then in each L € fTN'} the unique open
bubble region of G has a(L) as its landing point.

Proof. The proof is by contradiction. Assume that there is a leaf L € F,; where the
unique open bubble region O has landing point £ # «(L). We fix a closed interval
I in the leaf space of 7 containing L in its interior and such that for every L' € 1
we have that (L) # &. Denote by J C 9H? the interval J = {a(L') : L' € I'}. We
consider ¢ > 0 from Proposition 3.4 and fix the region ﬁg(L, I).

We first notice that Lemma 4.3 shows that the existence of a leaf whose landing
point is & # «(L) implies that in each leaf L the set of landing points of rays in
the leaf is dense in dH?. Thus, for a given leaf L there must be rays converging
to this dense set of points and thus also closed bubble regions in L the union of
whose landing points is a dense in dH?. Pick one closed bubble region B whose
ideal point is neither «(L) nor £&.

Up to shrinking 7 to a smaller interval we assume that B completely contained in
58 (L, I). Moreover, if we call ¢ the maximal element of B, it is a leaf of §; whose
endpoints are TP (¢) = {n} with n ¢ J. We can assume that every closed bubbles
leaf whose landing point is in the interval K joining & and 7 and not intersecting
J is contained in D (L, I). Indeed any such bubble region B’ not contained in
D, (L, I) has points limiting to points in the interval K as well as points a bounded
distance from the geodesic g in L with ideal points the endpoints of /. Suppose
there are infinitely many of these. They cannot accumulate to some point in L,
hence segments of the boundary of these limit on a nondegenerate open interval of
S'(L). This contradicts that the set of ideal points of leaves of G; is dense in S'(L).
It follows that there are only finitely many bubbles in L satisfying this property and
we take the last one satisfying the property.

Since O is an open bubble, we can find a sequence of nested curves e, in O
which accumulates on ¢. More precisely, if D,, are the disks defined by ¢, and
contained in O it follows that D,, C D,,,, and O =, D,,. It follows that there
are rays r, of e, contained in 58 (L, I) and that accumulate on ¢ (note that the full
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curve e, must enter 5S(L, I), but it cannot happen that for large n both rays are
contained in D¢ (L, I), since the union of the disks D,, is all of O).

Now we fix a leaf E €[ that is invariant under some y € w1 (M) \ {id} (cf. Section 2.7)
and such that the fixed points of y are different from & (note that one must be
contained in J). If we apply Proposition 3.4 we deduce that the leaf ¢ pushes to a
leaf ¢’ of G whose endpoints are 1 and the rays r, push to rays r, which have one
endpoint in & and accumulate on a ray of ¢’. If ¢/, are the leaves of Gg containing
the rays r;, we deduce that they must belong to an open bubble region since every
leaf of G is a bubble leaf and the leaves e, are all landing in &. It follows that E
has an open bubble region with limit point £. Applying y we deduce that there is
more than one open bubble region in E contradicting the previous lemma. (]

To prove Proposition 5.4 we will proceed by contradiction and therefore assume
that all leaves of G are bubble leaves. This will allow us to use the previous results.
To be able to get a contradiction we will need to construct uncountably many bubble
leaves with different landing points in a leaf of the other foliation.

Proof of Proposition 5.4. Assume for a contradiction that every leaf of G is a bubble
leaf.

We claim that for each L € F 1 there is a nontrivial interval of the leaf space
of .”;':2 which contains bubble leaves whose limit points are «(L). This is just
because Lemma 5.7 states that the open bubble region Oy, of L, which exists due to
Lemma 5.6, must land in «(L). Considering a transversal 7 to G inside Oy, gives
a non trivial interval I of the leaf space of ?2 (i.e., those leaves which intersect 7)
containing bubble leaves whose landing point is & (L). The interval I also depends
on T, but we are omitting this dependence. Notice that we are not claiming that the
elements of {I;, L € F 1} are pairwise distinct.

Pick x, dense and countable in the leaf space of grz (which is homeomorphic to
R). If for every x,, there are only countably many L € F 1 such that x,, € I, then
the set of those L € C:’] for which I; does not contain any x,, is still uncountable.
Hence this set is nonempty, contradicting the density of {x,}, since any I, is an
open set in the leaf space of ?2.

We deduce that there is a leaf E € §2 for which there are uncountably many
L e 5"1 such that £ € I with pairwise distinct «(L). It follow that E contains
uncountably many bubble leaves which land in pairwise different points. This
contradicts the fact that a leaf can contain at most countably many distinct bubble
regions (see Lemma 5.6). This contradiction completes the proof. ([

5.2. Proof of Proposition 5.1. The proof will be by contradiction. Using what we
have proved we will have a ray landing at a marker point. Then, assuming that the
small visual property fails, we can use the following lemma and minimality to get
a contradiction.
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Lemma 5.8. For every § > 0 there exists K := K (8) > 0 such that if
o [ is a segment in aH?Z,
o x € H?, and

e 1 is a geodesic ray starting from x and landing in some point & of 1 separating
I in two intervals of visual measure > §/2 seen from x,

then if y € r satisfies dy(x, y) > K, it follows that the visual measure of 1 seen
from y is larger than 27 — 8. Here dyp is the hyperbolic metric in H.

Proof. Since isometries are transitive in 7'H? we can assume in the upper half
space model of H2, that x = i, the geodesic ray r is the ray {ai : @ > 1} and
the interval I contains, for some large ¢ depending on § a set of the form A, =
[, +00) U {oco} U (=00, —¢t]. The lemma then reduces to computing the visual
measure of A; from a point of the form ai which goes to 27 with a — oo. (]

Proof of Proposition 5.1. Consider ¢ € g given by Proposition 5.4 and let L € F 1
E e ?2 be such that c C L N E. We will argue for L (the case for E is symmetric).

Let r be a ray of ¢ with landing point d®(r) = £ # «a(L). Let I be a closed
interval of the leaf space of F containing L in its interior and such that if L' € 1
then a(L") # £. Up to reducing the ray r we can assume that r C D, (L, 1) for ¢ as
given in Proposition 3.4.

Now assume for a contradiction that there is § > 0 and a sequence ¢,, of segments
of Gy, with L, € ?1 and points x, € L, such that dy, (x,, g,) > 5n and £, has
shadow in S!(L,) of length > 108 when seen from x,,. Up to cutting the segments
£, we can assume that the shadow has length > 5§ and is disjoint from «(L,).

Consider for each n a geodesic ray from x,, to the middle point of the shadow
of £, and a point y, in the geodesic ray and at distance = 2n from x,,. By minimality
of F1 and up to changing slightly the geodesic ray, we can assume that there is y,,
sending y, to a point very close to L and in a compact set of M. Using Lemma 5.8
we get that, up to a subsequence,

b dLn (yl’lv gn) > Zn’

o the visual measure of ¢, seen from y, is larger than 2w — a,, with a, — O (this
is after identifying S (L) with 9H?), and

® YnYn —> Yoo € L.

We chose ¢,, so that a(L,) does not belong to the shadow of ¢, from x,, and
thus we get that the shadow from y,,y, of y,g, contains £ in its interior if n is big
enough. This is because y,L, — L and a(y,L,) — a(L). Since for large n the
leaf y, L, is close to L we can assume that y,, L, is in / and we can push arcs £,
of y,gn to L so that &7 (¢,) accumulates in an interval containing & in its interior.
This forces £, to eventually intersect » which is a contradiction. O
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6. Leafwise Hausdorff leaf space implies quasigeodesic

Here we will show the following:

Theorem 6.1. Let F\ and F, be transverse minimal foliations of M = T'S and let
G denote the foliation obtained by intersection. Assume that in some leaf L € F
the leaf space of G is Hausdorff. Then, the foliation G is an Anosov foliation.

This also follows from [27] which gives an alternative proof. Here we present a
proof in our restricted setting, since it is vastly simpler and can show some of the
ideas in a more transparent way.

Recall that an Anosov foliation is a one-dimensional foliation in M which is
homeomorphic to the orbit foliation of a topological Anosov flow. As follows from
[5, § 6], due to minimality, it is enough to show that the one-dimensional foliation
is quasigeodesic, that is, for every leaf L € i the leaves of Gy are quasigeodesics
in L.

Here we are working with M = T''S so it makes sense to compare our one-
dimensional foliation with the one of the geodesic flow in negative curvature: this
foliation, when restricted to a leaf L of the weak-stable or weak-unstable foliation
has the following properties that we will try to produce to show Theorem 6.1:

e One of the landing points of every leaf of G is a(L).

e Given any point £ € H?\ {a(L)} there is a (unique) leaf whose landing points
are £ and a(L).

Thanks to some classical results, showing these properties will be enough to
establish that the foliation is an Anosov foliation (see [28]). This implies that it is
quasigeodesic (see [18]). We refer the reader to [5, § 5] for details.

6.1. Bubble leaves and landing. First we need to show that bubble leaves (recall
Section 5.1) produce non-Hausdorff behavior. For this, the small visual measure
property is crucial, in particular Proposition 5.2.

We recall here that the assumptions of Theorem 6.1 imply that in every leaf of
T 1 and ?2 the restriction of § has Hausdorff leaf space because of Proposition 3.6.

Lemma 6.2. If G has a bubble leaf for some L € év“',-, then there is a leaf L' € ?,-
such that Gy, has non-Hausdorff leaf space.

Proof. Consider a bubble leaf ¢ € G, (assume L € F 1) and fix a geodesic ray r
starting at some point in ¢ which has the same landing point £ € H? as c (i.e.,
Ad(r) = 3T P (c) = {£}). Let x( be the starting point of r in ¢ and consider the
rays c;:) and ¢, . Passing to the limit in Proposition 5.2 we know that there is some
ap > 0 such that r is contained in the ag-neighborhood of c;:) and Cry-

Fix a sequence y, € r such that ®; (y,) — £ and consider points p, € c;g) and
gn € Cy, at distance less than ag from y, in L. It follows that
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o dr(pn, qn) < 2ay,
o &.(py) —> & and @1 (g,) — &, and

o the length of the segment of ¢ joining p, and g, goes to infinity.

Now consider deck transformations y, € (M) which map p, to a compact
fundamental domain K C M. Since y, are isometries and dr. (p,, q,) is bounded,
the points y,g, also belong to a compact set. Up to subsequence we can assume that
both y,, p, and y,,g, converge to points po, and g~. Note that since the distance
in L from p, and g, is bounded, both points ps, and g~ belong to the same leaf
L e ?,‘.

Since the length from p, to g, along c goes to infinity it follows that p,, and
goo cannot belong to the same leaf of Gz.. On the other hand p,, ¢, belong to the
same leaf of § and thus the same leaf E,, of 5~"2 which since p,, g, are close to L' it
follows that either E, N L’ is not connected (in which case, the leaf space of Gy is
not Hausdorff) or E,, N L’ is a sequence of leaves of G, converging to both the leaf
through po, and g~ and again we get that G,/ does not have Hausdorff leaf space.

Since pso, oo do not belong to the same leaf of §;/ but p,, g, belong to the
same leaf of ?2 thus, G;/ does not have Hausdorff leaf space as we wanted to
show. O

Now we show that at least one of the endpoints of each leaf in G; must be the
nonmarker point. Fix an orientation in L and consider, for a given ¢ € G which we
know separates L in two open disks Dci, each one such that the limit set of @ (DjF)
in dH? is one of the intervals joining the landing points of ¢ (see Corollary 2.10).

Lemma 6.3. Let L € ?,- and c € Gy, then either 3T ®(c) = {a(L)} or 3~ ®(c) =
{a(L)}.

Proof. Let L € frF,- and ¢ € G; and assume that (L) ¢ 0T ®(c) Ud~ D (c).
Proposition 3.4 lets us assume that the leaf L is fixed by some y € w1 (M) \ {id},
and such that both points in T ®(c) U 9~ ®(c) belong to the same connected
component of dH? minus the fixed points of y. It is enough to consider an interval
I of the leaf space of 7 ; containing L in the interior so that the nonmarker points of
leaves in I are never in 3T ®(c) U9~ ®(c): hence given an even smaller interval we
can push the entire leaf ¢ to nearby leaves of 5~t,~ along the leaf of the other foliation
with Proposition 3.4. Then since leaves with nontrivial stabilizer are dense (see
Section 2.7), we can push to one of them in I to get the same property in such a
leaf. To get that the fixed points of y do not link with 8T ®(c) U3~ ®(c) we can
use for instance that the set of closed geodesics in § is dense in S (Section 2.7).
We now choose orientations so that D is the complementary component of ¢
which does not limit on y*, y~. If there is a transversal to G; in L from ¢
to yc, then the image of this under y is a transversal from yc to y2c. Notice
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V+ = O[(LV)

Figure 11. If no ray lands in «(L) the leaf space cannot be Hausdorff.

that D}, y (D}), y*(DJ) are pairwise disjoint. It now follows that c, y*c cannot
intersect a common transversal and the leaf space cannot be Hausdorff. (See
Figure 11.) (]

6.2. Construction of the Anosov foliation. To complete the proof that the foliation
G is an Anosov foliation we need to show that for every L € 5;1' and £ € 9H? \{a(L)}
there is a leaf ¢ € Gy such that d®(c) = {&, «(L)} and that such a leaf is unique;
this will produce an equivariant equivalence with the leaf space of the orbit flow of
the geodesic flow in negative curvature [28] which is known to be enough to show
that the foliation has the desired properties.

We divide this into some steps:

Lemma 6.4. Let L € ?,- and & € dH?, then, there exists ¢ € G, with a ray landing
in& (i.e., such that & € 3T ®(c)).

Proof. Recall from Lemma 4.3 that the set of points in dH? for which there is a ray
in L which lands in that point is dense.

Consider a sequence ¢, of leaves of §; converging to some leaf ¢ € G (which
is unique because the leaf space of Gy, is Hausdorff). Let &, be the landing point of
¢, different from (L) and let £ and «(L) be the landing points of ¢. Assume that
(up to taking a subsequence) &, — n # £. One can then consider a ray which lands
in a point which belongs to the interval between & and 1 not containing «(L). This
ray belongs to some leaf £ € G;. By the previous lemma, the leaf ¢ has one ideal
point in «w(L). It follows that £ must then separate the curves ¢, with large n from
¢, contradicting the fact that ¢, — c.

This continuity plus the fact that the landing points are dense implies that every
point different from «(L) is a landing point as we wanted to show. U
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Now we show uniqueness as a consequence of minimality of the foliations, and
derive from Theorem 2.1 that the nonmarker points of leaves vary monotonically
(Section 2.4).

Lemma 6.5. Let L € i’ and & € dH? \ {ax(L)}, then, the leaf c € G such that
0t D (c) = {&, a(L)} is unique.

Proof. Assume that in a leaf L € F | (the case where L € ?2 is symmetric) there are
two leaves of G landing in & and «(L). Since the leaf space of Gy is Hausdorff
and one of the landing points of every ¢ € Gy, is @ (L) we deduce that there is an
interval [ in the leaf space of F, consisting on leaves E such that £ N L is a leaf
c € Gy such that 3T ®; (¢) = {£, «(L)}. From the previous lemma applied to ff~‘"2 we
know that if E € I and if ¢’ € G then a(E) € 3*®g(c’). Considering c € ENL
we deduce that for every E € I we have that «(E) € {§, «(L)}. Since the point
o« (E) varies continuously with E we deduce that there is an interval of ffz which
has the same nonmarker point while the nonmarker point varies monotonically. [l

Now we are ready to prove the main result of this section.

Proof of Theorem 6.1. From our previous results we have a bijection between the
space of leaves of g (the lift of the foliation G to M the intermediate cover of M )
and the set of pairs of distinct points of dH?. This bijection is continuous and
equivariant under deck transformations which is enough to show that the foliation
is homeomorphic to the orbit foliation of the geodesic flow of a hyperbolic metric
on S. (See [28] or [5] for details.) (|

7. The Matsumoto-Tsuboi example revisited

Here we revisit the example from [35] from the point of view of our results. In [35]
an example of a pair of transverse foliations® of T? x [—1, 1] is constructed in such
a way that the boundaries match with the weak stable and weak unstable foliations
seen in the lift to T'1S of a simple closed geodesic. That is, if £ is a closed geodesic
in S, it lifts to a torus 7 C T''S which contains two periodic orbits of the geodesic
flow (associated to the orbits associated to y with both orientations). Note that the
weak stable and weak unstable foliations are horizontal, so they are transverse to 7.
Figure 12 depicts the intersection of the foliations with the torus in its universal
cover (which become tangent at the two periodic orbits that are common to both
weak foliations).

This way one can cut T'S along such a torus and glue this new foliation of
T2 x [—1, 1] to obtain a new pair of transverse foliations of T'S. From the way
this pair of foliations is constructed, it is clear that the new foliations, called I, I,

81n [35] triples of transverse foliations are considered, but for the interests of our work we will
ignore the third foliation.
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Figure 12. The intersection of the transverse tori with the weak stable
and weak unstable of the geodesic flow.

will continue to be minimal and their intersection foliation § will be such that for
every leaf L € 7 ; the foliation G will not have Hausdorff leaf space. In this paper
we will not use this construction, but we thought it could be relevant to spend some
time explaining the example from our point of view which was relevant for us
to formulate the right statements in the next two sections. We plan to study this
example as well as other examples of transverse foliations with Reeb surfaces in a
future work.

7.1. The construction and its possible variants. Let S be a closed surface with a
hyperbolic metric and let ¢; : T'S — T''S be the geodesic flow. The metric induces
an action of I' = 7; (S) on H? and on T'H? = M such that the weak stable foliation
of ¢; is the foliation F,,; defined in Section 2 by identifying 7''H? with H? x dH?.
The weak unstable foliation will be called F,,, and is obtained in a similar process,
only that the identification of T'H? with H?> x dH? is made by identifying the point
at infinity as the limit of the geodesic in the backwards direction. Both J,; and
Fwu are transverse to the fibers.

Fix any simple closed geodesic £ in M = T'S for the metric g and let T; be
the torus obtained by looking at the unit vectors tangent at points of £. This torus
intersects both F,,; and F,,, transversally and the flow is transverse to T, except at
the two orbits of ¢; contained in 7. See Figure 12.

In [35] a construction of two transverse foliations 8, U of T; x [0, 1] are given
intersecting the boundary tori with the following properties:

o Each leaf S € § is either a cylinder (i.e., homeomorphic to S 1'% [0, 1]) or a band
(i.e., homeomorphic to R x [0, 1]), and the intersection of S with each boundary
torus 7y x {0} and T, x {1} are the same (in the trivialization Ty x [0, 1]) and
coincides with the intersection of some leaf of &F,,; with Tj.
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e Each leaf U € U is either a cylinder or a band, and the intersection with
each boundary torus 7, x {0} and 7, x {1} is the same and coincides with the
intersection of some leaf of ¥, with Tj.

« There are exactly two cylinder leaves Sy, Sy of & and U;, U, of U corresponding
to the periodic orbits of the flow in 75.

e Each leaf S € 8\ {81, $»} intersects either U; or U; in two connected compo-
nents that are infinite lines and bound a Reeb band.

e Each leaf U € 8\ {U, U,} intersects either S; or S in two connected compo-
nents that are infinite lines and bound a Reeb band.

¢ S intersects U; in at least three circles,

¢ S, intersects Us in at least three circles and U in at least four circles.

We depict one possibility in Figures 13 and 14.

A

V

/N

/

Figure 13. The horizontal lines represent the cylinders U; and U, (and
their translations up by deck transformations) and the red curves represent
the cylinders S; and S, (and their translations up by deck transforma-
tions). The figure depicts how the leaves intersect and each intersection
corresponds to a circle in the leaf. The rest of the leaves of the U foliation
are also horizontal leaves, but when going around the holonomy of the
compact leaves, they intersect in a different height (in particular, the
corresponding leaf is an infinite band whose intersection with the torus is
an infinite family of horizontal segments which accumulate in U; and U,
when going forward and backward respectively). The other leaves of the
8 foliation interpolate the traces of S| and S, and also change as going
around the torus in the flow direction.
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Figure 14. Left: the lift of one of the cylinders (U,) and the intersected
foliation lifted to this cover. Right: the same for the other cylinder (U;).
These intersections correspond to intersecting the leaves as one moves in
the direction of the flow (which makes leaves of the 8 foliation approach
in the forward or backward direction to the leaves S; and S;). The straight
lines corresponds to the intersection with the leaves S; and S, which are
invariant under moving one step up.

We now consider the foliations F;, I, in M obtained by first cutting T'S
foliated with F,; and &, along T, and gluing a copy of Ty x [0, 1] foliated by
8 and U and gluing the foliation F,,; with 8§ and F,,, with U. The manifold M,
is still diffeomorphic to TS (we have changed T, for T, x [0, 1] with the trivial
identification of 7}, x {0} and 7, x {1} with the two copies of T, one gets after
“cutting” T''S) and the foliations F; and JF, are everywhere transverse. We note that
it is possible to choose the foliations § and U in order that the resulting foliations
F1 and F, are not uniformly equivalent, that is, the homeomorphisms /4 and 4,
given by Theorem 2.1 sending F; and F, to F,,; cannot be homotopic to each other
(see Figures 15 and 16). The example in [35] provides examples for which both
foliations are uniformly equivalent.

Remark 7.1. One can glue more than one block 7; x [0, 1], concatenating consec-
utive blocks. It is also possible to do the cut and paste process in several disjoint
simple closed geodesic to obtain variants of these examples. More generally, take
any Anosov flow in a closed 3-manifold with an embedded Birkhoff torus with
only two Birkhoff annuli (that is, when the intersection of the weak stable and
weak unstable foliations of the Anosov flow intersect the tori exactly as in this



TRANSVERSE MINIMAL FOLIATIONS ON UNIT TANGENT BUNDLES 83

Figure 15. How the cylinders of each foliation can intersect so as to yield
a pair of non-uniformly equivalent foliations intersecting transversally.
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Figure 16. Left: A diagram of the foliations in the cylinder leaves when
crossing the tori. Right: the foliation interpolating both foliations of a
leaf that accumulates in both cylinders in the different directions.

case). Then, one can glue some of the foliations of T2 x [0, 1] and produce similar
examples. We leave to a forthcoming work the (similar) analysis of this case. One
can also do this with embedded Birkhoff tori with more Birkhoff annuli, but then
the building blocks have to be accordingly adjusted: one needs at least the same
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number of Birkhoff annuli, which can be achieved by finite covers of T2 x [0, 1].
This will also be pursued in the future.

7.2. Properties of the intersected foliation. From the point of view of this paper,
it is relevant for us to understand the properties of the foliation § obtained by
intersecting 31 and J,. The main observations are the following:

e Given Le T 1 we have that the foliation G coincides with the foliation by
geodesics as long as L does not intersect the lift to the universal cover of
T, x [0, 1]. This lift has the property that it intersects every leaf in some
regions which are bounded by two curves at bounded distance and landing at
given points of dH? independent of the leaf L.

o Inside each of the regions of intersection of the lift of 7, x [0, 1] to M the
foliation G has some design that depends on the specific foliation (see for
instance Figure 14 for a depiction of the leaves in some specific examples).
However, it is always the case that in these regions there is a pair of nonsepa-
rated leaves at bounded distance of each other and landing at the two points at
infinity of the region. Every leaf that enters the region must land in one of the
endpoints of the region. In particular each ray of a leaf that enters this region
does not leave this region.

» Given two nonseparated leaves ¢y, ¢, € G they must accumulate in one of the
regions mentioned in the previous point. Note that if the nonseparated leaves
are not contained in the region modified between the two tori, the nonseparated
leaves may be at unbounded distance inside their leaf.

These properties will become more apparent in Section 9 which actually shows
that behavior like this is the only possible.

8. A dichotomy Hausdorff vs Reeb surfaces

Let F,, ¥, be two transverse minimal foliations on M = T''S and let G be the
foliation obtained by intersecting them.

We define a Reeb surface to be a compact surface with boundary R satisfying
the following properties:

¢ R is contained in a leaf S of F; (with i =1, 2),
« the boundary components of R are closed leaves of G,

o if L is a lift of S to the universal cover, then, the lift of R to L is a surface B
whose boundary consists of exactly two leaves ¢y, ¢; of G at bounded distance
which are nonseparated in Gy .

In particular, it is easy to see that the surface must be either an annulus or a
Maobius band.
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Figure 17. The interior of a non-Hausdorff bigon may not be trivially
foliated if it is not y-invariant for some y € m;(M).

We will define foraleaf L € F ; anon-Hausdorff bigon to be a pair of nonseparated
leaves ¢y, ¢; € G such that 3T ®(cy) # 0~ ®(cy) and AT D (c)) = 0T P (cy). It does
not follow that the leaf space of G; inside the bigon is the reals (see Figure 17).
For example one can have bubble leaves ¢, ¢’ in the bigon so that the disks D, D
are disjoint. On the other hand it is easy to see that if the boundaries of the bigon
are invariant by a nontrivial deck transformation, then the leaf space of G inside
the bigon is the reals. In particular, the existence of a Reeb surface is equivalent to
having a non-Hausdorff bigon invariant under some deck transformation y # id.

Here we show:

Theorem 8.1. Either there is a leaf L € F | such that the leaf space of Gy, is
Hausdorff, or there exists a Reeb surface.

Theorem 8.1 together with Theorem 6.1 is enough to conclude the proof of
Theorem A. The purpose of this section is to prove Theorem 8.1.

8.1. Some analysis on nonseparated leaves. We first find a useful criterion to
obtain Reeb surfaces:

Proposition 8.2. Let L € 37} containing two nonseparated leaves c1, ¢, € G, such
that there is y € m1(M) \ {id} which fixes L (i.e., yL = L). Assume that the
nonseparated rays ry, ry of c1, ¢a (cf. Section 3.4) satisfy 0®(r1) = 0P (rp) =&
with y& = &. Then, F; has a Reeb surface in the projection of L to M.

Note in particular that if & = «(L) then the hypothesis that y& = £ holds
automatically.
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Proof. Let £ C L be a y-invariant curve joining £ with the other fixed point of
y in S'(L), without loss of generality we can assume that ¢ intersects r; and 7».
The small visual measure property (Proposition 5.2) implies that there is ay such
that every ray r of G, which lands in £ and intersects £ satisfies the condition that
the agp-neighborhood of r contains a ray of €. This applies to ry, r, but also their
iterates y*r; fori =1, 2 and k € Z. Since y/r; is nonseparated with y/r, it follows
that in a given fundamental domain, one can have at most finitely many such rays.
This implies that there is k € Z \ {0} such that y*r; Nr; # @ and thus y*¢; = ¢; for
i=1,2.

This implies that ¢ and c¢; join & with the other fixed point of y and project to a
(simple) closed curve in M. If y preserves orientation, it follows that both ¢; and
¢, are y-invariant, else, it can be that y permutes them and 32 preserves them. In
both cases we deduce that they bound a Reeb surface. ([

8.2. Proof of Theorem 8.1. The following proposition will be proved in the next
subsection.

Proposition 8.3. Let L € i- and cy, ¢y € G be two nonseparated leaves such that
their Qonsepamted rays ri, ry satisfy 09 (r)) = 09 (ry) = & # a(L). Then, there is
L' € F; and a deck transformation y € m1(M) \ {id} such that

eyE=EandyL =L', and

e there is a y-invariant non-Hausdorff bigon in L' (which has & as one of its
endpoints).

We explain how Theorem 8.1, and thus Theorem A, follow from this proposition.
As shown in Proposition 3.6, if some leaf L € ST} has the property that the leaf
space of G is non-Hausdorff then the same holds for every leaf of both foliations.
By Proposition 8.2, if there is a leaf L € .’;’,- with nontrivial stabilizer for which
the nonseparated rays of a pair of non separated leaves land in «(L) then we can
conclude the existence of a Reeb surface. So, we can assume that there is a leaf
L € F which has nonseparated leaves ¢, ¢z such that their nonseparated rays r1, r»
satisfy 0® (r;) = 0P (r2) # a(L). Thus, we can apply Proposition 8.3 to deduce the
existence of a y-invariant non-Hausdorff bigon in some leaf L’ € F; which implies
the existence of a Reeb surface by Proposition 8.2. This completes the proof of
Theorem 8.1.

For the purposes of the study we will make in Section 9, it is useful to obtain the
following additional information:

Addendum 8.4. Under the assumptions of Proposition 8.3 one can choose L' so
that the rays ry, ry are asymptotic to L' in M.
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Here, by “asymptotic” to L’ in M we mean that if we parametrize r; in M by arc
length as r;(¢), then, as ¢ goes to infinity, d(;(¢), L") converges to zero. In other
words the projection 7 (r;) of r; to M is asymptotic to a closed curve of G in 7 (L’).

8.3. Proof of Proposition 8.3. The proof of this proposition has two main steps:
we first analyze some impossible configurations of returns of the curves r; when
projected to M and then we use the small visual measure to determine that the rays
m(r1) and 7 (r;) need to accumulate as desired.

Let r;, rp be nonseparated rays of §; converging to & € § Y(L). Let ¢; be the
leaves of G; containing them. Let o : [0, 1] — L be a properly embedded segment
satisfying the following conditions:

(1) o(0) ery,o(l) €ry.

(2) o intersects ¢ U ¢ only in the endpoints and o transverse to Gy, except at one
interior point.

(3) There is a small transverse arc 8 to G starting in «(0) and going in the direction
of ¢, so that if a leaf of G; intersects the interior of « then it intersects S.

Let C=r; Ur, Uo ([0, 1]) which is a Jordan curve and let B = B(ry, r2, o) be the
closure of the connected component of the complement of € which accumulates
only on £ in S'(L). We say that B is a good half-band if B is the closure of the
union of the arcs of leaves of G contained in B and joining points of o = o ([0, 1]).
Equivalently, we say that B is a good half-band if the boundary contains two
nonseparated rays and it does not contain any complete leaf in its interior.

Lemma 8.5. Let ¢, ¢, € G be two nonseparated leaves in L € 5?,- such that
their nonseparated rays ry, r satisfy d®(r)) = 0®(ry) = &. Then, there exist
nonseparated leaves cy, c; € G with nonseparated rays ry, ry satisfying 0o (ry) =
d®(ry) = & and moreover it bounds a good half-band.

Proof. Applying the consequence of the small visual measure property given in
Proposition 5.2 we get that for any geodesic ray £ landing in d® (r)) = 0P (r}) =£
one has that ¢y has a subray contained in the ag + a;-neighborhood of every ray
B of Gy, that lands in &: this is because there is a geodesic ray with starting point
the starting point of g, ideal point £ and contained in the ay neighborhood of 8.
Then by Gromov hyperbolicity, there is a global constant a; > 0 such that any two
geodesic rays with ideal point &, have subrays which are < a; Hausdorff distant
from each other in L.

A priori there could be some leaves of §; nonseparated from ¢} and ¢, and
between ¢/, ¢} (i.e., if we pick a curve o’ as above and define B’ = B(c}, ¢}, o),
there may be curves nonseparated from ¢} and ¢/, which have both endpoints in & and
intersect B’ — and hence contained in B’). But since all of these keep intersecting
the ag + a; neighborhood of £y, it follows that there are only finitely many of them.
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Therefore up to replacing ¢} if necessary by the leaf nonseparated from ¢}, ¢, and
closest to ¢; we assume there are no nonseparated leaves from ¢, ¢, and between
them. This way, up to replacing the curves and choosing the rays conveniently one
can produce o so that it produces a good half-band as above. ([

We can then start the analysis with a good half-band B; = B(ry, r2, o). Denote
by E = E(ry, rp) the leaf of ?2 such that r; Ur, C L N E. Choosing « in a similar
way as o but contained in £ and such that the curve g in the last condition is small,
this implies that every curve of G intersecting the interior of the band intersects By
in a compact set. It also implies that every leaf of %2 that intersects the interior of
B must intersect a transversal to E, in particular, E cannot intersect the interior
of By, unless y E = E, in which case we get the conclusion of Proposition 8.3.

We consider an arc 7 in E joining the endpoints of . Note that there is a
unlform aj such that we can choose t to have length less than a; because leaves
of 3’"2 are uniformly properly embedded.® The r; are contained in leaves c; of S.
We also choose 7 to that it does not intersect ¢ U ¢ in its interior. We denote by
Br = @(rl, r2, T) the half-band in E whose boundary in the compactification of
E isriUr, Ut U&. Note that this may not be a “good half-band” as we defined
before, because there is no reason for r; and r, to be nonseparated in Gf.

Lemma 8.6. There is an embedded disk D in M whose boundary is o U T intersect-
ing By UBg only in the boundary.

Proof. The bands B and B only intersect at their boundaries r; U r;, and thus
By UBg is a properly (and tamely) embedded copy of S 1'% [0, 00) (in fact, it
is piecewise C!). Taking the one point compactification of M to S3 we get that
D=3, UBgU {oo} is a tamely embedded disk whose boundary is T U ¢ and
therefore, there is a homeomorphism of s3 sending D to the standard disk in a
hemisphere (see [36, § 17]). Thus one can homotope the disk Drel 3D away from
oo and so that it does not intersects D in the interior and get an embedded disk D
in M with the desired properties. (]

Let V := V(r, r2, 0, T) be the region defined in M bounded by DUB; UBg
such that in each leaf inside, it limits only on £. This is a topological ball.'? We
call such a region a good half-region.

We analyze a good half-region V = V(ry, r, o, t) with boundary DU B; UBg
where B is a good half-band in L € ?1 and B is a half-band i in E. Let pi €oNTNr;
the corner points of D and small foliation boxes B’ and B' of F 1 and &"2 respectively

9This follows from Theorem 2.1 in our case, but is also a general fact for R-covered foliations;
see, e.g., [16, Lemma 4.48].

lOA‘gain, this is a consequence of Schoenflies theorem in dimension 3, see [36, § 17]. Note that the
surfaces we are constructing are all tamely embedded by construction (they are piecewise leaves of
foliations, and D can be chosen smooth).
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around p; (for i = 1,2). We consider I/, Iﬁ small nondegenerate closed intervals
in the leaf spaces of | and F, consisting on the leaves intersecting Bi and Bé
respectively. We can assume that the boxes are small enough that (for i =1, 2 and
j=1,2),

o every leaf of T | through Bi intersects E,

« every leaf of ?2 through Bé intersects L, and

o the set D.(L, I!) contains'! B (see Proposition 2.7).

By slightly changing B} and B we can and will assume that I = I? = I; and
1} = I3 = I,. These conditions on the sets B; and the intervals I, I will be assumed
in what follows. We can also consider /1, I; small enough that they are disjoint
from their images by the deck transformation associated to the center of 7| (M)
(i.e., they correspond to an interval in the leaf space £ in M; see Corollary 2.2).
This implies that every y € 71 (M) \ {id} can have at most two fixed points in /;
and if it has two, one must be attracting and one repelling.

We are going to show that there are some restrictions on how V can intersect
with its translates under deck transformations. See Figure 18.

Lemma 8.7. Assume that y € (M) is such that

o there is a point 7| € r| such that yz;| € Bl1 NB.,

o there is a point 7, € ry such that the distance in L from z; to z3 is less than
2ag + 1 and such that yz; € 312 N 322,

e y(I,) CInt(1y), and
o I, C Int(y(Db)).

Then, vy L cannot intersect the interior of V, unless y E = E, in which case we
achieve the conclusion of Proposition 8.3.

i

Figure 18. Forbidden returns of a good half-region according to Lemma 8.7.

1 This uses the fact that & # a(L).
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Proof. We assume for a contradiction that y L intersects the interior of V. From
how we chose the intervals it follows that there is a (unique) fixed point of y in [
(which is attracting) and one in I (which is repelling). Let L’ be the fixed point by
y in I; and similarly E’ the fixed point of y in I;. Note that since y is attracting on
I then either L’ = L or L’ belongs to the same connected component of 77 \ {L} as
y L and since y is expanding on I, either E’ = E or E’ belongs to the connected
component of I; \ {E} not containing y E (recall that the intervals where chosen
small enough that the action of y has a unique fixed point in I and I). In particular,
both E’ and L’ intersect Bij fori =1,2; j =1, 2 and using Corollary 2.2 we know
that they intersect each such box in a unique plaque.

Since we have assumed that y L intersects the interior of V then y L # L, and
so by our choice of Iy, it follows that L’ also intersects the interior of 'V, since it
belongs to the connected component of /; \ L containing y L (the set of leaves of
F | which intersect the interior of V). Since L’ € I} and By C D (L, I;) we have
that L and L’ are asymptotic in By, (i.e., d(LNBy, L") < &, meaning every point in
B is < & from L) and we can apply Proposition 3.4. Denote by B, the band in
L' obtained by pushing from B to L’ in the sense of Proposition 3.4 (i.e., the band
B is the one bounded by the intersections of E with L” which are close to r; and
r2). Note that this implies that B,/ is a good half-band, and its boundary rays that
we denote as ri, ré (and are contained in L' N E) land in & and are nonseparated.

Let us first assume that y E intersects V. In this case, since yz; € B N B} and
VY2 € 312 N B22 it follows that yB; and y B g must intersect V. We obtain that V
projects to a solid torus in M, = M /(- Then that y B, whose boundaries are
yry and yr;, has a definite width in y L, meaning that the distance from one curve
to the other is bounded below by some uniform constant due to the fact that they
belong to the same leaf of 37'2. This implies that the band cannot disappear and is
completely contained in V. It must thus be asymptotic to an infinite strip strictly
inside By, which must be invariant under y and such that the boundaries are curves
which limit on £ and separate r; from r} contradicting the fact that B,/ is a good
half-band.

Suppose now that y E = E. The argument in the previous case still applies so the
band B is asymptotic to a band in L’ which is invariant under y. This produces
a bigon in L’ and B, is asymptotic to this y-invariant bigon. This achieves the
conclusion of Proposition 8.3 in this case.

Finally we treat the case that ¥ E does not intersect V. This implies that E’, the
fixed point of y in I, belongs to the connected component of /; \ { E} not containing
y E. Thus, E’ must intersect V. Since B, is a good half-band, each connected
component of E'NB- is a piece of a leaf of G- and must be a compact interval by
definition of good half-band. The same holds for E’ NB;, due to Proposition 3.4.
However, since y fixes both L’ and E’ and because E’ intersects B in a unique
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plaque we get that y must fix the connected component of the intersection L' N E’
intersecting B12 and thus projects to a closed curve which lifts to a curve separating
ry from r) we have shown had to be nonseparated. This is a contradiction and
completes the proof. (I

Now, we will show that it is possible to find deck transformations with the
properties required by Lemma 8.7.

Consider a geodesic ray fo in L that limits in §&. The small visual measure
property implies that there is some ag > 0 so that for each x in £y there is z in r;
with dr (x, z) < ag (see Proposition 5.2).

Lemma 8.8. Let V = V(r|, rp, 0, ) be a good half-region and py = o Nr;Nt.
Consider Bll, le and Iy, Iy as above and assume that there exists a sequence of
points z, in ry, with dp(z,, x,) < ag where the x,, are in a geodesic ray £y as
above and x,, — &. Assume moreover that there are deck transformations vy, such
that y,z, € Bl1 N le. Then, for large enough n we have that y,1; C Int(l) and
Vo 'L C Int(Dr).

Proof. This will use that £ # «(L), but £ = «(E) by Proposition 3.9. Up to
subsequence assume that y,,z,, and y,x, converge.

Fix a transversal ¢ to J through p; intersecting exactly the leaves of F 1 in 1.
Let Ly, L, be the leaves of ?1 through the endpoints of ¢. Recall that the ideal
pomt of r1, rp and hence that of £y is & # «(L) so it is a contracting direction for
F,. So for big enough #n there is a transversal to F, of arbitrarily short length,
through x,, and connecting the leaves L, L. By assumption dy (x,, z,) is bounded
by ay independently of n, so using the local product structure of the foliation F
we obtain that there is also a transversal 3, to F 1 through z,, of very small length
and connecting L; to L,. Then y, 8, is a transversal of very small length passing
through y,z, which is very close to p. In particular for » sufficiently y, 8, intersects
a set of leaves of F 1 which is strictly contained in /;. This implies that y,, I} C Int({;)
for n big enough.

Next consider I, and ?2. We first have to verify that in E the points z, are a
bounded distance from a geodesic ray in E. First recall that Proposition 2.3 proves
that there is a constant Qo > 0 such that for any F a leaf of ; then oL F — H?
is a Qg quasi-isometry.

The z,, are a bounded distance from the geodesic ray £( in L. By Proposition 2.3
the image ! 1 (o) is a quasigeodesic and hence the points ! 1 (zn) are a bounded
distance from a geodesic ray in H?> which we denote by £;. Lemma 3.1 implies
that there is a; > 0 such that for any point x in M ifxelLe 9’1 and x € E € ?2,
then dpp (P L(x) o2 %(x)) < a;. Hence CDZE(z,,) are a bounded distance from £;.
Applying (<I> )1 shows that z,, are a bounded distance from (CI>2) 1(¢}). The last
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curve is a quasigeodesic in E (again Proposition 2.3) and we conclude that z,, are a
bounded distance from a geodesic ray in E as claimed.

We know that £; converges to «(E), so holonomy of 5'”2 along £, is expanding.
We have chosen le sufficiently small that the transversal through z,, intersecting the
leaves corresponding to le will have length much bigger than length of a transversal
through p;. Then one gets that Int(y, 1) D I», or equivalently yn_llz C Int(l») as
claimed. U

Before we show that an accumulation point must be fixed by some deck transfor-
mation we will show some general property about geodesic rays in leaves of J;.

Lemma 8.9. Let £ be a geodesic ray in some leaf L € §l’ with 3®(£) = & € dH?
then one of the following holds:

(1) thereisy € m;y(M)\ {id} and a leaf L' € F; such that yL' =L and y& =&
and the projection of € spirals towards the projection of L', or,

(2) for every g1 > 0 there is a foliated box U in M of diameter less than €1, a
sequence of points y, € € going to infinity and deck transformations n, € (M)
for which n,y, € U are in different leaves of F i and such that n, L accumulate
in infinitely many distinct leaves of 5",-.

Proof. Up to changing £ by a uniformly bounded amount which does not affect the
result, one can assume that J; is the weak stable foliation of the geodesic flow on
M =TS for a hyperbolic metric on S (cf. Theorem 2.1). Note that since this is the
case, the accumulation set of £ when projected to M is the same as the accumulation
of the orbit of the geodesic flow from (L) to £ inside L traversed in the direction
opposite to the flow. In particular it consists of a compact connected set saturated
by orbits that we shall denote by A.

First, note that unless L = y L and y& = £ for some y € w1(M) \ {id} (in which
case A is the unique closed geodesic in L and we are in the first option) we have
that all returns of the projection of £ to M to a foliation box must happen in distinct
plaques of J. This is the same for any backward orbit of the geodesic flow, if it
limits in a point x and it is not periodic, then it must intersect a transversal to x in
infinitely many distinct plaques of F; (because J is the weak stable foliation of
the geodesic flow by construction).

Next, we assume that there is some ¢; > 0 such that for every x € A the two-
dimensional transversal of size ] to the geodesic flow through the point x does
not intersect A except perhaps at x itself. In this case, we get that A is a closed
geodesic which belongs to some leaf & and considering some lift L’ of this leaf
to M gives us the first option of the lemma.

Finally, assume that A is not a periodic orbit. Then, there is x € A such that
every transversal to the flow through x intersects A in infinitely many distinct
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leaves. For every foliated neighborhood U of x we get that the returns need to
have accumulation points every point of A N U which has infinitely many different
leaves obtaining the second option of the lemma. (I

Using the small visual measure property, one can extend this to rays of G, for
every L.

Corollary 8.10. Let r be a ray in some leaf of G, for L € i’ with ideal point &
and let £y be a geodesic ray in L with ideal point &. Suppose that £y does not
spiral towards a leaf L' € f;':,- invariant under some deck transformation. Then,
for every gy > 0 there is a sequence of points x, € r going to infinity and deck
transformations n, € w1 (M) such that for every ng > O there are n| < ny < nj
such that Ny, Xn,, MnyXny, NnsXn, are & distance apart and n,, L is between n,,L
and Ny, L

Proof. Fix ag given by the small visual measure so that for every y € £ there is a
point x € r such that d(x, y) < ag. For y € M denote by D, to the disk of 3" of
radius ag centered in y.

We fix ¢, and choose ¢; sufficiently small that if two points z, w are &;-close,
then, the disks D, and D,, are at Hausdorff distance less than ¢,. Now, choose k

sufficiently large that if one chooses k-points zj, ..., zx in a transversal to f;‘",- of
length &1 and picks one point w; in each D, then it holds that at least 3 of them
are &, apart.

Note that the assumption on r implies that £ satisfies the second alternative in
the previous lemma, implying that for every ; > 0O there is a sequence of points
yn € £ going to infinity in £y and deck transformations 7, such that all points
N, yn belong to an open set U of diameter less than & and that the leaves n,L
have infinitely many accumulation points. In particular, we can assume that 7, y,
accumulate in k-points z1, ..., zx € U belonging to different leaves of f;"l-.

Now, given ng, we can choose n; < ny < n3 and points yy,, yu, and y,, such
that the n,, y,, are in U, the leaf n,, L is between the leaves 1,, L and n,,L, and the
corresponding points x,, in r are &; close. This completes the proof. O

The next lemma completes the proof of Proposition 8.3 and Addendum 8.4.

Lemma 8.11. Let ¢y, ¢ € G be two nonseparated leaves in L € §,~ whose non-
separated rays ry, ry satisfy 0@ (r1) = 0P (ry) = & # a(L). Then there exists some
y em(M)\{id} and L' € F, such that yL' =L and y& = &. The rays r;, when
projected to M, spiral towards the projection of L', and there exists a y -invariant
bigonin L.

Proof. Assume without loss of generality (cf. Lemma 8.5) that r; and r, are
boundaries of a good half-band By in L.
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Let V := V(ry, r, 0, ) a good half-region with boundary D U B; U Bg con-
structed as in Lemma 8.6. We can choose an ordering of the leaf space of F 1 SO
that leaves that intersect V are above L.

By Proposition 8.2 we can assume that r; satisfies the assumptions of Corollary
8.10. Orient r; and given x € r| consider r{(x) to be the ray starting at x. We can
also define V,, := V(r;(x), r2, oy, T,) by changing the arcs to intersect in x. Now,
using Corollary 8.10 given &, we can find points x, y in r; such that y is in r{ (x)
and a deck transformation n such that x and 5y and are very close and that nL is
above L. This contradicts Lemma 8.7.

It follows that the point & is invariant under some y and that the ray r; converges
to a closed a leaf L’ of F 1 invariant under y.

In addition, the region between r and r, in L is asymptotic to a region in L’.
This region in L’ has ideal point & # «(L’). The rays ry and r, are thus converging
to some limit rays e; and e, in L’. These rays are nonseparated in L” and they have
ideal point & such that y& =& and y L’ = L'. Proposition 8.2 implies that e;, e, are
the boundaries of a y-invariant bigon. This completes the proof of Lemma 8.11. [J

Remark 8.12. Note that in the proof we also obtain that the endpoint £ is not equal
to a(L”) for the leaf L’ we have found.

9. Consequences of the existence of Reeb surfaces

The next result gives more structure and improves Theorem A. In a certain sense, it
says that if the intersected foliation G is not an Anosov foliation, then the foliations
should look very much like the ones studied in Section 7.

Theorem 9.1. Assume that F| and F, have a Reeb surface and let B be its lift
toL e f)‘:l (a non-Hausdorff bigon). Denote by &, 1 its limit points in dH?. Then,
for every L' € §,- there is a pair of nonseparated leaves ¢y, cy € G/ such that
AtD(¢c;) =1{&,n) fori=1,2.

To prove this, we first provide some stability properties of non-Hausdorff bigons
in nearby leaves. Let B be a non-Hausdorff bigon in a leaf L € §,~ with boundaries
c1, ¢2 € G, we denote by S; and & the points in dH? given by d* ®(c;) = {E;, &5}
for i =1, 2 and such that {S;} is the ideal point of the rays of c¢i, ¢ which are
nonseparated from each other. See Figure 19.

9.1. Persistence and extension to the closure. We next consider a Reeb surface
lifting to a non-Hausdorff bigon B in some leaf L € 7, ; which is y-invariant, and
let IVi be the connected components of dH? \ {y*} where y* are the fixed points
of y. We will show that for one of the intervals I, say I}, it holds that for every
L' €F; such that a (L)) € [} the leaf L’ has a non-Hausdorff bigon B’ sharing the
same endpoints as B. To do this, we will need to prove several stability properties,
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6

&p
Figure 19. The ideal points of a non-Hausdorff bigon B.

and along the way we will obtain some useful information that will help us to prove
Theorem 9.1.

We first show the easy consequence of Proposition 3.4 that bigons persist in
nearby leaves when both endpoints are marker points.

Lemma 9.2. Let B be a non-Hausdorff bigon in a leaf L € ?,- with boundaries
c1, ¢y € Gy such that a(L) ¢ {é;, &g }. Then, there is a neighborhood I of L in the
leaf space 0f§,~ such that for every L' € I there is a non-Hausdorff bigon B in L'
which shares both endpoints with B.

Proof. This is just an application of Proposition 3.4 since the non-Hausdorff bigon
is contained in D, (L, I) (see Proposition 2.7) for some ¢ for which~Proposition 34
applies and some small neighborhood 7 of L in the leaf space of J;. (I

Such bigons extend to the boundary y-invariant leaves:

Lemma 9.3. Let B be a non-Hausdorff bigon in a leaf L € §,~ with boundaries
c1,¢p € G such that a(L) ¢ {S;, &z ). Assume that there is y € m(M) whose
fixed point at dH?* are exactly E; and &5 . Then, for every L' € i' such that a(L")
is in the same connected component as o (L) in H? \ {S;, &y} the leaf L' has a
non-Hausdorff bigon with the same endpoints as B. Moreover, this property passes
to the closure of that set of leaves and thus extends to the boundary leaves Ly, L
such that a(Lo) = & and a(Ly) = &5

We note that up to composing y with a power of the deck transformation as-
sociated to fibers we can assume that the leaves Ly and L in the conclusion are
y-invariant.
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Proof. We assume that L € F 1. The set of leaves for which «(L’) belongs to the
same connected component of a(L) in dH?\ {5;{, &g } is a countable union of open
intervals. For any pair of such intervals, there is power of the deck transformation
associated to the fiber (which induces the identity in dH?) which maps one interval to
the other, so it is enough to show that one such open interval Iy (the one containing L)
satisfies the desired property. We can also assume that y fixes Iy.

Let E € 5’2 be the leaf such that £ N L contains the boundaries of the non-
Hausdorff bigon and consider the set of leaves I} C I consisting of leaves L’ such
that L’ N E contains curves that bound a non-Hausdorff bigon joining {5;, I
Note that since 5; is the point where the nonseparation happens, it follows from
Proposition 3.9 that «(E) = 5; and is thus y-invariant. We claim that this implies
that y E = E: note that since ya(E) = «(E) then either E is fixed, or it is mapped
to a leaf E’ obtained by acting on E with a power of the deck transformation
associated to the fiber and therefore y acts freely on the leaf space of F 5 (recall that
we are assuming that y is the element of 7t (M) \ {id} which also fixes Iy, which is
an interval in the leaf space of F 1). To show that y E = E we therefore note that
y"(c1), y"(c2) are boundaries in bigons in y" (L) and since y fixes Iy which is a
bounded interval in the leaf space of F 1 the iterates " (L) converges to some leaf
Le¥ 1. By the small visual measure property it follows that " (c;) must remain
intersecting a compact set in M and hence y"(E) which contains " (c) must also
intersect a compact set in M for all n. This shows that y cannot act freely on the
leaf space of ?2 and since a(FE) is y-invariant we deduce y E = E.

Applying the argument in the previous lemma and using the fact that as long as
a(l) ¢ {f;‘;, &5 } we can push the non-Hausdorff bigon to nearby leaves we deduce
that /; is open in Iy.

To complete the proof we will show that /; is also closed in /.

Consider L, — L' € Iy with L, in an open interval I contained in ;. The leaf
L, contains a non-Hausdorff bigon B, bounded by leaves r{', rj of Gz, contained
in L, but also in E, because pushing preserves the ?2 leaves they are in. Denote
by D, the region in E bounded by r{' and r;. We can assume that the sequence D,
is monotonic. If the region D,, decreases with n (i.e., if D, C D,) then since D,,
must contain a non-Hausdorff bigon of E we get that in the limit the curves r{' and
ry converge to curves joining E;{ and &5, as we want to show.

We assume then that the sets D,, increase with n and consider the set Do, =|_J,, D,y
whose closure in E U S'(L) is compact, connected, and cannot be the whole
EUS!(E) (because of the small visual measure property). Let Ri={l1,...,8 ...}
be the (possibly finite, but countable) collection of all limits of the curves r{ in
GEg. Similarly, denote by R, = {62, R 551» ...} the limits of rj. Since the r{, ry
are in L, N E, the limits are in £ N L’. Hence they belong to G and G;/. By
Proposition 3.9 the limit points of the leaves Elj can be either the ones of r;’ (that is,
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é; =a(E) or &), or (L") if there is more than one limit curve.

The set RiUR, in EUS '(E) bounds the set Do, which is Gg-saturated and has
nonempty interior since the region between r{' and r; must contain a non-Hausdorff
bigon which belongs to all the D,,. Since the possible limit points of any leaf in the
boundary are only é‘;, &g, a(L'), It follows that R| or R}, must contain at least one
leaf with an ideal point in é; and one with an ideal point in &5 (they could be the
same leaf).

Therefore, if L’ does not contain a non-Hausdorff bigon joining 5; and &5
bounded by leaves in R U R, C L' N E, there must be a region whose limit in 9H?
is either exactly {E;, &g, a(L")}; or two regions, one with ideal points {E;, a(Lh},
and one with ideal points {£,, «(L’)}. We analyze the first possibility, the second
one is similar. Since E is y-invariant and since y does not fix a(L’), then applying
y or ¥~ ! to a curve with ideal points &4, a(L") we obtain a curve with one ideal
point £ and another in the open interval (é;, a (L") which does not contain &g
This gives a contradiction since the curves in Gg cannot cross.

Note that the boundary leaves bound a non-Hausdorff bigon in L’. Indeed these
boundary leaves have ideal points &, S;, and Proposition 3.4 implies that the same
local picture has to be seen in L’ as for L,, for large n. In other words the bigons in
L, push through to L'.

Note that in the case of L,, — L; withi =0, 1 we get the same conclusion (even
simpler, since we do not have the possibility to have three limit points), only that
when «(L;) = a¢(E) we cannot ensure that the region bounded by the leaves is
a non-Hausdorff bigon. However, since there is no transversal intersecting both
boundary leaves, it is easy to see that there must be one non-Hausdorff bigon in
between. U

When the endpoints of the bigon contain the nonmarker point of L, stability
is harder to establish. There are two cases depending on whether 5; =a(L) or

£ =a(L).

9.2. Half interval stability: the case where a(L) = E;. The goal of this subsection
is to give a proof of the following

Proposition 9.4. Let B be a non-Hausdorff bigon in a leaf L € 7, i with boundaries
c1, ¢y €9y such that a(L) = é;. Assume moreover that for some y € w1 (M) \ {id}
we have that y B = B. Then, there is a half neighborhood I of L in the leaf space
of F ; (i.e., I is a connected component of J \ {L} where J is a neighborhood of L
in the leaf space) such that for every L’ € I there is a non-Hausdorff bigon B in L’
which shares both endpoints with B.

Let us assume that L € F 1. Since ¢ and ¢, are nonseparated in Gy, we know
that there is £ € ¥, such that c;Ucy C ENL.



98 SERGIO R. FENLEY AND RAFAEL POTRIE

Let Br denote the region in E bounded by ¢ U ¢, which is an infinite band with
bounded width, limiting on Sgt (cf. Lemma 3.1). This set Bg is not necessarily a
non-Hausdorff bigon since ¢; and ¢; could be separated in G, but there must exist
some non-Hausdorff bigon contained in Bg and limiting in the same points. By
assumption «(L) = S; and using Proposition 3.9 we have that «(E) = ég =a(L).
Up to considering the inverse, we can assume that y acts as an expansion on S;.
(Since a(E) = (L) we have E =y E.)

Fix small transversals 7 and 1, to G in E parametrized in such a way that the
leaf L; € F 1 through 7 (¢) also passes through 7,(¢) and that 7; (0) belongs to c;.
We also assume these are parametrized so that for # > 0 we have that 71 (¢) belongs
to Bg.

For t <0 denote by ¢| and ¢} the leaves of G through 7, (r) and 7, (¢) respectively,
which belong to L, N E. Note that these cannot coincide because they are separated
by ¢ (and c;). Note also that the rays of ¢} and ¢} in the direction of £; must
approximate ¢y and c; for ¢ small because a neighborhood of £ in L is contained
in the set where Proposition 3.4 applies.

The leaves ¢ and ¢, cannot be connected by a transversal in L, (since they are
both in E). Between them (maybe coinciding with one of them), there is a pair of
leaves e/, ¢}, which is nonseparated and such that ¢/, e} both separate ¢| from ¢}
(unless they coincide with them). It follows that both have &, as an ideal point.

We call E, € T, the leaf such that ejUel C L, N E;. We will show that the other
landing point of !, ¢} is in &5 and thus there is a non-Hausdorff bigon in L, with
ideal points &, 5; as desired. Notice that a priori E; does not vary continuously
with 7, even though we will show in the next lemma that E; is continuous with ¢
when t = 0.

The other rays of ¢} and e} must land in «(E;) (because the rays we showed limit
in & are separated by Proposition 3.4 and thus the other rays are nonseparated;
therefore Proposition 3.9 applies). In particular, the curves ¢} and e} bound a
non-Hausdorff bigon B; in L; which limits in & = «(E;) andin&,. Let Lo =L
and Eo = Ol(L()) = Ot(E)

Lemma 9.5. The function & of t is continuous at zero. More precisely, for every J
neighborhood of 5;‘; there is § > O such that for every t € (8, 0] we have that &, € J.

Proof. To see this fix some small neighborhood U of & in dH?. Now choose a
transversal 1 to G starting at a point in ¢; and entering B.

We choose 1 small enough such that if a leaf £ of G, intersects n, then the leaf
£ is contained in a leaf E’ ¢ ?2 such that «(E’) € U. Denote by ¢ the leaf of G
through the endpoint of n which is not in c;. In particular £ is contained in the
interior of B. Now choose a neighborhood I of a(L) such that £y U n is contained
in 55 (L, I) (this set is defined as in (2-6), where ¢ is chosen so that Proposition 3.4
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holds). Recall that L = Lg. Let £, be the push through to L, of the leaf £ C L. In
other words ¢, is the component of 5“2 (£p) N L, which is g-close to £y. In the same
way 7 can be pushed to a transversal 7, to Gz, in L, starting in ¢} and ending in ¢,.
For each ¢, ¢; is contained in between ctl, 0’2 in L,. In addition there is a transversal
n: to G, from c’1 to ¢;. Therefore ¢; is in between e’l, 6’2 in L, In particular this
1mphes that e1 is in between c1 and ¢, in L;. We have that c1 C E, el C E; and
{ C SFz(Ko) with a(’fz(ﬁo)) in U. Since a(FE) is in U, it now follows that a(E;) is
in U all well, as long as «(L;) is in I. Since & = «(E;) this completes the proof. []

Note that we have also shown that there is a transversal to Gy, from e’l to c’1
which ¢ pushes to L = L and similarly there is a transversal from €} to ¢}, which
also pushes to L. It now makes sense to talk about monotonicity of &, we can
indeed show:

Lemma 9.6. The point & varies in a weakly monotonic way, that is, for small
t,t' € (=8, 0] we have that if t' < t then & < & for the orientation of J making &;
the maximal point.

Proof. For small 8’ > 0, consider 5 : (—8’, 0] — L such that 7 is transverse to §; and
such that (0) € c¢; and n(s) € B for all s € (=48, 0). Note that as we have shown
in Proposition 3.9, that if § is small enough, we know that for every r € (=6, 0)
we have that e’1 belongs to the same leaf of 9?2 as n(s) for some s € (=4§,0].
This identification will be recorded by a function p : (—8, 0] — (—&', 0] such that
p(t)=s. R

If § is small enough, then the image of 5 is contained in D.(L, Is) where I is
the interval of dH? made by «(L,) with ¢ € (=8, 0], so, applying Proposition 3.4
we find transversals n’ : (—68', 0] — L, intersecting the same 3?2 leaves. Denote by
£s € Gy, the leaf of Gy, through the point 7(s) and by E; € 3:2 the leaf that contains
£;. We note that all £; with s € (=48, 0) are bubble leaves with endpoint in §g-

For the function p defined above, we have E;, = E ; " Consider ei, to be the leaf
of G, containing n'(p(¢')). We get that e} = ¢/ by definition.

We can thus restate the claim stating that whenever ¢’ < ¢ < 0 one has that
p(t") < p(t). We assume by contradiction that this does not hold, that is, for a pair
t' <t <0 we have p(t') > p(¢). Then we get that the leaf eﬁ/ is a bubble leaf with
endpoint &, . On the other hand e} = ¢/ is a leaf in L, with one ideal point . It
follows that the leaf E; = E’ o (z) must intersect L, and L in bubble leaves while it
intersects L, in at least e U e5. We will show that this is impossible: Denote by ¢
the corresponding bubble intersection of E; with L. By the remark after the proof
of Lemma 9.5, we know that there is a small transversal 8 to § L, in Ly from eﬁ/ to
cg and this pushes to Lo, through :”;'"2 (e;/) = E;. Then E, intersects L; near the push
through of 8. The same happens for ¢}. Hence the local leaf of E; passes through
eg and also c. In other words there is a small transversal v, to G, in E; intersecting
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eﬁ,, eé and c in turn. In the same way there is a small transversal v; to G, in E;
from eﬁ/ to €| to c. Consider the closed curve in E; which is the concatenation of
V1, a segment in ¢, v, and a segment in eﬁ/. This closed curve does not bound a disk
in E, because e/, ¢}, intersect this curve in a single point. This would show that E;
is not a plane. This contradiction completes the proof. ([

Note that Lemma 9.2 applies directly as soon as & # «a(L,), so, we get:
Lemma 9.7. For everyt € (=8, 0] either &; is locally constant near t or & = a(Ly).
Finally, we show:

Lemma 9.8. If & = «a(L,) for t # 0 then, one cannot have that L, is invariant
under some y; € w1 (M) \ {id}.

Proof. First notice that if this is the case then also one has that y,&, = &, since
v, L; = L, implies that a(L;) is y;-invariant. On the other hand, by definition, L,
contains a non-Hausdorff bigon B; whose endpoints are & and &, . Since 7 # 0 and
& =a(L,) then & # a(Lo). Butas &4 = a(Ly), then & # £, . Also we know that
E; and & are the fixed points of y = yy (the deck transformation leaving L = L
invariant) then y;§; # &, . Let B, be a bigon in L, with ideal points &; and & .
Now we argue as in Proposition 8.2: Due to the small visual measure property
there is a uniform bound on the number of distinct non-Hausdorff bigons that share
an endpoint in a given leaf of 7, ;. On the other hand, applying y/" to B; we obtain
infinitely many disjoint non-Hausdorff bigons in L, sharing one of the endpoints,
namely &;. This gives a contradiction and proves the lemma. U

Proof of Proposition 9.4. We show that & must be constant and equal to 5;, as
desired. Assume first that we have that & = «(L,) in an open interval I C (-6, 0).
Since leaves with nontrivial stabilizer are dense, it follows that for some ¢ close to O
we have that L, is y; invariant for some y; € (M) \ {id} contradicting Lemma 9.8.

Now, assume that for some ¢ € (—§,0) we have that & # «a(L;). Consider
A={s e (-4,0):& =&} Note that Lemma 9.5 implies &, is continuous at t =0
we know that A avoids a neighborhood of 0. Therefore, if 59 < 0 is the supremum
of A, it follows from Lemma 9.7 that &, = a(Ly,). In Ly, we have a bigon By,
with 5;320 = &,,. Applying Proposition 8.3 to L, with s in the interior of the interval
(so s # sp) we deduce that &, is fixed by some deck transformation y; € w1 (M)
and not acting trivially on dH?. Since (L s0) = &5, then up to changing y; € 7y (M)
by some power of the deck transformation generated by the fiber we get some
vs € m1 (M) \ {id} which fixes Ly, again contradicting Lemma 9.8, unless 5o = 0.
In other words the interval where &; is constant has an endpoint in 0.

This completes the proof that & must be constant equal to 5;’ fort € (—6,0)
and thus completes the proof of Proposition 9.4. U
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Remark 9.9. We have in fact showed the following: If B is a y-invariant bigon in
aleaf Le T 1,and E € ?2 is the leaf which intersects B in the boundary ¢y, ¢; € G,
is such that the nonseparated rays of ¢, ¢; in L land in « (L), then for every leaf
LeT 1 close to L intersecting E outside the region Bg bounded by c; Uc, the leaf
L’ contains a bigon B’ whose endpoints coincide with those of B and its boundaries
correspond to the intersection with E.

9.3. Half interval stability: the nonseparated side is a marker point. This means
that S; # a(L), but §; = a(L). When the endpoint of the bigon is a marker point
for L, we can also push it to one side, but the argument is different:

Proposition 9.10. Let B be a non-Hausdorff bigon in a leaf L € ?l- with boundaries
c1, 2 € Gp such that a(L) = &g . Assume moreover that for some y € w1 (M) \ {id}
we have that y B = B. Then, there is a half neighborhood I of L in the leaf space of
F; such that for every L' € I there is a non-Hausdorff bigon B' in L' which shares
both endpoints with B.

Proof. Assume for concreteness that L € F 1. Let E be the leaf in ?2 such that
ciUc; CLNE. Then a(L) =& by assumption and «(E) = f;‘; by Proposition 3.9.

Denote by Bg the region in E bounded between ¢ and ¢;. Suppose that B is a
non-Hausdorff bigon contained in Bg. We claim that B’ must have its nonseparated
rays land in 5;; (and in particular, this shows that ¢; and ¢, cannot be nonseparated
in E because they belong to L and a(L) = &5 and Proposition 3.9 would imply
that the nonseparated rays land there). To prove the claim, consider first some E’
very close to E in such a way that it intersects B in a curve which is very close to
c1 Ucy. If C is a non-Hausdorff bigon in Bg limiting in &, first let L” be the F 1
leaf containing dC, and then can take a leaf L’ of F very close to L” and in such
a way that the intersection of L’ with E is a bubble leaf with points very close to
E’. Tt follows that the intersection of L’ and E’ in the region between B and Bg
must be compact, which is a contradiction because it would give a circle leaf in G-
(and Gg). This proves the claim.

The same argument shows that any bigon in Bg cannot have a boundary leaf in
c1 or ¢p. This implies that inside Bg both ¢y, ¢ have a neighborhood that does not
intersect a bigon. Starting from c;, consider leaves e of G inside Bg and near c;.
There is a small interval of leaves where y acts as a contraction or expansion in this
interval. Similarly for ¢;. Hence there is a maximal interval [c;, e;] where y fixes
the endpoints and no other leaf of G in between. Similarly there is a maximal
interval [c2, ep] with the same properties. The leaves ey, e, are in the same leaf L’
of F) and it is invariant under y. By construction (L) = g, . Finally any leaf L”
of F | between L and L’ has a bigon By~ which is asymptotic to B in one direction
and to a bigon By in the other direction.

This provides the interval required by the proposition. U
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Remark 9.11. As a consequence of the proof we have the following property: Let
B a y-invariant non-Hausdorff bigon in a leaf L € F 1 bounded by curves cy, ¢
such that c;Uc, C LN E for some E € &?2. Let {E;, & } the endpoints of the bigon,
where as above, S; denotes the nonseparated point of the curves ¢y, ¢. Then, we
have that all non-Hausdorff bigons in E (note that there is at least one since there
is no transversal in E from c; to ¢») that are contained between c; and ¢, have its
nonseparated point in 5;.

In contrast with Remark 9.9 we notice the following:

Remark 9.12. If B is a y-invariant bigon in a leaf L € F rand E € ?2 is the leaf
which intersects B in the boundary c{, ¢ € G, is such that the nonseparated rays
of ¢y, ¢ in L land in a point different from a(L), then, for every leaf L’ € F 1 close
to L intersecting E inside the region Br bounded by c¢; U ¢; contains a bigon B’
whose endpoints coincide with those of B and its boundaries correspond to the
intersection with E.

9.4. Putting all stability together. Let B be a non-Hausdorff bigon in L € F 1 with
boundaries ¢y, ¢; € G and endpoints S; and &5 (recall that 5; denotes the endpoint
which is the limit of the nonseparated rays of ¢ and ¢;). Consider a transversal
7:[0,8) — L to G such that t(0) € ¢y, so that t((0, §)) is contained in B. Let
then E; € ’JN"z be the leaf through the point t(¢). We will denote by Jp the closed
interval in 9H? which is the closure of the connected component of dH? \ {S;, &g}
containing «(E;), t > 0; that is,

9-1) Ip = ceae) OHA\ {55, £5 D).

We note that the definition of Jz is independent on the choice of t and ¢t > 0
(and also works if 7(0) € ¢, instead of cp).

Lemma 9.13. Let B be a y-invariant non-Hausdorff bigon in a leaf L € §1 with
boundaries cy, c; € G such that a(L) = &5 and y € w1(M) \ {id}. Then, for every
L' e 7, such that a(L) € I (see (9-1)) we have that L' contains a non-Hausdorff
bigon B" with endpoints &, 5;. In the same way if a (L) = S; we also get that for
every leaf L' € F\ such that a (L) € g we have that L' contains a non-Hausdorff
bigon B' with endpoints £, €.

Proof. Both ¥} and &"2 are transversally orientable. We choose an orientation such
that 1f w:(—ee)— M is a posmvely oriented path transverse to both foliations
3"1, &"2 Then, if L, € ?1 and E; € EFQ are the leaves through £(¢) then «(L;) and
o« (E;) move both clockwise. To see that this is possible, recall that when lifted to M
it follows that the transverse orientation induce a direction on which the point (L)
varies as L, varies in the leaf space of F ;. Note that since both foliations inherit
the orientation of the base (because they are horizontal) the transverse orientations
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match (recall that from Theorem 2.1 we know that there are homeomorphisms
inducing the identity in the base which maps the foliations J; to ), and so we
can speak of moving in the clockwise or counterclockwise direction in dH?.

Let E be the f;"z leaf containing c¢; U ¢3, and let Bg be the region in £ bounded
by c¢1 Uc;. Let T be a transversal to G, starting at ¢ and entering B.

The following happens: moving E; (the leaf through 7(¢), so Eg = E) moves
a(E;) in one direction of dH?, starting at 5;, by definition «(E;) moves into Jp.
Without loss of generality, we can assume that o (E;) moves clockwise, equivalently
the leaves of ?2 intersecting B are above Ejy. In other words B is above Ej. Next
consider a curve n : (—6,8) — Ej transverse to Gg,, such that n(0) € ¢y, and
parametrized clockwise; i.e., if Ly is the leaf of T 1 through the point n(s) then
o (Lg) moves clockwise as s increases.

Now if a(Lo) = &, the previous lemma tells us that the leaves L; which have
bigons bounded by the curves in E N L; are the leaves intersecting the region Bg
(see Remark 9.12). We saw above that the region B is above Ey and therefore Bg
is below L.

Therefore the leaves L; which have these bigons, satisfy that the point «(L;)
is locally counterclockwise to &5 and thus in the same connected component as
a(Ey) (for small s) in 9H?\ {£4, &5}

Applying Lemma 9.3 we get that the full closed interval between E; and &g,
has a bigon with ideal points &, S:{. If on the other hand we assume that «(E;)
moves counterclockwise when ¢ increases, we get that B is below Ej, and as above
it will follows that Bg is above Ly. One obtains the same result as above.

Finally we consider the case that (L) = I;r. In this case the important fact
to note is that in the proof of Proposition 9.4 we obtain the half neighborhood
by moving in the opposite direction (see Remark 9.9), where we explain that the
L near Lo which intersect E(y forming a bigon in L; intersect Eg outside Bg (as
opposed to inside B in the previous case). Therefore with the conventions as in
the previous case we have the following: if «(E;) > a(Ep) (for t > 0), we produce
bigons in leaves Ly above L, so «(Ly) > a(Lg). Therefore o (E;) moves clockwise
and a(L;) moves clockwise. But o(E;) moving clockwise when ¢ increases means
that o (E;) moves inside Jg for t > 0, and henceforth « (L) moves inside Jg for
t > 0. Thus we obtain the second statement of the lemma. [l

Putting together what we have shown, we can deduce:

Proposition 9.14. Let F\, F> be two transverse minimal foliations of M = T'S
and let G be their intersection. Then if G is not homeomorphic to the foliation
given by the geodesic flow of a hyperbolic metric, it follows that there are finitely
many disjoint simple closed curves sy, ..., s in S such that for every periodic non-
Hausdorff bigon B in a leaf L € 7 i we have that 0Jp (equation (9-1)) corresponds
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to the endpoints of a lift of one of the curves s; to H2. In particular:

o If two periodic non-Hausdorff bigons share one endpoint, then they must share
both endpoints.

o The endpoints of two different periodic non-Hausdorff bigons cannot be linked.

o Up to deck transformations, there are finitely many periodic non-Hausdorff
bigons. Equivalently there are finitely many Reeb surfaces of G in F;.

Proof. Assume that a leaf L € F 1 has a y-periodic non-Hausdorff bigon B. Due to
Propositions 9.4 or 9.10 we know that we can push such a bigon to nearby leaves.
Then, thanks to Lemma 9.3 we know that every leaf L’ € F, with a(L’yeJghasa
bigon joining the endpoints é;{ and &5 of B.

First, assume that Jg and Jp' share an endpoint, then, since ¥y and y’ must fix
those endpoints, we deduce that 3’ and y belong to the same cyclic group of 71 (M).
Thus, we deduce that both endpoints must coincide.

Now assume that there are two distinct non-Hausdorff bigons B, B’ such that B
is y-periodic and B’ is y’-periodic and that the ideal points of B, B’ are linked.

Again using Propositions 9.4 and 9.10, we can find bigons with same ideal points
as B in all leaves L” in F; in the interval defined by « (L") in the closure of one
complementary component of é,‘;, &, . The set of such «(L") produces an interval
I of dH. The same holds for B’, with corresponding interval /.. So if the ideal
points link, it follows that the interiors of Ig, I intersect, and we can find a leaf L’
which has both a bigon with same endpoints as B and one which has both endpoints
as B’. This is a contradiction since bigons cannot cross (since they are bounded by
leaves of G,/ which is a foliation).

Finally, note that since a y-invariant non-Hausdorff bigon cannot cross with its
translates by other deck transformations, each such non-Hausdorff bigon corre-
sponds to a simple closed curve in S. Similarly, distinct periodic non-Hausdorff
bigons correspond to disjoint curves, and at most finitely many such disjoint curves
can exist in S.

To prove the final property: we may assume periodic bigons Bj, B; are associated
with same simple closed curve s; of S, and are both bigons in say F 1. There is a
unique element y of ;1 (M) which projects to s; in S and acts with fixed points in
?i. This y has a discrete set of fixed points in the leaf space of 5“1. So we may
assume up to fiber translates, that By, B, are in the same leaf of ?1. But then there
are finitely many such. This proves finiteness of Reeb surfaces in M. ([

9.5. Creating new bigons. As in the examples of [35], it is possible that some
bigons do not have continuations beyond one half-interval of the leaf space. Thus,
to show that there are bigons in every leaf, we need to construct new bigons (i.e.,
which do not come from varying continuously from the original one) in order to
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Figure 20. How the nonmarker points move on the other foliation as one
considers the leaf associated to a transversal of G; .

produce bigons in the other half interval. This requires a careful analysis of the
orientation of the foliations.

We first show that the existence of some periodic bigon forces landing points of
rays to be rather restricted. We state this in somewhat more generality.

Lemma 9.15. Assume that there is a leaf L € 7 i that contains a leaf e € G, such
that a(L) ¢ {07 ®(e) U~ D (e)}. Assume also that 3T ®(e) # 0~ D(e). Let J be a
nontrivial interval in the leaf space of §"i. Then there is a leaf L' in J fixed by a
nontrivial deck transformation 8 such that no leaf of G has one ideal point fixed

by B.

Proof. Decrease J if necessary so that (L") never attains either of 3T ®(e) or
0~ ®(e) for L' € J. In particular, « is injective in J. Leta; =37 ®(e), ap =9~ P (e).

Let I be an open interval in dH? contained in the connected component of
oH? \ {a1, a2} which does not contain «(L).

Choose a nontrivial deck transformation 8 with one fixed point in / and one in
a(J). Let L’ be a leaf of 5‘} fixed by B8, and we can assume that L’ is in J. This
leaf satisfies the conclusion. Suppose that G;/ has a leaf ¢ which is not a bubble
leaf and has one ideal point fixed by 8. Without loss of generality assume that ¢ has
an ideal point in I which is fixed by 8. Then iterating by 8 or ! we eventually
obtain a leaf ¢’ of G,/ with one ideal point in / and one ideal point in «(J). But
ay, ay link with I, a(J). This contradicts that ¢’ is a leaf of G,/ with ideal points
ay, az, which would cause crossing of different leaves of Gy-.
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If ¢ is a bubble leaf landing in a point fixed by 8, one can iterate and produce a
leaf which is not a bubble leaf and has the same characteristics. U

Remark 9.16. If the leaf space of § is not Hausdorff, it follows from Theorem 8.1
that there are some non-Hausdorff bigons in some leaf, and by Proposition 9.14
that an open set of leaves contains non-Hausdorff bigons. Using minimality, we
deduce that every leaf L € 7, ; has infinitely many non-Hausdorff bigons with distinct
endpoints in dH? and therefore we are in the hypothesis of the previous lemma for
every L € T i

To produce new non-Hausdorff bigons we need to push to the other side of the
bigons which is more delicate. We first show the following:

Lemma 9.17. Let L € §1 and let E € §2 with a(L) # o (E) be such that there is
y € my (M) \ {id} fixing L and E. Let Ly € E N L be a connected component of the
intersection such that {07 ® (£y), 0~ ® (L)} = {a (L), &} for some &y # a(L). Let
7:[0,8) = L be a transversal to G, with t(0) € £y, and such that if E; denotes the
leaf through t(t) for t > 0 we have that «(E,) and ©(t) are in different connected
components of L\ £y. Then, for small t > 0, if £; denotes the curve of G, through
() it follows that {07 ®(£;), 0~ ®(L,)} C {a(L), &} and at least one of the points
isa(L).

Proof. Consider I; the interval of the leaf space of f;':g made of the leaves E; with
s € (0, 1) and fix a small ¢ such that Proposition 3.4 applies for ?2. For ¢t small
we identify 7, with | J{«(E), s € (0, 1)}. Consider then the set 5£(E, 1,) for this
foliation. It follows (see Proposition 2.7) that the set D, which is the projection
of ﬁE(E , I;) to L contains a complementary component of a neighborhood of
uniform size around the geodesic joining the points «(E) = a(Ey) and «(E;). This
complementary component has «(L) in its closure.

In particular, one can choose ¢ so small that D, is disjoint from the image of . In
particular, one gets that one of the rays of ¢, must converge to a(L). We now want
to understand the other ray. If «(E) # &g then, the same argument shows that the
other ray of ¢, converges to &y, so we will assume in what follows that «(E) = &.

We assume by contradiction that the other ray of ¢, starting at t(¢), that we call
1y, lands in some point & ¢ {«(L), (E)}. It cannot land in any point of the interior
of I; since it would need to intersect £.

We can thus apply Proposition 3.4 to the leaves E for s € (¢, 0) to obtain a family
of rays rs in L that start at t(s) and always land in &. To see this, note that while
ry intersects D, then the ray varies continuously with s, but if stops intersecting D,
it could in principle split into more than one ray. However, due to Proposition 3.9
the landing should occur in «(Ey) which is impossible since it would force the ray
to intersect £y. Finally, note that when s — 0 there could be splitting, but in this
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case we obtain that there is a curve in Eg N L (note that Ey = E) which goes from
a(E)to .

In conclusion, we have shown that if the result does not hold, then £ N L must
have a curve ¢’ from one of the fixed points of y to &. Since E and L are y-
invariant we can iterate this intersected curve ¢’ to obtain a sequence of distinct
intersections of £ N L landing in the same point (and since they do not admit a
common transversal, they must have some distance in between). This contradicts
the small visual measure property and completes the proof of the lemma. U

There is a similar phenomenon when the splitting goes in the opposite direction:

Lemma 9.18. Assume that § is not Hausdorff. 2 JetLeT 1and E € 5~"2 be such that
o (E) = (L) so that there is y € m (M) \ {id} fixing both L and E. Let £y € ENL
be a connected component of the intersection such that {07 ® (L), 3~ P (L)} =
{a(L), &0} for some &y # a(E) = a(L). Let T : [0, 8) — L be a transversal to Gy,
with ©(0) € €y. Then, for small t > 0, if £, denotes the leaf of S through t(t) it
follows that {07 ® (£y), 0~ ®(Ly)} C {a(L), &} and at least one of the points is &.

Proof. Since E and L are y-invariant then, one must have that £, also is. Otherwise
£y is not y periodic, so we would get infinitely many distinct connected components
of EN L, all of them sharing the endpoint o (L) = «(E). But this contradicts small
visual measure since no two of such components can intersect a common transversal.
It follows that &y, (L) are the two fixed points of y.

Consider Is the interval of the leaf space of 5’2 which consists of the leaves E;
through t(¢) with ¢ € (0, §). The curve ¢; C E; N L is the curve of g passing through
7(¢). Since &y # a(E) we can apply Proposition 3.4 to deduce that one of the rays
of ¢, converges to &. We now want to understand the other ray.

Consider for t € [0, §) the other ray of ¢, starting at (), which we call r,, and
let £ € dH? be the landing point of &. As in the proof of Proposition 9.4 we claim
that the point &, is weakly monotonic as we move ¢, that it is continuous at = 0 and
that either it is & = a(E;) or & is locally constant. Weak monotonicity is simpler
in this case, since if ¢’ > ¢ we have that ¢, separates £, from £y. Using the pushing
argument of Proposition 3.4 we get that if &, is not «(E;) then & must be locally
constant. Finally for continuity at 0: we assume that & # &y for some small ¢ (else
we get the result if & = & for all ¢ sufficiently small). Assume that «(L) is the
attracting fixed point of y. Then y"(¢,) converges to «(L) when n — oco. Since
y"'(;) =4, with t, — 0, continuity of & at =0 follows.

Now suppose that & = o (E;) for a nontrivial interval J in (0, t). We identify J
with an interval in the leaf space of gtz, which we can identify with an interval in dH?
as well. As noted in Remark 9.16 we satisfy the hypothesis of Lemma 9.15. Hence

2This is a standing assumption in this section, but we emphasize it here because the proof makes
crucial use of Lemma 9.15.
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there is a leaf E; in J such that E, is fixed by a nontrivial deck transformation 8
and no leaf of G, has one ideal point fixed by 8. However we know that & = «(E;)
and a(E,) is fixed by S. This is a contradiction since ¢, has one ideal point &,.
Exactly as in Proposition 9.4, we deduce that if & is not constant and equal to
o (E) = a(L) then either it is constant and equal to &j or the function &; is locally
constant with jumps in a discrete set of (0, §) in points a,, — 0 such that for each
n we have ¢, lands in §, := a(E,,). This implies that the intersection of E,, N L
contains, besides ¢,, a curve joining &, and &,. These curves are accumulated by
the curves ¢, with ¢ € (a,—1, a,) and therefore, due to Proposition 8.3 we know that
there is some y, € w1 (M)\{id} fixing E,, . This implies that E, has a non-Hausdorff
bigon joining &, with some point in the interval from & to &,_; not containing &,.
This contradicts Proposition 9.14 because it produces bigons whose endpoints are
linked or have a unique common endpoint. This completes the proof. ([

We can now prove the main result of this section:

Proposition 9.19. Let B be a y-periodic non-Hausdorff bigon in a leaf L € i for
some y € w1(M)\ {id}. Then, one of the following options hold:

(1) there are y-invariant bigons By and B, in L such that E;{l = S;;z and such that
jBIU 532 = 8“‘”2, or

(2) there is an even number of ordered"? y -invariant bigons By, B, ... By in L
such that consecutive ones have different nonseparated points. Moreover, if
the order is chosen so that By is the bigon such that & B = o (L) then one has
that Jp, is the interval which is separated from By by B.

Proof. Due to small visual measure, there are finitely many y-invariant non-
Hausdorff bigons in L, which we denote by By, ..., By in order (i.e., B; separates
B;_ from B in L). Each such y-periodic non-Hausdorff bigon B; € L corre-
sponds to the intersection of L with some E; € ?2 such that a(E;) € {§, n}, which
are the fixed points of y (and also the separated and nonseparated points of B).
Since L is y-invariant we know that (L) € {&, n}. Moreover, if «(E;) = a(L)
then it follows that g;j = (L) while if «(E;) # a(L) then g;j #a(l).

There are also a finite number of y-invariant leaves of Gy, say fo, ..., &m,
corresponding to intersections with leaves F; € §2 such that « (F;) € {£¢, nn}. (Indeed,
these leaves are at some minimal distance away from each other and each one must
be uniformly close to the geodesic joining & and 7). We also consider these leaves
ordered in the same direction. Some of them are contained in the boundaries of the
bigons B;. We know that m > 1 since there is at least one y-periodic non-Hausdorff
bigon.

13This means that in L the bigon B; separates B;_ from B forall j=2...k— 1.
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Let D be the closure of the region in L bounded by £g, g,,. Since m > 1 then D
is nonempty, with nonempty interior. Fix a transversal orientation to 5.

Consider, for every i € {0, ..., m — 1}, a transversal 7; : [0, §) — L such that
7;(0) € ¢; and that 7;(¢) is between ¢; and £;4;. Denote by C; the (closed) interval
from £ to n and containing o (H;) where H; € CT’FZ is the leaf such that 7;(¢t) € H;.
This interval is well defined and is independent of the choice of t; and 7.

Claim1. C;UC; | = dH2. The region between £; and £i11 is a bigon if and only if
a(F;) = a(Fiq1).

Proof. The interior of C; is exactly the set of points v in dH? such that there is a leaf
E € §2 that intersects the region between ¢; and ¢;; in L and such that «(E) = v.
This is because both sets are y invariant and contain small neighborhoods of the
endpoints. Hence if one considers a transversal to G intersecting in the interior
the leaf ¢; | (which is a connected component of L N F; 1), one sees that C; and
C;+1 correspond to distinct intervals and thus C; UG, = 9H? as desired. O

To see the last property, notice that if the region is a bigon then F; = F;; so the
o’s coincide. Otherwise F;, F;1 are distinct, fixed by y, and there is no other y
invariant leaf between F; and F;;;. Hence when acting on the leaf space of 5’2, it
follows that up to inverse, y is attracting in F; and repelling in F; ;. This implies
that a(F;) # o (Fit1).

Claim 2. Consider Bj, Bj11 consecutive non-Hausdorff bigons in L. Then if
&p, = &g, wehave I UTp, = 0W> and if§5 =&, then T, =Tp,,,.

Proof. In the first case one has between the boundaries of B, B an even (possibly
zero, if B; N B intersect in some leaf £ ;) number of regions between consecutive
curves ¢;. Since each intersection makes a half turn in dH? without changing
orientation (because this only happens when one crosses a non-Hausdorff bigon) we
obtain that the leaves of %2 intersecting the interior of B; and Bj correspond to
different intervals in 9H? whose boundaries are {£, n} thus J B;YIp;, = dH?. The

other case is similar, since one has an odd number of such regions in between. [J

Conclusion. Claim 2 implies that the only way that all non-Hausdorff bigons with
the same nonseparated point have the same associated interval is that adjacent
non-Hausdorff bigons must have distinct nonseparated points. Note that we still
could have that there is a unique such non-Hausdorff bigon.

To obtain that there are an even number of such bigons, we will use Lemmas
9.17 and 9.18. Using Lemma 9.18 we will deduce that £y and ¢,, satisfy a(Fp) =
o (F,) # a(L). Indeed, suppose to the contrary that o« (L) = o(Fp). Then we can
apply Lemma 9.18 to the curve £y contained in L N Fy. It has ideal points &, 7,
which are distinct; one of them is « (L) = o (Fyp), the other we call &y. Now consider
a transversal t starting in £y and exiting D and ¢ a curve of G, intersecting t
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outside D and near 7(0). Apply Lemma 9.18 to £y: it implies that the ideal points of
¢’ are contained in «(L), &. But that is impossible given the choice of £y: no curve
outside D has ideal points contained in {&, n}. This shows that «(Fp) 7~ a(L). This
also applies to ¢,,, showing that « (L) # «a(F,,). Hence a(F,,) = a(Fp) # a(L).

Moreover Lemma 9.17 implies that G is the interval of 9H? \ {£, n} which is in
the opposite connected component of dH? \ {1, £} of £,, in L\ £o. Similarly, C,,_;
is the opposite interval, that is, the interval of dH? \ {£, n} which is in the opposite
connected component to £y in L \ £,,. In particular, the two intervals Cy, C,,_| are
different.

We will now check the progress along leaves grz when we cross the region D
starting from ¢y all the way through £,,. Notice that crossing each periodic non-
Hausdorff bigon changes the orientation in which one makes progress in the leaves
of 3?2. Lemma 9.17 implies that in both £( and £,, when one crosses into D, then
the o’s of the g’"g leaves move in the opposite direction (e.g., when crossing £ it is
in the complementary component of ¢y which does not contain D). In particular,
crossing through £y into D and through ¢,, outside D, one needs to cross 5’2 leaves
with the same orientation. Thus there must be an even number of non-Hausdorff
bigons in between.

Finally, if we choose the order so that B is the one such that 5;1 =a(L) we
have that one needs to intersect an even number of curves ¢; after £y to get to B
(possibly £ is the boundary of Bj, in which case we do not intersect any). We get
that the boundary of B is of the form {Zz, U €y; 41} for some i > 0. This implies
that C,, = Co, because if G is the leaf of 3’2 containing d By, then «(G) = SB This
completes the proof. (]

9.6. Proof of Theorem 9.1 and applications.

Proof of Theorem 9.1. By assumption we know that there is at least one leaf L with
a non-Hausdorff bigon B and some y € (M) \ {id} for which we have y B = B
and if we denote the endpoints as {&, 77} C 9H? these are also y-invariant. Without
loss of generahty we assume that L € 3"1 In particular, «(L) € {§, n} = {SB I
Let E € 3"2 be such that the boundary of B is contained in EN L.

Denote by L aleaf in EFl such that oz(L) € {&, n} and that a(L) # a(L). The
leaf L must also be y-invariant. It follows from applying either Proposition 9.4
or Proposition 9.10 that L contains at least one non-Hausdorff bigon which up
to changing L by a deck transformation associated to the fiber we can assume is
bounded by leaves of £ N L.

We now apply Proposition 9.19. If the first condition of the proposition happens
for either L or L, we get that there are y-periodic non-Hausdorff bigons B;, B; in
L (or L) with the same nonseparated point and such that J5,UJp, = dH?. Applying
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Lemma 9.13 we deduce that for every L' € T 1 there must be a non-Hausdorff bigon
joining & and 5 in L’. This completes this case.

Thus, we can assume that both for L and L we have that the second option of
Proposition 9.19 holds. We need to show:

Claim 3. Ifwe consider B1, ..., By the y-invariant non-Hausdorff bigons in L
with a chosen order and use the same order in L and get y-invariant non-Hausdorff
bigons B Lo vvns 1§2m we have that k = m and that the nonseparated point of B; and
él coincide.

Proof. Using Lemma 9.13 we know that there is a closed interval J C dH? (with
boundary = {&, n}) such that each bigon B; in L pushes to a bigon in every L’
with a(L") € J. Moreover, if E; is the leaf of ?2 such that E; intersects L in the
boundary of B;, then we have that every leaf L’ as above has the corresponding
bigon contained in between the intersection of L’ and E;. Note that Remark 9.11
implies that the nonseparated point of the corresponding bigons are in the same
direction.

Since the intersection of E; with the leaves L’ from L to L separates the region
between L and L, the order of the bigons cannot be reversed. We deduce that in L
we have bigons in the same order and the same directions. It remains to show that
there cannot be bigons in L that do not come from pushing those in L, but this just
follows by a symmetric argument. O

Conclusion. Assume that B satisfies EB = (L), the other case is symmetnc In
this case we deduce from Claim 1 that S = a(L) and hence 5’ = a(L) By
Proposition 9.19 it follows that Jp U J, = = 9H?; to see this, ﬁrst apply it to L
so Jp, is the interval opposite to B;, i > 1 When seen in L U S! (L) we have that
J 2 is the interval in the same complementary component of L \ ng that contains
B). Now apply it to L: then J4,, 1s the component opposite from B) when seen
from BZk Hence JpUJ, = 8|]-[|2

Finally, applying Lemma 9.13, we deduce that for every L’ € F 1 there must be a
non-Hausdorff bigon joining & and n in L’. ]

Corollary 9.20. Assume that F| and F, are two transverse minimal foliations of
M = TS such that the foliation G obtained as their intersection is not homeomor-
phic to the orbit foliation of the geodesic flow for a hyperbolic metric on S. Then,
there are finitely many disjoint simple closed curves sy, ..., sy in S such that for
every lift 5; of some of these curves, if &, n denote the endpoints of §; in dH?2, they
satisfy the following: for every leaf L € 3:,- we have that L has a non-Hausdorff
bigon joining & and 1.

Even if we fix the homotopy classes of the curves s; which contain Reeb surfaces,
it could be that the intersected foliations are not equivalent since there are possible
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variants to the Matsumoto—Tsuboi construction (see Remark 7.1). Thus we can
add several copies of T? x I associated with the same s; and they will not produce
equivalent foliations. This statement gives a combinatorial way to describe the
possible intersected foliations.

Proof. 1t follows from Theorem 9.1 that once a leaf L contains a non-Hausdorff
bigon invariant by some y € w1(M) \ {id} then every leaf contains a non-Hausdorff
bigon joining the same endpoints. Note that since everything is equivariant under
the action of (M) we get that every leaf must contain a non-Hausdorff bigon
joining the fixed points of all elements in (M) conjugated to y. Since non-
Hausdorff bigons cannot intersect, these form a lamination in oH? (by this we mean
a collection of pairs of distinct points in dH? which are pairwise not linked) and thus
corresponds to a simple closed curve in § (see also Proposition 9.14). Moreover, if
there is another y’-invariant non-Hausdorff bigon, it must be also disjoint from the
first one, so we get that it is associated to a disjoint simple closed curve in S. Since
there are only finitely many homotopy classes of disjoint simple closed curves in a
surface S of genus g > 2 we obtain the result. U

This section motivates the following:

Question. Let F1, F, be two transverse minimal foliations in a closed 3-manifold
M. Assume that the the lift G of the intersection foliation G = F1NF, to the universal
cover does not have Hausdorff leaf space. Is it true that M contains a m|-injective
torus T such that every leaf L € i‘ contains non-Hausdorf{f bigons joining the
endpoints of the intersections of lifts of T with L In particular, is it true that if M
is atoroidal then two transverse foliations intersect with Hausdorff leaf space in the
universal cover?

10. Application to partially hyperbolic diffeomorphisms

A diffeomorphism f : M — M will be said partially hyperbolic if it admits a
D f-invariant splitting TM = E* @ E° @ E* such that there is some n > 0 such that
for x € M and unit vectors v¥ € E*(x), v € E°(x) and v* € E*(x) we have

(10-1)  [IDf"v*|| < 5 min{1, | Do}, [IDf"v"]| > 2max{1, [ Df"v°|}.

The problem of classification of partially hyperbolic diffeomorphisms in 3-
manifolds introduced in [7; 14] has seen a lot of activity in the last few years. In
particular, we point to [6; 4; 25] for the analysis when the 3-manifold is hyperbolic,
and more generally for diffeomorphisms homotopic to the identity in general 3-
manifolds. In [5] we have introduced a class of systems called collapsed Anosov
Sflows which would provide a natural and useful notion of classification of such
systems. In [25] we have shown that this class contains all partially hyperbolic
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diffeomorphisms in hyperbolic 3-manifolds. The proof involves a careful study of
pairwise transverse foliations, but also dynamics is introduced at several points in a
crucial way. As mentioned in the introduction, the goal of this paper is to see to
which extent we can extract dynamical information by using only the geometric
properties of transverse foliations.

We note that besides the classical examples of time one maps of geodesic flows
(or more generally, discretized Anosov flows ([6; 33]), unit tangent bundles admit
many other classes of examples (see [8; 9]), some of which have been studied in
[3; 25].

The goal of this section is to prove Corollary B which states that every conserva-
tive partially hyperbolic diffeomorphism in M = T''S is a collapsed Anosov flow
up to finite cover and it is thus accessible (see [24]). This section will assume some
familiarity with standard results and notions of partial hyperbolicity; all of them
can be found in [5].

10.1. Preliminary results and precise statement. Recall from [14] that when a
partially hyperbolic diffeomorphism has orientable bundles whose orientation is
preserved by f, then it preserves transverse branching foliations W and W
tangent respectively to E°@® E€ and E® E". In [30, Theorem 3.1] some conditions
are obtained which imply that these foliations do not have vertical leaves (for
instance, being volume preserving is one of such conditions). Vertical means the
leaf can be homotoped to be a union of Seifert fibers in M = T'S. If no vertical
leaves exist, then, arguments like in [6; 4] (see in particular [25, Proposition 8.3])
will allow us to prove the following:

Theorem 10.1. Let f : M — M be a partially hyperbolic diffeomorphism on
M = T'S where S is a surface of genus g > 2. Assume moreover that f preserves
branching foliations which do not have vertical leaves. Then, f is a collapsed
Anosov flow.

Here, being a collapsed Anosov flow means that there is a semiconjugacy between
f and a self-orbit equivalence of an Anosov flow of M (which by a classical result
of Ghys must be orbit equivalent to a geodesic flow, see [28]). The semiconjugacy is
required to have some technical properties relating the flow and the center direction.
We obtain the strongest such condition, called strong collapsed Anosov flow in [5].
Since we will deduce a property of the leaves that implies such condition by [5,
Theorem D] we will refer the reader to [5] for the actual definition of a collapsed
Anosov flow.

These are the two results we shall use to be able to apply Theorem A to partially
hyperbolic diffeomorphisms:

Theorem 10.2 (Burago and Ivanov). Let f : M — M be a partially hyperbolic
diffeomorphism preserving an orientation of its invariant bundles. Then, f admits
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branching foliations W and W which are approximated by foliations ¢ and
Fe", Moreover, if the branching foliations W and W are minimal, then one can
choose 3¢ and F to also be minimal.

We refer the reader to [5, § 3] for discussion of this result, in particular the final
property. The approximation is such that there is a collapsing map h: M — M
which sends leaves of F° to leaves of W (same for cu), is homotopic to the
identify, is C! along leaves, is e-close to the identity, and has derivatives along the
leaves which is C! close to the identity along the leaves, and has further properties.
Many properties transfer between the two foliations, in particular the topological
types of leaves of both W and F** is the same.

To obtain Theorem 10.1 we will then apply the following criterion given by [5,
Theorem D]:

Theorem 10.3. Let f : M — M be a partially hyperbolic diffeomorphism preserv-
ing an orientation of its invariant bundles. If leaves of the foliation obtained by
intersecting F° and F are quasigeodesics in the universal cover of their respective
leaves, then f is a collapsed Anosov flow.

Accessibility and ergodicity then follow from [24, Theorem A]. We note that
Corollary B follows since the branching foliations of volume preserving partially
hyperbolic diffeomorphisms are what we call f-minimal, so they cannot have
vertical leaves, and therefore satisfy the assumptions of Theorem 10.1. We note in
fact that f-minimality is studied in [30] in many situations, including the case where
[ is chain-recurrent (something weaker than volume preserving or transitive) or
belongs to certain isotopy classes. It is also shown in [5, Proposition 4.8] that being
f-minimal is an open and closed condition on partially hyperbolic diffeomorphisms,
so that if some f is known to be isotopic to a chain recurrent one along partially
hyperbolic diffeomorphisms, then it will be in the hypothesis of Theorem 10.1.

10.2. Partially hyperbolic foliations do not admit Reeb surfaces. We now explain
why existence of a Reeb surface in the approximating foliations is not possible if
the branching foliations come from a partially hyperbolic diffeomorphism. This
will reduce the proof of Theorem 10.1 to showing that under its assumptions the
branching foliations exist and are minimal.

Proposition 10.4. Let f : M — M be a partially hyperbolic diffeomorphism
preserving branching foliations W and W which are approximated in the sense
of Theorem 10.2 by true transverse foliations F° and F". Then, the approximating
foliations do not have Reeb surfaces.

Proof. A Reeb surface of I is finitely covered by an annulus whose boundary
components are leaves of J* N F and whose interior is made of infinitely many
curves spiraling to the boundary. When collapsing to W and W<, these annuli
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collapse to “branched” annuli S contained in some leaf of W or W (say W)
which is an annulus, the boundaries are leaves of the one-dimensional branching
foliation induced by the intersection and no transversal from one side intersects the
other. Using the Poincaré-Bendixson theorem we deduce that every flow transverse
to the boundaries of S must have a periodic orbit. Applying this to the flow generated
by a unit vector field tangent to E* we deduce the existence of a closed curve tangent
to E¥ which is a contradiction with partial hyperbolicity (because f would contract
the curve until you find a circle tangent to E* in an arbitrarily small ball). U

10.3. Proof of Theorem 10.1. Using Theorem 8.1, Theorem 6.1, and Theorem 10.3
it is enough to show that the approximating foliations F and F°“ given by
Theorem 10.2 are minimal. For this, it is enough to show that this is true for
the branching foliations under the assumption that there are no vertical leaves for
such foliations.

Theorem 10.2 shows that the collapsing map can be chosen to be a bijection
between the sets of leaves of 3 and T, (say), and the collapsing map preserves
their homotopic properties. Therefore F°°, 5 do not have vertical leaves by
assumption.

Since F¢* is horizontal, the leaf space of Fes is homeomorphic to the reals R, and
F blows down to a minimal foliation (see [20]). By Theorem 2.1 this foliation
has only planes and annuli leaves. Hence W has only planes and annuli leaves
(here, the topology of the leaf is, by definition, the topology of the quotient of the
leaf in the universal cover by the deck transformations that fix the given leaf).

Since every leaf of W is a cylinder or a plane and the foliation is R-covered
we can argue exactly as in [25, Proposition 8.3] to get a contradiction with partial
hyperbolicity (the quasigeodesic property is used in the proof of [25, Proposition 8.3]
only to show that leaves are cylinders or planes). This completes the proof of
minimality.

10.4. Proof of Corollary B. Take a regular finite cover M and iterate in order to
have orientability of the bundles as well as their preservation. As explained in [30,
§ 7], once we take a finite cover M, since the foliations will not have vertical leaves
they need to be horizontal. To show that there are no vertical leaves and that the
branching foliations are minimal in the cover M1, we use the volume preservation
assumption as in [30]. In [30, Lemma 7.1] and [30, Subsection 6.4] it is proved
that deck translations associated with the cover M| — M preserve the orientations
of all the bundles. This implies that the original bundles were horizontal and the
orientability conditions were satisfied in M.

Hence the partially hyperbolic diffeomorphism f is a collapsed Anosov flow.
It follows that f is accessible, and if f is C? (and volume preserving) then f is
ergodic (see [24]). This proves Corollary B.
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REFINED BOUNDS FOR THE EIGENVALUES
OF THE STOKES OPERATOR

ZHENGCHAO J1 AND TURKAY YOLCU

We analyze bounds for the sums of eigenvalues of the Stokes operator re-
stricted to a bounded domain @ c R? with d > 2. We improve upon existing
lower bound estimates due to Ilyin as well as those by the second author
and S. Yildirnm Yolcu, while preserving sharpness in the sense of Weyl
asymptotics.

1. Introduction

Let © be an open bounded set in R?, d > 2. We derive sharper estimates for the
eigenvalues {1 }77 , of Stokes problem defined by

—Auk+Vpk=kkuk in 2,
(1) divug =0 in 2,
u, =0 on d92.

The eigenvalues of the Stokes problem in (1) are important due to their numerous
applications in fluid mechanics. They can be interpreted as the eigenvalues asso-
ciated with linear (small or infinitesimal) self-oscillations of the fluid within the
domain €2 [4]. When the eigenfunctions are required to meet specific conditions
that are crucial from a physical perspective in fluid dynamics, exact eigenvalues
for the Stokes problem are not obtainable. Consequently, both theoretical and
practical aspects necessitate the close identification of the eigenvalues. The literature
concerning the eigenvalues of the Stokes problem is vast, and recent studies aimed
at deriving estimates for these eigenvalues are documented in [6; 9; 10; 12; 24].

Before presenting the results, we first review some basic facts about the theory
of the Stokes operator. Let I/ denote the set of smooth, divergence-free vector
functions with compact supports. Specifically,

U={u:Q—>Rd,u€C§°(Q), diva =0}
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and let the closure of ¢/ in L?(Q) and HO1 (£2) be denoted by L and U, respectively.
In particular,
UC{uecH)(Q), divu =0}

and if €2 is open, bounded and locally Lipschitz, we have the equality [3]:
U={uecH, ), divu = 0}.
We note that L2(2) can be written as L2(Q) = L @ L, where
L={uel* Q). u=Vp, pe L} (Q)}
(see [3; 4; 19]). The Stokes operator is formally expressed as
Au = — Py (Au),

where the linear operator Py : L?(Q2) — L, defined by

Pr(v) =v—VA~l(divv),

is called the Leray projection [4], i.e., Pr.(Pr(v)) = Pr(v). Notice that Py be-
comes the identity operator for the divergence-free vector fields because Pr (v) = v
for div v = 0. Furthermore, Py can be understood as the projection onto divergence-
free vector fields. This projection is particularly employed to remove some terms
and components in the Stokes and Navier—Stokes equations. Going back to the
Stokes problem in (1), one can also see that

Au=—-Au+Vp, p=A"1(divAu),
and that for all #, w in U, A is defined by
(Au,w) = (Vu,Vw),

i.e.,
ou 0
[Au(x) w(x)dx—[ Z%%dx
1 l

The Stokes operator A is an unbounded, linear, self-adjoint, positive definite operator
in L. In addition to these nice properties, its inverse A~! is a compact, self-adjoint
operator [3; 4]. Thus, there exists an orthonormal basis {#;}72 , in L and a set of
positive eigenvalues {8 }27 ; accumulating at zero such that

A1 wy =0 uy,

for k = 1,2,3,.... Therefore, {u}72, € U with corresponding eigenvalues
{Akpe, with Ax = 1/8j are such that

(2) Auy = hjuy.
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The eigenvalues (including multiplicities) satisfy
3) O<A A< A<+ >0 as k- .

Observe that by taking the scalar product with orthonormal u; we have

ouy, 8uk
4 A = | Vag|? /
@) k= Vg Z I o, O
The eigenvalues also satisfy the Weyl asymptotic formulas [4; 8; 17] for d > 2:
2

r(1+4)\a
) A ~ 4n(—2) k3,

ETe]

where I'(x) denotes the gamma function I'(x) = [;° t*1e™ dt for x > 0 and
|©2| denotes the Lebesgue measure of 2.

The eigenvalue bounds that will be established in this paper closely resemble
those associated with the Dirichlet Laplacian. A substantial body of literature
exists regarding inequalities for the eigenvalues of the Dirichlet Laplacian; notable
references include the survey articles cited in [1; 2; 7]. In his renowned paper [18],
G. Pdlya demonstrated that for small values of k, the ratio 4wk /|S2| serves as a
lower bound for the eigenvalues 1t of the Dirichlet Laplacian in tiling domains
in R2. Pélya conjectured that this result could be extended to any bounded domain
in R?. This conjecture remains unresolved. A significant advance in establishing
a lower bound was achieved by P. Li and S.-T. Yau [14], who demonstrated the
following inequality related to the sums of the eigenvalues p; of the Dirichlet
Laplacian on the domain :

r(1+4¢
©) Z/M— d+2( (IQI )) KI+3

Recent research has focused significantly on these types of bounds, along with
their extensions and enhancements, particularly in relation to other operators. For
instance, A. Melas [16] provided an improvement on (6) that incorporates moments
of inertia. In two dimensions, H. Kovarik, S. Vugalter, and T. Weidl [13] further
advanced Melas’s findings by introducing a positive correction term that involves
the size of the boundary. T. Weidl [21] achieved an enhancement of the sharp
Berezin-type bounds concerning the Riesz means ), (z — 15 ). of the eigenvalues
associated with the Dirichlet Laplacian operator within a specified domain for
o > 3/2. Regarding other operators, Harrell and Yildirim Yolcu [5] along with
Yolcu [29] proved inequalities of Berezin—Li—Yau type applicable to the eigenvalues
of Klein—Gordon operators. Yildirim Yolcu and Yolcu [25; 28; 27] established
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Melas-type improvements for the eigenvalues of fractional Laplacian operators
(—A)*2 o € (0,2].

It is noteworthy that the coefficient of k1*Zin (6) is slightly larger for the tiling
domains [18]. See [23] for more extensive research and a generalized conjecture.

Lower bounds on the sums of eigenvalues are important for the theoretical
framework of attractors associated with the Navier—Stokes equations [9; 10]. The
eigenvalue bounds of the Stokes operator have garnered attention following the
work by A. A. Ilyin [9], who proved an inequality of Berezin—Li—Yau type for the
Stokes operator:

, d (TI+9)\7 ,.>
Z ) 2 1+2
D A’24”@1+2((d—1)|sz|) kT

j=1

where k& > 1. In this article, we first build upon (7) by establishing upper bounds
for the sums of negative powers and lower bounds for the sums of positive powers
of the eigenvalues of the Stokes operator as follows:

Theorem 1. Fork > 1,0 < b <d/2, and d > 2, the sums of negative powers of
eigenvalues {1;}{2 | of the Stokes operator on Q2 in (1) satisfy

k 2b
- o d ((d=DIQI\T _2
8 ATh < @m)? ( ) )
v 2= ey )

Theorem 2. For k > 1,0 <a < 1, and d = 2, the sums of positive powers of

eigenvalues {1;}7° | of the Stokes operator on Q in (1) satisfy

r(i e
® Z”Z(“”)adu ((d(—1+>|sz)|) e

By appropriately translating the open set €2 if needed, we can assume that the
second moment of inertia /(2) is defined as

() = / |x|? dx.
Q
Ilyin [10] was able to improve the Berezin—Li—Yau inequality in (7) for the Stokes

operator by adding a lower-order term involving the moment of inertia /(£2) in
dimensions 2, 3, and 4 as follows:

M+ D\ g, do1 s 9l
(10 Zk’— d+2((d—1>|sz|) K4 e
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where in the two-dimensional case ,Bg = %, while for d = 3, 4 it suffices to take

B3 = 0.986 and B = 0.978.
Let
Br(x):={y eR:|y —x| < R}

be the ball of radius R centered at x in RY. Let

d
T2

11 =
" MR

be the volume of the unit ball B;(x) in R?.

Building on the improvements in (10), Yildirim Yolcu and Yolcu [24] introduced
additional correction terms beyond those dependent on k%7 and k > 1, along
with their explicit coefficients, applicable for any d > 2:

k d (TO+2)\i .o d—1 ||
(12) ij > dx ( 2 )k1+d+ k
j=1

d+2\(d-1) || 24(d? +2d) 1(Q)
3d+2
.\ (d—D )% .

l4ymdd (d+2) 1@)3T(1+4)

In this paper we establish several effective lower bounds for the sums of the
eigenvalues of the Stokes problem, including the following improved estimates:

Theorem 3 (refinement of the Berezin—Li—Yau inequality for the Stokes operator).
Let Q@ CRA. Forany d > m+1> 2, the eigenvalues {Ai}72, of the Stokes operator
in (1) satisfy

k dy 2 m-l ntDd+m—1
Zk'>4n F(1+5) dkl—i-%_zwdd Am420 d 1o
—Z" = \d-nel (d +2)Mm+1
7 m+2)d+m
2(()‘;1 (m—l— l)Am+3Q d |—m

d

k l
(d+2)(m+3)yMm+2
where k > 1, a is defined by the equality in (39),

d—1 2/ (d?—d)|QI(2 Vd?—d -1
RE i IS e )| L (G R VO i NS
(2n)® (27)? (2n)®
and the remaining notation is defined by
Ar=(a+1)" —d", ¢ = min{1, max{ay,as}},
a1 (d +2)(Wl + 3) (27T)m+2dm£i-2 (d_ 1)_m(d+22d)+2m’

T m+ D)(m+2d+m) Amis
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and
_ N2dT [ 1)+ m—1]m +3) Ay
2(d_1)d;§f [(m+2)d+ml(m+1) Apys

Theorem 3 yields no improvement when d = 2, but it quickly yields the following
enhanced lower bound for any dimension d > 3:

Corollary 1. For any bounded domain Q € R, with d > 3, and any k > 1, the

eigenvalues {1;}3° | of the Stokes operator in (1) satisfy

i)"> 4rd ( F(l"‘%) )‘2’k1+5+ 0* K+ wd%Qz’d;l o
Z T d+2\(d-1lQ| 6(d+2)m2" " 9(d +2)m3
l 4d+2
Sa)d o a =2
80(n + 2)m? ’

where o and mg are as in (13).
When d = 3, we have an improvement:

Theorem 4. Let Q@ C R? with d = 3. Then the eigenvalues {Ai}72 of the Stokes
operator in (1) satisfy

k

(14) Z

%),

where mg and o are defined in (13) and

(VTR ) (T VT g ) ), =

a)de'H
Furthermore,
_1 1
Xk: TS %k g, el 11nw33g%k%+ 6597w} Q%k_%
i1 - 2a)3|Q| 24 I(Q) 180 I’Vl;t ) 750004% I/}’l? B

Inspired by Melas’s research [16], we adopted a similar methodology using
fundamental techniques from prior studies [10; 22; 24; 27; 28; 29; 26]. While
preserving the core strategy of these works, we introduced significant modifications
to achieve stronger lower bounds.

Outline. Section 2 presents results needed for proving the theorems discussed in
this work. The main content is found in Sections 3—-6, which respectively establish
Theorems 1, 2, 3 and 4, proving intermediate results as needed.
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2. Preliminaries

The set of eigenfunctions {u; }J?";l of the Stokes operator is orthonormal in L2(S2),
and so the set of Fourier transforms {#; }711 also forms an orthonormal set in

L2(R%), by Plancherel’s theorem. Let us set
k

k
15 U@ =Y la;eP =Y
j=1

j=1

2
> 0.

(2m)2

ld / ey (x)dx
Q

The integral is taken over €2 instead of R? because the support of u; is £2.
The following result, proven by A. A. Ilyin [10, Section 2], is essential to our
calculations.

Lemma 1 [10]. The functions Uy, defined by (15) satisfy

dE =k,
(16) /R Ui (6) d
1
(17) Uk(é)s(zn)dlﬁl, £eR?,
k
2 de =Y A;.
(18) /Rd |E]7 Uk (&) d& ,; j

Note that equations (16)—(18) bear a striking resemblance to their Laplacian coun-
terparts. However, the proof of Lemma 1 employs suborthonormal functions [10].

We highlight some important properties of the function U. Let U *(§) designate
the radial decreasing rearrangement of U(§). By approximating U if needed, we
may assume that there exists a real-valued absolutely continuous function

. d—1
¢ [0, 00) — [o, o |sz|]
such that U* (&) = ¢(|&]). Then
(19) 0< - <my,

where mg depends only on d and €2 and is explicitly defined in (13). To see (19),
let 1 be the distribution function defined by

pu(s) = [{UE) > s} = {UT(E) > s}l.

Then, we observe that

pE@) = [{U*E) > L0} = [{€ : 1€l <1} = |B(0)] = war?.

Invoking the coarea formula in view of (17), we have
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L |Q|
s Y nar —/“”’ / L ina
) = / [ ~1(r)y VU] u=n VU]

where H is the (d—1)-dimensional Hausdorff measure. Let us consider ¢ > 0 values
such that ¢’(z) < 0.

Let K denote the closure of K C R? and 8K the boundary of K. The isoperimetric
inequality,

1 o4
H(OK) = dw? |K| T,
enables us to deduce

dwdld_l

g =) ==

——HQU =
/{U ;(t)}IVU| = H({ §(0)})

1 1 _
<L )T =~
mg mg

This inequality together with ¢’ < 0 easily yields (19). Note that (19) essentially
states that if the gradient vector of the original function is bounded, then the gradient
of the rearrangement retains the same bound. (An alternative derivation is possible,
using the Pdlya—Szegd inequality.)

Now, let r represent the real number such that |Q2]| = wgr?. We can get a lower
bound for 7(£2):

d d -2
I(Q)Z/ |x|2dx:ﬂrd+2:—wdd|9|%,
B (0)

which quickly results in a lower bound for m; as follows:

2\/(d2—d)|S2|I(Q) Vd? —

> |sz|%wﬁ — M.
(2m)4 (2m)d

(20) mg =

3. Proof of Theorem 1

The following proof is inspired from the proof of the Berezin—Li—Yau inequality in
[5; 14; 28; 29]. An analogous proof is also given in [20] by means of the bathtub
principle [15].

Proof of Theorem 1. Assume the properties (16)—(18). Since |#;(£)|? d is a
probability measure on R? and ¢ > 1~ is convex for 1 > 0 and b > 0, employing
Jensen’s inequality and (15), we obtain

—b
en be Z(/Rdmﬁmj(snzds) = [, s ae

=1
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Let 1 (¢) denote the characteristic function of the set 2. Define

d—1
Wi (§) = W|Q|13Sk(o)(§) and

(22)
S (d—zb)(zn)d(z AP\ =7
"‘( d(d—l)wum ) ’
so that
W (6) d— S
(23) /Rd £[25 d¢ = on )d|Q| fo tz—bz dt
_d- d wgq sd=2b —b
" )deld 2b Z)‘
Notice that
1
(24) (W S2b)(Uk(5) W () <0.

Integrating (24) on R and using (23) we arrive at

/ (Ur (&) — Wk (§)) dE > /R dw

25
) £

S2b dé z 0

from which it follows that

/ Uk (1) dmu z/ Wi () dp.
Rd R4

Thus, by (16), we obtain
d

d— S
(26) k z/Rd Vi) djp = )d|9| (7")

Substituting w,; given by (11) and Sy given by (22) into (26) and rearranging the
terms, we obtain (8). O

4. Proof of Theorem 2

We sketch a direct proof of (9) for the sake of completeness.

Proof of Theorem 2. Recall that Uy, satisfies (16)—(18). Since i (§)|> d& is a
probability measure on R and r > @ is concave for r > 0 and 0 < a < 1, we can
use Jensen’s inequality to derive that

k k a
A = 2 i zd) > 2 dE.
@7) ,;’ j;([m|s| iy ©Pds) = [ 16 Uete) s
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Setting

d— d+2a)2n)d 39)\ at2a
(28) O() = (n )d| | BTk(O)(E) Tk:(( +2a)(27) (Z] 1 j)) ,

d(d—T1)wg |Q]
we have
d—1 L
(29) /|s|2“®k(s)ds=—|sz|dwd/ p2apd=1 g,
Rd (2m)d 0
d— d wq Td+2a _
)\'a
(2n)d| |d+2 k Z

Now observe that

(30) (&1 = TZ*)(Ur (&) — Ok (§)) = 0.
Integrating (30) on R4 and using (27) and (29) we conclude that
60 T [ U@ -0 de = [ 16P Ui - 0x@) ds <0,

which yields
/ Uk(é)déff O (§) d§.
R4 R4

Now we use (16) to obtain

Td
32 k< | OrEde= Q k.
(2 = [ or@rds = 5 ialdos( )
Substituting the values of wy and 7y given in (11) and (28) into (32) and
simplifying, we deduce (9). O

5. Proof of Theorem 3

Before the proof of Theorem 3, we give some elementary results from [11; 24].
To connect two key integrals in our proof, we introduce an important quantity, «,
using the idea in [24]:

Lemma 2. For any function « : [0, 00) — [0, 1] and integer d > 1 with

/ooqs(z) dr =1, /ooqus(z) dt < oo, /ootd+2¢(t) dt < oo,
0 0 0

there exists an a > 0 such that

a+1 o) a+1 o]
/ tddt=/ o) dt  and / td+2dt§/ 192¢(1) dt.
a 0 a 0
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The following sharp inequality is key in estimating the lower bounds for Zf;l Aj.

Lemma 3 [11]. For an integer d > m + 1 > 2 and positive real numbers t and t

we have
m+1

33)  dt??—(d +2)7H? 202N ok kTR (e 2 > 0,
k=1

Considering all of these findings, we arrive at the following intermediate estimate.

Proposition 1. Ifd > m + 1> 2, we have

k d—m+1 (m+Dd+m—1
a2 2 dwgAmea(dA) T (£0)
34 Ai > dA 0 —
(34) ; wq (dA) T (§(0)) 77 @
| 200(m £ ) Apaa (@A) T (5 (0)
(d +2)(m + 3)ym™+? ’

where my is defined in (13) and

d—1
(2n)4

1 a+1
Api=(a+1)" —d >1, A:ZE/ thdr, 0<¢(0) < |21,
a

a+1 k
/ tddr = —.
a wq

Proof. We use a strategy similar to that of [11; 24]. Since the map £ > |£|? is radial
and increasing, Lemma 1 implies that

the quantity a being defined by

3s) k= /RdU(S)d$= /R U (E) dE = dog /0 =10y dr,

k 00
6o You=[ EPU@de= [ 16U @ ds = dog [ eyar

i=1
For convenience, we rescale ¢ as
1 ¢(0) )
St)=—— t]).
“=t0° ( m,

Obviously, S(z) is a positive function with S(0) =1 and 0 < —S’(¢) < 1. Let
¢(t) := —S’(¢) and define

o o
(37) A =/ t97'S(t)dt, B =/ 1418 (1) dt.
0 0
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Integrating by parts, we get
o0 o0
(38) / o) dt =dA, / 1929 (t) dt = (d +2)B.
0 0
According to (38) and Lemma 2, there exists @ > 0 such that
a+1 a+1
(39) [ t“dt =dA and / 1924t < (d +2)B.
a a
Fori >0, 1t > % and a > 0, we have

atl A; 24; Ai
40 £ —lzdtz 1+3_ i+2 i+ 2,
(40) /a (T=1) i+3 i+2 tiiilt

where
Ar=(@+1)" —a" >1.

Taking into account Lemma 3 and (40), we may integrate (33) in # from a to
a+1to get

(41) d(d+2)B>d(d+2)A7t> —279%?
m—+1

Ai 5 24im1 Aigs
jpd—it+t (A2 2Ait i .
+; t i1 T2

The summation on the second row of (41) can be rewritten as

d+2+2ZA | dit2 2m2+1 2044 cd- 1+2+2m2+1 iAi+2rd—i+1
i+ i1 AV
i=1 i=1 i=1
g2y g pdtt 2 Ame2 amr 200 DAty g
m+2 m+3

4(m+1)Am+2 d '—1 20 d—i
2A d+1 _ —m+1 2 _ A; l+2'
m—+2 + Z i+1 i+1 17

The parenthetical factor in this last summation vanishes, so the right-hand side of
the preceding display boils down to

2 1)A
(m+ ) m—+3 rd_m+2fd+2—2Am+2‘(d_m+l,
m+3

and we deduce that

2(m + 1)Am+3 rd—m

—24 ‘Ed_m+1.
m+3 m+2

(42) d(d+2)B—(d+2)t%dA >

Using Jensen’s inequality, we obtain (dA)% > |, 58+1t dt > % for any 6 > 0. Hence,
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putting 7 = (dA)é in (42), we arrive at

(dA) d ki _ 2Amy2 2(m + 1)Am+3(nA)d_Tm
d d(d +2) d(d +2)(m+3)

(43) B>

Taking the rescaling of {(¢) into consideration, we obtain from (43) the integral
inequality

d— m+1 (m+1d+m—1
d

Xt o @A) 28, 4a2(dA) I ((0)
[0 i@ dr = d d(d+2)m'"+1
(m+2)n+m

2(m + 1) Spt3(dA) T (£(0))
d(d +2)(m + 3)m™m+?

Notice that inf; {(¢) <¢£(0) <sup, {(¢). Due to (36), the estimate of fooo 5T dt
provides a lower bound

k d— m+l (m+1)d+m—1
~2 deA (dA) 0 d
S i = g (@A) () 2 €@
=1 (d +2)my
| 200(m £ 1) Aps (@A) 7 G (0)
(d +2)(m +3)m*?
This is what we required in Proposition 1. O

The right-hand side of the intermediate lower bound (34) depends on ¢(0). Our
goal is to derive a final eigenvalue inequality that depends solely on d and k. To
achieve this, we adopt a strategy of minimizing (34) with respect to {(0) over the
interval [0, o], where o = (2 )d |2| as defined in (13).

Proof of Theorem 3. Using (35) and (38) in combination with integration by parts,
we obtain

ko % d-1 _ Ty _ [T =
wn_d/(;t ;(z)dt_/o z;(z)dt_/o t“p(t)dt =

Using the fact that dA = k /w4, we define G (x), G,(x) and G(x) for x €0, o] by

m (m+2)d+m
Gi(x)=w %x dkd+2 +c 20); (nt DAmysx < )"
d (d +2)(m + 3)m™*2
m—1 m m
ded Am_,_zx% d—m+1
Ga(x) = — : k—a—,
(d +2)ym™+

G(x) = G1(x) = G2(x).
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Here 0 < ¢» <1 is a positive number to be determined. Since m > 1, we conclude
that G, (x) is decreasing on [0, ¢]. By direct calculation, we have

2
ﬂwdd Gl (x) _ g2 _du2 m£2 (m+1)((m—+2)d +m) Ay s (CESIVESY

_ka_T+ca)
2 i >%d d+2)(m+3) 2

Therefore, when

K (d+2)(m+3) mmnt? _ 2@t
o T O D0n +2)d + ] A ¢

=

9’

d+
m

we conclude that G| (x) <0 on [0, ¢]. Since

d?—d d—1
(44) me=M=———LlQT. o=-—_a|

(27'[)da)j (27)

we can choose ¢; = min{1, a;}, where a; is defined by

s) L @dE)m+3 o a"
YT m+ D[m+2d +m] Ames (d — )™=
to obtain
k s ) ’"T*IA GntDd tm—1
. -7 —2, 42 20y m+20 d—m+1
(46) izzlklzwd o dk d (d+2)Mm+1 d
m (m+42)d+m
Lo 20f (m+1)Api30 4 P
YT d - 2)(m £ 3y Mm2 ’

where ¢ and M are defined in (13). Similarly, we can split G(x) as a sum of two
functions:

G(x) =gi1(x) +g2(x), x€l0,0],

—2
where g and g, are defined by g1(x) = o, i x—ak"s and

m (m+2)d+m m—1 (m+1)d+m—1
(x) =c 20/ M+ D) Amysx 4 K4 _ 29 T Apyrx @ d=m
&2 2T T A ) mt ym 2 (d+2)mm '

Obviously, g1 (x) is decreasing on [0, o]. Rewriting g, (x) as

dd+2) ms [((m+2)d +m](m+ 1)Apyy3 tdd+m
e (x) = e X

2 a)d%kT (m + 3)my

1 d+1m—1

_1
—((m+Dd+m—Nw,* Apirkdx —d
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allows us to observe that if

oy < Va0 +3) Az ms _a
2 m+2)d +mlm+ 1) Ames wf/d ’

then g’ (x) <0 on [0, o]. Using (44) again, we choose c3 = min{1, a,}, where a,
is defined by
V2dd[(m+1)d +m—1)m+3) Ay

47 _ |
“n @ 2d—1)57  [m+2)d+mlm+1)  Apys

to derive that

m—1 (m+1)d+m—1

—2 2 ay2 20, Apir0 d d—m+1
48 Mo, 0 dkd — 4 d
(48) 1_21 Wq (d+2)Mm'H
m (m+42)d+m
L 20); (m —+ I)Am+3Q d d;m
T d+2)(m+ 3)Mm2 '

In light of equations (46) and (48), we can use ¢ = min{l, max{ay, az}}, where a
and a, are defined in (45) and (47), to get

m—1 (m+1d+m—1

—2 5 ay2 2w,¢ Am420 d d—m+1
49 Mizw, o dkda — 4 B
) ; v (d +2)M"+1
m (m+2)d+m
204 M+ DAmss0 " T an
(d +2)(m +3)Mm+2 ’
Finally, we use
2
—2 5 a2 r(1+4)\7 .
(50) w, "ok d :47r(—2) k'ta
(d-1)[€]
to complete the proof of Theorem 3. O

Proof of Corollary 1. An argument similar to that of [11] gives
d(d+2)B—d(d +2)A7> + 20972 > Led) 4 L (471 4 0972,

Hence, we get

k 2 2 5 -3
S 0 B0 | SO02 ey
Pt d+2 6(d +2)ym? (d + 2)m3

4d+2

CSC’)d ;(O) k%
(n+2)m}
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where 0 < ¢4 < % and 0 < c¢5 < % are two constants to be chosen. Following an
approach analogous to the discussion in the proof of Theorem 3, we can choose

4 = % and ¢s = 83—0. Using the equality in (50) completes the proof. O

6. Proof of Theorem 4

The following lemma from [10] plays a pivotal role in establishing our eigenvalue
inequality and makes use of the piecewise continuous function

mg if0<r=<s,
®S(r)= ms—Q(I/‘—S) ifS§V§S+ms/Qa
0 if s+mg/o=r,

where m and @ are defined in (13).

Lemma 4 [10]. Let o > 0 be a real number and V(r) be a decreasing and absolutely
continuous function such that

[e.@] o0
/ r“‘l—’(r)drz/ r* ®g(r)ydr, 0<W<m;, —L<W¥ <.
0 0
Then, for any B > «o, the following integral inequality holds:
o0 o0
/ rP Y(r)dr > / rP DOy(r) dr.
0 0

Moreover, for any y > 0, we have

tm

Y42 _ y+2 _Ims

1 (@+D 1Y), s=—.
(y + Dy +2)myg [«

Proof of Theorem 4. Let mg be as in (13). Applying Lemma 4 to W(x) = ¢(x) and
setting @« = d — 1, we obtain

* d-1 k Q
t“7t(@)dt = =
0 dog d(d+1)md

o0
/ rY ®g(r)dr =
0

d+1
((l + l)d-‘rl _td-i-l)’

which in turn implies that ¢ is the unique root of the equation

_(d+1m?

([+ 1)d+1 —td+1 =7T: s k.

wgo?t!
Then Lemma 4 implies

d+3

(51) /00 td+1§(t) dt > @ ((t + 1)d+3 —td+3).
0

T (d+2)(d +3)mit?
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One can easily check that T satisfies

d+1 Gt A ¢
T>1, T=4%% .
a1 03 \@-Dd+2)
In particular, when d = 3, we consider the equation
4 3
C+D)*—tt=T= Q4k,
w3y

whose positive root is

1
t:%((T+\/T2+%)3—(—T+\/T2+%)

From (36), we obtain our desired result as

W=

~1).

k 2m®
(52) Y ohiz T

6 6
o ((r+1)°—=1°).

i=1 §
Considering the Taylor series of ¢, we arrive at
SN NIVES © ok BB DS ©obed SV MV © ok SN MO 3 Wt SN BV & o 5
[z—=3+ ~% T3 T’
1 1 11
S W b 3
6208562 1 3,

where we used the fact that 7 > 1. Hence, we obtain

6 6~ 379—%+13 5 11,241 659 p—1
(+1)° == 3273T3 + 3T — 542373 + 155001 3-

Putting the lower bound of (¢ + 1)® — % into (52), we get

|—

Xk:K'>3 273 \3 i, Q| lx oS - 659w; o3  _
"5\ 2059 24 I1(Q) 180 %1 7500043 M8
w3 mg

1

3 .

i=1

This concludes the proof of Theorem 4. O
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THE CLASS QO AND MIXTURE DISTRIBUTIONS WITH
DOMINATED CONTINUOUS SINGULAR PARTS

ALEXEY A. KHARTOV

We consider a new class Q of distribution functions F that have the property
of rational-infinite divisibility: there exist some infinitely divisible distribu-
tion functions F; and F, such that F; = F % F,. A distribution function of
class Q is quasi-infinitely divisible in the sense that its characteristic function
admits the Lévy-type representation with a “signed spectral measure”. This
class is a wide natural extension of the fundamental class of infinitely divisible
distribution functions and it is being actively studied now. We are interested
in conditions for a distribution function F to belong to class Q for the
unexplored case, where F may have a continuous singular part. We propose
a criterion under the assumption that the continuous singular part of F is
dominated by the discrete part in a certain sense. The criterion generalizes
the previous results by Alexeev and Khartov for discrete probability laws and
the results by Berger and Kutlu for the mixtures of discrete and absolutely
continuous laws. In addition, we describe the characteristic triplet of the
corresponding Lévy-type representation, which may contain a continuous
singular part. We also show that the assumption of the dominated continuous
singular part cannot be omitted or even slightly extended (without some
special assumptions). We apply the general criterion to some interesting
particular examples. We also positively solve the decomposition problem
stated by Lindner, Pan and Sato within the case being considered.

1. Introduction

This paper is devoted to the study of a new class of probability laws that naturally
extends the fundamental class of infinitely divisible distributions.

Let F be a distribution function on the real line R. Recall that F and the
corresponding probability law are called infinitely divisible if for every positive
integer n there exists a distribution function Fy,, such that F' = (Fy,,)*", where

MSC2020: 60EO05, 60E07, 60E10.
Keywords: distribution function, characteristic function, continuous singular part, infinite divisibility,
rational-infinite divisibility, quasi-infinite divisibility, Lévy-type representation.

© 2026 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org/pjm/
https://doi.org/10.2140/pjm.2026.343-1
https://doi.org/10.2140/pjm.2026.343.139
http://www.ams.org/mathscinet/search/mscdoc.html?code=60E05, 60E07, 60E10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

140 ALEXEY A. KHARTOV

“x” denotes the convolution operation, i.e., F is the n-fold convolution power of
Fi,. Let f be the characteristic function of F, i.e.,

f@) ::/e’”dF(x), teR.
R

It is well-known (see [12; 31; 37]) that F is infinitely divisible if and only if f
admits the Lévy representation

o?t? ,
¢)) f(t)=exp{ity——+/ (e”x—l—itsin(x))dL(x)}, teR,

2 Jro

with a shift parameter y € R, a the Gaussian variance o> > 0, and a Lévy spectral
function L : R\ {0} - R, which is nondecreasing on each of the intervals (—oo, 0)
and (0, +00), and satisfies

(2) lim L(x)= lim L(x)=0,
X——00 xX— 400

and also
/ x?>dL(x) < oo for any & >0,
Os

where O; := (=48, 0) U (0, §). The function L is assumed to be right-continuous
at every point of the real line. Importantly, the characteristic triplet (y, o>, L) is
uniquely determined by f and hence by F. Due to this representation, the class of
infinitely divisible probability laws has found a lot of applications through Lévy
processes (see [31]), the stochastic calculus (see [4]), teletraffic models (see [25]),
and actuarial mathematics (see [32]).

Let I denote the class of all infinitely divisible distribution functions on the real
line. This class is naturally extended in the following way. We call a distribution
function F (and the corresponding probability law) rational-infinitely divisible
if there exist some infinitely divisible distribution functions F and F, such that
F1 = F x F,. In terms of characteristic functions, this definition is equivalent to the
formula f(z) = fi1(t)/f2(t), t € R, for the characteristic function f of F, where
f1 and f, are the characteristic functions of some infinitely divisible distribution
functions F and F,. We denote by @ the class of all rational-infinitely divisible
distribution functions. Since F, may be chosen as degenerate at some point a
(i.e., fo(t) = e’ t € R), it is clear that, indeed, I C 0. Moreover, from the
definition, it is seen that the characteristic function f of any F € Q admits a Lévy-
type representation. Namely, if Fy and F, have characteristic triplets (y, 012, L)
and (y,, 022, L), then formula (1) holds with the shift parameter y =y, —y, € R,
the Gaussian variance o> = 012 — 022, and the spectral function L = L — L. In that
case, L has a bounded total variation on R\ O; for every § > 0, and, in general,
it is nonmonotonic on the intervals (—o0, 0) and (0, +00). The function L also
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inherits from L and L, right-continuity on R and property (2). Moreover,
f xzdlLl(x) <oo forany 6§ >0,
Os

where we integrate over the variation of L. We now suppose that, conversely, f
admits representation (1) with some y € R, 62 > 0, and L satisfying the above
conditions. Following Lindner and Sato [26], the corresponding distribution function
F and probability law are called quasi-infinitely divisible. Let us fix any real y,
and y, such that y =y, — y,. Let us fix any nonnegative 012 and 022 such that
012 > 022 and 02 = 0’12 — 0'22. Due to the Hahn—Jordan decomposition, it is not
difficult to show that there exist some canonical Lévy spectral functions L and L,
satisfying the usual conditions with monotonicity such that L = L1 — L,. Then
f@) = fit)/fo(t), t € R, where f| and f, are represented by the canonical Lévy
formula (1) with characteristic triplets (y,, 012, Ly) and (y,, 022, L3). So fi and f>
are the characteristic functions for some infinitely divisible distribution functions
and hence the distribution function F' corresponding to such an f is rational-
infinitely divisible. Thus F € Q if and only if f admits representation (1) with
some (y, o2, L) satisfying the above conditions. Additionally, the characteristic
triplet (y, o2, L) is uniquely determined by f and hence by F as for infinitely
divisible laws (this can be concluded from the assertion in [12, p. 80]). It is also
clear that for any rational-infinitely divisible F' its characteristic function f has no
zeroes on the real line, i.e., f(¢) 20,1t € R.

The class @ and its multivariate analog are objects of active study (see [2; 8; 26])
and they find interesting applications in probability limit and compactness theorems
(see Sections 4 and 8 in [26], Section 3 in [3], the paper [19], and also [1; 17]),
and in other areas (see, for instance, [10; 29; 30]). But, actually, nondegenerate
representatives of Q \ I appeared even earlier in the theory of decompositions of
probability laws as components of certain infinitely divisible distribution functions
(see [12, pp. 81-83; 27, p. 165]).

The class Q is seen to be rather wide. For instance, it contains the distribution
function of every probability law that has a mass > 1/2 at some point. Hence the
class QO contains nondegenerate distribution functions of some probability laws
with bounded supports (see examples in [26]), which are “far” from the infinite
divisibility property in a known sense (see [5]). So it is interesting and important to
obtain criteria for belonging to the class Q. The existing results in this direction
usually have simple and nice formulations in terms of characteristic functions. The
first quite general result of such type was obtained by Lindner, Pan, and Sato in
[26] (see Theorem 8.1, p. 30). It states that a lattice distribution function F belongs
to the class @ if and only if its characteristic function f does not have zeroes on
the real line, i.e., f(¢) # 0 for any ¢ € R.
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In [3] and [18], this result was generalized to the class of arbitrary discrete
probability laws. Namely, a discrete distribution function F belongs to Q if and
only if its characteristic function f is separated from zero, i.e., | f (¢)| = u for any
t € R and for some constant © > 0. Moreover, in that case, the components of
the characteristic triplet are fully described. This result is a generalization of the
previous one for discrete lattice distributions, because the absolute value | f(-)| of
the characteristic function f of a discrete lattice distribution is a periodic continuous
function on R. Therefore such f is zero-free on the period segment (and hence on
R) if any only if it is separated from zero.

In [6], Berger considered mixtures of a degenerate law (with a nonzero coefficient)
and absolutely continuous distributions. According to his result, a distribution
function F of such type belongs to @ if and only if f(r) #0, r € R. Moreover,
the result describes the structure of the components of the characteristic triplet in
that case. The author also formulated more general criterion for the case, when the
degenerate law from the previous one is replaced by a discrete lattice distribution
with characteristic function, which has no zeroes on the real line. At present,
however, the most general criterion (among those that use assumptions about the
type of distribution) is the following result for the mixtures of discrete and absolutely
continuous probability laws, which was obtained by Berger and Kutlu in the paper
[7]. Let us formulate it with more details here. Namely, assume that F(x) =
caFy(x)+c,F.(x), x € R, where Fj is a discrete distribution function, F,, is an
absolutely continuous distribution function, ¢; >0, ¢, >0, and ¢;+c, = 1. We write
the characteristic function f in the corresponding form: f(t) = cq fa(t) + cq fo (1),
t € R. Then F € Q if and only if f(¢) # 0 and | f;(¢)| = p for any ¢t € R with
some constant x> 0. It is equivalent to the condition | f(¢)| > u’ for any ¢ € R and
for some constant u’ > 0. Moreover, Berger and Kutlu showed the existence of
some discrete part in the spectral function and they fully described its absolutely
continuous part for this case. It should be noted that we are not aware of any similar
results for purely absolutely continuous distribution functions F. However, for
some cases the problem of membership in class @ for a given distribution function
of such type is not difficult to solve by the general criteria proposed in [20] with
some additional analysis.

This article is devoted to generalizing and complementing all the mentioned
results (except [20]) for the case, when F' may have a continuous singular part.
Namely, we propose a criterion for a distribution function F to belong to class Q
under the assumption that its continuous singular part is dominated by its discrete
part in a certain sense. In fact, we show that the conditions on f from the results
[6] and [7] are carried over to this case. In addition, we describe the characteristic
triplet of the corresponding Lévy-type representation, which may contain some
continuous singular part.
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We next show that the assumption of a dominated continuous singular part
cannot be omitted or even slightly extended without some additional assumptions.
In addition, for any F' € Q we solve the decomposition problem, which was stated
by Lindner, Pan, Sato in [26] (see Open Question 8.4), within the considered case.
Here we obtain a positive solution generalizing similar results from [6] and [7].

The article has the following structure. Section 2 contains necessary preliminaries,
more detailed statements of some preexisting results mentioned above and the
formulations of the new results of the paper. In Section 3, we formulate some
important known theorems and useful lemmata, which will be auxiliary tools
needed for the proofs of our results. In Section 4, we first prove a key auxiliary
lemma and we next propose the proofs of the main results of the article.

Throughout the paper, we use the following notation. We denote by N the set
of positive integers and let Ny := N U {0}. The symbols Z and Q denote as usual
the sets of all integers and rational numbers, respectively. Next, C is the set of all
complex numbers. For any z € C we denote by Im{z} and arg(z) its imaginary part
and the principal value of the argument of z, respectively. If ¢ is a complex-valued
continuous function on R satisfying ¢¥/(0) = ¢ € C\ {0} and v (¢) # O for any
t € R, then the distinguished logarithm Ln v is defined by the formula Ln ¢/ (¢) :=
In|y(t)| + iArgr(2), t € R, where Argyr(¢) is the argument of ¥ (¢) uniquely
defined on R by the continuity with the condition Arg(0) = arg(c) € (—m, 7].
The symbol 1, with fixed a € R denotes the distribution function of the degenerate
law concentrated at the point a, i.e., 1,(x) =1 for x > a and 1,(x) =0 for x < a.
For any set A we denote by [4 the indicator function of A, i.e., l4(x) =1 for any
x € Aand l4(x) =0 for any x ¢ A. The signum function is denoted by sgn(-), i.e.,
sgn(x) = +1 for x > 0, sgn(x) = —1 for x <0, and sgn(0) = 0. For any finite set A
the symbol |A| denotes the number of elements of A. We always set ) , _, ax =0
and [[;.4 ax = 1 in the case A = @. For any two vectors x and y from R" the
standard scalar product is denoted by (x, y).

For any function G defined on R the limits lim,_, +,, G(x) are denoted by
G (£00), respectively, if these limits exist. The class of all functions G : R — R of
bounded total variation on R (nonmonotonic in general), which are right-continuous
at every point and G(—o0) = 0, is denoted by V. We denote by V¢ the set of
all functions G : R — C of the form G(x) = G{(x) +iG>(x), x € R, where G,
and G, are from V. For every G € V (or Vg) its total variation on R will be
denoted by ||G || and the total variation on (—oo, x] by |G|(x), x € R. So we have
|G(x)| <|G|(x) < |G|, x €R, and |G|(+00) = ||G|. Next, we adopt the following
convention. Let G be a function from V with the Fourier—Stieltjes transform g,
ie., g(t) = fR €™ dG(x), t € R. In view of the uniqueness theorem for functions
from V, we set ||g| := [|G|l. So ||g]| = 0 if and only if g(t) =0, t € R, and
llc-gll = lc|- |lgll for any ¢ € R. Let G| and G, be functions from V with the
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Fourier—Stieltjes transforms g; and g, correspondingly. The known inequalities
IG1+ G2l < IIG1ll + 1G2|l and |Gy * G2l < |Gl - |G2 || are correspondingly
written as [|g1 + &2/l < lIg1ll + 1182 and [Ig1 - g21l < [l g1l - l[g2[l. We recall that both
V and the corresponding space of functions g with norm | - || will be complete
normed spaces (see [11, p. 165]).

2. Criteria for belonging to class Q

Let F be an arbitrary distribution function on the real line. According to the
Lebesgue decomposition theorem, F' admits the representation

3) F(x) =caFy(x)+coFa(x) +csFs(x), x€R,

where Fy, F,, and F; are discrete, absolutely continuous and continuous singular
distribution functions, respectively. Here the coefficients c4, c,, and ¢ are nonneg-
ative constants such that c; + ¢, + ¢; = 1. Let f be the characteristic function of
F. It is represented in a similar way:

4) f@) =cafa®)+cafa®)+csfs(®), teR,

where fy, f,, and f; are the characteristic functions corresponding to Fy, F,, and
F;, respectively. It is well known that the summands in (3) or (4) are uniquely
determined. So if any of the terms is not identically zero, then the corresponding co-
efficient, distribution function, and characteristic function are uniquely determined.

We will consider only the case that F' has nonzero discrete part, i.e., ¢ > 0 in (3).
We write the distribution function Fj; in the form

5) Fax)=Y  pr, x€R,

kENQ
Xp <X

where x; are distinct reals associated with weights p; > 0, k € Np, Z/?io pr=1.
Hence f; has the form

(©) f) =Y pee™, reR.

kENo
We define the carrier of the distribution corresponding to Fy:
X:={xk2pk>0,k€N0}.
Obviously, X # &. We also need the set of all finite Z-linear combinations of

elements from the set X’:

m
(X) = {Zakzk: ar€l, zr e X, me N}.
k=1
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So (X) is the module over the ring Z with the generating set X. It easily seen that,
in particular, X C (X) and 0 € (X). If X # {0}, then (X) is an infinite countable
set.

Now we are ready to formulate in detail the most general existing results on
criteria for belonging to class (0. We start with the result obtained in [3] and [18]
by Alexeev and Khartov for the case of discrete F.

Theorem 1. Suppose that F is a discrete distribution function, c; = 1 and ¢, =
¢y =0in (3) (F and F; are identical and hence f and f; are too; F has the form
(5), f is represented by (6)). Then F € Q if and only if inf,cr | f (t)| > 0. In that
case, f admits the representation

(7 f(t):exp{ity0+ > ,\u(e“”—l)}, 1R,

ue(X)\{0}
with some y,, € (X) and A, € R for all u € (X)\ {0}, and Zue(X)\{O} [Ayl < o0.

It is not difficult to rewrite the representation (7) in integral form (1) with some
y € R, 0% =0, and some discrete L, which will satisfy all the conditions for a
spectral function for the quasi-infinitely divisibility. We will do this below for a
more general case. Hence, if the characteristic function f is represented by (7),
then F € Q.

It is clear that if ' € @Q and A, > 0 for all u € (X’) \ {0} in representation (7), then
F is infinitely divisible, i.e., F € I. If there exists A, < 0 with some v € (X) \ {0},
then F € Q\ I, because the (uniquely defined) function L will be decreasing in the
neighborhood of v. For examples of the latter case see [26, p. 10] and [27, p. 165].

We now formulate Berger and Kutlu’s result in [7] for the important case ¢, > 0.
As mentioned, at present, this is the most general criterion using information about
the type of the distribution function F.

Theorem 2. Suppose that F has the decomposition (3) with some cq > 0, ¢, > 0,
and cg = 0. Then the following statements are equivalent:

1) FegQ.
(i) infrer | f ()] > 0.
(iii) f(¢) #O0 foranyt € R, and inf;cr | f7(#)| > O.

If one (hence all) of the conditions is satisfied, then f admits the representation

. . .ol
(8) f(t):exp{ity0+ZAu(€tlu_1)+f (€”x—1)<v(x)+sgn(x) m-e )dx},
uel R |x|
teR,
where y, € R,m € Z,U is a discrete set, A, € R for all u € U, with Zueu [Au| < 00,
and v is a real-valued function from L|(R).
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In addition to this theorem, the paper [7] contains a number of interesting
assertions concerning decomposition of F' and characterization of the existence of
the H-moment of F for certain positive functions H. Additionally, there is a rather
general theorem similar to Theorem 2 for the function f, but without the assumption
that it is the characteristic function of some probability law (Theorem 2.1 in [7]).

Theorem 2 generalizes the results by Berger ([6, Theorems 4.5 and 4.12]) men-
tioned in the introduction, where F; was assumed to be a discrete lattice. It is also
seen that, in fact, Theorem 2 is a strengthening of Theorem 1. However, we note
that v, and the discrete part in (7) are described in greater detail than in formula (8).

We now propose a generalization of the previous criteria for the case when F
may have a continuous singular part, i.e., when ¢, > 0 in (3). The following theorem
is the main result of this article.

For convenience, we preliminarily select the following property of distributions.
Let us define pyg := inficr | f7(2)]. We say that a distribution function F has a
dominated continuous singular part if ¢y < ¢4y for the case g > 0 and if ¢, =0
for the case ug = 0.

Theorem 3. Suppose that F has a decomposition (3) with cq > 0,c, = 0, ¢y = 0,
and that F has a dominated continuous singular part. Then the following statements
are equivalent:

i) Fed.
(i) infreg | f(2)] > 0.
(i) f(t) #0foranyt € R, and inf,cr | f;(t)| > 0.

If one (hence all) of the conditions is satisfied, f admits the representation

9) f(t):exp{ityo—l- Z Al —1)

ue{X)N\{0}

. m, - e_lxl
+/ (e — 1)(va(x) + sgn(x) a—) dx
R\{0} x|

+f (e”x—l)dW(x)}, reR.
R\ {0}

Here y, € (X), 1, € R for all u € (X) \ {0}, and Zue(?{)\{O} |Au| < o0. Next, the
Sfunction v, : R — R satisfies fR lvg(x)| dx < 00, and, in the case ¢, = 0, v, is
identically 0; the constant m, € Z is defined by the formula

1
(10) my = —( lim Arg R,(t) — lim Arg Ra(t)),
2 ‘t—00 t——00

with
Ca fa(t)

R.,(t):=1 ,
O=1t 0+ fi®
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where, in particular, m, = 0 for the case c, = 0. Next, the function W : R — R
belongs to 'V and it is always continuous on R. If c; = 0 then W is identically 0.
If ¢y # 0 then W is not absolutely continuous on R, i.e., it always contains some
continuous singular part. In addition, if all the functions F, s*k, k € N, are continuous
singular, then the function W is (purely) continuous singular.

Note that the discrete part in the exponent in (9) depends only on discrete part
of f,i.e., on f;. More precisely, we have the following remark, which will be seen
from the proof of Theorem 3.

Remark 1. In the representation (9),

Lo fs() =ityy+ Y (™ =1, teR
ue(X)\(0)

It is easily seen that if we set ¢, := 0 and ¢, := 0 in the assumptions of this
theorem, then we come to Theorem 1. If we set only ¢, := 0, then we conclude the
statement of Theorem 2, but with a full description of the discrete part in (8). In
the unexplored case ¢, > 0, the new function W appears and it always has some
continuous singular part.

Using Theorem 3, it is easy to construct a lot of particular examples of F' € Q
with nonzero continuous singular parts.

Example 1. Suppose that
F(x):=cqlo(x) +coFa(x) +csFs(x), x€eR,

with ¢y > ¢y >0, ¢, 20, and c¢g 4+ ¢, + c¢; = 1. Let F; be an arbitrary continuous
singular function, but F, be an absolutely continuous distribution function, whose
characteristic function f, is real and nonnegative (for instance, f, is a Pdlya-
type characteristic function, or f, corresponds to a symmetric continuous stable
distribution). Then F € Q. Indeed, F' has dominated continuous singular part,
because f; is identically 1 here, i.e., ugy = 1, and hence cypuqg = ¢4 > c5. Let us
check (ii) from Theorem 3. For this, we consider the characteristic function of F,

f(t)=cd+cafa(t)+csfs(t), teR.

Under the assumptions, we observe that

Lf O] = lca +cafa@)| = csl 5O = catcafa(®) — sl f5(O], 1 €R.

Since f,(t) > 0and | f;(¢)| < 1forany ¢t € R, we have | f(¢)| = ¢4 — ¢y > 0 for any
t € R, i.e., (ii) holds. Thus F € Q by Theorem 3.

In the general case, of course, checking (ii) or (iii) of Theorem 3 may require
more subtle analysis. We illustrate this with the following special example, which
is interesting also because there is a (purely) continuous singular function W in (9).
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Example 2. Let us consider the mixture of the degenerate law, the uniform distri-
bution on [0, 1] and the classical Cantor distribution. Namely, we set

F(x):=cqlo(x) +caUx) +¢:S(x), x€eR,

where U is an absolutely continuous distribution function with density [jo, 1}, and
S is the cumulative function of the classical Cantor distribution supported on the
Cantorset C C [0,1]; ¢y >¢y>0,¢c, >20,and ¢; +c,+ ¢, = 1.

We first observe that f; is identically 1 here and, as in Example 1, F has
dominated continuous singular part. We next check condition (iii) of Theorem 3.
Since inf;cg | fz(2)] =1, it remains to show that f(¢) # 0 for any ¢ € R. The function
f is expressed by the formula

it

o
+ege? [ Jeost/35. teR.
k=1

e
ft)=cq+cq ;
it

We set
sin(t/2)

F0) = f @)™ = cae™ P cs =13

o0
+ ¢y Hcos(t/3k), teR.
k=1

The functions f and f have the same set of zeroes on R, a subset of the set of
zeroes of the function Im{ f (1)} = —cgsin(t/2), t € R. The last set is exactly
{2rm : m € Z}. Therefore it is sufficient to show that f(2wm) # 0 for any m € Z.
Obviously, we can exclude m = 0. For any m € Z\ {0} we write

sin(rm)

o0
+¢; [ [ cos2mm/3Y)
k=1

|fQram)| = |fQrm)| =

cqcos(mm) + ¢,

o
ca(=1)" +¢; | [ cos2mm/3*)
k=1

It follows that

o0
| fQRrm)| = cqg —c; l_[|cos(2nm/3k)| >cqg—cy > 0.
k=1
Thus f(t) # 0 for any ¢ € R and condition (iii) of Theorem 3 is satisfied. So, by
the theorem, F € Q.
Let us consider the representation (9) for f. Since f;(¢) =1 for any ¢ € R, the
sum

ity + X hu(e™ = 1)
u

is identically O according to Remark 1. There are the function v, € L{(R) and the
constant m, € Z, but we will not determine these here. Next, we turn to the function
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W. It is known that all convolution powers $**, n € N, of the Cantor distribution
function S are continuous singular; this follows from the famous Jessen—Wintner
theorem (see [16], Theorem 35) and the representation of S (x + %), x € R, as the
infinite symmetric Bernoulli convolution, and it was also explicitly shown in [36]
(see p. 520). According to Theorem 3, this implies that W is purely continuous
singular. Moreover, it will be seen from the proof of Theorem 3 that W is the limit
of the sums

n

D e Voo
Wn(x)::ZT o S*(x), xeR, neN,
k=1

as n — oo with respect to convergence in total variation on R.

So Theorem 3 yields a sufficient condition for W to be (purely) continuous
singular. Is it true that W is always a (purely) continuous singular function in the
case ¢y # 07

Proposition 1. Suppose that F € Q satisfies the assumptions of Theorem 3 with
¢s > 0 and the characteristic function f is represented by (9) with some W. Suppose
there is an integer n, > 2 such that the function F, (na=1) g (purely ) continuous
singular, but the function F;"" is not, i.e., F;"* (x) =aH,(x)+ (1 —a) Hy(x), x € R,
where « is a number in (0, 1], H, is an absolutely continuous distribution function,
and H is a continuous singular distribution function. If

la G5

o>
- ng+1 ¢y

then the function W is not (purely) continuous singular. In particular, this is always
true for the case o = 1.

It should be recalled here that there exist examples of continuous singular distri-
bution functions (say of Fy), whose convolution squares (say F*?) are absolutely
continuous (see [14; 15; 36]). Therefore we answer the question asked before
Proposition 1 in the negative.

The following remark yields the characteristic triplet for F € Q in the explicit
form under the assumptions of Theorem 3.

Remark 2. The representation (9) can be written in the form
f@ :exp{ity0+/ (e”x—l)dL(x)}
R\{0}

:exp{ity—l—/ (€™ — 1 —itsin(x)) dL(x)}, teR,
R\{0}

where
y = y0+/ sin(x) dL(x)
R\{0}
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and L(x) := Lg(x)+ L,(x) 4+ Ls(x) for any x € R\ {0} with

> A ifx <0,
HEQQ\{O}
(1D La(x):= g
— > A ifx>0,
ue({X)\{0}

o lul
f (va(u) +sgn(u) m“;) du ifx <0,
1) Lin={ = .
—f (va(u) + sgn(u) m“|—e|) du if x>0,
u

U>x

(13) Ls(x):

W(x) if x <0,
Wx)— W(4o0) if x >0.

It is seen that L satisfies all admissible conditions for a spectral function in the
Lévy type representation. Thus, under the assumptions of Theorem 3, (y, 0, L) is
the characteristic triplet for F satisfying one of the conditions (i)—(iii). On the other
hand, if we know that (9) represents the characteristic function of some probability
law, then its distribution function F is quasi-infinitely divisible by the definition
and hence F € Q.

The following remark shows that the property of dominated singular part is not
a necessary condition for belonging to class Q.

Remark 3. Let F satisfy the assumptions of Theorem 3 with ¢, > 0. Suppose that
F € Q. Then F** € Q for any n € N, but F*" does not have dominated singular
part for all sufficiently large n.

Indeed, it is seen from the definition of the rational-infinite divisibility that the
convolution of two any distribution functions from @ belongs to Q. Therefore
F** e Q for any n € N. Next, we consider the characteristic function f of F. It
admits the decomposition (4) with ¢; > 0, ¢, = 0, ¢; > 0, and ¢, < c4ug, Where
wq = inf;cr | f4(¢)] as before. Then every F*" has the characteristic function

FO" = (cafa® +cafa®+esfs(®), teR

From this it is easily seen that # — ¢} f4(¢)", t € R, is the Fourier-Stieltjes transform
of the discrete part of F*". Hence ¢/ is the weight of this part and inf;cg | f4(1)"| =
;. Next, there are n terms cscfl_1 fs(t) f2(t)"~! that appear in the Fourier—Stieltjes
transform of the continuous singular part of F**. This is because a convolution of
continuous singular function with a discrete function is continuous singular (see
[28, p. 190] or [34, p.319]). So the weight of the continuous singular part of F*"
is not less than ncscfl_l. For any integer n > c4/cs we have ncxcg_1 >cl >l
Therefore the exact weight of the continuous singular part of F*” is not less than
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/il too; i.e., the condition of dominated singular part doesn’t hold for F*" for
nz=cq/cs.

The following interesting example shows that the condition of a dominated
singular part cannot be simply omitted, or even extended to the case ¢y = cgtq
with wg > 0 without certain additional assumptions.

Example 3. Let B denote the distribution function of the Bernoulli law on the
points =1 with equal probabilities, i.e., B(x) = % 1)+ % 1i(x), x € R. We set

(14) Fi(x):=310() +3 F(x), xeR,
where Fj is the following infinite symmetric Bernoulli convolution
Fi=Bi*Byx---%xB,%---

with Bi(x) := B(k!x), x € R, k € N. Let f, and f; denote the characteristic
functions of F, and Fy. Then f,(¢) = %+ % fs(@),t € R, and

o0
(15) f: () = Hcos(t/k!), teR.

k=1
It is known (see [28, pp. 20, 67]) that the function Fj is continuous singular. Let
us consider Lebesgue’s decomposition (4) for f = f.. We have ¢; = %, ca =0,
and ¢; = % Observe that the component f; is identically 1 for f, and hence
wqg =infier | f2(8)] = 1. So cyuq = cy, i.e., the condition of dominated continuous
singular part, doesn’t hold. Next, fi(#) #0 for any 7 € R, since otherwise f;(f)) =—1
for some #y # 0 and hence | fi(tp)| = 1, which would mean that F; is a discrete
lattice distribution function (see [28, Theorem 2.1.4]), a contradiction. Thus F
satisfies condition (iii) of Theorem 3 and the assumption c; > 0, but F, doesn’t

have dominated continuous singular part.
Proposition 2. The function F, doesn’t belong to Q.

Thus, in general, conditions (i) and (iii) from Theorem 3 are not equivalent even
if cg = cquqg > 0.

By the way, we recall that distribution functions of discrete laws with a point
mass %, which have characteristic functions without zeroes on the real line, don’t
always belong to class @ (see [22] for more details). However, if the distribution is
an atom of mass % plus a continuous part, which is not purely singular, then the
answer is definite.

Example 4. Suppose that
F(x) =351, (x) +caFa(x) +¢sFs(x), x€R,

where F, is an absolutely continuous distribution function, F is a continuous
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singular distribution function, y, € R, ¢, > 0, ¢; 2 0, and ¢4 + ¢y = % Such a
function F always belongs to class Q. Let us check it. We consider the characteristic
function of F":

fO) =3t fa)+c, fs(1), teR.

Here ¢; = % and fy(t) = e, t € R. Hence uy = infep |fa(®)] =1and ¢ =
% —cy < % = c4/L4, 1.€., F has dominated continuous singular part. Next, f(¢) #0
for any ¢ € R. For otherwise 2c¢, f,(to) + 2¢s f5(to) = —e'% for some o # 0 and
S0 |2¢4 fa(t0) + 2¢5 f5(to)| = 1. This equality implies that the distribution function
with the characteristic function 2¢, f,;(-) 4+ 2¢; fs (- ) is discrete lattice, but this is
actually continuous by the assumptions, a contradiction.

So F satisfies condition (iii) and the other assumptions of Theorems 3. It follows

that F € Q.

The next assertion solves the decomposition problem for any distribution function
F e Q satisfying the assumptions of Theorem 3.

Proposition 3. Let F be a distribution function with decomposition (3) with some
cq>0,¢c, 20, cg =0, and a dominated continuous singular part. Suppose that
F € Q and F = F| x F, with some distribution functions F| and F,. Then F\ and
F> belong to Q.

This proposition generalizes a similar result from [7] (see Corollary 2.3 to
Theorem 2.2), which solves the problem for F' € Q satisfying the assumptions of
Theorem 2. We note that there is a general decomposition problem for arbitrary
F € Q, which was stated by Lindner, Pan and Sato in [26] (see Open Question 8.4):
Is it true that if F € Q and F = F| x F> (F| and F, being distribution functions
on R), then F1 € Q and F> € Q7 So Proposition 3 answers this question in the
affirmative for any F € @ satisfying the assumptions of Theorem 3. However, there
is a result in [21] that asserts that the general answer is negative.

3. Auxiliary theorems and lemmata

The proof of the main result (Theorem 3) of the article essentially uses the following
Wiener-Pitt theorem [35] (see also [33; 11, p. 191]).

Theorem 4. Let H be a function in V¢ with Lebesgue decomposition
H(x) = Ha(x) + Ha(x) + Hs(x), x €R,

where Hy, H,, H; are the discrete, absolutely continuous and singular parts of H,
each of which belongs to V¢. Let

h(r) ::/ei’de(x), and hg(t) ::/e”ded(x), reR.
R R
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Suppose that inf,cg |h(¢)| > 0 and || Hy|| <inf;cg |hy(2)|. Then there exists a function
K in V¢ such that

1 .
—= [ "dK(x), reR.
h(z) /I;{

The following theorem was proposed by Berger [6]. In fact, it is a modification
of one of Krein’s results (see [23, Theorem L, p. 15]).

Theorem 5. Suppose that a function h : R — C is defined by the formula
(16) h(t) ::c—l—/ eu(x)dx, teR,
R

where ¢ € C\ {0} is a constant, u : R — C is a function satisfying the condition
fR lu(x)|dx < oo. Assume that h(0) = 1 and h(t) # 0 for any t € R. Then

. m- e_lxl
h(t) = exp / (e — 1)<v(x) + sgn(x) ) dx}, t e R,
{ R\{0} | x|

where m is a constant defined by the formula

1
m:= —( lim Argh(t) — lim Argh(t)),
t——00

2T ‘t—o00
and the function v : R — C satisfies the condition fR [v(x)] dx < oo.

Let us consider the quantity m from the theorem. It is the index of h (see [23]).
By the Riemann-Lebesgue lemma, for the function / defined by (16) we have
h(t) — c as t — Fo00. Therefore it is not difficult to conclude the following fact.

Remark 4. The quantity m from Theorem 5 is well-defined and it is an integer.
We next formulate a very useful result obtained by Berger [6].
Theorem 6. Let F be a distribution function on R with the characteristic function
f. Suppose that f admits the representation
242

f(t):exp{ityl _G—+/ (e”x—l—itﬂ[_l,l](x))dL(x)}, telR,
2 R\(0)

with some y, € C, 02 eC,and the function L(x) = Li(x) +iLy(x), x € R\ {0}
Here for every j € {1, 2} the function L ; has bounded variation on R\ Ojs for any
8 > 0 (in general, L ; may be nonmonotonic on the intervals (—o0, 0) and (0, +00)),
L is right-continuous at every point of R, L j(—00) = L j(+00) =0, and

/x2d|Lj|(x)<oo forany § >0,
Os

where O := (—=8,0)U (0, §). Then y, € R, 02 >0, and Im{L(x)} = L>(x) =0 for
any x € R\ {0}. In addition, F € Q.
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The next theorem yields one special property of characteristic functions of
rational-infinitely divisible laws. Its proof can be found in [18, p. 3] or [19, p. 360].

Theorem 7. Let F be a distribution function on R with the characteristic function

f. If F € Q then for any t > 0 there exists C; > 0 such that

Je-—0)f+1)
f@)?

Lemma 1 (Bochner [9]). Let (W,),en be a sequence in 'V such that sup, oy | Wy, || =
B < o0. Let

sup < Cr.

teR

w, (1) ::fe”xde(x), teR, neN.
R

Suppose that w,(t) — w(t) as n — oo uniformly on every bounded interval. Then
there exists W € V with |W|| < B such that

w(r) = f e dW(x), teR.
R
We will need the following multivariate version of the Leibniz rule for partial

derivatives of a product of two functions (see [13, p. 10]).

Lemma 2. Suppose that the functions f : RY — C and g : R? — C have continuous
mixed partial derivatives up to and including order d in some open set T C R.
Then, foranyt = (t,...,t3) €T,

AT(f(r)-g(1)) _ ( M f () . 97 Mg (r) )
oty - - - Oty = [Tcudti [jep\u ’

where D ={1, ..., d}, and the parameter u of the sum ranges over all the subsets
of D.

We will also need the multivariate form of Faa di Bruno’s formula for the partial
derivatives of a composition of two functions (see [13, p. 4]).

Lemma 3. Suppose that a function g : RY — C has continuous mixed partial
derivatives up to and including order d in some open set T C RY. Suppose that
f : C— Cis a holomorphic function in some domain in C that which include the
values of g(t), t € T. Suppose that D := {1, ...,d}, u is nonempty subset of D,

P(u) is the set of all partitions of the set u. Then, foranyt = (t1,...,t5) €T,
M fe@) 3 (d'P'f(z) 1lg(r) )
Hjeu at] PeP(u) dZ‘Pl 7=g(t) sep HjES 8t]

We now formulate a lemma that will be a key tool in proving of Theorem 3.
Its proof is given at the start of the next section.
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Lemma 4. Suppose a function ¢ : R* — C, where d € N, admits the representation

N
o) =3 que ., t=(1,....12) € R,

with N eN, g, €C,and ¢,y = (Cm 15 -+ Cm.d) eZi m=1,...,N. Then, for any
keN,

a7 el <
T d |P|
k—
(%) Z( [ tkej =11+ > (]_[(k—z+1)-s¢ |P~R¢,(P))),
uCD “jeD\u PeP(u) “i=1
|P|<k
where D ={1,...,d},
aj :=minm:1,...,NCm,j, Jj=1....d, "
3" (1)
(18) Sy = sup |e()|, Ry(P):= sup ol
te[—m,m]d te[fn,ﬂ]dsep Hjes I
In particular,
(19) lp*Il < Agk?S;  forany k €N,
with
d
T _
(20) Ay = (76) Z( IT (el +1)- ) Sw'P'R«;(P))»
uCD “jeD\u PeP(u)
which is independent of k.
4. Proofs

Proof of Lemma 4. We will first prove inequality (17) for k = 1. We define a vector
a:=(ay,...,aq) witha;:=1—a;, j=1,...,d, and we introduce the function

N
Ga(t) = @(0)e! " =3 " gt 1 e R

Note that ¢, +a € N¢ for any m = 1, ..., N. Without loss of generality we can
assume that ¢, are distinct if N > 1. Then we have

d d
@D el = me _Z<|qm|-1‘[(cm,j+a,->-l_[%+w)
m,]J J

m=1 j=1 j=1
N

1/2 N d 1/2
S <Z<|qm|2'n(cm’j+aj>2>) .(ZH(CmJ‘Fa]) ) .

m=1 j=1 m=1 j=1
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Since ¢, +a=(cpm1+ai,...,cma+aqg) € N4 are distinct vectors for different m,
the following estimate holds:

N 1 2\?
S I+ =+ + 5+ =\—]-
(S )=(%)
We next write the function ¢, in expanded form as

Ga(t) = quexp{ Zt](cmj—f—a])} t=(,..., 1) € R

m=1
So it is easily seen that
8”“ (l) N d d
< Z(Qm i 1_[ Cm,j +a]) exp{ th(cm,j'i‘aj)}),
j=1 j=1

t=(,..., 1) € R

We consider the written exponential functions (additionally normed by 2m)4) as a
rank-N orthonormal system of Lz([—n, ik ) and, by Parseval’s identity, we get

N d~
1 0 9q (1)
_ - dty.
;(IQYH l—I(Cm j +a]) ) (27_[) S 81‘1 T 8td d
Hence
N d dn~
0 t
z(|qm|2-n<cm,,-+aj>2)< sup | balD)
m=1 =1 t€[—7T,7r]d 8t1 et atd

Using these estimates in (21), we come to the inequality

gl < ( - )d

ol | —= sup
\/6 te[—m,m}d

We next find an upper estimate for the latter supremum in terms of ¢ and a. We apply

Lemma 2 for the function ¢, (1) = ¢(1)e' "% with f (1) := ¢(¢) and g(t) := '),

t € Re:
dn d— i(t,

395, (1) _ ( 8|u|(p(t) 'a |ul pi (t a)) _ Z( BIU\go(t) plita) jd—|u| l_[ aj>,
aty -+ 0ty Hjeu atj HjeD\u atj ucD Hjeu atj jeD\u

ucD

39a (1)
daty - -- Aty '

t e RY,

Here D :={1,...,d} and the index u of the sum ranges over all subsets of D.
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Hence we get the estimate

390, (1 Ay (r
sup A < Z( l_[ Iaj| sup & >
el |00 0t 4= jeD\u rel-mt | [ ]jeu 01
Thus (on account of the equalitiesa; =1 —«a;, j=1,...,d) we have
d

i M)
(22) el < (—) ( loj — 1]+ sup |=—F7- )

V6 1;) j!_[D\u te[—m x4 ]_[jeu 3t

The right-hand side of this inequality coincides with that of (17) for k = 1. Indeed, in
the inner sum in (17), the index P can be equal to {1}, i.e., | P| =1, and, in the product
in R,(P), the index s assumes only the value u. Therefore H}ill k—=—1+1)=1,
Sy "1'=50=1, and

2 — Mo T b

Mg (r)
l—[ jeu atj

Substituting these values in (17), we see the match with (22).
We now prove that (17) is true for any k € N. Let us fix an arbitrary k € N. We
consider the function ¢* given by

N k
oF (1) = (quem’cm)), teR?,
m=1

Clearly, it can be written in the form

R,(P)= sup

te[—m, ]

M
)= Oue'™, 1eR,

m=1

with some M €N, Q,, € C, and distinct C;, =(Cypy 1, - . ., Ci.a) eZ¢ m=1,..., M.
Observe that

k
Cme{Zcm_i:ml,...,mke{l,...,N}}, m=1,..., M.
j=1

Therefore

min Cp, =k min c,;=ka;, j=1,...,d.
m=l1,..., M m=1,..., N

Taking this into account, we use inequality (22) for the function ¢*:

¢ glulpk
||<pk||<<%) Z( [T ke =11 sup ¢ (1)

ucD “jeD\u tel-m.m]?

)

Hjeu 8tj



158 ALEXEY A. KHARTOV

We now write expressions for the mixed partial derivatives from the right-hand side.
We apply Lemma 3 with g(7) := ¢(1), t € R?, and f(z) :=z*, z € C:

Ak (1) - (d”zk 17 e )
Hjeu at/ PeP(u) dZ‘P' =¢() sep HjES atf
|P| )
llp(t
> (H(k—lﬂ)-w(r)“”-]‘[%).
PePw) " I=1 seP [T, 01
|P|<k

This formula holds even in the case u = &, where P must be &, i.e., | P| =0 and

P(u) = {@}. Indeed, there is only one summand in the latter sum, in which the

written products are equal to 1 (because the indexes formally belong to the empty

set). Hence the right-hand side equals @ ()%, as does the left-hand side, since |u| =
We have the estimate

Mg (1)
njeu atj

sup
te[—m, w4

|P|
< Z <1_[(k —14+1)-S57IPL R(p(P)),

PePu) Nl=1
|P|<k

where S, and R, (P) are defined by (18). Thus we obtain the required inequality (17).
We next show that (19) holds. Let us obtain an upper estimate for the right-hand
side of inequality (17). We fix k > 1. Observe that

[ tkej =11 < T (klel+1) < [T (klojt +&) <k TT (leejl + 1)
jeD\u jeD\u jeD\u jeD\u
Next, since | P| < |u| for any P € P(u), we have

|P| |P|

]‘[(k—l+1)<]‘[(k—1+1):k'”gk'u'.

=1 =1

We apply these inequalities to (17), obtaining

d
S <%) Z(kd"” [Txel+D- > k'”-sg—Pl-R¢(P))

ucD jeD\u PeP(u)
|P|<k
P d
d ¢k P
=k S¢~(%) » (]_[ lejl+1) - > S, FIR, (P))
ucD * jeD\u PeP(u)
|P|<k

Since S, and R, (P) are always nonnegative, we come to the needed inequality

d
||<p"||<k”’5(§(%) Z( [T (leji+1)- > s, 17IR (P)):Awdef). 0

uCD “jeD\u PeP(u)
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Proof of Theorem 3. We assume that F' admits the decomposition (3) with some
cq € (0, 1], and that F has a dominated singular part. We set g := inf;er | f2(?)].

(i) = (ii). Suppose that F € Q. If uy; = 0 then ¢, = 0 by the assumption of
a dominated singular part, and hence we can apply Theorem 2. According to
that theorem, (i) implies (ii). Next, if u; > 0 then we know that ¢; < cquy, i.€.,
cqilg — cg > 0. Observe that, for any 7 € R,
|f (O] = [ca fa®) + ¢ f5(0) + ca fa )| = cal faD] = 5 | f5(D)] = cal fu(®)]
2 cqpra — Cs — | fa(D)].

Since f,(t) — 0 as t — +o0, there exists 7 > 0 such that | f,(t)| < %(cd,ud —C5)
as |t| > T. Hence | f(¢)| > %(cdud —c¢y) > 0as |t| > T. Next, let us consider the
function ¢ — | f(¢)| on the segment [—7, T']. Since it is continuous, there exists
tmin € [T, T] such that | f(¢)| > | f (tmin)| for any ¢t € [T, T']. Since F € Q, we
know that f(¢) # 0 for any ¢ € R (see the introduction) and thus Cr :=| f (#nin)| > 0.
Sowe get | f(t)] = Cr > 0forany ¢t € [T, T]. Thus, for any ¢ € R,

| f(®)] > min{3 (capa —¢5), Cr} >0,

i.e., inf;cr | f(#)| > 0. So we come to (ii).

(i1)) = (iii). Obviously, (ii) yields that f(¢#) # O for any + € R. To obtain a
contradiction, suppose that py; = inf,cr | f7(¢)| = 0. Then ¢; = 0 by the condition
of dominated singular part. According to Theorem 2, (iii) follows from (ii), i.e., in
particular, we have w4 > 0, a contradiction. Thus we conclude that inf, ¢ | f7(¢)| >0
and (iii) holds.

(iii) = (i). Let us consider f represented by formula (4) with c¢; > 0. Here we
assume that f(¢) # 0 for any 7 € R, that

(23) pa = inf [ f4(1)| > 0,
teR
and that ¢; < cguq. Due to these assumptions, for any ¢ € R we have

|ca fa(t) +cs f ()| = cal fa®)] — ¢s| f5(0)] = capa — ¢5 > 0,
1.e.,

(24) ,12[£ lca fa(t) + ¢ fs ()] > 0.
Then for any ¢ € R we can write
F @) =cafa(®) +c fs () +ca fa(t)
cafa() +cs fs(O) +cafa®) cafa(t) +cs fi(1)

= fa(t)-

cafa(t) +cs fs(t) fa(®)
Cafa(t) Cdfd(t)"‘csfs(t)
Ja® ( * cdfd(t)+csfs<r)) 70
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So it is convenient to represent f as

(25) F@) = fa@) faas(®) fs,a(®), 1R,

where

Calcq +¢5) fa(2) . ca fa(t) + ¢ f5(1)

cafa0+a i@ T e fatn
Let us consider f; represented by (6). Due to (23), by Theorem 1, it admits the

representation

fa,ds(t) =cq+cs+

’

(26) fd(t)=eXp{itVo+ > )\u(e”“—l)}, teR,

ue(X)\(0)

with some y,, € (X) and 4, € R for all u € (X)) \ {0}, and ZME<X)\{O} [Ay| < o0.

We now consider the function f, 45. If ¢, =0then f, 45(t) =c4+cs=1—c,=1.
We next suppose that ¢, > 0. The function ¢ — ¢4 f;(t) +c; f5(t), t € R, is separated
from 0 according to (24) and for its continuous singular part we have

lles fsll = €5 < €apta = ca inf | fa(@)].

By Theorem 4, there exists a function /4, : R — C in V¢ such that

1 5
— lx I ¢ ’ R.
ca fa(t) +cs f5 (1) fRe dlgs(x), 1€

We next observe that

@ i [ o o
Cdfd(t)-i—csfs(t)_/Re dF,(x) /Re dIdS(X)_./Re d(F,+15)(x), teR,

and we write

Ca(catcs) fa(t)
cq fa(t) +cs f5 (1)
where Fa (x) ;= cq4(cqg + c5)(Fy % 1z5)(x), x € R. The function ﬁa € V¢ inherits

absolute continuity from F,, i.e., there exists a function p, : R — C such that
Jg |Pa(x)|dx < 00 and F,(x) = fy<x Pa(y)dy, x € R. Hence

/ei’x dF,(x), teR,
R

/ei’xdﬁa(x):/ei’xﬁa(x)dx, teR,
R R

and we have

ca(Ca +¢5) fu(t)
ca fa(t) +cs f5(1)
where c;+c¢; = ¢4 > 0. Note that f, 45(0) =1. Since f () #0 for any € R and the
function t — ¢4 f4(t) + ¢, f5(t), t € R, is bounded, we conclude that f, 45(t) # 0

fa,ds(t):Cd+Cs+ :Cd+cs+/eitxﬁa(x)dxa teR,
R
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for any t € R. By Theorem 5, f, 45 admits the representation

—lx|
@7 fa.as(®) =6Xp{f (e 1)(va(X)+Sgn(X) %) dX}, reR,
R X

\{0}
where v, : R — C is a function satisfying the condition fR [vg(x)| dx < 00, m, is a
constant defined by the formula

1
mg ! 27T(hm Argfa ds(t)_ hm Argfa ds(t))

Since ¢4 + c; is positive, formula (10) gives an equivalent definition of m,. By the
way, it is easily seen that m, = 0 if ¢, = 0. In general, m, € Z (see Remark 4).
Therefore, in the case ¢, = 0, we set v, (x) := 0 for every x € R and the formula
(27) remains valid.

We now turn to the function

cafa(®) +esfs(@) _ (1 4 csfs(t)> o
(ca +cs) fa(t) cafa(®)) cites
From (24) we know that f; 4(¢) # O for any # € R and we see that f; 4(0) = 1.

Hence the distinguished logarithm Ln f; ;4 is uniquely defined on R with condition
Ln f;4(0) = 0. Due to the assumptions,

fs,d(t) = teR.

t
(28) IO S 1 forany reR,
cq fa(t) Cd,ud
and we can write
t
(29) Lnfs,d(t):m(ur o Js )>—1n<1+c—s), teR,
cq fa(t) Cq

where In( - ) returns the principal value of the logarithm. Let us consider the first
logarithm in the right-hand side. Due to (28), we have the expansion

cs f5(t)
30) In|1
0 n( +Cdfd(t))
00 lk 1 s 00 1k !
= ) (;;;(?)) Z( ; ()fs(t)"gd(t) teR,
k=1 —

where we have set g;(¢) := 1/f4(t), t € R. The series converges uniformly in R by
the Weierstrass M-test, because, due to (28), for any # € R the absolute values of its
terms are majorized by the terms of the convergent numerical series
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Let us consider the function g; and show that it is actually a Fourier—Stieltjes
transform of some function from class V. Indeed, according to (26),

ga(t) = e M. oR0 . exp{— Z )\‘ueitu}’ teR,
ue(X)\{0}

where we have set

)\0 = Z )»u.

ue{XN\{0}

There is an absolutely convergent Fourier series with real coefficients in the last
exponential function. Hence this function itself expands into an absolutely conver-
gent Fourier series with coefficients in R and exponents in (X). This remains true
after multiplying this series by e and =% (which leads to g4), because Ao € R
and y, € (X). Thus we have

31) ga)= Y gy, teR,
yE(X)

where g, € R for every y € (X) and Zy€<X) lgy| < co. Obviously, the series (31)
can be written as a Fourier—Stieltjes transform,

ga(t) = / M dly(x), 1eR,
R
with the discrete function I; € V given by

(32) Li(x):= )" gy, xeR.
yE(X)
ysx
Let us return to the formula (30). We observe that for any k& € N the functions

fsk, gclj, fsk - g* are the Fourier—Stieltjes transforms of functions from V:

fF = / S AdF* (x),  ga() = f e dIk (x),

(33) R "

L0 ga()k = / N A(F* % I (x), teR.
R

Consequently, the partial sums of the series (30) are the Fourier—Stieltjes transforms
of the functions

n

-1 k—1 k

B4 W) =) by (F*% 1) (x), xeR, neN.
P k c4

Let us show that the sum of the whole series (30) admits the representation

o0

D e i1
(35) > ( )fs(t) ga(t) =/e”‘dW<x), 1eR,
R

S
k c
k=1 d
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with some function W € V. According to Lemma 1, for this it is sufficient that
(1) the partial sums of (30) uniformly converge to the infinite sum on every bounded
interval and (2) sup,,cp || Wy |l < oo. The uniform convergence of the partial sums
(even on whole real line) was shown above, i.e., (1) holds. Let us prove (2). For
any n € N we have the estimate

n k n k
1 (¢ 1 [ cs
IWall <D :%(—C[‘) I 134 <) :{E(_c:) ||F:"||-||1;"||}.

k=1 k=1
Here |F/*| =1 for every k € N, because all the F* are distribution functions.
Also, it is convenient for us to set ||g§|| = III[}kkII, k € N. Thus we come to the
inequalities
"1 e\
1= k
(36) I Wal st_;k(Cd) lghll, neN.

We now estimate || gf} || for every k € N. Let us return to decomposition (31) for the
function g;. The set (X') is countable, and Zye (x) lgyl < 00. So we fix an arbitrary
€ € (0, 1) and choose N, € N and distinct points yi, ..., yy, € (X) such that

Z lgy| < &.
YEN\{Y15-YNe }

We introduce the polynomial

Ne
(37) g.(t) = Z gy, e, teR.

m=1

So we have ||gq — g:]| < &. We also observe that

gd_ga

(38) ‘ < llga — &ell-

1 . .
‘—H =|ga — &l - Il fall = llga — &¢Il <e&.
8d

8d g
~k

g . ~_

¢ (88)

In order to get a convenient representation for g;/g., we observe that for any n € N

L (gdm —gem)" _ (1 R0 —gs(n) E(gd(r) —ggm)f
8a(1) 8a (1) o, ga (1)

RO (gd(n - g‘su))f
=2 od’ oe R.
84(1) Z 84(1) 1€

J=0

Let us fix k € N and write

k
8d

k ck
lgall = <lgell- || =

&
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So we have
t 1) — (¢ -8\ t
84(1) Z(é’d( ) — 8 ( )) n <gd( ) — &( )) 80 m aen
8 (1) 8(1) 8a(t) 8 (1)
Hence, due to (38), we get
n—1 _ s ] _ =z n n—1
8l < B~ 8| 4 | 8d =8 8d el +en |22 neN
8e =0 8d 8d 8e 20 8e
Since € € (0, 1), letting n — oo yields
o
8d ; 1
- < 8] = .
8e jgo 1—¢
Thus we have -
(39) gkl < gl
(1—e)
So the estimation of ||/ jk = gf, || is reduced to finding an upper bound for ||g7ic Il

Let us consider g, defined by formula (37). Let Y, :={yi, y2, ..., yn,}. Suppose
that Y, ={0}, i.e., Zye(X)\{O} |gy| <& and g.(t) =qo for any t € R. Then ||§zéC = |q0|k
for any k € N. Observe that

g0l = 18:(0)] < 184(0)] +18:(0) — ga(0)1,
where [g4(0)] = [1/fa(0)| = 1 and

18:(0) — g4(0) =

> gy <

yE(XN\{0}

Thus |go| < 1+ € and hence ||§§|| < (1+8)k.

We next assume that Y, # {0}, i.e., Y, contains nonzero elements. We select a
basis over Q in the set Y, (see [24, p. 67-68]), i.e., we choose nonzero elements
Bi,...,Ba €Y, withsome d € {1, ..., N.}, which are linearly independent over
Q and for any m € {1, ..., N} there exist some ry, 1, ..., mqa € Q such that
Vi = Zflzl rm.1 P Linear independence over Q means that with r, ..., r; € Q,
vanishes only in the case rj =r, =--- =r; =0. It is clear that the coefficients r,
of the decomposition of y,, are uniquely determined. Let x be the minimal positive
integer such that r,,, ; := 2 - r,, ; € Z for any admissible m and /. We set ,51 = B/x
forevery [ € {1, ..., d}. Then we have y,, = Zld:l FmJBl forany m € {1, ..., N¢}.
Here the coefficients 7, ; are uniquely determined by y,, too. We define the vectors
Fm = Fm1s-- s ¥ma) € 74 m=1,...,N,. Since Y1, ..., YN, are assumed to be
distinct, all 7,, are distinct too. Let us introduce the function

Ng d
Qe (t1, ..., 1) = qum exp{i me,[tl}, f,...,tg €R.
m=1 =1

Y ol <e.

yE(XN\{0}
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It is easily seen that this function is continuous and 27 -periodic over every variable.
We will also use a shorthand for it:

Ne
(pg(t)=2qymel(t’r’">, t=(t1,...,l‘d)€Rd.

m=1

The functions ¢, and g, are related:

N¢ d Ng
‘/’s(,gltv cee Bdt) = Z qy., exp{it me,l,él} = Z Qymeitym =g:(), teR,
1 m=1

m=1 1=

i.e., g is diagonal for the function (¢, ..., t7) — @ (Bltl, e Bdtd). Hence the
image of the first function is dense in the image of the second one (see [24, p. 116,
Theorem 2.4.1]) and, consequently, in the image of ¢.. This yields

(40) sup [ge(D)| = sup |@e(1)].

teR te[—m,m]d

Let us show that
1) 15N = llgkll forany k e N.

We fix k € N and write

N, k Ne Ne
gﬁ(t) — (qume”w) — Z Z (Qym] C .qymkeif(ym1+"'+%ﬂk))’ t R,
m=1

mi=1 my=1

N k N N
v: () = (qumeiu’fm)) =D 2 @y, ey, @) e R

m=1 mi=1 mi=1

We next have the representation

OED D] (D DENFSERETN FU

2y 1<my i<

ok = Z( Z Gr,, _qhnk)ei(t,s), teRe.

seR® N I<my,.mp <N,
Fmy "1“""‘rmk:~v

where
yék):z{yml+---+ymk:ml,...,mke{l,...,Ns}},
ng):={7ml—|—---+;7mk :ml,...,mke{l,...,Ns}}.
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Thus we have

(42) 1Z8E5=>"1 D oy,

Zeyg(k) m1=l.,...,N£,

9’

mk=1;'...,N€
Ym +“'+ymk =2

(43) lefl= >0 > Gy,

SE'ng) mi=1,..., Ng,

There is a natural map between the two finite sets g(k) and Rg‘): every number

7= le _1 ym; from the first set is paired with a vector s = ZI;':I r'm; from the second
set. Here s is the vector of coefficients of the decomposition for z with the basis
Bi, ..., Ba. This map is actually a bijection. Indeed, it is injective, because distinct
numbers from y§") have the distinct decompositions, i.e., they are paired with the
distinct vectors from the set Rf;k). The map is surjective, because any vector v € Rf;k)
isasum 7, +---+7,, with some indices my,...,m,e{l,..., Ny}, and this sum
corresponds to the number z = Y e Y, from the set yé") by construction. Next,
it is clear from the basis decompositions that for any fixed pair of corresponding
elements z € yé") ands € ng) the equalities y,,, +- - -+ Ym, =z and ry, +- - 47y, =S
are equivalent for varying index vectors (i1, ..., my). Since the inner sums in (42)
and (43) add the same weight Gy Gy, for every index vector (my, ..., my), we
conclude that these inner sums are equal. Thus we come to the equality || g{; | = ||(p§ Il

We now apply Lemma 4 to estimate ||¢%|| for any k € N (we set ¢ := @;, N := N,
gm ‘= qy,, and ¢, :=ry, forevery m =1, ..., N;). Using inequality (19), we get

ol < Ag k! sup eI, keN,
re[-m,7 )¢

where A, is a constant defined by (20), which doesn’t depend on k. Applying (40)
and (41), we come to the inequality
1261 < Agk? sup g, keN.
Observe that 1R

sup 8¢ ()| < sup [ga(1)| +sup g4 (1) — e (1)].

teR teR teR

On account of (38), we have

Sup; e 184 (1) — &= ()| < sup| 4D = 8= (1) < ‘ 8a—&| _ ..
SUp,cp |8a(?)] reR 8a(1) 8d
i.e., sup |gs(t) — g (t)| < e sup|gq(t)|. Therefore
teR teR

sup |g- ()| < sup|ga(t)| + & sup |gq(1)| = (1 +¢) sup [ga (D),
teR teR teR teR
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where
1 1

" infycq Ifa®Ol pa

1
sup |gq(1)| = sup 170

teR teR

So we obtain the estimate

k
~k d (1 +8)
||gg ” g A(pgk ‘ k N k € N.

Mg

We note that here k¢ > 1 and 1 / ,ufl > 1 for any k € N. Therefore the estimates of
||§§|| in the cases Y, = {0} and Y, # {0} can be unified as

(1+e)
I
with some constant C, > 0. We use this in (39), obtaining:
~k k
bl < ey < ekt MLZ (1) ken
Let us return to (36). Due to the last estimate, for any € € (0, 1) and n € N we have

(e 1 [(1+e i o 14\
449 Wl <> (=) Cekd— Ce Y k :
< 1 () e (7)) e oo (s

Since ¢; < cqq by assumption, the fixed number ¢ € (0, 1) can be specified by

1851 < Cek? - for any k € N,

cs l+e
cipra 1 —¢

0< < 1.

Then we obtain

Cs 1+e¢ k
sup || Wy || < Cde1< : 1_8) < 00,

C,
neN k=1 dhd

i.e., we showed that the sufficient condition (2) for (35) is satisfied (condition (1)
was proved above). So, according to (30) and (35), we have
(45)

k—1
1n(1+CSfS(I)) Z( D ( )ﬂ(t)kgd(t)k /e'”dW(x), € R,
k=1 R

cq fa(t) k

with some function W € V. Hence (29) takes the form
Ln f; 4(t) = / e AW (x) — ln(l + C—S>, teR.
R Cd

The equality Ln f 4(0) = 0, which was mentioned above, implies

ln(1+2—;):/[RdW(x).
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Then
Ln f; 4(t) =/(e"”C — 1D dW(x), teR,
R

i.e., we come to the representation

(46) foa(t) = exp{ /R "™ —1) dW(x)}

=exp{f @™ =1 dW(x)} teR.
R\{0}

Let us investigate the function W. If ¢, = 0, then W is identically 0, which
is seen from (45). We next focus on the case ¢; # 0. We will prove that W is
continuous on R. For this we first observe that the W,, n € N, are continuous
functions on R. Indeed, according to (34), W, is a finite linear combination of the
functions F** x I*, k € N, which are continuous on R, being convolutions with
continuous Fy. Next, we observe that, similarly to (44), we have the estimate

l k
Wy = Wa, | < C Z k”“( = “),

c 1—¢
k=ni+1 did

with the same ¢, C, and for any positive integers n and n; such that n; < n,. The
sum on the right can be made arbitrarily small for all sufficiently large n; and n,,
because its terms (for £ € N) form a convergent series. This means that (W,)),en
is a fundamental sequence in the space V. Since V is a complete norm space
(see the comments at the end of the introduction), there exists W, € V such that
W, — W|| = 0 as n — oo. Hence
lim [ "™ dW,(x) = / AW, (x), teR.
R

n—od R

On the other hand, we know that

k=1
nlggo ) e AW, (x) = nli)noloz%< )fs(f)kgd(f)k
( k=l k k itx
. < )fs(t) g4(t) '/Re dW(x), teR.

k=1
Then [ €' dW,.(x) = [ ¥ dW (x) for any ¢ € N, and we conclude that W, = W.
So we have proved that

(G W, —W]| —0 as n— oo.

In general, from the well-known relation sup,. g |U (x)| < [|U|| forany U € V, we
have uniform convergence:

sup|Wn(x) - W(x)’ — 0 as n— oo.

xeR
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Due to the already proved continuity of W,,, n € N, we conclude that W is continuous
on R too.

We now show that W cannot be purely absolutely continuous (in the case ¢y # 0).
For suppose that W is absolutely continuous. Let

w(t)::/e”xdW(x), reR.
R

Then, according to (45), we have

k
n CC‘::Z((?) :exp{/R itx dW(x)} — explw(n)} = 1 +Z w(t) , telR.

Hence, on the one hand,

fos (1) . w(t) itx *
Cdfd([) :nlingoz nlin;oz / aw k(X)

k=1

n

. 1
1 itx *k
_nlggo e d( E k‘ — W (x)) teR.

R

On the other hand, on account of (33), we have

SIB =0 =2 [ st = [ e”xcz(ﬁ-(mm(x)),
cafat)  ca R R “d

for t € R. Since the variance

n2

ny k

W] W

<Y m S X a
k=n1+1 k=n1+1

ny 1

Z EW*k

k=ni+1

can be made arbitrarily small for all sufficiently large n; and n;, the sequence of
sums ) y_, W*/k!, n € N, is fundamental in the space V. Due to the completeness
of V, these sums converge in variation to some function from V, namely, to
(cs/cq) - (Fg * I7) by the uniqueness of the Fourier—Stieltjes transform:

—0 as n— oo.

Cy
Zk, W*"—— (F, * 1)
k=1

But this is impossible, because Y ;_, W* /k!, n e N, are absolutely continuous
as linear combinations of convolution powers of absolutely continuous W by the
assumption, but (cs/cy) - (Fy * 1) is continuous singular as the convolution of the
continuous singular function F; and the discrete function /; (see the comments
after Remark 3). Thus W is not a (purely) absolutely continuous function from V,
i.e., it always has some continuous singular part.

Let us return to (47) and prove the sufficient condition (from the statement of the
theorem) for W to be (purely) continuous singular. Suppose that all the functions
Fs*k, k € N, are continuous singular. Hence all W,,, n € N are too. Let W, and W;
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be the absolutely continuous part and the continuous singular part of the Lebesgue
decomposition for W: W = W, + W;. Then

[Wa = Wl =Wy — Wa = Wl = |W, = Wil + [ Wall = [|Wall 20

Due to (47), we conclude that | W, || =0, i.e., W,(x) =0for any x € R. Thus W = Wj.
We now combine the representations (26), (27) and (46) with formula (25):

f@) =expiity0+ Z )»u(e”“ _ 1)

ue(X)N\{0} il
X

+/ (e — 1)(va(x)+sgn(x) a¢ )dx—i—/ (@ —1) dW(x)}
R\{0} | x| R\{0}

:exp{ityo—l—/ @™ =1 dL(x)} t eR,
R\{0}

with L(x):=Lg(x)+ Ls(x)+ Lg(x), x € R\ {0}, where Ly, L,, and L, are defined
by formulas (11), (12), and (13). It is not difficult to check that Ly, L,, L, and,
consequently, L satisfy all conditions the for a spectral function of the Lévy type
representation (see introduction or Theorem 6). However, we recall that the function
v, is potentially complex-valued and hence L is too. Next, it is seen that

|x| d|Ls|(x) < 00
N

with §; :=[—1, 1]\ {0} and for any L, € {Ly4, L, Ls}. Hence it is also true for
L, = L, and we can write

f@® :exp:ityl —I—f ( X _ ] —jrx l—1 1](x)) dL(x)} teR,
R\{0}

with y, :=y, + fR\{O} x lj=1,17(x) dL(x), which is potentially complex.
We now apply Theorem 6 to derive that L is actually real-valued, which means
that v, is a real-valued function. Moreover, we have F € @, i.e., (i) is proved. [J

Proof of Proposition 1. To obtain a contradiction, we assume that W is continuous
singular. For convenience, we introduce the operator [ - ], which acts from V to V,
and for any U € V it returns the continuous singular part of U as [U]; (which can
be identically zero). We start with (47) from the proof of Theorem 3, which holds
under the assumptions of the proposition. For every n € N we write

W, — W] = H(Wn — [Wyls) + ([Wals — W)” = H Wy — [Wals H + ||[Wn]s -

where the latter equality is valid because W,, — [W, ], is absolutely continuous (or
identically zero) and [W,]s — W is continuous singular by assumption. Therefore
W, —W| = || 4 H > 0 and, due to (47), we conclude that

(48) [[W,)s; = W[ >0 as n— oo
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Next, according to (34), we have

1 k—1 n 1 k—1
(W, ], = <Z( k) (c ) F I;k) (= ) ( ) [F o 134,
k=1 d k=l

for n € N. Since I, is discrete (see (32)), the functions I;k are discrete and hence
[Ffs 1] = [Fi*], = 1;* for any k € N. Thus we come to the equalities

(D! W, ek
(49) =y S <C>[F |k, neN.
d

k=1

Let us consider the functions [F *k]s and numbers [F ;"k]s(oo). By the definition of
ng, for any k < n, we have [F*k]s = F** and, in particular, [F*k] (00) = 1. For
the case k = n,, by the assumption, we have [ *"“] x)=(10—-a)H;(x), x € R,
and hence [FS ]S(oo) = 1 — «. Next, for any integer k > n, we observe that

[FrED] ) = [F* « ] (0) = [[F*1s # Fs ], (x) < ([F*], * Fs)(x), xeR.

By the Lebesgue dominated convergence theorem, we conclude that
(L], % F) (00) = lim / Fy(z—x) d[F}*] (x)= / dIF*] (x) =[F}*], (c0).
7 JR R

Thus [ A*(Hl)] (00) < [Fs*k]x(oo) for any integer k > n,. Let us introduce the
sequence Ay 1= [ ] (00), k € N. So we have

A1="'=Al’la—1=1’ Ana=1—a,
A 2 Agy1 =0 forany k > n,.

(50)

Due to (48), we next conclude that

f eil‘x dW(X) — lim eilx d[Wn]s(x)’ 1 e R.
R

n—oo R

Then, according to (45) and (49), we have

k—1
ln(l—i—%):nlggo;( 1]3 ( >fks(t)gd(t) forany 1e€R,

where

Ses(@®) ::f i [F*k] x), teR.
R
In particular, we write

mO qﬁ@) w(l%‘
ca f4(0)

( ) Jrs(0)ga(0).

k=1
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Recall that f;(0) = f4(0) = g4(0) =1 and fi;(0) = [F;*] (c0) = Ay for any k € N.
Then, on the one hand,

&) g D e
w1 5) -2 ()

k=1

On the other hand, since ¢; < cguq < ¢4, we have the expansion

&\ _ v (—1)’<—1(cs)"
n(1+-=2)= =,
n( Cd) ; k Cd

Thus we come to the equality

S (e a5

k=1 k=1

Due to (50), it is reduced to
00 k—n k 00 k—n k
(=D ”(Cs) (=1 “(cs>
(51) — =) A= -—({—.
kgn:a k Ccd kgﬂ% k Cd

The series on the left is alternating with nonincreasing absolute values of the terms.
Therefore

00 k—n k n n
— )K" 1 “ 1 “
3 L(C—S> A< —(C—s> Ay, = _(C_S) (1-a).
k C4 ng \ cq ng \ cq
k=n,
Since the series on the right in (51) is alternating with strictly decreasing absolute
values, the following inequality holds:

i )k Na s Koy /e V™ 1 e Vet 1 S\ | n, Cs
>— =) — = =—(= — ).
ng \ €4 ng+1\cq Ng \ Cd na+1 cq

We see that the assumption o > R o Es implies the inequality
ng Cd
o0 _ k o0 _ k
_1 k Ng _1 k Nng
Y (2 e (2)-
k c4 k c4
k=n,, k:na

Thus we come to a contradiction with (51). So the assumption that W is continuous
singular is false.
Due to the condition of dominated continuous singular part, we have c¢; < c,.

< 1, the inequality o > —¢— . & always holds in the case « = 1. [
ng+ ng+1 ¢4

Since
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Proof of Proposition 2. Let us consider the function f; defined by formula (15).
We first find the limit of the sequence f(t,), n € N, with ¢, := 7w (2n)! as n — oc.
We write f(t,) = M, - R,, n € N, where

2n 00
M, = l_[ cos(t,/k!) and R, := 1_[ cos(t,/k), neN.
k=1 k=2n+1

For any n e N

<7r(2n)!> ( 7(2n)! > < 7(2n)! ) (Jr(2n)!>
M, = cos -cos| ———— ) -cos| ———=—)---- -cos
(2n)! 2n—1)! 2n —2)! 1!

=cos(71)-cos(7r-2n)-cos(n-2n(2n—1))- -cos(n-2n(2n—1)- -1)
=(=D-1-1-+---1=—1.

Next, for every n € N and for every integer k > 2n + 1 we have

t, 7 (2n)! T T
O<—-=-——-< <,
k' k-(k—1)! "k 3

and, by the well-known inequality cos(x) > 1 —x?%/2, x € R, we get

"2 2 2
B (t,/ k) S b4 > T
2 2k2 18

cos(t,/k!) > 1

Therefore, on the one hand, it is clear that for any n € N we have cos(#,/k!) < 1
for any k > 2n 4 1 and hence R, < 1. On the other hand,

R, > 1_[ (1—2—162):exp{ Zln(l—z—kz)}, nelN,

k=2n+1 k=2n+1

where the sum in the exponent tends to 0 as n — co. So we conclude that R, — 1
as n — oo. Thus

fst) =M, -R,=—R,— —1 as n— oo,

and we know that f;(#,) > —1 for any n € N.
We next observe that

[ty ) = HCOS<t"::!n> =0.
k=1

2!

(n(2n)!:|:71) < n)
=cos| ——— ) =cos|{7w-3-----2n)E£— ) =0.
k=2 2
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We now return to the characteristic function f,(t) = % + % fs(t), t € R, and we
consider the quantities

Jilty —70) fu(ty +77) _ (%‘F%fs(tn _77))(%"‘%]%(% +7T))

fu(tn)? Iy : W
A (§+§fs(tn))
By the above,
Sty — 70) fu(ty +70) 1
> = 5 —> 00 as n— 0.
Ss(tn) (1 + f5 ()
Therefore, by Theorem 7, f, cannot be the characteristic function of a distribution
function from class Q. Thus F, ¢ Q. ([

Proof of Proposition 3. We have decompositions (3) and (4) for the distribution
function F and its characteristic function f, respectively. Since F € Q, we know
that f(¢) # 0 for any t € R and pg = inf;cr | f7(¢)| > O according to equation (9).
Due to the assumption of dominated singular part and c; > 0, we have ¢; < cguq.

Let fi and f, denote the characteristic functions of F| and F,. The assumed
decomposition F = F| * F> means that f(t) = fi(¢) f(t), t € R. This means that
fi(®) #0 and f>(¢t) #O0forall t e R.

Let us write the Lebesgue decompositions for F; and F;:

Fix)=cjaFjax)+cjaFja(x)+cjsFjs(x), xeR, je{l, 2}
We also write the corresponding decompositions for fi and f>:

fi®)=cjafja®)+cjafjia®)tcjsfis@), teR, je{l, 2}
Here cj 4, ¢} 4, cj s are nonnegative and ¢j 4 +cjq+cjy=1for j=1and j =2.
For clarity, we write the equality F' = F)| % F; in the expanded form:
(52) caFg+coFy+csF
= (craF1a+craFia+cisFis) % (caaFaa+ c2aFaa+c2sFay).

Since F has nonzero discrete part (c; > 0), the functions F; and F, have nonzero
discrete parts too, i.e., ¢c;.4 > 0 and ¢z 4 > 0. Since a convolution of any two
distribution functions is discrete if and only if these functions are discrete, we
conclude that c; Fy(x) = c1,4¢2.4(F1.4 * F2.4)(x), x € R, i.e., cg = ¢1,4¢2.4 and
F; = Fl,d * FZ,d- Thus we have f;(t) = flyd(t)fz,d(t), t € R. Since |f1,d(t)| <1
and | /2 4(t)| < 1 for any ¢ € R, we conclude that

pi,a = 1nf | fi1 q()| = inf | f4(2)| = pa > 0,
teR teR
and, analogously,

woq i=1nf | 5 4()| = inf | f4 ()| = pa > 0.
teR teR
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We next observe that F ;x F> 4 and F, ;% F 4 are continuous singular. Therefore
the corresponding summands from (52) are included in the continuous part of F, i.e.,
csFy(x) = c15¢0,a(F1 5 % F2,0)(x) + 2 5¢1,0(Fa 5 % F1 4)(x), x € R. Consequently,

cs = ¢ F(00) = 1 52,0 (F1 5 % F2 4)(00) + ¢3 5¢1,0(F2 5 % F1 4)(00)
=C1,5€2,d +C2,5Cl1,4-

Then we get

C1,502,d K C5 < Calhd = C1,dC2,dMd K C1,dC2,dM1,d

i.e., c1s < cC1.4M1.4- Analogously,

€2,5C1,d & Cs < Cahd = C1,dC2,dMd K C1,dC2,dM2.d

ie., c2s < 2,4M2.4. Thus F| and F> have dominated continuous singular parts.
We have shown that F; and F; satisfy the assumptions of Theorem 3 and condition
(iii) from it. Thus, according to that theorem, F; and F, belong to class Q. |
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DATA FOR SHIMURA VARIETIES
INTERSECTING THE TORELLI LOCUS

WANLIN L1, ELENA MANTOVAN AND RACHEL PRIES

For infinitely many Hurwitz spaces parametrizing cyclic covers of the pro-
jective line, we provide a method to determine the integral PEL datum of
the Shimura variety that contains the image of the Hurwitz space under the
Torelli morphism.

1. Introduction

1.1. Overview. In [15], Shimura studied unitary groups associated with Hermitian
spaces over algebraic number fields and their maximal lattices. In [14], he developed
this theory to study isomorphism classes of polarized abelian varieties and Riemann
forms. Using this, in [16], Shimura determined the lattice and Hermitian matrix
associated with each of six families of cyclic covers of the projective line P'. The
lattice and Hermitian matrix determine the integral PEL datum of the family, as
defined in Section 2.5.

For m an odd prime such that Q(¢,,) has class number one, we provide in
Theorem 5.5 a method to determine the lattice and Hermitian matrix, and thus the
integral PEL datum, for all positive-dimensional families of degree m cyclic covers
of P.

Our results compute the integral PEL datum of certain unitary Shimura varieties
that contain Hurwitz spaces of cyclic covers of the projective line.
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1.2. Results. Consider a family H, of cyclic covers of the projective line P!,
indexed by the monodromy datum y = (m, N, a), where m is the degree, N is the
number of branch points, and a is the inertia type (Section 2.1). Let g = g, be the
genus of the curves in this family; see (2-1).

For g > 1, let A, be the moduli space of principally polarized abelian varieties
of dimension g. Let Z, be the image of the family H, in A, under the Torelli
morphism. In [12, Section 3], Moonen describes the smallest PEL type Shimura
substack S, of A, containing Z,,. Our goal is to compute the Shimura datum of §,,
or, more precisely, the integral PEL datum of S, as defined in Definition 2.2. We
use [17, Proposition 4.1], which shows that the integral PEL datum of S, can be
computed at any point P of Z,,.

Suppose m is an odd prime such that ((¢,,) has class number 1. In other words,
m e {3,5,7,11,13,17, 19}. In Theorem 5.5, for every monodromy datum y for
degree m covers, we provide a method that determines the integral PEL datum of
S, . Our approach is to find a point P € Z,, for which we can analyze the Jacobian
Jp represented by P and the lattice A = H Y(Jp, Z). From this, we can

(1) express V =08 as a vector space over F =Q(¢,), find the Op-lattice A C V, and
(2) explicitly find the Hermitian form (-, - ) on V, which takes integral values on A.

Our technique also applies to infinitely many monodromy data y when m is a
composite number such that Q(¢,,) has class number 1; see Section 7.

Specifically, we choose P to be a distinguished point of Z,,, meaning that the
Jacobian Jp represented by P is a product of principally polarized abelian varieties
each having complex multiplication, see Definition 5.1. For every monodromy
datum y with m an odd prime, we prove in Proposition 5.2 that Z,, has a distin-
guished point P such that each of the abelian varieties in the product has complex
multiplication by Z[¢,,]. In fact, Jp is the Jacobian of a singular curve in the
boundary of the Hurwitz family.

1.3. Comparison of methods. Our approach to this problem is different from
Shimura’s and may be more accessible to people with background in the areas of
algebraic number theory and moduli spaces of curves (Hurwitz spaces).

One advantage of our approach is that it provides a straightforward method to
determine the lattice and the Hermitian form explicitly. We provide many examples
of this in Section 6 (for m prime) and Section 7 (for m composite). The reason is
that the decomposition of Jp provides a basis for the lattice as a free Z[¢,,]-module.
The Hermitian form is diagonal with respect to that basis and is determined by
the CM-types of the factors of Jp, which can be explicitly computed from y. In
Remark 6.6 we give more careful attention to the subtleties caused by the choice of
primitive m-th root of unity.
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With Shimura’s approach, it is necessary to find a Witt decomposition of the
signature and lattice; this is straightforward for Shimura’s six examples, five of which
are of the form y” = f(x) for m an odd prime and f(x) a separable polynomial,
but could cause subtleties for more complicated families.

One drawback to our approach is that it only works when the CM-types produced
in the method are simple. The simple property guarantees that the principal polar-
ization on each of the abelian varieties is unique up to isomorphism; this guarantees
that the Hermitian form we compute is correct. We use several methods to address
this issue.

For composite m, there are several complications with both approaches.

1.4. Outline. Section 2 contains information about families of cyclic covers of P!
and information about Shimura varieties and Shimura data.

Section 3 contains some results in algebraic number theory about the narrow
class group and units of independent signs that we need for this paper and later
papers.

In Section 4, we prove a result about uniqueness of principal polarizations on
abelian varieties with complex multiplication (Propositions 4.4 and 4.5).

Section 5 contains the main result of the paper, Theorem 5.5, which determines
the integral PEL data of the unitary Shimura varieties S, for all families S, when
m is an odd prime such that Q(¢,,) has class number 1.

Section 6 contains examples of Theorem 5.5: for all y when m = 3; and for
all y with N = 4 branch points when m =5 and m = 7. In Section 6.4, we
apply the technique of Theorem 5.5 to determine the integral PEL datum using a
different kind of distinguished point that represents the Jacobian of a curve with
extra automorphisms.

In Section 7, we provide some examples when m =4, 6, 10 to illustrate that the
technique of Theorem 5.5 sometimes works when m is composite.

Remark 1.1. In [12, Theorem 3.6], Moonen proved that there are exactly 20
equivalence classes of y for which Z, is open and dense in S, ; in this situation,
the family is called special. The six families in Shimura’s paper are M[n] when
n=2=6,10,8,11,16, 17, where M[n] denotes the n-th row in [12, Table 1]. As an
application of Theorem 5.5, we determine the integral PEL datum for 12 of these 20
families, including the 6 families from [16]. We emphasize that the special property
is not necessary for either approach.

We would like to thank the referee for this observation: when dim(Z, ) <dim(S, ),
the Torelli locus gives a cycle on §,, which is not obviously associated to a Shimura
subvariety.



182 WANLIN LI, ELENA MANTOVAN AND RACHEL PRIES

2. Hurwitz families and Shimura varieties

2.1. Families of cyclic covers of the projective line. This section is a shortened
version of [8, Section 2.2]. Consider the universal family of w,,-covers ¥ : C — P!,
branched at N points, with inertia type a=(a(l), ..., a(N)); thedatay =(m, N, a)
is called a monodromy datum. Over Q(¢,,), such a cover ¥ has an equation of the
form y™ = ]_[lN: 1 (x = 1(i))*9 and a chosen automorphism £ of order m given by
(x,y) — (x, & y). By the Riemann—Hurwitz formula, the genus of the fibers of
Cis
1 il .
2-1) g=gy=1+§<(N—2)m—chd(a(l),m))

i=1
For 0 <n <m, let t, : Q[u,,] = C be given by 1,,(¢,) = e2rin/m e identify
Z/mZ = Hom(Q[u,], C) by n +— t,. The signature type of y is a function
f : Hom(Q[up], C) — Z>o which we denote by §f = (f(t1), ..., f(tm=1)), where
f(7,) is the dimension of the eigenspace of H 0C(C), Q") on which A acts by
multiplication by ¢,;.
For any x € Q, let (x) denote the fractional part of x. By [12, Lemma 2.7, §3.2],

m

_ N —na(i) .
(2-2) f(1,) = 1+ l§< > if n 2% 0 mod m,

0 if n =0 mod m.

We describe how the inertia type a and signature f change under the action
of Aut(u,) ~ (Z/mZ)*. Let o; € Aut(u,,) denote the automorphism such that

0i(Lm) = é‘yln
Lemma 2.1. The automorphism o; € Aut(i,,) takes the inertia type

1 —1 1 c—1

a=(aj,ax,....,ay) to d=i""-a=(@G""-a,i " -ay...,i ' -an)

and the signature

f to f, where f(t,) =f(t,; ).

Proof. The j-th entry a; of the inertia type signifies that the canonical generator of
inertia above the j-th branch point is the a;-th power of the generator ¢, of fi,,.
The canonical generator of inertia is the i ~la j-th power of the new generator ¢l oof
[m, 50 the j-th entry of the inertia type a’ is i ~'a e

The automorphism o; permutes the eigenspaces for the action of 2 on H°(C(C), Q1),
taking the eigenspace indexed by n to the one indexed by ni~'. This yields the
formula §'(t,) = f(z,;-1), which can also be deduced from the formula for a’
and (2-2). O
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Consider the Hurwitz family of 1,,-covers of P! with monodromy datum y =
(m, N, a). As in [8, Definition 2.1], let Z° = Z{) denote the image of this family in
Ag. Let Z = Z,, denote the closure of Zg in A,.

2.2. Complex abelian varieties. Let g > 1 and let V = R?¢. Suppose V has
a complex structure and A C V is a lattice of rank 2g. A Riemann form on
a pair (V, A) is an alternating pairing ¥ : A x A — Z such that the pairing
Wr(-,+/—1-):V x V — Ris symmetric and positive definite. Every complex
abelian variety of dimension g is isomorphic to V/A for some pair (V, A) that
admits a Riemann form.

By Riemann’s theorem, the category of polarized abelian varieties of dimension
g over C is equivalent to the category of pairs (V, A), where V is a nontrivial
C-vector space of dimension g and A is a lattice in V together with a Riemann
form integral on A.

2.3. Siegel modular varieties. For g > 1, let V = Q¢ together with the standard
lattice A = Z?¢. Let ¥ : V x V — Q be the standard symplectic form, which is
integral on A. The points of the Siegel upper half space H, are complex structures
J on Vg such that W; = WR(-, J -) is a Riemann form. These points parametrize
principally polarized complex abelian varieties A of dimension g, equipped with a
trivialization A ~ H'(A, Z). The Shimura datum for Ay arises from the symplectic
Q-vector space (V, W); its integral datum given by the self-dual Z-lattice A. The
associated algebraic group over Q is G, := GSp(V, W), the algebraic group of
symplectic similitudes; see [11, Example 11.12].

2.4. Shimura data of PEL type. A Shimura datum of PEL type is a Shimura datum
arising from a PEL datum (B, %, V, (, ), h), where (see [5, Section 4])

e B is a semisimple finite dimensional Q-algebra;

e s is a positive involution on B;

e V is a finitely generated B-module;

e (-, -) is a nondegenerate skew-symmetric *-Hermitian form on V; and

e h:C — Endpgr(Vr) is an R-algebra homomorphism satisfying (h(z) -, -) =
(-, h(z)-), for all z € C; and such that the symmetric bilinear form (-, 4 (i)-
on V is positive definite.

The associated algebraic group H over Q is H = GLg(V) N GSp(V, (,)). By
definition, H C G, for g = (dimg V)/2.

Given a PEL datum (B, *, V, (, ), h), there is an associated PEL moduli space
Sh = Sh(B, *, V, (,), h), which is a subspace of A,. The space Sh is defined over
a finite extension of @, called the reflex field [5, Section 5]. The manifold Sh(C)*"
is the disjoint union of finitely many connected Shimura varieties [5, Sections 7-8].
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2.5. Integral PEL data. et (B, *,V,{(,), h) be a PEL datum.

Definition 2.2. An integral PEL datum of the PEL datum (B, %, V, (, ), h) consists
of atuple (Op, %, A, (, ), h) where

e Op is an order of B that is x-stable, and

o A is alattice of V that is Op-stable, such that the *-Hermitian form (-, -) is
integral on A.

A rational prime p is good for an integral PEL datum if Op is maximal at p and
A is self-dual at p. All but finitely many primes are good, [6, Definition 1.4.1.1].

To an integral PEL datum (Ogp, *, A, (, ), h), there is an associated (canonical)
integral model Sh(Og, *, A, (,), h) of Sh(B, %, V, (,), h), defined over the ring
of integers of the reflex field localized at good primes, [6, Theorem 1.4.1.11]. If p
is a good prime for the integral PEL datum, then Sh(Op, *, A, (, ), h) has good
reduction at p.

2.6. Shimura varieties given by the action of the covering group. Lety =(m, N, a)
be a monodromy datum, and let Z,, be as in Section 2.1. Then Z,, is contained in a
subspace of PEL type S, of A, [12, §3]. The PEL datum (B, *, V, (, ), h) of S,
(defined as in Section 2.4) satisfies the following conditions:

e B = Q[u] is the group algebra of w,, over Q.

e  is the involution on @[u,,] induced by the inverse map on (.

o V=02 for g =g, as given in (2-1).
The structure of V as a B-module, and the complex structure on Vi (namely, /)
are uniquely determined by the signature type f = f,, given in (2-2).

Our goal is to compute the integral PEL datum (Og, *, A, (, ), h) of S,,.

More precisely, we set Op = Z[11,,], which is a x-stable order of B, and compute
an Op-stable lattice A of V and a skew Hermitian form (-, -) on V which is
integral on A. By construction, the order Op is maximal away from m and the

lattice A is self-dual away from m; hence S, has good reduction at every prime p
not dividing m.

2.7. Complex multiplication. Let L be a CM-field and let Ly be the maximal
totally real subfield of L. Let n =[L¢ : Q]; hence, [L : @] =2n. A CM-type of L
is an ordered set ® of distinct embeddings ¢; : L < C, for 1 <i < n, no two of
which are complex conjugate. A CM-type of L is called simple if it is not induced
from the CM-type of a proper CM-subfield of L.

Let A be a complex torus such that L C End(A) ® Q0. We say that A is of
CM-type (L, ®) if dim(A) = n and the complex representation of L on Lie(A) is
isomorphic to Z¢e¢ ¢. If, in addition, End(A) >~ O, we say A has type (O, D).

The following lemma is well-known. See [9, Lemma 3.1] for some explanation.
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Lemma 2.3. Suppose ¥ : C — P is a pu,,-cover, branched at N = 3 points, with
inertia type a = (a1, a2, az) and signature type §. Then the Jacobian of C has
complex multiplication by [ [, Q(4), where d satisfies 1 < d | m, and d { a(i) for
1 <i <3. Its CM-type ® satisfies

(2-3) ped < f(¢)>0.

The maximal order in [ [, @(¢4) is [ [; Z[¢q]. The image of the group ring Z[ 1t ]
in [T, Q(&q) has finite index inside the maximal order. This index is 1 if and only
if there is a unique d satisfying 1 < d | m, and d {a(i) for 1 <i < 3. This is true if
m is prime.

The next result is immediate from Lemma 2.1 and (2-3).

Lemma 2.4. If N = 3, then o; € Aut(i,,) takes the CM-type ® to ®' =i - o =
{tni | T € P}

For any CM-type (L, ®), there exists a unique 0-dimensional PEL type mod-
uli space Sh = Sh(L, ®) whose points represent abelian varieties with complex
multiplication of type (O, ®). (When L = Q(¢,,,), the points of Sh represent the
Jacobians of curves for which there is a p,,-cover of P! branched at N = 3 points
with CM-type ®.) The signature type f of Sh is given by

1 ifped,

(2-4) foreach¢: L — C, f(¢)= {O ifp ¢ .

For any signature type f on L taking values in {0, 1}, there is a unique CM-type &
of L compatible with f.

3. Some background from algebraic number theory

3.1. Class group and narrow class group. For a number field L: let O, denote its
ring of integers; let I/;, denote the units in Oy ; and let Dy /g denote the different of
L over Q.

Let cly, be the class group of L. Recall that cl; = I/ Py, where I is the group
of nonzero fractional ideals and Py is the subgroup of nonzero principal fractional
ideals. Let i; = |clz | be the class number of L.

An element o € L is totally positive if it is positive under every real embedding
of L. Let Z/IL+ C Uy, be the subgroup of totally positive units. Let PZr C Pp be the
subgroup of principal ideals generated by a totally positive element. The narrow
class group of L is clzr =1/ PLJr and the narrow class number is hzr = |clzr|. There
is a surjection

VL : clz —cly.
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3.2. Units of independent signs. Let L be a CM-field and L its maximal totally
real subfield. Let n = [L¢ : Q]; hence, [L : Q] =2n. By [19, Theorem 4.10], A,
divides Ay .

We fix an ordering 11, ..., 7, of the n real embeddings Ly — R. If Ly/Q is
Galois, we identify these with the elements of Gal(L(/Q). Consider the group
homomorphism

(3-1) PLy UL, —> (1Y, pr,(u) = (ti(u)/|ti(u))1<i<n foru e Uy,.

We say that Lg has units of independent signs if, for each real embedding 7, there
is a unit which is negative under 7 but positive under all other real embeddings
[2, Definition 12.1]. This is equivalent to saying that oy, is surjective or that
VL, - clJL“O — clz, is an isomorphism [2, Lemma 11.2].

We say that L has units of almost independent signs if every unit in Uy, is
negative under an even number of real embeddings and, for every pair of real
embeddings, there is a unit which is negative under exactly the two embeddings
in that pair [2, Definition 12.13]. This condition is equivalent to |ker(vy,)| =2 or
|coker(pr,)| =2, by [2, Lemma 11.2].

3.3. Norms and the Hasse unit index. Consider the norm map N :U; — Uy, given
by N(y) = Np/1,(y) for y € U. By Dirichlet’s unit theorem, [U, :Z/{zo] =2",

Lemma 3.1. Suppose L is a totally real field, and L /L is a CM-extension. Then
(3-2) Uz, S NUL) SU, <uy,.

Proof. By definition, L{ZFO C Ur,. All elements in N (Uz) are totally positive units
because L is a CM-field, quadratic over its totally real subfield Ly. So N (Uy) € L{ZFO.
Also, U7 = N(Ur,), hence U7 C N(UL). O

Let iy be the group of roots of unity of L.

Definition 3.2. The Hasse unit index of a CM-extension L/Ly is
O(L) =[Uyr : prU,].

By [19, Theorem 4.12], Q(L) =1 or Q(L) = 2. Since Ker(N) = ur, it follows
that Uy, = urly, if and only if N(Ur) = N(Ur,). Also N(Ur,) = MI%O. Thus
(3-3) Q(L) = [NUy) : U3,].

Let ¢ be the number of finite primes ramified in L/Lg.

Lemma 3.3. Suppose L has odd class number. Let Lo be a totally real field, and
L/Lo a CM-extension. Then Q(L) = 1 if and only ift = 1; and Q(L) = 2 if and
only ift =0.
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Proof. The material in [2, Chapter 13] is stated in terms of the type of the CM-
extension L/Lgy. By a theorem of Kummer [2, Theorem 13.4] L/L¢ has type |
(resp. 1) if and only if Q(L) =1 (resp. Q(L) = 2). The result is then immediate
from [2, page 73]. (I

We summarize the result from this section that we need in this and later papers.
Lemma 3.4. Suppose L is a CM-field with maximal totally real subfield L.
(1) Lo has units of independent signs if and only if Q(L)[L{ZFO NUpD]=1.

(2) Lo has units of almost independent signs if and only if Q(L)[LIZ) TNWU)]=2.

Proof. (1) By [2, Lemma 12.2], L has units of independent signs if and only if
every element of Z/IZFO is a square. The result then follows from Lemma 3.1.

(2) It follows from the definitions that Ly has units of almost independent signs
if and only if [Uy, : Z/{ZFO] = 2"~ Since Uz, : Z/lzo] = 2", this is equivalent to
U Uz 1=2. O

3.4. Cyclotomic fields. Let m be a positive integer and let ¢, = ¢>™//"™ € C. Let
Wwm C C be the group of m-th roots of unity. Let Q[u,,] be the group algebra of
m over Q.

The cyclotomic field F = Q(¢,,) is a CM-field over Q2 with maximal totally real
subfield Fyp = Q(&y + {njl). The degree of Fy over Q is n = ¢ (m)/2.

Notation 3.5. The choice of ¢, fixes an embedding o} : F < C. For 1 <i <m, with
gcd(i, m) = 1, let o; be the embedding F < C (or automorphism in Gal(F/Q))
determined by o0; () = g,’,;. For x € F, let x = 0,,_1(x) denote its complex
conjugate.

If m = p” is a prime power, then F/Fj is ramified at the unique prime of Fj
above p and at the n infinite primes of F and is unramified at all other primes. See
[19, Proposition 2.15].

Lemma 3.6. Let F = Q(¢,) and Fy=Q(¢,, —1—{”?1 ). Suppose F has class number 1.

(1) If m is a prime power (or twice a prime power), then Fy has narrow class
number 1 and thus has units of independent signs. The complete list of these m is

m=1,2,4,8,16,32;
m=3,5,7,9,11, 13,17, 19, 25, 27; or twice a value of m on this row.

(2) If m is not a prime power (or twice a prime power), then Fy has narrow class
number 2 and thus has units of almost independent signs. The complete list of these
mis

m =12, 16, 20, 24, 28, 36, 40, 44, 48, 60, 84;

m =15, 21, 33, 35, 45; or twice a value of m on this row.
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Proof. The complete list of m such that hr = 1 is well-known; it is the union of the
lists in parts (1) and (2). For these m, since hr =1, also hg, = 1.

(1) By a result of Hasse (see [2, Corollary 3.9]), since hr and hp, are odd, Fy
has units of independent signs if and only if F/Fj is ramified at exactly one finite
prime. This happens if and only if m = p” orm =2 - p”, for some prime p.

(2) Since hr and hf, are odd, then Fj has units of almost independent signs if and
only if F/Fy is not ramified at any finite prime [2, Corollary 13.10]. This happens
if m is not a prime power (or twice a prime power). (]

3.5. A generator for the different of cyclotomic fields.
Lemma 3.7. Let F = Q(¢,,). The element By below generates D g and o = —Bo.
(1) If m is an odd prime, then

m
(3-4) bo= v _mna

m Cm

(2) If m = 2K with k > 2, then By = —2%1i.
(3) If m = 3%, then By = —3*—1/3i.
@) If m = pq with p, q distinct odd primes, then

(n+1)/2 _ o (m=1)/2
(3-5) Bo =M I |y p G
(¢m — i )(&m — & )
Proof. In each case, By is on the imaginary axis, so By = —Bo.

Let ¢, (x) denote the m-th cyclotomic polynomial. The different Dr g is gener-
ated by (c}, (&) by [13, III, Proposition 2.4]. To show that By generates Dfq, it
suffices to show that it is an associate of (c},(¢n)) in OF.

(1) When m is an odd prime, then ¢, (x) = (x" — 1) /(x — 1). Then

(x — Dmx™ 1 — (™ —1)

(x — 1)?

), (x) =

Hence ¢, (&) =m&, ) (&n — 1), and By from (3-4) is an associate of ¢/, (£,) in OF.

(2) If m = 2%, then ¢,y (x) = x2 ' + 1. Thus ¢}, (&) = 28 1¢27 =1 = —2k=1 /¢,
and the corresponding fy is an associate of ¢}, (¢,) in Op.

(3) If m =3, then ¢, (x) = x237 +x¥7" + 1. Thus ¢/, () = 31371 /=3.
and this By is an associate of ¢}, (¢,) in OF.

(4) In this case, ¢, (x) = w, and By in (3-5) is an associate of ¢}, ({n) =
m(G,—1) (r =Dt =D 0
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3.6. Simple types. Let F = Q)(¢,,) and recall that Gal(F/Q) >~ (Z/mZ)*. A CM-
type @ of F' is simple, if it is not induced from any CM-field F’ C F.

Let H C Gal(F/Q) and let F¥ be the fixed field of F under H. If F¥ is a
CM-field, then @ is induced from F if and only if it is a union of cosets of H.

Lemma 3.8. Suppose m =4 or m is a Fermat prime or twice a Fermat prime. Then
D is simple.

We will use Lemma 3.8 form =4 and m = 3,5, 17 and m =6, 10.
Proof. For these values of m, the field F' contains no proper nontrivial CM-fields. [J

Lemma 3.9. Let m > 3 be prime. Let y = (m, 3, a) be a monodromy datum with
inertia type a = (1, ap, a3). Let ® be the CM-type of F corresponding to a. Then
® is simple if and only if a # (1, x, x?) for some x € (Z/mZ)* with order 3.

Proof. This follows from [4, Theorem 2]. See also [7, Theorem 6.2]. ]

For example, when m = 7 and a = (1, a3, a3), ® is simple unless a = (1, 2, 4).
By a direct computation, one can check that ® is always simple when m =25 or
m=27.

4. Principal polarizations of CM abelian varieties

Let L be a CM-field and L its maximal totally real subfield. We will now study
principal polarizations on abelian varieties having complex multiplication by L.

Section 4.1 contains background about complex tori with complex multiplication.
In Section 4.2, we study principal polarizations on CM-abelian varieties, following
work of van Wamelen. In Section 4.3, we prove a result about existence and
uniqueness of principal polarizations for abelian varieties with simple CM-type
when L has class number 1. In Section 4.4, we specialize to the case that L is a
cyclotomic field with class number 1.

4.1. Complex tori. We review some complex multiplication theory, following Lang
in [7, Chapter 1]. Let A be a complex torus such that L C End(A) ® Q. We say
that A is of type (L, ®) if the complex representation of End(A) ® @Q is isomorphic
to Z¢E¢ ¢. If, in addition, End(A) >~ Oy, we say A has type (O, ).

Theorem 4.1. [7, Chapter 1: Theorems 3.3, 3.5, 4.1, 4.2]

(1) Ifais alattice in L and © is a CM-type of L, then C" / ®(a) is a complex torus
of type (L, D).

(2) If A is a complex torus of type (L, ®@), then there exists a lattice a of L such
that A ~C"/®(a).

(3) If ® is a simple type and a is a fractional ideal of L, then End(C"/®(a)) ~ Oy.
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4) If © is a simple type and a, b are fractional ideals of L, then C"/®(a) =~
C"/®(b) if and only if a and b are in the same ideal class.

In particular, if (L, ®) is a simple CM-type, then the set of isomorphism classes
of complex tori of type (Or, ®) is in bijection with the class group of L.

Furthermore, by [7, Chapter 1, Theorem 4.5], every (admissible, nondegenerate)
Riemann form on C"/®(a) is given by

(4-1) E(®(x), ®(y)) =trrjn(§xy), forx,y €L,

for some £ such that L = Ly(&), £2 € Ly is totally negative, and Im(¢ (§)) > O for
¢ €.

4.2. Principal polarizations on CM abelian varieties. In [18, p.310], van Wamelen
developed an algorithm to produce isomorphism classes of principally polarized
abelian varieties of type (O, ®) based on the following result.

Theorem 4.2 (van Wamelen [18]). Let (L, ®) be a CM-type.
(1) (Theorem 4)! Writing L = Lo(v/—c) for some ¢ € Oy, there exist a fractional
ideal a C L and an element b € Oy, such that Dy q - aa = (b/—c).

(2) (Theorem 3) Let & € L be such that L = Lo(§), §* € Lo, and Dy jq-aa = ("),
for some fractional ideal a of L (for example, with the notation of part (1), § =
(b/—¢)™Y). Define a Riemann form E : C* x C* — C by

E(z, w) =) ¢i(§)(ziw; —ziw;),
i=1

forz,w e C". If Im(¢p(&)) > O for ¢ € D, then E defines a principal polarization
on C"/®(a) of type (O, ®). Furthermore, if (L, ®) is a simple CM-type, then all
principal polarizations on C"/®(a) of type (O, ®) are given by such a £.%

(3) (Corollary 1) Two principal polarizations of the same CM-type on C"/d(a)
arising from &, and &, give isomorphic principally polarized abelian varieties if
and only if there exists a unit u € OF such that & = uué,.

Corollary 4.3. Let ® be a CM-type of L. An element € = B~ for some B € O
defines a principal polarization on A = C"/®P(OL) of CM-type (O, D) if and
only if

(1) B generates the different Dy ;q,

2) B=—PB,and

3) Im(¢(B)) <O, for each ¢ € .

'We have made a small adjustment to the notation to be consistent with other parts of this theorem.
ZNote that type (L, ®) and type (O, ®) are equivalent in the last two statements.
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Two elements B, B’ satisfying the above conditions yield isomorphic principally
polarized abelian varieties if and only if there exists a unit u € Uy such that
B =unp’. If the CM-type ® is simple, then all principal polarizations of A¢ of
CM-type (O, ) arise this way.

Proof. This follows from Theorem 4.2, replacing &, &;, & with ,3_1, ,3_1, /3’_1. O

In Lemma 3.7, we determined an element 8y € OF satisfying conditions (1) and
(2) in Corollary 4.3 when F = Q(¢,,) for many values of m.

4.3. Existence and uniqueness of principal polarizations. In this section, we
study principal polarizations on CM-abelian varieties. Under conditions on the
class group and unit group of the field, we show such principal polarizations exist
and are uniquely determined. Recall that L is a CM-field with maximal totally real
subfield Lo and n = [Lg : Q].

Proposition 4.4. Suppose L has units of independent signs and (L, ®) is a CM-
type.

(1) There exists a principally polarized CM-abelian variety of type (O, D).

) If (L, ®) is simple, then any CM-abelian variety of type (Or, ®) has at most
one principal polarization, up to isomorphism.

3) If (L, D) is simple and L has class number 1, then there exists a unique
principally polarized CM-abelian variety of type (O, @), up to isomorphism.

Proof. By Theorem 4.2(1), there exists a fractional ideal a in L and an element
Bo € Oy such that (1) By generates Dy, gaa and (2) Bp = —Bo. Anelement B’ € O
satisfies conditions (1) and (2) if and only if B = u(f for a totally real unit ug € Uy, .

By Theorem 4.2(2), § € Oy, defines a principal polarization of type (Or, ®) on
C"/®(a) if and only if it satisfies conditions (1) and (2), and also (3) Im(¢ (8)) <O,
for each ¢ € .

Hence, to finish the first claim, it suffices to check that there exists ug € Uy,
such that 8 = ugpfy satisfies condition (3), for any CM-type ® of L. If L has units
of independent signs, then py, is surjective; this shows that the unit uo described
above exists.

By Theorem 4.2(2), if (L, ®) is simple, all principal polarizations of type ® on
C"/®(a) arise from some B € Oy satisfying conditions (1)—(3). By Theorem 4.2(3),
B, B’ € Oy satisfying conditions (1)—(3) define isomorphic principally polarized
abelian varieties if and only if 8’ = N (u)B for some unit u € Uy .

By definition, given a fractional ideal a of L, if 8 € O satisfying conditions
(1)—(3) exists, then B’ € O also satisfies conditions (1)—(3) if and only if 8’ =u™* B
for some totally positive unit u* € Z/{ZFO.
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Hence, to finish the second claim, it suffices to check that for any u™ € L(ZFO
there is u € Uy, such that u™ = N (u). Since L has units of independent signs, this
follows from Lemma 3.4. Finally, if L has class number 1, then by Theorem 4.2
and [18, Theorem 5], any CM-abelian variety of type (Op, ®) is isomorphic to
Ap =C"/D(Op). (]

Proposition 4.5. Suppose L has units of almost independent signs and Q(L) = 2,
where Q(L) is defined in Definition 3.2. Suppose (L, ®) is a simple CM-type.

(1) The number of isomorphism classes of principal polarizations on a CM-abelian
variety of type (O, ®) is at most one.

(2) Suppose in addition that L has class number 1. If there is a principally polar-
ized CM-abelian variety of type (Or, ®), then it is unique up to isomorphism.

Proof. The arguments in the proof of Proposition 4.4 still apply, after observing
that UZFO = N(Ur) when Lg has units of almost independent signs and Q(L) =2
by Lemma 3.4. U

4.4. CM-types for cyclotomic fields. We consider the case when L is the cyclotomic
field F = Q(¢,). By Section 3.2, the next result is a special case of Propositions 4.4
and 4.5.

Corollary 4.6. Let m such that F = Q&) has class number 1. Let ® be a CM-type
of F.

(1) If Fy has narrow class number 1, then there exists a principally polarized
CM-abelian variety of type (Op, ®). Furthermore, if (F, ®) is simple, then it
is unique up to isomorphism.

(2) Suppose Fy has narrow class number 2 and ® is simple. If there exists a
principally polarized CM-abelian variety of type (Op, @), then it is unique up
to isomorphism.

We will now explicitly describe the data of the principal polarization.

Corollary 4.7. Let m, F = Q(&,,,), and By be as in Lemma 3.7. Let ® be a CM-type
of F. Consider conditions (1)—(3) in Corollary 4.3.

(1) If @' = i® and B satisfies conditions (1)—(3) for ®, then ' = o;-1(B) satisfies
conditions (1)—(3) for @'.

(2) Suppose Fy has units of independent signs. Then, for any CM-type ® of F,
there exists a unit ug € Ur, such that B = uoPo satisfies conditions (1)—(3) for ®.
Furthermore, B is the unique element satisfying conditions (1)-(3) for ®, up to
multiplication by an element of Nr,r,(UF).

The condition that Fy has units of independent signs is satisfied if the narrow
class number of Fj is odd [2, bottom of page 58].
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Proof. (1) This follows from Lemma 2.1 and Lemma 2.4.

(2) By Lemma 3.7, By satisfies conditions (1) and (2) of Corollary 4.3. Since Fy
has units of independent signs, there exists ug € UF, such that 8 = uypBy satisfies
condition (3). Since ug € UF, is a real unit, 8 also satisfies conditions (1) and (2)
of Corollary 4.3. Note that § is unique up to multiplication by a totally positive
unit of Fy. By Lemma 3.4, U;ro = N (UF), proving the uniqueness statement. [

See Examples 6.3 and 6.7 for illustrations of Corollary 4.7 when m = 5 and
m =7, respectively. As another example, if m =8, then g = —4i from Lemma 3.7:
if f=(0,1,0,1), setug=—1and B =4i;if f=(1,1,0,0), set ug =+/2— 1 and
B =4(1—2)i.

5. Shimura data

Consider a monodromy datum y = (m, N, a) as in Section 2.1. Recall that H,, is
the Hurwitz space of ji,,-cyclic covers of P! with monodromy datum y. Recall
also that Z,, is the closure in A, of the image of H,, under the Torelli morphism
and S, is the smallest PEL type Shimura substack of A, containing Z,. In this
section, under certain assumptions on m, we provide a method to determine the
integral PEL datum of §,,.

A point P in Z,, represents the Jacobian of a stable curve Cp of compact type,
where compact type means that the dual graph of Cp is a tree. Furthermore, the
curve Cp is a p,-cover of a tree of projective lines. The main idea of the proof is
to find a point P in Z, such that the Jacobian of every irreducible component of
Cp has complex multiplication by a CM-field.

5.1. Admissible covers. We briefly review some information about the boundary
of H,, see [20, Chapter 4] or [3, Section 1]. The generic point of Z, represents
the Jacobian of a smooth curve. More generally, a point P of Z, represents the
Jacobian Jp of a stable curve Cp of compact type. There is a y,,-cover ¥ : Cp — T
where T is a tree of projective lines. The nodes of Cp and T are ordinary double
points.

Since P is in Z,,, the closure of Zg, the cover V is admissible as defined below.
If n is a node of Cp, consider the restrictions ¢ and ¢, of ¢ to the two irreducible
components of Cp that intersect at n. When m is prime, the compact type condition
implies that ¢ and ¢, are each totally ramified at n. Fori = 1, 2, let «; be the
canonical generator of inertia of ¢; at n. The admissible condition is that &y and a
are inverses in [i,,.

5.2. Distinguished points. We prove that there exists a distinguished point P in Z,,
such that we can compute the lattice and Hermitian form for Jp.
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Definition 5.1. A point P in Z, is a distinguished point if the Jacobian Jp is a
principally polarized abelian variety with complex multiplication by a maximal
order in a CM-field, or the direct sum of such together with the product polarization.

Proposition 5.2. Let m be an odd prime. Let y = (m, N, a) be a monodromy datum.
Then Z,, has a distinguished point P. More specifically, forr = N —2:

(1) In the family H, of pwp,-covers of a genus O curve with monodromy datum y ,
there is a point which represents an admissible [i,,-cover  : Cp — T, where
T is a tree of r projective lines and Cp is a curve of compact type, with r
irreducible components Cy, . .., C,, each of which is a curve of genus (m—1)/2
admitting a ji,,-cover of P! branched at 3 points.

(2) The Jacobian Jp of Cp is of the form A ~ @;‘=1 Aj, where each Aj is a
principally polarized abelian variety of dimension (m — 1) /2 having complex
multiplication by O = Z[¢,,], together with the product polarization.

Proof. The fact that Z, has a distinguished point P is immediate from part (2),
which we will show follows from part (1).

(1) Leta = (a(1),...,a(N)) be the inertia type. If N > 4 and m is an odd prime,
then a has the following property: there is a pair (i, j) with 1 <i < j < N, such
that a(i) + a(j) # 0 mod m. Without loss of generality, we can suppose i =1 and
j=2.Letay =a(l)+a(2) and o) = —ay.

When N > 4, then Zg is affine. Consider a family of w,,-covers with monodromy
datum y, where the first branch point b; approaches the second branch point b,.
When b = b,, the curve is singular and its normalization is a u,,-cover ¢ of a tree
of two projective lines. Let ¢ (resp. ¢,) be the restriction of ¢ over the first (resp.
second) of these.

The cover ¢; (resp. ¢,) is ramified at the specializations of 2 (resp. N — 2)
ramification points. For each of these, the canonical generator of inertia remains
the same at the specialization. The values in the inertia type of ¢; (or ¢»;) sum to O
modulo m. Also, ¢ is admissible and ramified at the ordinary double point. Thus ¢
is a u,,-cover of P! branched at 3 points with inertia type (a(1), a(2), @1), and ¢ is
a m-cover of P! branched at N — 1 points with inertia type (a2, a(3), ..., a(N)).
The cover ¢ is called a degeneration of compact type in [8, Remark 5.2].

By induction on N, we see that H, contains a family of u,,-covers which
degenerates completely to an admissible w,,-cover ¥ : Cp — T, where T is a tree
of r projective lines and the restriction of vy above each component of T is branched
at 3 points. By (2-1), each irreducible component of Cp has genus (m — 1) /2.

(2) Choose a labeling Cy, ..., C, of the irreducible components of Cp. For 1 <
J =<r,let A; =Jac(C;). Note that A; is a principally polarized abelian variety of
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dimension (m — 1)/2. By [1, Section 9.2, Example 8, page 246], Jp >~ P';_; A},
and the principal polarization on Jp decomposes as the product polarization.
Consider the CM-field F = Q(¢&,,). Then O = Z[¢,,] C End(A ) since p,, acts
on C; for 1 < j <r. Since deg(F/Q) =2 -dim(A}), the abelian variety A; has
complex multiplication by Of for 1 < j <r. ]

5.3. Shimura datum for Hurwitz spaces. We turn to the main result of the paper.
Recall that y = (m, N,a) andr = N — 2.

Definition 5.3. Let P € Z, be a distinguished point as described in Proposition 5.2.
Suppose Q(&y + ¢, 1) has units of independent signs. (This is guaranteed by
Lemma 3.6 when m is an odd prime such that F = (0(¢,,) has class number 1.)

For1 < j <r, define Bj and §; = ,Bj_l as follows. Recall that C; is an irreducible
component of Cp. The inertia type of the w,-cover C; — P! determines its
signature f; by (2-2), which determines its CM-type ®; as in (2-4). Let By be
as in Lemma 3.7. By Corollary 4.7, there exists u; € Up, such that B; :=u ;B
satisfies conditions (1)—(3) of Corollary 4.3 for ® ;. Furthermore, §; is the unique
element satisfying conditions (1)—~(3) for ®;, up to multiplication by an element of
Nr/ry(UF).

Remark 5.4. The CM-type (F, ®;) of A; may not be simple. For example, for the
special family M[17] with m =7, we show in Section 6.3 that (F, ®,) is not simple.

Let F = Q(¢,) and denote by Of = Z[{,,] the ring of integers of F.

Theorem 5.5. Let m be an odd prime. Let y = (m, N, a) be a monodromy datum
with N > 4. Suppose F = Q(&,) has class number 1. Letr = N — 2.

Let P € Z,, be a distinguished point as described in Proposition 5.2. For 1 < j <r,
this determines an abelian variety A; with CM-type (Of, ®;); let§; = ,Bj_l be as
in Definition 5.3.

Then the integral PEL datum for S, is given by

e the F-vector space V = F", together with the standard O -lattice A= (Op)" CV;

o the Hermitian form Hg = (-, -) on V taking integral values on A and defined by
(5-1)  (x,y) =trpo(xBy") for B =diagl&,...&] € GL(F) = GL(V).
It is straightforward to compute B from y; we give many examples in Section 6.

Proof. The variety Z, is an irreducible algebraic subvariety of A,. By [17, Propo-
sition 4.1], the lattice and Hermitian form for the integral PEL datum of S, can
be computed at any point of Z,,. Since m is an odd prime, there is a distinguished
point P € Z,, as described in Proposition 5.2. We compute the lattice and Hermitian
form at P.



196 WANLIN LI, ELENA MANTOVAN AND RACHEL PRIES

Let V= H!(Cp(C), Q). Note that r = N —2 = 2g/(m — 1). From (2-2), we
deduce that there is an isomorphism of Q[u,,]-modules V >~ F", where multipli-
cation of Q[u,,] on F” is given by the natural homomorphism @[u,,] — F. The
complex structure on V is given as Vg >~ (F ®g R)" =~ EBZ’ZIU(’"). By (2-2),
f(t,) + f(t—p) = r for all n £ 0 mod m.

Let A = H'(Cp(C), Z) be the first Betti cohomology of the curve Cp. When
F has class number 1, we prove that there is an isomorphism of @[, ]-modules
V >~ F” such that the Z[u,,]-lattice A C V maps isomorphically onto (Of)" C F”
and the Hermitian form 1 on V maps to the diagonal Hermitian form Hp on F” in
(5-1). Note (Of)" C F" is a Z[u]-lattice, and Hp is integral on (OF)".

By Lemma 3.6, if m is prime and F' has class number 1, then Fy = Q(&n + ¢, )
has narrow class number 1 and has units of independent signs. For 1 < j <r, by
hypothesis, A; has dimension (m — 1)/2; it has complex multiplication by O and
has CM-type (O, ®;). Furthermore, B; defines a principal polarization on Aj;
the corresponding Hermitian form is given by E(®(x), ®(y)) = trr/g(§;xy) for
x,y € L by (4-1).

Since F has class number 1, there is a unique complex torus of CM-type (Of, @)
up to isomorphism by Theorem 4.1; namely, A; >~ C$/®;(OF). Since Jp =~
@;ZIA j» we deduce that A ~ (Of)". The product polarization on Jp defines
an integral Hermitian form of the prescribed signature on A. By [16, Appendix,
Proposition 8], there is a unique Hermitian form of given signature on A. Thus the
Hermitian form on A is the one in (5-1). O

Remark 5.6. The values of m for which Theorem 5.5 applies are 3,5,7,11,13,17, 19.

Form =3, 5, 11, 17, it is not necessary to refer to [16, Appendix, Proposition 8];
the reason is that (F, ®;) is automatically simple for 1 < j <r by Lemmas 3.8
and 3.9. Thus by Corollary 4.6(1), there is a unique principally polarized CM-
abelian variety of type (Of, ®;) up to isomorphism. In Section 6.4, we give an
alternative approach for m = 7 that relies on Corollary 4.6(2) and does not refer to
[16, Appendix, Proposition 8].

The strategy of Theorem 5.5 may apply even when m is composite; see Section 7.

6. Applications for m prime

Theorem 5.5 gives a method to determine the integral PEL datum for S, for all
monodromy data y = (m, N,a) whenm =3,5,7, 11, 13, 17, 19, so that F = Q(&,)
has class number 1. In this section, we give examples of this. Specifically:

« In Section 6.1, when m = 3, we explicitly determine the Hermitian form for all .

« In Sections 6.2 and 6.3, when m =5, 7, we give explicit examples for all equiva-
lence classes of ¥ when N = 4.
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 In Section 6.4, we follow an alternative approach for m = 7 which avoids the
possible occurrence of nonsimple CM-types at the distinguished point.

In particular, we determine the integral PEL datum for the 6 special families for
which the degree m is an odd prime; these are denoted by M[n] as in [12, Table 1].

Given a signature §, let ® be the CM-type of F determined by f, as in (2-4). Given
the F-vector space V = F”, together with the standard Op-lattice A = (Of)" C V,
let Hg = (-, - ) denote the Hermitian form on V defined in (5-1).

6.1. Integral PEL datum for all families when m = 3.

Example 6.1. When m = 3, then By = 3/(¢§ — ¢{3) = +/—3 by Lemma 3.7.

For {1 = (1,0), set u; = —1 and b; = ufp so that b; = —+/=3. Then
Im(oq (b)) < O.

For f, =(0, 1), set up =1 and b, = u By so that b, = +/=3. Then Im(o2(b3)) < 0.

The CM-type ®; is simple by Lemma 3.8 and b; satisfies Corollary 4.7 with
respect to ®;.

For m = 3, there are simple formulas relating the signature  and the inertia type a.
If a has d; entries of 1 and d; entries of 2, then f= (f1, f2) with f; = (2d1+d>—3)/3
and fo, = (d; +2dy—3)/3. Thend, =2fi— for+1landd, =2f, — f1 + 1. One
can check that 0 < max(fi, f») <2min(fi, f>) + 1.

Corollary 6.2. Letm =3 and N > 4. Let y = (3, N, a) be a monodromy datum
with signature (f1, f2). Let g = f1 + f2. Let S, be the component of the Shimura
variety containing Z,,.

Let F = Q(¢3) and € = —1//=3. Then the integral PEL datum of Sy has lattice
(OF)® with Hermitian form Hg where B € GL,(OF) is diagonal with f, entries of
& and f, entries of —&.

Proof. Consider the admissible p3-cover ¢ :Cp — T represented by the distinguished
point from Proposition 5.2. Here T is a tree of r = f; + f> projective lines. Above
f1 (resp. f2) components of T, the restriction of ¢ is a w3-cover branched at 3
points with signature f; = (1, 0) (resp. f» = (0, 1)). The result then follows from
Theorem 5.5. O

In particular, Corollary 6.2 includes the three special families M [3], M[6], M[10]:

M (m,N,a) B

M[3] @3,4,(1,1,2,2) diag[§&, —£]
M6l (3,5,(1,1,1,1,2)) diag[&, &, —§]
M[10] (3,6,(1,1,1,1,1,1)) diag[&,&, &, —§]

The cases M[6]:&[1,1, —1] and M[10]:&[1, 1, 1, —1] match the table on [16, p. 1].
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6.2. Integral PEL datum when m = 5. We illustrate Theorem 5.5 for several
well-chosen examples when m = 5, including all families branched at N = 4 points
up to equivalence and one family branched at N = 5 points. This includes the two
special families when m = 5, namely M[11] and M[16]. A similar result can be
obtained for any monodromy datum y with N > 4 by an inductive process.

Example 6.3. The following table summarizes the data for CM-types when m = 5.

a f o B

4,3,3) (0,1,0,1) (2,4} Bi=5/(&—¢3)
G.LD  (1,1,0,00 {1,2} B=5/(t—¢5)
(1,2,2) (1,0,1,0) (1.3} Bz=—p
2.4.4) (0,0,1.1) {3.4} pa=—p>

In the i-th line of the table, the CM-type ®; is simple by Lemma 3.8 and §;

satisfies Corollary 4.7 with respect to ®;. The automorphism o3 permutes the
rows via the cycle (1, 2, 3, 4) and its inverse o, permutes the fourth column via
B — Bo—> —p1 —> —p2— Bu.
Proof. When m =5, then By = 5/(;53 — 52) by Lemma 3.7. For f; = (0, 1, 0, 1),
set uy = 1 and By = u1Bp. We compute that Im(o;(B1)) < 0 for j = 2,4. For
fo=(1,1,0,0), set up = (&3 — ¢2)/(&s — ¢2) and B = usBy. We compute that
Im(o;(B2)) < O for j =1, 2. The signature f3 = (1, 0, 1, 0) (resp. f4 = (0, 0, 1, 1))
is the complex conjugate of §; (resp. f2), which negates the value of . (]
Corollary 6.4. Let m =5 and F = Q(¢s). Every family of us-covers of P! with
N =4 is equivalent to either (1), (ii) or M[11] in the table below. Recall B,, > € O
from Example 6.3 and let §; = B, L. For the monodromy data y = (5, N, a) and
r = N —2 as below, the integral PEL datum of S, has lattice (Or)" with Hermitian
form Hp where B € GL,(OF) is as below.

M (5,N,a) B

® (5,4,(1,1,4,4))  diag[&, —&]

(ii) (5,4,(1,2,3,4))  diag[—§1,41]
M[11]  (5,4,(1,3,3,3))  diag[§;,5]

M[16]  (5,5,(2,2,2,2,2)) diag[—&1,—&,—§1]

Proof. Suppose m =5 and N =4 and let a be the inertia type of y. If three of the
values of a are the same, the family is equivalent to the one with a = (1, 3, 3, 3),
which is M[11]. If two of the values of a are the same, the family is equivalent
to (i). If all values of a are distinct, the family is equivalent to (ii).

By Theorem 5.5, it suffices to find the CM-type (F, ®;) for the abelian varieties
A; in the decomposition of the Jacobian of Cp. We refer to [8, Remark 5.2,
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Lemma 6.4] for information about the admissible degeneration, given in shorthand
by: (1) (1,1,3)+(2,4,4); (i) (1,2,2)+(3,3,4); M[11] (1,3, 1)+ (4, 3, 3); and
MI16] (2,2, 1)+ (4,2,4) + (1, 2, 2). Using the table in Example 6.3, we find the
entries of the diagonal of B. (I

Remark 6.5. The family (ii), with monodromy datum y = (5, 4, (1, 2, 3, 4)), has
a second degeneration of the form (1,3, 1) + (4, 2,4), whose Hermitian form
has matrix B’ = diag[&,, —&]. We give two reasons why the Hermitian forms
determined by B” and B = diag[—&;, &;] are isomorphic.

First, by Lemma 2.1, the automorphism o7, takes the inertia types in the first degen-
eration to those in the second by multiplying the entries by 3. By Corollary 4.7(1),
the action on the entries of B is via 0,-1 = 03 and

o3(B) = diag[o3(—§1), 03(§1)] = diag[§,, —§,] = B'.

Second, for family (ii), S, has signature type (1, 1, 1, 1); hence its reflex field is
Q (which is smaller than Fy C R). The matrices B and B’ are conjugate under
the action of o3 € Gal(Fy/Q) and correspond to the two choices of a Q-linear
embedding Fy — R.

Remark 6.6. To compare with Shimura’s work, write w = {5 + ;54 . Then we have
w2 +w—1=0.S0w=(—14+/5)/2. Then & /& = —w —1 = —(1++/5)/2 so
£1/6 = (1—+/5)/2.

Consider the family y' = (5,4, (1, 1, 1, 1, 1)). A careful look at [16, Section 5]
shows that Shimura replaced ¢s by 4“53 in his computation for this family. This
has the effect of switching to the family M[16] with y = (5,4, (2,2, 2,2,2));
indeed, Shimura computes that the signature is (2, 0, 3, 1). By line 4 of the table
in Corollary 6.4, the family y has B = —&[1, 1, & /& ] = —&[1, 1, —(1 +\/§)/2].
This does not exactly match what is written in line 5 of the table on [16, page 1],
namely [1,1,&,/&]=1[1,1, (1 — «/5)/2], but it has the same sign signature and
thus yields an isomorphic Hermitian form.

Consider the family y’ = (5,4, (2, 1, 1, 1)). The details for this family are not
included in [16] but it appears that Shimura replaced {5 by ;53 in his computation
for this family also. This has the effect of switching to the family M[11] with
y =(5,4,(1,3,3,3)). By line 3 of the table in Corollary 6.4, the family y has
B =&[1, & /&]=&[1, (1 —+/5)/2]. This matches what is written in line 4 of the
table on [16, page 1].

6.3. Integral PEL datum when m = 7. We illustrate Theorem 5.5 for several
well-chosen examples when m = 7, including all families branched at N = 4 points
up to equivalence. This includes the special family M[17]. A similar result can be
obtained for any monodromy datum y with N > 4 by an inductive process.
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Example 6.7. The following table summarizes the cases when m = 7.

a f @ B

(1,1,5)  (1,1,1,0,0,0) {1,2,3} Bi=T7/(¢7—9)

(3,3,1) (1,0,1,0,1,0) {1,3,5} B=7/( —¢)

(2,2,3) (1,0,0,1,1,0) {1,4,5) Bs=7/(? &)

(6,6,2) (0,0,0,1,1,1) {4,5,6} Bs=—p

(4,4,6) (0,1,0,1,0,1) {2,4,6} Bs=—p>

(5,5,4) (0,1,1,0,0,1) {2,3,6} Bs=—ps

1,2,4 (1,1,0,1,0,0) {1,2,4} ﬁ:—%
(§7_§7)(§7_§i)

(3,1,5) (0,0,1,0,1,1) {3,5,6} B =-—

Lemma 6.8. In the i-th line of the table in Example 6.7, for 1 <i < 6, the CM-type
®; is simple, and the element B; satisfies Corollary 4.7 with respect to ®;. The
generator o3 of the Galois group Gal(Q(¢7)/Q) permutes these via a?’;_l (B1) = Bi,
fori=1,...,6.

In the last two lines of the table, the element B (resp. B') satisfies Corollary 4.7
with respect to the CM-type ® = {1, 2,4} (resp. ®' = {3, 5, 6}). The CM types P,
@’ are not simple.

Proof. When m =7, then By = 7/(¢7 — &) by Lemma 3.7.

Fora; = (1,1,5) and f; = (1,1, 1,0,0,0), set uy = (¢4 — ¢3)/ (&7 — ¢9) and
B1 = u1Bo. We compute that Im(o;(81)) <O for j =1, 2,3.

Let 0 = o5, which is a generator of Gal(Q(¢7)/Q) and has inverse o3. Then,
by Lemmas 2.1 and 2.4, for 1 <i <6, the action of asi_l changes the inertia type
to a; :== (3""!) - a; and the CM-type to ®; := 5i=1. @, which also determines the
signature f;. Also, the element 8; = a3i_] (B1) satisfies Corollary 4.7 with respect to
d;.

Fora=(1,2,4)and f=(1,1,0, 1,0, 0), set

PR ek DY SRR s ok < N
(&7 = E)&7 = &) (&7 =E)&7 = &)
Then Im(o;(B2)) < 0 for j =1, 2, 4. The last line follows from Lemma 2.1 by
applying complex conjugation to the previous line.
By Lemma 3.9, ®; is simple unless it is {1, 2, 4} or {3, 5, 6}. O

For m =7 and N =4, every family is equivalent to one in the next result.

Corollary 6.9. Let m = 7 and F = Q(¢7). Recall By, B2, B3, B € Of from
Example 6.7. Let & = ,Bi_1 fori =1,2,3 and &€ = B~'. For the monodromy
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datay = (7,4, a) as below, the integral PEL datum of S,, has lattice (OF)? with
Hermitian form Hg where B € GLo(Op) is as below.

M a B

(i) (1,1,2,3) diag[§;, ]
i (1,1,6,6) diag[&,—&]
(i) (1,2,5,6) diag[&;, —&1]
M[17] (2,4,4,4) diag[—&.£]

Proof. We refer to [8, Remark 5.2, Lemma 6.4] for information about the admissible
degeneration of each family, given in shorthand by (i) (1,1, 5) + (2, 2, 3); (ii)
(1,1,5) + (2,6, 6); (iii) (1,5,1)+ (6,2, 6); and M[17] (4,4,6)+ (1,4, 2). For
each family, consider the CM-types (F, ®;) and (F, ®;) for the abelian varieties
A; in the decomposition of the Jacobian at the distinguished point arising from the
degeneration. We compute the associated integral PEL data by Theorem 5.5, using
the table in Example 6.7. ]

Remark 6.10. In cases (i), (ii), and (iii), both (F, ®;) and (F, ®,) are simple.
For M[17], the CM-type (F, ®,) is not simple, but this is not a concern by [16,
Appendix, Proposition 8] or Section 6.4. For M[17], we note that B = £[1, —&,/&]
where —&,/§ = {7+ {76 — 1. In line 6 of the table on [16, page 1], for the related
family y = (7,4, (4,1, 1, 1)), Shimura writes the Hermitian form as Hp with
B =&[1, —sin(3w/7)/ sin(2w /7)].

6.4. Another approach for M[17]. In this section, we compute the integral PEL
datum for the family M[17] using another approach. This approach utilizes a
different kind of distinguished point Q in the family, namely one that represents a
curve C with extra automorphisms. In this section, we see that the Jacobian Jo
has complex multiplication by a larger field and that its CM-type is simple.

In fact, we proved that every positive-dimensional family of j7-covers of P!
has a distinguished point representing a product of principally polarized abelian
varieties, each of which has complex multiplication with a CM-type that is simple.
In this way, one can avoid the use of [16, Appendix, Proposition 8] when m = 7.
We omit the details of this.

We start by finding another distinguished point in the family Z,,, under cer-
tain restrictive conditions on y. Similarly to Notation 3.5, for 0 < n < 3m with
ged(n, 3m) =1, let 0, be the embedding Q(¢3,) < C determined by 0, (§3,) = {3,

Proposition 6.11. Let y = (m, 4, a) where m > 3 is prime and a = (1, 1, 1, m — 3).
Then Z, has a distinguished point Q. More specifically: in the family of -
covers with monodromy datum vy, there is a point which represents a [i,,-cover
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Y :Co— P!, where C o 1s a curve of genus m — 1 having an automorphism of
order 3.

The Jacobian of C g has complex multiplication by (Z[{3,1, ® o), where, for any
0 <n <3m with (n,3m) = 1, the embedding oy, is in ¢ if and only if

n €[0,2m/31U[m, 5m/31U[2m, 8m /3] ifn=1mod3, or
ne [0,m/31U[m,4m/31U[2m, Tm/3] ifn =2 mod 3.

It is possible to generalize Proposition 6.11, by replacing 3 by an odd prime ¢

relatively prime to m and letting N =€+ 1anda=(1,...,1,m —¢£). We omit
this generalization.
Proof of Proposition 6.11. Let C¢ be the smooth projective curve with equation
y™ = x3 — 1. It admits a p,,-cover to P! branched at 1, ¢3, 432, oo with inertia
type a = (1, 1,1, m — 3). The genus of Cp is m — 1 by (2-1). Also C¢ has an
automorphism (x, y) — (&3x, y) of order 3.

The Jacobian Jg = Jac(Cyp) is a principally polarized abelian variety having
dimension m — 1. Let F = Q(¢,,), and L = Q(¢3,,). The field L is a CM-field of
degree 2 - dim(Jp). Then, the inclusion O C End(Jp) extends to an inclusion
Or = Or[g3] CEnd(Jg). Thus Jg has complex multiplication by O = Z[3,,].

Consider the morphism ¢ : Cp — P!, taking (x, y) — x3. Then ¢ is a u3,-cover
of P!, branched at 0, 1, co. We compute the CM-type of Jp by finding the inertia
type and signature type of ¢. Let by (resp. by, resp. bs) denote the element of
Z/3mZ that determines the canonical generator of inertia of ¢ above 0, (resp. 1,
resp. o0).

Note that b; = 3. This is because ¢ is branched at the 3 points x = 1, ¢3, ;“32 that
lie above x> = 1; the canonical generator of inertia of ¢ at the points of C o above
these is, by definition, the automorphism identified with §71 = {231.

Without loss of generality, by = m. To see this, note there are m points of Cop
above x3 =0, so gcd(bg, 3m) = m; this implies that by = 2m or by = m; possibly
after replacing the order 3 automorphism with its inverse, we can suppose that
by = m. Third, boo =3m — by — by = 2m — 3, so (by, b1, bso) = (m, 3, 2m —3).

We compute the signature § of ¢. Let 0 < n < 3m and (n, 3m) = 1. By (2-2):

flon) = =14 (=n/3) + (—n/m) +((=2n) /3 + (n/m));
that is,
o) = {—1+§+<—n/m>+<—§+n/m> if n =1 mod 3,
Y14+ S 4 (—n/m) + (=1 +n/m) ifn=2 mod3,

We deduce that f(0,,) =1ifn=1 mod 3 and n € [0, 2m /3]U[m, Sm /3]U[2m, 8m /3]
orifn=2mod3 and n € [0, m/3]U[m, 4m/3]U[2m, Tm /3]; otherwise f(o,,) = 0.
Finally, by (2-3), the CM-type ®¢ of Jy is as given in the statement. (]
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For m =7, we verify that the CM-type ® ¢ of the Jacobian of Cy is simple.
Lemma 6.12. When m =17, then the CM-type ® o in Proposition 6.11 is simple.

Proof. Let Cg be the smooth projective curve with equation y’" =x3—1. From
Proposition 6.11, its CM-type is ® ={t, | n =1, 2, 4, 8, 10, 16}. We check that
@ is simple by showing that it is not induced from any proper CM-field. Let
o; : Q(&3,) — C be the embedding given by o;(¢3,) = ;ém, for 1 <i <3m
with ged(i, 3m) = 1. Every subgroup of Gal(Q(&3,,)/Q) not containing complex
conjugation contains either og (order 2), o3 (order 2) or o4 (order 3). It suffices to
show that the subgroup generated by each of these has a coset not contained in &
but having nontrivial intersection with ®, so that ® is not a union of cosets. For
(og), this is true because of the coset {04, o11}. For (o3), this is true because of
the coset {01, 013}. For (oy4), this is true because of the coset {0», o3, 011} O

The following lemma will be helpful.
Lemma 6.13. In the field L = Q(¢a1), write £ = (1. Let B3 =7/(¢% — ¢19). Let

(6-1) a="—ME - =@+ - @+ 1.

With respect to the CM-type ® = {1, 2,4, 8, 10, 16} of L, the following element z
satisfies conditions (1)—(3) in Corollary 4.3:

(6-2) 2= p3a =21* =) /(M = = ¢P)).

Proof. We verify the first claim by computation using that ¢4 — ¢7 = —/=3. We
verify the second claim from Lemma 3.7, part (4). Note that z = —o4(Bp) for fo as
in loc. cit. U

We now compute the integral PEL datum of M[17] using Proposition 6.11.

Proposition 6.14. Let m =7 and F = Q(&7). Let & = ﬂfl where By € Of is
defined in Example 6.7. Consider the units u; = {72 + ;‘75 andv=(1+ ;‘73 + ;‘74)_1
of 71&7). For the family M[17], with monodromy datum y = (7,4, (2,4, 4,4)), the
integral PEL datum of S,, has lattice A = (O £)? with Hermitian form Hg where

B:51v|: "l _{72:|

-5 u
Proof. Consider the family Z = Z,, with monodromy datum y = (7,4, (1,1, 1, 4)).
Because (2,4,4,4) =4-(4,1,1,1) and 4 =2~ mod 7, the action of o, takes Z
to the family M[17].
Let

(6-3)

_5-8 |g+y ¢
T0+a+0 | - o+
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One can check that A is integral away from 7. We claim that the integral PEL
datum of Z is given by the lattice A = (Of)? and the Hermitian form for the
matrix A. This is sufficient to prove the proposition because, by the last statement
of Corollary 4.3, the integral PEL datum of M[17] is then given by the lattice
A = (OF)? and the Hermitian form for the matrix B = o,y ! (A).

We turn to computing the integral PEL datum of Z. Let L = @Q(¢»;). Consider the
CM-type ® = {1, 2, 4, 8, 10, 16} for L. Consider the curve Cy of genus 6 given by
the equation y” = x3—1 and the associated y7-cover C 0— P!. By Proposition 6.11:
this cover is represented by a point Q of Z; the Jacobian Jac(Cyp) is a principally
polarized abelian variety with complex multiplication by (O, ®¢); and this CM-
type is simple by Lemma 6.12. In other words, Q is a simple distinguished point
of Z.

Note that L has class number 1 and L has narrow class number 2. By Corollary 4.6,
there exists a unique principally polarized CM-abelian variety of type (Or, ) up
to isomorphism. By Lemma 6.13, the element z from (6-2) satisfies conditions
(1)=(3) in Corollary 4.3 with respect to ®. Thus Jac(Cyp) is isomorphic to the
torus C/®(Oy), with principal polarization given by £ = z~!. Furthermore, the
integral PEL datum of Z is given by the lattice A = Oy C V = L and the Hermitian
form (x, y) = trL/Q(xéyT). Note that O = Z[{1] = Or[¢3]. With respect to the
ordered basis 1, ¢3 for O over O, the Hermitian form is given by a matrix in
GL,(OF). By Lemma 6.15, this matrix is A. O

Lemma 6.15. With respect to the ordered basis 1, {3 for Oy over OF, the Hermitian
form (x,y) = trL/Q(xé)'iT) is given by the matrix A € GLy(OF), where A is given
in (6-3).

Proof. Let x,y € A. By Lemma 6.13, since 83 = 7/((72 — ;‘75) is in OF,, we have
(x,y) =trjo(xz3) = trpja By ' trrr(xa ™' 7)),

where « is as in (6-1).
Let t = 03 € Gal(L/Q). Then t is the generator of Gal(L/F'), and

trejg(xa”'y) =trpjg(xa” 5+ () T@ ) TH)).
Write x = x| +x2¢3 and y = y; + y23, for x1, x2, y1, y2 € Op. We compute
trpjo(xa ™' §) = trro (i +x203)a " G+ 3285 + (1 +x28) T @ (G +3283)).

Writea; 1 =a ' +1(@™ D), a1p=¢fa '+ t(@ ), andar | = e +¢ft (@),
Then try o (xa ™' y) =trp/@(x1y1a1,1+X1 Y201 2+ X2¥1a2,1+x252a1,1). We compute
thatay ) =o' +2(@™) =+ /A + 8+, ara ==& /(1 +47+£7), and
ary ==& /(1 + &7+ ¢2). Thus, (x, y) = trpjo((x1, x2) AG1, $2)7). U
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7. Applications for composite m

We illustrate how to extend Theorem 5.5 by computing the integral PEL datum
in some cases when m is composite. In particular, we determine the integral PEL
datum for 6 of the Moonen special families where m =4, 6, 10.

Remark 7.1. Our techniques do not apply well for symplectic Shimura varieties,
so we exclude the modular curve M[1] with m = 2, the Picard surface M[2] with
m = 2, the family M[7] with m = 4, and M[12] with m = 6. We exclude M[15]
with m = 8 and M[20] with m = 12, since the CM-types for biquadratic CM-fields
are never simple. Our techniques are not sufficient to handle M[13] with m = 6 or
M[19] with m = 9.

7.1. Difficulties when m is composite. The key to Theorem 5.5 is the existence of
a distinguished point P in Z,, satisfying the properties in Proposition 5.2. When m
is composite, this is not always possible for the following reasons.

Remark 7.2. One issue when m is composite is that the curve Cp might not have
compact type. For example, the family M[12], with y = (6, 4, (1, 1, 1, 3)), has
no admissible degenerations of compact type. The reason is that the two covers
with inertia types a; = (1, 1, 4) and a, = (2, 1, 3) would need to be joined at two
points, leading to a cycle in the dual graph of Cp.> The same is true for M[7], with
y=,4,(,1,1,1)).

Remark 7.3. Another issue when m is composite is that the integral group algebra
Z[ 4] has nontrivial index in [ [, <dm Z[t4]. Hence, the Jacobian of a u,,-cover of
P! branched at 3 points might not have complex multiplication by a maximal order.
See Section 7.5.

7.2. Integral PEL data for two families with m = 4. We find the integral PEL
datum for two of the three special families with m =4: M[4] and M[8]; we exclude
M]7] as it is not unitary. When m = 4, the hypotheses of Proposition 5.2 are not
satisfied but we can find a distinguished point in the family by direct computation.

Example 7.4. If m = 4, then By = —2i from Lemma 3.7. Set u; = —1, so
B1=—PBo=2i. If f; = (0, 1), then B satisfies the 3 conditions of Corollary 4.3
and all CM-types of F = Q(i) are simple.

Corollary 7.5. Letm =4 and F = Q(i). Let & = ,31_1 = 1/2i. For the family M
with monodromy datum y as in the next table (top of page 206), the integral PEL
datum for S, has lattice (Of)" with Hermitian form Hg, where r and B € GL,(OF)

3There is a typo in this case in [8, Lemma 6.4].
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are as follows:

M y = (m,N,a) r BeGL,.(Of)

M[4] 4,4,(1,2,2,3)) 2 diag[§,—§]
M[8] 4,5,(1,1,2,2,2)) 3 diagl[§,—&,&]

Proof. When m =4, then a = (3, 2, 3) has signature { = (0, 1) and 02(8;) <0. Also
a=(1,2,1) has signature f = (1, 0) and o1 (—p1) < 0. By [8, Lemma 6.4], there is
a distinguished point in the family M[4] and the family M[8]. The family M[4] has
an admissible degeneration, expressed in short as (1, 2, 1) + (3, 2, 3). The family
M]|8] has an admissible degeneration, expressed as (1,2, 1)+ (3,2,3) + (1, 2, 1).
The result then follows from Theorem 5.5. O

The case M[8]: £[1, —1, 1] matches line 3 of the table on [16, page 1].

7.3. Remark when m =9. The techniques in this paper are not sufficient to find
the integral PEL datum for the special family M[19] when m = 9. This family has
inertia type a = (3, 5, 5, 5) and its only admissible degeneration can be expressed
in short hand as (3,5, 1) 4+ (8, 5, 5). For a; = (8, 5, 5), the Jacobian has complex
multiplication by @Q[¢3] x Q[¢9]. As the action of Z[ug] does not extend to the
maximal order Z[{3] x Z[{9], we do not know how to compute its lattice.

We expect that our technique is sufficient to determine the integral PEL datum
whenm =9, N=4anda = (3, 1, 8, 6). We leave the details to the reader to check.

7.4. Generalities for twice a prime.

Notation 7.6. Let m = 2m’ where m’ is an odd prime. Let F = Q(¢,) and
F' = Q(&y). We identify F = F’ and Z[¢,,] = Z[p], BY & = —g“ﬁurl)/z. There
is a bijection between CM types ® for F and CM types &’ for F’ where o; € ®
for an odd integer 1 < j <m if and only if o;» € ®’, where j’ is the reduction of j

modulo m’.

If B satisfies Corollary 4.7 with respect to the CM type (Z[¢,y], ') then it
also satisfies Corollary 4.7 with respect to the CM type (Z[¢,,], ®). This can be
verified in general but we only need a few cases from Example 6.1 when m’ =3
and Example 6.3 when m’ = 5.

m B ZIgw], @) (Z[gm], @)

Example 7.7. | © by=+/-3 (Z15:1.42h)  (ZI6].{Sh
10 B1=5/(45 -6 (ZIgs),{2,4)  (Z[610].AT7.9)
10 Br=5/(¢5—¢9) (Z1¢s1,01,2)  (Z[&wl {1,7))




DATA FOR SHIMURA VARIETIES INTERSECTING THE TORELLI LOCUS 207

7.5. Integral PEL data for 4 families with m = 6, 10. We find the integral PEL
datum for three special families with m = 6, namely M[5], M[9] and M[14], and
for the special family with m = 10, namely M[18]. For m = 6, we exclude M[12]
as it is not unitary and M[13] (Remark 7.10). For m composite, the hypotheses of
Proposition 5.2 are not satisfied. In each case, we find a distinguished point P in
the family for which the issues in Remarks 7.2 and 7.3 do not occur.

Corollary 7.8. (Recall Notation 7.6.) For the special family M[18] with monodromy
datum y = (10,4, (3,5, 6, 6)), the integral PEL datum of S, has lattice

A= (Op) & (OF)?

with Hermitian form Hg, where B € GL|(OF/) x GL,(OF) is diag[&;] D diag[&, &>]
with & = B

Proof. Let m = 10 and m’ = 5. Let M = M[18] with y = (10,4, (3, 5, 6, 6))
and signature type f = (1,1,0,1,0,0, 2,0, 1). The proof is similar to that of
Theorem 5.5. We produce a simple distinguished point P in the family similar to
that in Proposition 5.2(1); it represents an admissible w,,,-cover ¥ : Cp — T, where
T is a tree of projective lines and Cp is a curve of compact type such that each
of its irreducible components is a curve admitting a jt,,-cover of P! branched at 3
points. We verify by direct computation that each irreducible component of Cp has
complex multiplication by either Z[¢,,] or Z[].

Consider the jt5-cover 1/, : C» — P! branched at three points, with inertia type
ay = (4, 3, 3), and signature f, = (0, 1,0, 1). Then A, = Jac(C,) has complex
multiplication by (Z(¢s), {2, 4}). Consider the induced curve C,= Ind%O(C 2), which
is the disconnected curve consisting of two copies of C,, and the induced p19-cover
W, : C; — P'. Then W, is branched at three points and, somewhat imprecisely,
we can say that it has inertia type (8, 6, 6) = Ind;0(4, 3, 3). Above the first branch
point, there are two points 7, and 7/, on C, and they are labeled by the two cosets
of us C 9. Let Ay = Jac(@z) ~ A%.

As explained in [10, Section 3.1], the signature type of A; is

f2=1(0,1,0,1,0,0,1,0,1)=(0,1,0,1,0,0,0,0,0)+(0,0,0,0,0,0, 1,0, ).

The action of Z[1119] on A5 is the diagonal action of Z[¢5] x Z[¢19] on A2, The
first (resp. second) copy of A, has CM-type (Z[¢s], {2, 4}) (resp. (Z[¢10], {7, 9));
for this CM-type, the element 8; (resp. B;) satisfies Corollary 4.7, as seen in
Example 7.7.

Consider the pig-cover ¥ : C; — P! branched at three points, with inertia type
a; = (3,5, 2). Above the 3rd branch point, there are two points n; and ’7/1 on C; and
they are labeled by the two cosets of us C pig. Let A = Jac(Cy); it has signature
type f1 =(1,0,0,0,0,0, 1, 0, 0). By Lemma 2.3, A; has complex multiplication
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by (Z[¢10], {1, 7}). Since {1, 7} ={3-7, 3 -9} mod 10, the element 8 that satisfies
Corollary 4.7 is o7(B1) = B>. All CM types of Q(¢5) = Q(¢10) are simple.

Let C denote the singular curve, whose components are C; and C, formed by
identifying n; n} with , and 7, so that the cosets are matched correctly, in two
ordinary double points. The curve C admits an admissible wjp-cover W to a chain of
two projective lines. By construction, C has an action by O @ 0%, with CM-type
given by diag[&,] @ diag[&, &>].

The last thing to check is that W is represented by a point P € Z,,. Since W is
admissible, it can be deformed to a . o-cover of P! with inertia type (3,5, 6, 6).
This has signature type f = (1,1,0,1,0,0, 2, 0, 1). Hence, W is represented by a
point P € Z, and by the preceding paragraph P is a simple distinguished point. []

Corollary 7.9. (Recall Notation 7.6.) Let & = 1/+/=3. For the special families M
with monodromy datum y = (6, N, a) as below, the integral PEL datum of S,, has
lattice A = (OF/)r/ @ (Of)" with Hermitian form Hg where r',r, and B are as
follows:

M y = (m,N,a) ',r) B eGL,(Op) x GL,(OF)

M[5] (6,4,(2,3,3,4)) (0,2) diag[&,—&]
M[9] (6,4,(1,3,4,4)) (1,2) diag[—§] @ diag[§,—£]
M[14] (6,5,(2,2,2,3,3)) (1,3) diag[§] @ diag[§,—§,8]

Proof. The proof is very similar to that of Corollary 7.8 so we provide only a sketch.

(1) Let M = M[5] with y = (6,4, (2,3,3,4)) and f = (1,0,0,0, 1). Then Cp
is the join of two ug-covers with inertia types a; = (1, 2, 3) and a, = (3, 4, 5).
These have signatures f; = (1,0, 0,0, 0) and §, = (0,0, 0,0, 1). By Lemma 2.3,
A1 has CM by Of of type ®; = {1}, and A; has CM by Of of type ¥, = {5}.
Let by = —b, = —/—3. Fori = 1, 2, the CM-type ®; is simple, and the element
b; € OF satisfies Corollary 4.7 with respect to ®;.

(2) Let M = M[9] with y = (6,4, (1,3,4,4)) and f = (1, 1,0, 0, 1). Then Cp
is the join of two covers with inertia types a; = (1, 2, 3) and a; = Indg(z, 2,2).
These have signatures f; = (1,0, 0,0, 0) and f, = (0, 1,0, 0, 1). By Lemma 2.3,
A = Jac(Cy) has CM-type (OF, {1}), which has B = b; = —b>. Also A, >~ A?
and the action of Z[ue] on A; is given by the diagonal action of Z[¢3] x Z[{s] on
A?. The first copy of A has CM-type (Z[¢3], {2}) which has B = b, and the second
copy of A has CM-type (Z[¢6], {5}) which has g = b,.

(3) Let M = M[14] with y = (6,5, (2,2,2,3,3)) and f = (2,0,0, 1, 1). Then
Cp is the join of three covers with inertia types a; = (1, 2, 3), a, = (3,4, 5) and
az = Indg’(l, 1, 1). These have signatures f; = (1,0, 0, 0, 0), f»=(0, 0, 0, 0, 1), and
f3=(1,0,0,1,0). By Lemma 2.3, A| has CM-type (Op, {1}) which has 8 = b;
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and A; has CM-type (Op, {5}) which has 8 = b,. Also A3 ~ A? and the action
of Z[ue] on Az is given by the diagonal action of Z[{3] x Z[¢e] on AZ. The first
copy of A has CM-type (Z[¢3], {1}) which has 8 = b; and the second copy of A
has CM-type (Z[¢6], {4}) which has 8 = b;. O

We checked Corollaries 7.8 and 7.9 independently, using the fact that the special
families for m = 6, 10 are subspaces of those for m’ = 3, 5, up to a Galois twist.

Remark 7.10. Let M = M[13] be the special family with y = (6, 4, (1, 1, 2, 2))
and f = (2,1,0,1,0). This has an admissible degeneration to the join of two
covers with inertia types a; = (1, 1,4) and a; = Indg(l, 1, 1). The first one has
signature f; = (1, 1, 0, 0, 0) and its Jacobian A; has CM by an order of finite index
in O x Op. The index is nontrivial since (x> —1, x> +1) = (2) in Z[x]/(x® — 1),
so our technique does not apply. The other degeneration to a; = (1, 2, 3) and
ay = (3, 1, 2) does not have compact type.
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THE DERIVED SERIES OF GGS GROUPS

J. MORITZ PETSCHICK

We describe the structure and indices of the members of the derived series
of a GGS group G defined over the p-adic tree. The values |G : G™| exhibit
a very limited dependence on the defining vector of the group. Furthermore,
we establish that the derived and Frattini series of a GGS group defined by a
nonconstant vector are identical.

1. Introduction and statement of results

Groups of automorphisms of regular rooted trees provide examples with intriguing
asymptotic and structural properties. One particularly well-studied case is the
family of Grigorchuk—Gupta—Sidki groups (usually abbreviated as GGS groups),
generalising the second Grigorchuk group and the Gupta—Sidki p-groups. This
family encompasses at least one group of intermediate word growth, as shown in [6],
and numerous finitely generated infinite periodic groups, as demonstrated in [10].
The GGS groups acting on the p-adic tree, where p denotes an odd prime, are best
understood; hence, in the following, by a GGS group we shall mean specifically a
GGS group acting on the p-adic tree.

GGS groups are defined by a nonzero element e of [Fg_] as “input data”. It is
fortunate that many properties of interest are satisfied by the group defined by e
if and only if e satisfies certain linear conditions. For instance, a GGS group is
periodic and just-infinite if and only if the sum of the entries of e is zero [9; 17].
Similarly, it is a branch group (with the congruence subgroup property) if and only
if not all entries of e are equal [7; 8]. Its Hausdorff dimension is governed by a
function depending only on certain linear invariants of e [7]. Some of these results
naturally extend to larger classes of groups [1; 2; 11; 14], but have been established
first for GGS groups, making the class of GGS groups a fertile soil for establishing
new techniques.

In this article, we provide a description of the derived series —i.e., the subgroups
defined by G = G and G"*D = [G™W, G™] for all n € N—for every GGS
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group G. Conventionally, we write G’ and G” for G and G®, respectively. Our
description is formulated in terms of linear conditions on the defining vector e.

A description of the derived series was obtained by Vieira [16] for the special
case of the Gupta-Sidki 3-group, along with some results on its lower central series.
However, the proof in [16] does not readily generalise to general GGS groups. We
approach the problem by adopting methods developed by Ferndndez-Alcober and
Zugadi-Reizabal in [7]. We note that the sequence of indices of the members of the
derived series for the (first) Grigorchuk group was computed by Grigorchuk in [9].

Our main result is the following.

Theorem 1.1. Let p be an odd prime and let G be a GGS group acting on the p-
adic tree defined by a nonconstant vector e € [Fz_l. Let €' be the tuple of differences
between the entries of e and let €'’ be the tuple of differences of e'. Then, forn > 2,

n—1

log, |G : G| = p"*(p+con(e)) +sym(e”)) — La—
p

T sym(e) + 1.

Here, a vector d is called symmetric if its entries are the same when read from
left to right or right to left, and sym(d) equals 1 if the vector d is symmetric and O
otherwise. Similarly, con(d) equals 1 if the vector d is constant, i.e., if all its entries
are equal, and O otherwise. In [8, Proposition 3.4], Ferndndez-Alcober, Garrido
and Uria-Albizuri show that GGS groups with constant defining vector admit an
infinite metabelian quotient, i.e., that |G : G”| = co. It is an elementary fact that
|G : G'| = p?, so Theorem 1.1 completes the description of all indices |G : G™|
for all GGS groups G and all integers n € N.

To arrive at Theorem 1.1, we need a description of the derived subgroups:

Theorem 1.2. Let p be an odd prime and let G be a GGS group acting on the
p-adic tree defined by a nonconstant vector e € [Fz_l. Letn > 3. Then

Y (G")=X,G" .
If con(e’) + sym(e”) = 0, the same holds for n = 2.

Together with a description of the second derived subgroup, which we present in
Proposition 3.2, this theorem yields a good account of the structure of the derived
subgroups of G. One notable consequence is that the quotients G™/G "+ are
elementary abelian p-groups, which immediately yields the following corollary.

Corollary 1.3. Let G be a GGS group defined by a nonconstant vector. The Frattini
series of G coincides with the derived series of G.

Finally, we investigate the GGS groups defined by nonconstant vectors with
the maximal possible indices |G : G™|. We find that there are precisely two
isomorphism classes of GGS groups with |G : G| maximal among GGS groups
defined by nonconstant vectors (acting on a fixed p-adic tree); see Proposition 3.5.
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2. On Grigorchuk-Gupta-Sidki-groups

Notation. The letter p refers to a fixed odd prime. Given integers m and n subject
tom <n,theset {m,m+1,...,n—1, n}is denoted by [m, n]. The symbol X refers
to the set [0, p—1] underlying the field [,. For a group G, the p-fold direct product
G x ---x G is denoted by X, G. For k € N distinct elements ig, ..., ix—; € X and
p elements go, ..., g,—1 of a group G, the expression

(i0: 805 -+» Ik=1:8k=1,0:8) €X, G

denotes the tuple indexed by X, with g; at position i for j € [0, k — 1], and with g,
(possibly varying with <) at every other position ¢ € X \ {i; | j € [0, k — 1]}. The
symbol ¢ is reserved for this use.

Given a group G and two of its elements g and %, we use the following conven-
tions for conjugation and the commutator:

g"=h""gh and [g, hl=g 'hlgh=g""g".

Automorphisms of rooted trees. The Cayley graph X* of the free monoid on X
is the rooted p-adic tree, i.e., a loop-free graph with a distinguished vertex (the
“root”) @ of valency p and all other vertices of valency p + 1. We write X" for the
set of all vertices of a given (geodesic) distance n to &. This set is called the n-th
level of X*.

Any (graph) automorphism g € Aut(X™*) necessarily fixes @ for its unique
valency, and must consequently leave all levels X" invariant. We write St(n) for
the (pointwise) stabiliser of X", and St (n) for its intersection with a subgroup
G < Aut(X™).

Let u and v be vertices of X*. We write u$ for the image of u under g. Since
every level is invariant under g, the equation

(uv)g — Mg vglu

uniquely defines a map |,: Aut(X*) — Aut(X™), called the section map at u. The
image of g is called the section of g at u. For u € X*, the restriction of |, to the
stabiliser st(u) of u is a group homomorphism, indeed, the map

Vo St(l) = X, Aut(X™), g (0:glo)
is an isomorphism. We record some equations for sections. Let # and v be vertices

of X* and g and & be automorphisms, then

@l = 8luvs (€M =gluhlus. & u=(gl,1)"

The action of an automorphism g on the first level X = X l'is denoted g|? € Sym(X).
An element such that g|, = id for all u # @ is called rooted. We identify rooted
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elements with the their images under |“. Let u € X" and g € Aut(X*). The unique
element h € St(n) satisfying h|, = g and k|, =id for all v € X" ~ {u} is denoted
ins, (g) and called the insertion of g at u.

A group G < Aut(X™) is called self-similar, if all sections g|, are contained in
G forallu € X* and g € G. A group G < Aut(X™) is called fractal if stg(x)|, =G
for every x € X. A group G < Aut(X™) is called spherically transitive if it acts
transitively on every level X”. A self-similar group G < Aut(X™) is called a regular
branch group if it is spherically transitive and if there is a finite-index subgroup
K < Stg(1) such that X, K < v (K). A standard technique to establish that a group
is regular branch is the following:

Proposition 2.1 [7, Proposition 2.18]. Let G < Aut(X™) be a spherically transitive
fractal group, let H < G be a subgroup and let S C G be a subset. If insy(S) C H,
then X, (S)° < ¢ (HC).

GGS groups and their defining vectors. Lete=(e1,...,e,_1)€ [F§71 be a nonzero
vector. The group G generated by the rooted automorphisma =01 ... p—1)
induced by the addition of 1 in [, and the automorphism defined by

b=vy"10:b, ¢:a%)

is called the GGS group defined by e. The vector e is the defining vector of G.

More generally, GGS groups acting on the (not necessarily prime) m-adic tree
are defined in the same way, but using elements of (Z/mZ)™~! whose entries have
no common divisor other than 1. In general, the structure of these groups is much
less understood than the case considered here. Even for prime powers m = p”,
the situation is much more involved, see for example [5], where the branching
structures for these groups have been evaluated. Various further generalisations of
GGS groups have been studied, e.g. in [1; 3; 12; 14].

Distinct defining vectors may give rise to identical or isomorphic GGS groups.
Nonzero multiples of a given vector e define the same subgroup of Aut(X*). Apart
from that, certain reorderings of a given defining vector give rise to isomorphic (but
not necessarily identical) GGS groups. We make use of the following characterisa-
tion. The group F} x [ = Ci_l acts on the set I]:z_1 ~ {0} of defining vectors by

(2—1) (el, ey e,,_l) * ()\., ,bL) = ()\. * €, A €2ps v s A €(p—2)-u» A e(p_l).ﬂ).
Theorem 2.2 [13, Corollary 4.5]. Two GGS groups G and G defined by e and €,

respectively, are isomorphic if and only if e and e share the same orbit under the
action of F 7 x F .

This allows us to choose defining vectors with desirable properties, as also done
in [7, Theorem 2.16].
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Corollary 2.3. Let G be the GGS group defined by e and let a € [F;.
(1) There exists a defining vector e with e = o such that the GGS group defined

by e is isomorphic to G.
(i) If e is not constant, there exists a defining vector e with e; — e; 11 = «, for some
i€{l,..., p—2}, such that the GGS group defined by e is isomorphic to G.

Difference vectors. Letd = (dy,...,d,) € [F’; be a vector. The difference vector
of d is the vector

d'=(.ds....dv1)=(d ~dpdy—ds, ... dpoy —dy) €F)7

A vector d is called constant if d' = 0, i.e., if all entries of d are equal. We put
con(d) =1 if d is constant, and con(d) = 0 otherwise.

The structure of the derived subgroups of the GGS group defined by e is in-
fluenced by the difference vector e’ and by its difference vector e, called, for
convenience, the second difference vector of e. The significance of ¢’ is suggested
by the following computation. Every GGS group G is two-generated and its derived
subgroup is normally generated by the commutator ¢ = [a~', b], whose section
decomposition is closely related to ¢/,

(2-2) Y =v(a b)) =y )y b)
=(:a %", p—1:b"H0:b, o:a%)
=(0:a"b, 0:a%, p—1:b"'a% ).

The entries of e” appear in a similar way in the section decomposition of [a~!, c].
Perhaps surprisingly, the higher difference vectors of e do not affect the structure
of the derived series.

Symmetric vectors. Let n € N be even, let K be a field not of characteristic 2, and
letd =(d,,...,d,) € K" be a vector. It is called symmetric if

di =dy_it1

foralli € [1, n/2]. We put sym(d) =1 if d is symmetric, and sym(d) = 0 otherwise.
Evidently, the set of all symmetric vectors constitutes a subspace S of K", being
subject to the conditions d; — d,,—;+1 = 0 for i € [1,n/2]. If d is symmetric, the
second difference vector d” is also symmetric; see Table 1 for an overview of the
possible configurations of the values con(e), sym(e), con(e’) and sym(e”) for a
defining vector. More precisely, the second difference vector is symmetric if and
only if

di —2dip1 +dipp=d"i=d",_i_1 =dp_1—i —2dp_i +dp_i11,

i.e., if and only if d”; —d”,_;_1 =0 foralli € [1,n/2 — 1]. It is apparent that
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con(e) sym(e) con(e’) sym(e”)

0 0 0 0
0 0 0 1
0 0 1 1
0 1 0 1
1 1 1 1

Table 1. Possible configurations of values for the invariants of e influenc-
ing the indices of the members of the derived series of the corresponding
GGS group. For p = 3, the first, second and fourth rows are nonexistent.

the set of all vectors such that d” is symmetric is a subspace containing the space
of symmetric vectors as a subspace of codimension 1. We need the following
computational lemma.

Lemma 2.4. Let e € F) ' be such that sym(e”) = 1. Then
2(ep—1 —e1)+(e2—ep2)=0.
Proof. Write s; =e; —e,_; for i € [1, p—1]. Note that
/ / /
§;=Si—Siy1=€ —€p_i—eit|Tepi1=€—€, ; i,

: "o__ 1
and in the same way, s; =e; —e,_; ;.

S(p—1)/2 = S(p+1)/2 =2+ S(p—1),2- Two simple telescope sum computations yield

_ . / J—
Moreover, s; = —s,—;, whence s¢, ), =

(p—3)/2 . (p=3)/2 , , , ,
= (i =5i41) =81 = S(p_1y2 =51 =52 —=2-S(p-1))2
i=1 i=1
and

(p=3)/2 o (p—3)/2 _ , , (p—=3)/2 , ,
i=1 i=1 i=1
=51 =8(p-n2+3-5p-12
=s51+2-5p-1))2-
Combining them, one finds that

(p—3)/2
— Y (+1)-s/=-2s1+s.
i=1
Since e” is symmetric, s/ =0 for all i € [1, p — 3]. Thus the left-hand side of the
equality above is zero, while the right-hand side evaluates to the desired expression

2(ep—1—e1) +(e2—ep_2). U
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Circulant spaces. Let K be a field and let d = (do, ..., de—1) € K’ be a vector.
The circulant matrix Circ(d) associated to d is the matrix whose rows are the cyclic
shifts of d, 1.e.,

do dv ... di—y dp_q
dp—y do ... dyp3 dpo
di dy ... dy—1 dy

The semicirculant matrix SCirc(d) associated to d is the upper triangular matrix
given by

dy dy ... dp—p dpq
0 dy ... dy3 dip
0o 0 ... 0 do

More generally, a circulant subspace of K* is a subspace that is invariant under the
automorphism induced by the cyclic permutation of the standard basis elements
of K¢ Given a subset M C K¢, we write Circ(M) for the minimal circulant
subspace containing M. In case of a singleton set, Circ({d}) is spanned by the rows
of the circulant matrix Circ(d).

Ranks of circulant matrices, their computation and interpretation have long been
studied; see for example [4] for the situation over the field of complex numbers.
In positive characteristic p, the special case £ = p" allows an easy description of
the circulant subspaces of K*. Let IT € K*** be the Pascal matrix with entries (;)
for i, j € [0, £—1], using the convention that (;) =0 fori < j, and write II; for
the ¢-by-i matrix consisting of the first i columns of IT. Note that IT is a lower
unitriangular matrix; in particular, it is invertible.

Proposition 2.5. Let K be a field of characteristic p > 0 and let £ = p" be a power
of the characteristic. There exists a complete flag

{0} = Circy C Circ; C --- C Circy = K*
containing all circulant subspaces of K, which are given by
Circ; =kerIl,_; ={d € K* | rank Circ(d) < i}.
Proof. Fix a vector d = (dy, ..., d¢—1) € K*. Put

faX)=do+di X +dryX*+ - +dp_ X!

P (013—1,1 I > ’
I O1-1

and
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where 0, ,, and I, stand for the zero and unit matrices, respectively, of the indicated
formats. The matrix P is the permutation matrix associated to the cyclic shift of
the basis elements, and

Circ(d) =dol +d\ P +dy P>+ -+ +dy_ P = f4(P).

The characteristic polynomial of P is X* — 1 = (X — 1)¢ and splits over K ; here we
use that £ is a power of p. The geometric multiplicity of its unique eigenvalue 1 is 1,
whence P is conjugate to the matrix Jy(1) consisting of a single Jordan block of
eigenvalue 1. Consequently, Circ(d) is conjugate to fy(J¢(1)). For k € N, we have
Je(D* = ((jlii))i,je[l,é]’ ie., Je(DF =SCirc(((16), (lf)’ s (zg))) Thus fa(Je(1))
is the semicirculant matrix with respect to the vector b = (by, . .., by—_1), with

{—1 .
=3 (])
j=0

Then b =dIl. Since the rank of SCirc(d) is equal to £ —min{;j € [0, £—1] | b; # 0},
we see that rank Circ(d) < i if and only if d € ker [1,_;, with equality precisely
if d ¢ ker I1;_; 4. Since I is invertible, we see that rank I1,_; = i. Thus Circ; is
indeed a circulant space, as Circ; = Circ(d) for any d € Circ; \ Circ;_;. Evidently
Circ; C Circ;y1. It remains to show that there are no further circulant spaces. Let
C be a circulant subspace of dimension i. For every d € C, we necessarily find
rank Circ(d) < i. If there exists d such that the rank of Circ(d) is i, naturally
C = Circ(d) = Circ;. Thus assume that Circ(d) < i for all d € C. But then
C C Circj_1, an (i —1)-dimensional subspace, which is absurd. O

This description extends [7, Lemma 2.7]. Note that the crucial point is that the
polynomial X¢ — 1 splits over K. Let e be the defining vector of the GGS group G
and pute= (0, ey, ..., e,_1). The structure of G is heavily influenced by the cyclic
rank cr(e) of e, which is given by cr(e) =dim Circ(e). By Proposition 2.5, cr(e) = p
if and only if the sum of entries of e is nonzero, whence by [9, Example 9.1], the
group G is periodic if and only if cr(e) < p. The Hausdorff dimension of G
solely depends on whether e is symmetric or constant and on the value of cr(e), as
demonstrated by Fernandez-Alcober and Zugadi-Reizabal in [7, Theorem B].

Corollary 2.6. Let K be a field of characteristic p > 0, leti € [0, p] and let Circ;
be the members of the flag of circulant subspaces of K?. A basis for Circ; is given
by the first i columns of the Pascal matrix 1 € KP*P.

Proof. In view of Proposition 2.5 and the fact that the columns of IT are linearly
independent, we have to show that

p—1
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p—1
for every m € [0,i—1] and j € [0, p —i~—1]. Put (k,m, j) = 3 n*(;)(}) and
compute n=j

p—l . .
N k(N n \n—j+1_1 . 1—j T
bk )=E () (;20) = =20ttt m D=L g dm. =1

analogously,

| L, 1-m ,
pk,m, j)=—¢pk+1,m—1,j)+——a¢k m—1,j).
m m

By iteration we find that ¢ (0, m, j) is a linear combination of the values of ¢ (k, 0, 0)
for k € [0, m + j]. But

p—1 p—1

¢k,0,00=> n =3 n=,0
n=0 n=0

for every k that is not a multiple of p—1. Since m+ j < p—1, we obtain the desired

congruence. (I

Properties and structure of GGS groups. Recall that, for a given GGS group G,
the rooted generator is denoted a, the directed generator is denoted b, and we write ¢
for the commutator [a~", b], whose sections are given in (2-2). We shall use the
following shorthand notation for the conjugates of c:

¢ = @ = [a~!, bai].
In particular, co = ¢. We collect some facts about GGS groups.

Lemma 2.7. Every GGS group is fractal and self-similar.

For a proof, see e.g. [8, Section 2] or [13, Section 2.3]. Next, we record some
information on certain small quotients of GGS groups.

Lemma 2.8. Let G be a GGS group. Then
(i) log, |G : G'| =2 and G/ G' is elementary abelian,
(i1) logI7 |G’ : y3(G)| =1 and G/y3(G) is of exponent p, and
(iii) log, |G": Stc(1)'|=p — 1.
For statements (i) and (ii), see Theorem 2.1(iii) of [7] and note that a? = b? =id
and c” =) id. Statement (iii) is proven as part of Theorem 2.14 of [7].
It is a result of Ferndndez-Alcober and Zugadi-Reizabal that every GGS group
defined by a nonconstant vector is a regular branch group (see below). The same

is not true for GGS groups defined by constant tuples, explaining their divergent
behaviour.
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Theorem 2.9. Let G be a GGS group with nonconstant defining vector e. Then:

@ ¥ (r3(Stc(1))) = Xp y3(G).
(ii) ¥ (StG(1)) <X, G’ andlog, | X, G": ¥(Stg(1)")| = sym(e).

In particular, the group G is regular branch over y3(G), and it is regular branch
over G' if e is not symmetric.

These statements appear as Lemmas 3.2 and 3.4 of [7].
We need another fact concerning the subgroups of GGS groups.

Proposition 2.10. Let G be a GGS group with a nonconstant defining vector. Then
[Stc(1)', G'] = y3(Sta(1)).
In particular, y3(Stg (1)) < G”.

Proof. The inclusion [Stg (1), G'] < y3(Stg (1)) is a straightforward consequence
of G’ < St (1), which itself follows from G/ St (1) being cyclic. We have to
establish the other inclusion. In view of Proposition 2.1, it is enough to prove that
insg([c, b]) and insy([c, a]) are contained in [St;(1)’, G'], as y3(G) is normally
generated by [c, b] and [c, a]. We distinguish two cases.

Case sym(e) = 0: By Theorem 2.9(ii), the element insy(c) is contained in Sts(1)'.
By Corollary 2.3(ii) we may assume e, = 1 for some i € {1, ..., p —2}. By (2-2)
c|; = a, hence

cp-ilo=cli=a, (c) ;Olo=a"a “"b=b.

Since ¢,—; and c are elements of G’, we obtain
linso(c), cp—i] =inso([c,al) and [inso(c), c;)_;c] = inso([c, b])

are contained in [Stg (1), G'].

Case sym(e) = 1: Note that, since e is by assumption not constant, the prime p is
necessarily greater than 3. By Corollary 2.3(i), we may assume e¢; =e,_| = —1.
Observe that

V(b 6D =Y (0), Y ()] = 0:[b.a”"], 1:[a”",b], 0:id)
=0:c7! 1:c, o:id).

We first show that there exists j € [F;j ~A{l, p—1}suchthate; | #e,_;j_|. Assume
the converse for contradiction. Using that e is symmetric, we find

€j = e(l4j)-1 = €p—(1+j)—1 = €j12.

Thuse; =ey=---=¢,_ | and e3 =e5 =---=e¢, 7, using that p > 3. Since e is
symmetric, e; = e, > and e; = ¢,,_, whence e is constant, which is excluded.
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Now let j be an element as described above. Compute
V([a¥,b]) = (0:a b, 2j b~ 'a®, o:a® ),
so [a%/, b]|; = a®i~¢»-i =id, since e is symmetric. Put g = [a?/, b1 to find
glh=1[a*bll;=id and glo=[a*, b]j_1=a"1"cri",

since j & {1, p—1} forbids j —1€{0,2;}. Leti = (e;_1 — ep,j,l)_l, using that
ej_1 #ep_j_1. Observe that

[Stc(1), G'15[[b*,b), g 1=[¥ "' (0:c, 1:c7!, 0:id), ¥ ' (0:a, 1:id, o: g's)]

=1inso([c, a]).

It remains to show insy([c, b]) € [Stg(1)’, G']. Consider h = g'®»2[a?, b], which
fulfils
hlo=a‘"?a *r2b=b and h|;=a® "' =id.
Then
[Stc (1), G'1 > [[b%, b], h] = insy([c, D)). O
Using Proposition 2.10, we derive the following adjunct to Theorem 2.9.

Proposition 2.11. Let G be a GGS group with nonconstant defining vector. Then G
is branch over G”.

Proof. Using Theorem 2.9(i) and Proposition 2.10 we find
Xp G" <X, v3(G) = ¥ (y3(Stc(1))) < ¥ (G"). U

3. The derived series of GGS groups

The second derived subgroup. By Lemma 2.8(ii), the quotient G'/y3(G) is a
cyclic group of order p, generated by the element ¢ = ¢ - y3(G). Thus the group
Vi=Xp (G’/y3(G)) is an elementary abelian p-group of rank p, which we write
additively and treat as an [F,-vector space with the natural basis

{(c,0,...,0),...,(0,...,0,0)}.

Write ¢: Stg(1)) — V for the concatenation of ¥ and the natural epimorphism
X, G'— V.

Lemma 3.1. Let G be a GGS group with nonconstant defining vector and let N < G
be a subgroup satisfying

Xp v3(G) =¥ (N) <X, G

Then N is normal in G if and only if ¢ (N) is a circulant subspace of V, and as a
consequence, there exist precisely p + 1 — sym(e) such normal subgroups.
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Gx.?.xG
/

G p +sym(e) p

Stg(1) Stg(1) x .2 x Stg(1)

73(G) cr(e) + sym(e)
cr(e) —2
Stg(2)

p —cr(e) G x.P. xG
sym(e)

St (1)
con(e’) + sym(e’) — sym(e) |

G// P

p —con(e’) —sym(e”)

y3(Stg (1) y3(G) x .2 x y3(G)

Figure 1. Part of the top of the subgroup lattice of a GGS group, with
some supergroups added. Passage from the left to the right side signifies
the application of y. All indices are logarithmic. See [7] for the compu-
tation of the index of St (2).

Proof. The conjugation action of a corresponds to a cyclic shift on 1 (N), whence
N is invariant under conjugation by a if and only if ¢ (V) is circulant. It remains
to notice that N is automatically invariant under conjugation by b: for every
g€ v (X, G'YNG and every h € Stg(1)
hlo
U =(0:85") =x, ) ©:8le) =2
The last statement is a direct consequence of Proposition 2.5 and Theorem 2.9(ii). [

Proposition 3.2. Let G be a GGS group with nonconstant defining vector. Then
G =¢! (Circp—con(e’y—sym(e”)(V)). In particular,

log, | X, G": ¥(G")| = con(e’) + sym(e”).

Proof. Since G’ < St (1), the second derived subgroup G” is contained in St (1),
which, by Theorem 2.9(ii), is in turn contained in v~ (X » G'). On the other hand,
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using Proposition 2.10 and Theorem 2.9(i), we find
Xp v3(G) = ¥ (r3(Stc (1)) < ¥(G").

Thus Lemma 3.1 applies and it remains to compute the dimension of ¢ (G”). To
achieve this, we pick a subset S of G” normally generating G” and use Proposition 2.5
to compute the dimension of the circulant space generated by ¢(S). Since the
group G is 2-generated, a natural choice for § is

{lc%, cl g € G}

The kernel of ¢ is y3(Stg (1)) = w_l(Xp 13(G)), whence ¢ ([c8, c]) = ¢ ([c;, c]) for
a' =s,(1) g- Notice that

lei.cl™ = [e.cil=[e. 1= [cpoirc].

Thus the set ¢ ({[c;, c] |i € [1, (p—1)/2]}) generates ¢(G”) as a circulant space.
The sections of the elements [c;, c] are given by (compare (2-2))

v(er, c]) = (0: b~ a",a~b], 1:[ab,a"], o:id, p—1:[a2, b a®1])
=(0:c 1, 1:¢%, o:id, p—1:c-2) (mod X, y3(G))

and
0: [a,a=b], p—1: [a1, b~ a%1]
Y(ci,cD=1] i-1: [b‘lael’*l,ael{—'], i: [a‘elb,aez{]
¢ id
0: c_e;’*i, p—1: ce;fH,
=|i-1:c¢%1,  i:c4, (mod X, y3(G))
o id

for i € [2, (p—1)/2]. Thus the images d; = ¢([¢;, c]) in V are given by

/ /
dl = (el - ep—17 ela Oa LI ) 0’ ep_2)a
and by
/ / / !/
d; = (—ep_,-, 0,...,0,—e;_;,€;,0,...,0, ep_l-_l),
—— ——
i—2 p—i—2

for i € [2, (p—1)/2]. By Proposition 2.5, the dimension of ¢(G”) is equal to
the maximum value of dim Circ(d;) for i € [1, (p—1)/2]. To determine the
dimension of the latter spaces, recall that for any f = (fo,..., f,—1) we find

fl_[3 = (prv pr—l7 pr—2)7

fEp= z(:)fiv fEp1=2 ifi, and fE,,= Z(Z)fi

i=0 i=0
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and compute

(3-1) d\E,=2e—ep_1)+ep2—e,
(3—2) d] Ep_l = e’l — 6;72.
(3-3) d\Ep2=¢), ,,

using (pgl) =, 1 in the last line. Then, for i € [2, (p—1)/2], we compute

(3'4) dl Ep = _e;)ii - el{*l +el/ +e;in71 = e;iiil _— el{Ll,
and for i € [2, (p—1)/2] we find
(3-5) dE, = —O-e;,_,- —(—1eé;_, +ie + (p—l)e;,_,-_l
=—ie_te 1 —e,
p—i—2
=—i-e + > e;./.
j=i—1

Note that for i = (p—1)/2, this is equal to
(3-6) dip-1)28p-1=(p+3)/2-¢(,_3 -

Case sym(e”) =0. This implies sym(e) =0, and V =¢ (St (1)") by Theorem 2.9(ii).
By definition, there exists i € [1, (p—3)/2] such that e # e;_z_i, henced; 1 E, #0
by (3-4) and dim Circ(d; 1) = p by Proposition 2.5. Thus ¢ (G”) is equal to V,
i.e., G” = Stg(1)'. Note that sym(e”) = 0 implies con(e’) = 0, since the difference
vector of a constant vector is zero and in particular symmetric. Thus we find

dim¢(G") = p = p — (sym(e”) + con(e")).

Case sym(e”) = 1. By (3-4),d; E, =0forall i €[2, (p—1)/2], and, by Lemma 2.4
and (3-1), also d; E, = 0; hence Proposition 2.5 implies dim¢(G") < p—1. Us-
ing (3-5), we see that

p—i=2 (p=3)/2
(3-7) diBp1=—i-e 1+ ) ei=00—i)-e +2 > e}

j=i—1 Jj=i
fori € [2, (p —3)/2].

If con(e’) =0, then p # 3 and €” #0. By symmetry, there exists i € [1, (p—3)/2]
such that e # 0. If 62/19—3)/2 # 0, we find d(,_1),2E -1 # 0 by (3-6). Otherwise,
the prime p is at least 7. Let i € [1, (p — 5)/2] be maximal such that e # 0.
Then d; 11 E,—1 # 0 by (3-7). Thus, by Proposition 2.5, dim¢(G") = p — 1 =
p — (sym(e") +con(e)).

On the other hand, if con(e’) = 1, we immediately find d; E,_; by (3-2). Further-
more, ¢” =0, whence we also find d; E,_; =0for i €[2, (p—1)/2], using (3-5). But
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by (3-3), d1E)p—» = ¢, , # 0; otherwise, €’ = 0 since it is constant, which implies
con(e) =1, which was excluded. Thus dim ¢ (G”) = p—2= p—(sym(e”)+con(e’)).
O

Lemma 3.3. Let G be a GGS group defined by the nonconstant vector e. Then
log, |G’ : G"| = p +con(e’) +sym(e”) — sym(e) — 1.

Proof. This is an immediate consequence of Lemma 2.8(iii), Proposition 3.2 and
Theorem 2.9(i1):

log, |G":G"|=log,|G":Stc(1)'| +1og, | X, G":(G")| —log, | X, G":¢ (Stg (1))

=p +con(e’) + sym(e”) — sym(e) — 1. 0
Proofs of the main results. We are now in the position to prove our theorems,
which we state again for the convenience of the reader.

Theorem 1.2. Let p be an odd prime and let G be a GGS group acting on the
p-adic tree defined by a nonconstant vector e € [Fg_l. Letn > 3. Then

Y (G™)=X,G" V.
If con(e’) + sym(e”) = 0, the same holds for n = 2.
Proof. Assume that the given equation holds true for some n > 1. Then we find
PG =y (G™) =X, G"D) =X, G,

since G < Stg(1). Thus it is enough to consider the case n = 3, or the case n =2,
respectively.

First assume that con(e’) = sym(e”) = 0, which also implies sym(e) = 0. By
Lemma 3.3, X, G’ = ¥ (G"). Thus the equation holds for n = 2.

We forgo the above assumptions on the defining vector and prove the desired
equation for n = 3. In view of Proposition 2.1, it is sufficient to prove that
inso([c, ¢¢]) € G for any g € G, since G” is normally generated by the elements
{lc, 81| g € G}. By Proposition 2.10, the group G” contains w_l(Xp 13(G)), in
particular insy([c, g]) < G’ for all g € G. By Proposition 3.2 we find h € G” with

Yh)=0:c, 1:¢72, 2:¢, o:id).
Let g € G. Then
[, inso([c, g])] = inso([hlo, [c, g11) = inso([c, [c, g11) = inso([c, c!]) € G®. O

Before we prove Theorem 1.1, we use Theorem 1.2 to derive some more results
on the structure of G.
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Corollary 3.4. Let G be a GGS group defined by a nonconstant vector and let
n € N. Then the quotient G™ /| G"Y is an elementary abelian p-group.

Proof. It is sufficient to show that all p-th powers in G are contained in G+ for
all n € N. For n = 0, this is the statement of Lemma 2.8(i). Since G is self-similar,
we find ¥ (G') < X, G, and, as a consequence, W(G(”)) <Xp G foralln > 1.
Thus for n = 1, notice that

Y ((GHP) = (X, G = Xp v3(G) = ¥ (r3(Sta (1)) < ¥(G"),

using Lemma 2.8(ii), Theorem 2.9(i) and Proposition 2.10. For general n > 1, using
induction and Theorem 1.2, we see that

W(G(”))p < (Xp G(n—l))P — Xp (G(n—l))p < Xp G™ = lﬁ(G("'H)). O
Corollary 1.3 follows immediately. It remains to prove Theorem 1.1.

Theorem 1.1. Let p be an odd prime and let G be a GGS group acting on the p-
adic tree defined by a nonconstant vector e € [FZ_I. Let €' be the tuple of differences
between the entries of e and let € be the tuple of differences of €. Then forn > 2,

n—1 __ 1
log, |G : G™| = p"~2(p +con(e’) + sym(e”)) — p—l -sym(e) + 1.
p—
Proof. Using Theorem 1.2, we find for n > 3
log, |G™ : G"*V| =1log, X, G"V:X, G"|=p-log,|G"V:G"™,
and consequently
n—-3 n=2_1
log, |G": GM =3 p log, |G": G®| = p—l -log, |G": G|
i=0 I

Employing our previous results we find

log, |G":G® "= log, |X, G":X, G"| ~log, | X, G':¥/(G")|
"L p log, |G':G"| — (con(e') +sym(e”))

Lem_.3.3

p(p—1+con(e’) +sym(e”) —sym(e)) — (con(e’) +sym(e”))
= (p—1D(p+con(e’)+sym(e”)) — p-sym(e).
Putting everything together (using Lemma 2.8(i) and, again, Lemma 3.3), we find

log, |G : G| = (p""* = D(p +con(e) +sym(e")
n—1

A

3 -sym(e) +log, |G": G"|+1log, |G : G|

n—1 __

-1

p

= p"2(p +con(e’) + sym(e”)) — -sym(e) + 1. O
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GGS groups with differentially constant defining vector. A vector e is called
differentially constant if it satisfies con(e’) = 1 (and thus also sym(e”) = 1). In view
of Theorem 1.1, GGS groups with differentially constant defining vector display
the largest indices |G : G| among GGS groups with nonconstant defining vector,
as con(e’) = 1 implies sym(e) = 0. The condition con(e’) = 1 is a strong restriction
on the defining vector, making it possible to determine the isomorphism classes of
differentially constant GGS groups.

Resolving the definition, one finds that con(e’) = 1 implies that there exist k, m €
[, such that e = (k +m, k+2m, ..., k+ (p—1)m). We introduce the shorthand
notation dc(k, m) for the vector given above. If m = 0, evidently con(e) = 1.

Proposition 3.5. For any given odd prime p there are precisely three isomorphism
classes of differentially constant GGS groups acting on the p-adic tree:

(1) one consisting of the constant GGS group,
(i) one consisting of a single periodic GGS group,

(iii) one containing precisely p—1 nonperiodic GGS groups.

Proof. Recall the isomorphism class preserving action * of ([F;)2 on the set of
defining vectors given by (2-1). Let G be the GGS group defined by dc(k, m) and
let A, u e [F;. Then

dc(k, m) = (A, ) =dc(Ak, Am) = (1, ) = dc(Ak, Aum).
If m = 0, the vector dc(k, 0) is constant, and we are in case (i). If m £ 0, we find
dc(0,m)* (1,m™")=dc(0,1) and dc(k,m)* (k' km™") =dc(1, 1)

for k #£ 0. At the same time, dc(0, m) * (A, u) #dc(1, 1) for all A, u € F, whence
dc(0, 1) and dc(1, 1) represent distinct isomorphism classes. The ([F;)z—orbit of
dc(0, 1) consists of the multiples of dc(0, 1) and all the associated GGS groups
are identical. By [9, Example 9.1], the GGS group defined by e is periodic if
and only if the sum of the entries of e vanishes, i.e., if dim Circ(fe) < p—1. For
dc(0,1)=(1, ..., p—1) this is the case, but not for dc(1, 1) = (2, ..., p—1,0). As
seen above, ([F;,< )2 acts transitively on {dc(k, m) |k, m € [F; }. Since only proportional
vectors yield identical GGS groups, there are p—1 distinct GGS groups isomorphic
to the group defined by dc(1, 1). ([l

In case of the prime p = 3, all GGS groups are differentially constant and the
unique periodic GGS group is the Gupta—Sidki 3-group. It is interesting to see that
other invariants take extremal values for the groups G, defined by (1,2, ..., p—1)
(for arbitrary p): By [7, Theorem B], the Hausdorff dimension of the GGS group
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defined by e is given by

(p—1)cr(e) _ sym(e) _ con(e)
p? p* (p—hp*

By Corollary 2.6, cr(e) = 2 if and only if e is a nonzero multiple of dc(0, 1). In
particular, a symmetric defining vector e fulfils cr(e) > 2. Furthermore, a constant
defining vector has cr(e) = p. Thus the group G, is the unique GGS group
with the minimal (among GGS groups acting on a fixed tree) possible Hausdorff
dimension 2(p—1)/p?, while the group defined by dc(1, 1) is among those with
maximal Hausdorff dimension (p—1)/p.

The automorphism group of G, is as large as possible; cf. [15, Example 6.2].

Comparison with the congruence subgroups. The members of the derived series
of a GGS group share certain properties with the level stabilisers. They both form
filtrations of the group, with Stg(n) > G®™ for all n € N; for sufficiently high
values of n, they satisfy ¥ (G,) =X, G,—1 by Theorem 1.2 and [7, Lemma 3.3],
respectively; furthermore, the quotients of respective consecutive members are
elementary abelian p-groups. Using the formula for the index of the n-th level
stabiliser provided by Ferndndez-Alcober and Zugadi-Reizabal in [7, Theorem A]
one finds

logp |G : Stg(2)| =cr(e) +1,

hence, using the consequence logp |G : Stg(1)'| = p+ 1 of Lemma 2.8, we find
that logp‘StG(2) : StG(l)" = p —cr(e). A comparison with log, |G : G"| =
p+con(e’)+sym(e”) —sym(e) + 1 makes it apparent that G” = St (2) if and only
if ¢’ is nonconstant, cr(e) = p, and sym(e) = sym(e”). Since ¥ (G,) =X, Gu—1
holds for both the derived series and the series of level stabilisers from n = 3
onwards, the series only differ in their first term in this case, and otherwise have
no equal terms at all. The largest difference is attained for the periodic groups G,
with the differentially constant defining vector dc(0, 1); recall that cr(dc(0, 1)) =2,
and thus

logp |SIGP(n) : G;)”)l — pn—].

By Proposition 2.5, cr(e) = 2 is the minimum possible value; however one finds
that cr(e) may take any value in [2, p]. Therefore the number of distinct sequences
(|G : Stg(n)|)nen obtained by any GGS group is between p and 2p—1 (note that
symmetric defining vectors do not admit all values [2, p] under cr); in particular,
the number of classes of GGS groups separated by the sequence of indices of their
level stabilisers grows with p. In contrast, the sequences (|G : G yen yield a
partition into five subsets for p # 3; for p = 3, one obtains 2 classes.
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PROPERTY QT OF RELATIVELY HIERARCHICALLY
HYPERBOLIC GROUPS

BINGXUE TAO

Using the projection complex machinery, a number of authors (Bestvina,
Bromberg and Fujiwara; Hagen and Petyt; and Han, Nguyen and Yang) have
proved that several classes of nonpositively curved groups admit equivariant
quasi-isometric embeddings into finite products of quasitrees, i.e., having
property QT. Here we unify and generalize those results by establishing a
sufficient condition for relatively hierarchically hyperbolic groups to have
property QT.

As applications, we show that a group has property QT if it is residually
finite and belongs to one of the following classes of groups: admissible groups,
hyperbolic-2-decomposable groups with no distorted elements, and Artin
groups of large and hyperbolic type. We also introduce a slightly stronger
version of property QT, called property QT,, and show the invariance of
property QT under graph products.

1. Introduction

Group actions on quasitrees have been studied intensively in recent years. A
quasitree is a geodesic space quasi-isometric to a simplicial tree. We say that a
finitely generated group G has property QT if G acts on a finite product of quasitrees
(equipped with the £!-metric) such that the orbit map is a quasi-isometric embedding.
Such an embedding is called a QT embedding of G. Since a quasitree has asymptotic
dimension at most 1, property QT is a stronger form of finite asymptotic dimension.
Examples of groups with property QT include

» Coxeter groups [DJ99];
« residually finite hyperbolic groups [BBF21];
» mapping class groups of finite-type surfaces [BBF21];

« virtually colorable hierarchically hyperbolic groups whose associated hyper-
bolic spaces are all quasitrees [HP22] (including virtually compact special
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groups [BHS17b], the genus 2 handlebody group [Che22], fundamental groups
of nongeometric graph manifolds [HRSS24]);

» fundamental groups of compact orientable 3-manifolds whose sphere-disk
decomposition does not support either Sol or Nil geometry [HNY25];

along with their undistorted subgroups.

The last four examples were proved to have property QT with the help of the
projection complex techniques developed in [BBF15; BBFS19]. For mapping
class groups, property QT strengthens Theorem C of [BBF15], which says that
mapping class groups equivariantly quasi-isometrically embed in a finite product of
hyperbolic graphs of finite asymptotic dimension. Counterexamples of property
QT include certain special linear groups [Man06; Man08], generalized Baumslag—
Solitar groups with infinite monodromy [But25] and groups with Property hereditary
(NL) [BFG24]. For some basic corollaries of property QT, see [HNY25, §§2.1, 2.2].
Recently, Vergara [Ver24] proved that any finitely generated group with property
QT has a proper uniformly Lipschitz affine action on ¢! with quasi-isometrically
embedded orbits.

As a generalization of the Masur—-Minsky machinery [MM99; MMOO], hierar-
chically hyperbolic groups [BHS17b; BHS19], abbreviated HHGs, have become an
important bridge between mapping class groups, cubical groups, and many other
nonpositively curved groups. A list of papers in this field can be found in [HRSS24].
Coarsely speaking, an HHG is a finitely generated group G whose geometry can be
recovered from G-equivariant projections to a specified (possibly infinite) collection
of hyperbolic spaces. For background on HHGs and relative HHGs, see Section 2.3.
As shown in [BHS17a], HHGs have finite asymptotic dimension. This leads to a
natural question:

Question 1.1. Which HHGs have property QT?

In this paper, we provide a sufficient condition for relative HHGs to have property
QT, which reproves those of [BBF21; HP22; HNY?25]. We also give a sufficient
condition for the existence of a quasimedian QT embedding (for this notion, see
[HP22]). This stronger property can be used to prove the existence of globally
stable cylinders (see [PSZ25]), which connects to a long-standing question of Rips
and Sela [RS95] about canonical representatives of elements in hyperbolic groups.
The following is a collection of applications from Section 7. These results are new
except for mapping class groups.

Theorem 1.2. The following groups have property QT
o mapping class groups of finite-type surfaces,
o residually finite admissible graphs of groups;

o residually finite hyperbolic-2-decomposable groups with no distorted elements;
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o residually finite Artin groups of large and hyperbolic type.
The QT embeddings for all these groups are quasimedian.

When studying the invariance of property QT in some cases, we want the group
action on the product space to be diagonal. We say that a finitely generated group
G has property QT if G has property QT and the G-action on the finite product
of quasitrees is diagonal. By [HNY25, Theorem 1.5], if a residually finite group
G is hyperbolic relative to a collection of groups with property QTy, then G has
property QT. Without ambiguity, we also say that a G-action on a metric space X
has property QT if X admits a G-equivariant quasi-isometric embedding into a
finite product of quasitrees on which G acts diagonally. In particular, if X itself
is a finite product of quasitrees, then any diagonal action on X has property QTy.
We prove the following invariance of property QT under graph products.

Theorem 7.10. Any graph product of groups whose every vertex group has property
QT still has property QTy.

Now we give the main definitions needed to state our main theorem.

Definition 1.3. Let (G, ©) be a relative HHG. For any U € &, we write Gy <
Aut(Sy) to mean the image of Stabs (U) under the restriction homomorphism.

(1) We say a domain U € G is of type [ if it has the following properties:

(hyperbolicity) CU is hyperbolic.

(acylindrical image) Gy acts on CU acylindrically.

(cobounded nested region) Gy acts on Fy; coboundedly.

(separable quasi-axes) For any element g € Stabg (U) that acts loxodromically
on CU, the elementary closure EC(g) is separable in G.

(2) We say a domain U € & is of type II if the action Gy ~ CU has property QTp.

For any U € & of type II, property QT( provides quasitrees Té along with
G y-equivariant maps L’b :CU — Tl"] fori=1,...,ny such that

is a quasi-isometric embedding. Our main theorem is as follows.

Theorem 1.4. Let (G, G) be a relative HHG that is virtually colorable. If every
U € G isoftype Il or Il, then G has property QT.

If, for any D > 1, there exists D' > 1 such that for every U € & of type Il
and eachi =1, ..., n; the map LiU :CU — TIS sends (D, D)-quasigeodesics to
unparametrized (D', D) quasigeodesics, then G is coarse median and the QT
embedding of G is quasimedian.
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Sketch of proof. We roughly explain how to prove Theorem 1.4 in the case that
(G, 6) is an HHG with only type I domains, excluding the “moreover” part. This
case contains most of the key ideas.

First, we introduce a class of thick distances on G each of which is defined using
a class of thick segments of hierarchy paths on G. We prove in Section 3 a thick
distance formula saying that the word metric of G can be recovered by summing
up these thick distances. This is an analogue of the distance formula for HHGs.

Then we show that any class of thick segments is cofinite up to the group action.
Furthermore, these thick segments can be extended to a cofinite collection of quasi-
axes. Using projections to these quasi-axes, we can estimate the thick distance.
This is done in Section 4.

Finally, we take a finite-index subgroup of G, say H, such that a collection of
quasi-axes as above is divided into finitely many H -orbits. Each H-orbit satisfies
the Bestvina—Bromberg—Fujiwara projection axioms, so it gives us a quasitree
with an H-action. We prove that H equivariantly quasi-isometrically embeds in
the product of these finitely many quasitrees in Section 5. Since property QT is
commensurably invariant, G has property QT. ]

As stated in the proof, property QT is commensurably invariant [BBF21, §2.2].
It follows that the conclusion of Theorem 1.4 also holds for any group that is
virtually a relative HHG that satisfies our condition, even though such a group may
not be a relative HHG itself [PS23].

For most examples of HHGs that emerged from the study, every domain satisfies
the first three conditions of type I. Virtual colorability is also common in practice.
Therefore, the biggest restriction of our theorem comes from the assumption of
separable quasi-axes. We further discuss it in Section 6 and show how residual
finiteness helps to give an easy-to-use criterion for having separable quasi-axes.

2. Background

2.1. Quasi-isometric embeddings and acylindricity. Given constants A > 1, ¢ >0,
we say that a coarse map f : X — Y between metric spaces (X, dx) and (Y, dy) is
a (A, ¢)-quasi-isometric embedding if

1
de(xl, x2) —c <dy(f(x1), f(x2)) < Adx(x1,x2) +¢

for all x;,x; € X. A (A, ¢)-quasi-isometric embedding y : [0, /] — X is called
a (parametrized) (A, ¢)-quasigeodesic in X. A coarse map y : [0,/] — X is an
unparametrized (X, c)-quasigeodesic if there exists a strictly increasing function
f 10,11 — [0, 1] with £(0) =0, f(I) = such that y o f is a (A, ¢)-quasigeodesic.
We also use the term “quasigeodesic” to mean a quasi-isometric embedding of R.
We will not distinguish between a quasigeodesic and its image in X.
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A geodesic metric space is called §-hyperbolic (or simply hyperbolic) for § > 0 if
for any geodesics «, 8, y that form a triangle, « is contained in the §-neighborhood
of BUy [Gro87]. For a §-hyperbolic space X, an isometry g : X — X is called loxo-
dromic if the g-orbit n — g"x is a quasigeodesic for some (equivalently, any) x € X.

Let X be a hyperbolic space and G be a group acting by isometries on X with
a loxodromic element g. Given constants A > 1 and ¢ > 0, a (A, ¢)-quasigeodesic
y C X is called a (A, ¢)-quasi-axis for g if y is g-invariant. The elementary
closure of g in G, ECg(g), is the subgroup of G that stabilizes y up to bounded
Hausdorff distance. If there is no ambiguity in G, we often simplify the notation
as EC(g). Equivalently, it is the stabilizer of the set y (4-00), the points at infinity
of y. Thus, the elementary closure does not depend on the choice of y. Everything
that commutes with g is contained in £ C(g) (including powers and roots), but there
may be other elements.

A group action G ~ X by isometries is called acylindrical [BowO08] if for any
r > 0 there exist constants R, N > 0 such that, for any pair a, b € X withd(a, b) > R,

#{g € Gld(ga,a) <randd(gh,b)<r} <N.

Let X be a hyperbolic space and G be a group acting acylindrically on X with a
loxodromic element g. Some basic properties of this kind of action can be found in
[Osil6]. In this case, the elementary closure £C(g) is the unique maximal virtually
cyclic subgroup of G that contains g [DGO17, Lemma 6.5]. Moreover, EC(g)
has a subgroup of index at most 2 that is a centralizer of a large power of g in G
[DGO17, Corollary 6.6].

In this paper, we will consider group actions with a large kernel, in which case
the action cannot be acylindrical. As in [BBF21], an action G ~ X is said to have
acylindrical image if the image of G in the isometry group of X is acylindrical.

2.2. Projection axioms. In this section, we review the construction of a quasitree
of spaces in [BBF15] with improvements from [BBFS19].

Let Y be a collection of geodesic metric spaces, and wy(X) C Y be specified
subsets whenever X # Y are elements of Y. Setdy (X, Z) :=diam(wry (X)Umy(Z))
for X #Y # Z. We say that (Y, {mry}) is a projection system with projection constant
& > 0 if it satisfies the following projection axioms:

(PO) (bounded projection) diam(wy (X)) <& when X #7Y.

(P1) (Behrstock inequality) 1If X, Y, Z are distinct and dy (X, Z) > &, then
dy(Y,Z) <§&.

(P2) (finiteness) For X # Z the set

{YeY|dy(X, Z2)>§)}

is finite.
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We say that (Y, {ry}) is a G-projection system if a group G acts on the set Y in
such a way that every g € G acts as an isometry from Y to gY¥ and the projections
mwy are G-equivariant, that is, ey (gX) = gmy (X).

We say that (Y, {wy}) satisfies the strong projection axioms if (P0), (P2) and the
following replacement for (P1) are satisfied:

(P1") If X, Y, Z are distinct and df (X, Z) > &, then 7x(Y) = wx(Z).

While there are many natural situations where the projection axioms hold, the
strong projection axioms are not as natural. However, we can modify the projections
so that they do hold.

Theorem 2.1 [BBFS19, Theorem 4.1]. If (Y, {wy}) is a projection system with
constant &, then there are projections {my} such that (Y, {y}) satisfies the strong
projections axioms with constant &', where 1y, (X) and wy (X) are apart from each
other within a uniform Hausdorff distance €, and € and &' only depend on &.

If (Y, {my}) is a G-projection system, then (Y, {my}) is still a G-projection
system.

Let Cx Y denote the space obtained from the disjoint union

| |r

YeY

by joining points in 7w x (Z) with points in 7wz (X) by an edge of length one whenever
dy(X,Z) <K forall Y €Y —{X, Z}. When the spaces are graphs and projections are
subgraphs, we can join just the vertices in these projections. If Y is a G-projection
system, then G acts isometrically on Cg Y.

Theorem 2.2 [BBF15, §4]. Let (Y, {my}) satisfy the strong projection axioms with
constant &, and take K > 2&. Then:

e CxY is hyperbolic if allY € Y are §-hyperbolic.

o CxY is a quasitree ifall Y € Y are quasitrees with uniform QI constants.

There is a very useful distance formula in CxY. Let X,Z € Y and x € X,
z € Z. We define my (x) = wy(X) if Y # X and define wx(x) = x. Then define
dy(x, z) = diam(zy (x) Uy (2)).

Notation. Given A, B > 0, we define a threshold function by

A if A> B,
0  otherwise.

{A}s = {
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Theorem 2.3 [BBFS19, Theorem 6.3]. Let (Y, {my}) satisfy the strong projection
axioms with constant §. Let x € X and z € Z be two points of Cx (Y) with X, Z €Y.
Then |

g 2 Mdv(@, 9k <deey(x.2) <2 ) {dv(x, )}k +3K

Yey YeY
forall K > 4¢.

Next we recall a theorem that allows us to pass projection axioms from a projec-
tion system to a collection of certain subspaces. Let Y be a collection of §-hyperbolic
spaces and (Y, {my}) be a projection system with constant &£. For each Y €Y, let
Ay be a collection of quasigeodesics in Y. Let A be the disjoint union of all Ay’s.
We also make the following assumptions.

* As a collection of quasigeodesics, A has uniform coarse constants.
e For o, € Ay, we define 7, (8) to be the closest-point projection of § to «.

o For o € Ay and B € Ay where X # Y, we define 7, () to be the closest point
projection of x (Y) to «.

Theorem 2.4 [BBF21, Theorem 4.17]. For any 6 > 0, there exists &’ > 0, depending
only on 0, 8, & and coarse constants of A, such that, if diam(mw,(8)) < 6 whenever
o and B are distinct elements in the same Ay, then (A, {ry}) is a projection system
with constant &'

2.3. (Relatively) hierarchically hyperbolic spaces. In this paper, we deal with
(relatively) hierarchically hyperbolic spaces and (relatively) hierarchically hyper-
bolic groups. Coarsely speaking, a (relative) HHS is a pair (X, &), where X is a
quasigeodesic space and & is an index set, with some extra structure. A full defini-
tion can be found in [BHS19, Definition 1.1,1.21]. Some important information
from the definition is collected below.

e Anelement U € G is called a domain of X. G has a partial order C, called nesting,
and a symmetric relation L, called orthogonality. These two relations are required
to be mutually exclusive. Any two elements that are neither comparable under the
partial order nor mutually orthogonal are by definition mutually transversal; we
denote this relation by . We denote by &, the set of domains nested in U, and by
&y, the set of domains properly nested in U.

 There is a unique C-maximal element S in & and a uniform bound on the length
of C-chains in G, called the complexity of (X, S). The level £(V) of V € G is
defined inductively as follows. If V is C-minimal then £(V') = 1. The element V has
level k+1 if k is the maximal integer such that there exists U = V with £(U) = k.

» For HHSes, there is a set {(CU, dy) : U € G} of uniformly hyperbolic spaces and
a set of uniformly coarsely Lipschitz and coarsely surjective maps wy : X — CU
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for all U € G. For relative HHSes, the complexity is at least 2. If U is E-minimal,
CU is not required to be hyperbolic. This is the only difference between HHSes
and relative HHSes in definition.

e For U = V or U mh V, there is a uniformly bounded set p‘lf CcCV.

e For U £ V, there is a coarse map pl‘j :CV — CU.

e Whenever VCE W and W L U, we require that V L U.

e (orthogonal containers) For each T € G and each U € Gr for which the set
{VeSr|V LU} #Q, there exists W € &5, so that whenever V L U and VC T,
we have V C W. We say that W is an orthogonal container of U in T if W is a
C-minimal element satisfying the above property. Let cont%U denote the set of all
orthogonal containers of U in T'. If T is the maximal element of &, then we suppress
it from the notation and write cont~U. We set 6$ ={Ve&|V LU}U{A}, where
A is an arbitrary element of cont*U.

« (consistency) For every x € X, the tuple (y (x))yes is ko-consistent (defined
below). If U C V, then dW(le{,, ,ov‘f,) < ko whenever W € G satisfies either V. W
orVihWandU L W.

e (bounded geodesic image) There exists E > 0 such that forall W e G,all V € G5,
and all x, y € X such that some geodesic from Ty (x) to 7w () stays E-far from p“{,,
we have dy (my (x), my (y)) < E. We will refer this property as BGI in this paper.

Definition 2.5 (k-consistent tuple). For « > 0, let b= bv)ves € [1yes 2¢U be a
tuple such that every set by has diameter at most k. We say that b is x-consistent if

min {dy (bu, p), dv by, py))} <« whenever U h V, and
min {dv (by, p‘g), diamy (by U pg (bv))} <k whenever U V.

For convenience, we always take E to be the greatest constant in all coarseness
from the above list (see [BHS19, Remark 1.6] for discussion on these constants).
For the rest of this subsection, let (X, &) be a relative HHS.

Notation. Given x, y € X, we write dy (x, y) to mean dy (7y (x), 7y (). fU MV
or U & V, we write dy (x, ,og) to mean dy (wy (x), p‘lf .

Notation. Given two functions f, g: X — Rand A, B > 0, we write f <4 p) &
to mean f(x) < Ag(x)+ B for any x € X. We write f <4, p) g to mean

LF@ =B =g <Af()+B

for any x € X. Sometimes we omit the constants, meaning that the inequality holds
for some constants.

The powerful Masur—Minsky distance formula [MMO0O] shows that the distance
between points in a mapping class group is coarsely the sum of the distances
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between the projections of these points to the curve graphs of all subsurfaces. Like
mapping class groups, relative HHSes also satisfy a Masur—Minsky-style distance
formula.

Theorem 2.6 (distance formula [BHS19, Theorem 6.10]). There exists sy such that
for all s > s there exists a constant C > O such that, forall x, y € X,

dx(x,y) =<c.c) Y fdw(x. ).

Wes

Closely related to the distance formula is the existence of hierarchy paths.

Definition 2.7 (hierarchy path). A (D, D)-quasigeodesic y C X is a D-hierarchy
path if my (y) is an unparametrized (D, D)-quasigeodesic for each U € G.

Theorem 2.8 (existence of hierarchy paths [BHS19, Theorem 6.11]). There exists
Dy such that any two points in X are joined by a Dy-hierarchy path.

Remark 2.9. Let y be a D-hierarchy path connecting x and y. By the construction
of hierarchy paths in [BHS19], 7y (y) is contained in the D-neighborhood of a
geodesic connecting 7y (x) and wy (v). If CU is hyperbolic, this is easy to see from
the Morse lemma. In the general case, it deserves its own mention.

There is an important class of subspaces in relative HHSes. We will consider
them in Section 4.

Definition 2.10 (standard product region, standard nested region, standard orthog-
onal region). Fix U € G and « > ky. Let Fy be the set of k-consistent tuples
in [Ty cg, 2¢7. Let Ey be the set of x-consistent tuples in []ycgs_(4)2°"- Let
Py = Fy x EU We can define a coarse map ¢y : Py — X as follows.

For each (a4, b) € Fy x Ey and each V € G, define the coordinate (¢U @a, b))v
as follows. If VC U, then (¢>U(a b))v =ay;if V L U, then (¢U(a b))v =by;
if VU, then (¢py (a, b))v = pv, and if U = V, then (¢y (a, b))v = ,ov. We can
check that the tuple ¢y (a, l;) is k-consistent, and thus the realization theorem
[BHS19, Theorem 3.1] supplies the map ¢y : Py — X. (See [BHS19, §5B] for
details.)

For convenience, we do not distinguish between Py and its image in X'. We call
Py the standard product region. By choosing any copy of Fy in the direct product,
¢y restricts to a coarse map ¢= : Fy — X. We also define ¢+ : Ey — X in
the same way. We call Fy and Ey the standard nested region and the standard
orthogonal region, respectively.

Remark 2.11. By definition, Fy, Eyy and Py depend on the constant k. From now
on, we fix some k > kg and do not mention it again.
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It is known that (Fy, Gy), (Ey, 65) are both relatively hierarchically hy-
perbolic. By definition of Fy, Ey and Py, there are natural retractions from
X to these subspaces. We call such a map a gate map. Take Fy for example.
We denote the gate map to Fy by gp,. Forall x € & and all V € & such that
CV is hyperbolic, wy (gF, (x)) uniformly coarsely coincides with the closest point
projection of my (x) to the quasiconvex subset vy (Fy). In fact, gate maps can be
defined for all “hierarchically quasiconvex” subspaces, which form a larger class of
subspaces of relative HHSes (see [BHS19, §5] for HHSes).

For any (relative) HHS (X', &), an automorphism is roughly speaking a bijection
from (X, G) to itself that preserves its (relative) HHS structure [BHS19, §1G]. The
automorphisms of (X, &) form a group Aut(S), which we call the automorphism
group of (X, G).

Definition 2.12 (hierarchically hyperbolic and relatively hierarchically hyperbolic
groups). A finitely generated group G is (relatively) hierarchically hyperbolic if
there exists a (relatively) hierarchically hyperbolic space (X, &) and an action
G — Aut(6) such that the action G ~ X is metrically proper and cobounded, and
such that the induced action on & is cofinite.

Note that if G is (relatively) hierarchically hyperbolic by virtue of its action on
the (relatively) hierarchically hyperbolic space (X, &), then (G, G) is a (relatively)
hierarchically hyperbolic structure with respect to any word metric on G.

Let Aut(S; V) be the group of automorphisms g € Aut(S) such that g-V = V.
Then there is a restriction homomorphism 6y : Aut(S; V) — Aut(Sy) defined as
follows. Given g € Aut(S; V), let 6y (g) act like g on the substructure Gy . For a
group G < Aut(G), we write Stabg (V) to mean G N Aut(S; V) and write Gy to
mean the image of Stabg (V) under 9y .

For many HHGs (for example, the case of mapping class groups), every Gy acts
acylindrically on CV. However, not all HHGs have this property [DHS20].

Definition 2.13 (colorability). Let (G, &) be a relative HHG. Let &’ € & be a G-
invariant subset. We say &’ is colorable if &' admits a decomposition &' =| |*_, &/
into finitely many G-invariant families &} such that any two domains in the same
family are transverse. Such a decomposition is called a coloring of &’. We say a
relative HHG (G, ©) is colorable if S is colorable.

The notion of colorability is formalized in [DMS23; HP22]. There are many
classes of (virtually) colorable HHGs, as listed in those papers. In particular, a
coloring is constructed for (a finite-index subgroup of) a mapping class group in
[BBF15, §5], from which the notion comes. However, one cannot expect that all
HHGs are virtually colorable [Hag23]. Nevertheless, Proposition 3.2 of [HP22]
provides a sufficient condition for an HHG to be virtually colorable.
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Remark 2.14. In this paper, we only treat unbounded domains, i.e., domains with
unbounded associated hyperbolic spaces. Abusing terminology, we say a relative
HHG (G, ©) is colorable if the collection of unbounded domains is colorable.

3. Thick distance formula

In this section, we will prove a thick distance formula that is similar to [BBF21,
Theorem 4.13]. This allows us to estimate the distance in a relative HHS by counting
only “thick” segments of a hierarchy path instead of the whole hierarchy path. The
reader should be aware that the definitions in this section are different from those
in [BBF21]. In particular, we do not have tight geodesics in a general HHG.

Let (X, ©) be a relative HHS and fix T > 100E + 10D (see Section 2.3 for
constants associated with a relative HHS). As in [BHS19, §2B], we say a domain
U € G is T-relevant for x,y € X if dy(x, y) > T. We write Rely(x, y) for the
set of T'-relevant domains for x, y, and define Relr (V; x, y) :=Relr (x, y) N G7,.
We write Rel (V; x, y) for the set of E-maximal elements in Rel7 (V; x, y). When
x and y are fixed, we often omit them from the notation.

Lemma 3.1. Given x,y € X and U € Rely (x, y), there exist at most two domains
Vi, Vo e Relyr (x, y) such that U € Rel} (V;; x, y) fori =1, 2.

Proof. Suppose there exist three such domains V;, V», V3. Since U is maximal in
each Relr (V;; x, y), we know that the V; are not C-comparable. No two of them
can be orthogonal since U = V;. Thus, the V; must be pairwise transverse.

By [BHS19, Proposition 2.8], any set of pairwise transverse elements in Relz (x, y)
has a total order <, obtained by setting U < V whenever dy (v, p,‘J/) < E. We assume
that V) < Vo < V3.

On the one hand, dVZ(,OV2 ,0V2) > dv2 (x,y) —2E > T — 2F by the triangle
inequality. On the other hand, dV2 (,ov , :Ov ) <«ko and dy, (,ov Pv ) < kg by consis-
tency, which gives dy, (,ov2 ,0‘,2) <2x9 < T —2E. This gives a contradiction. []

Definition 3.2 (T-thickness). Given &’ C G, we say a pair of points (x, y) € X x X
is T-thick for &' if diam(ry (x) Umy (y)) < T for all U € &'. We define Pr (&)
to be the set of all T-thick pairs of points for &'. If & = {U}, we also say (x, y) is
T -thick for U and write (x, y) € Pr(U).

Note that (x, y) e Pr(U) if and only if U ¢ Relr (x, y), and that (x, y) € Pr (G5,
if and only if Relz(V; x, y) =

Lemma 3.3. Let Dy be the constant provided by Theorem 2.8. For any x,y € X, let
y be a Dy-hierarchy path between x, y. Given any U € & and any x', y' € y, then

dy(x',y") <dy(x,y)+2Dy.

In particular, if (x, y) € Pr(U), then (x', y") € Pr42p,(U).
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Proof. By Remark 2.9, ry; () lies in the Dy-neighborhood of a geodesic connecting
my (x) and wy (y). The conclusion then follows from the triangle inequality.  [J

Notation. Throughout this paper, let T=T+ 2Dy and T=T- 2Dy for every
constant T > 2D.

Notation. Given two points x, y in a hyperbolic space, we write [x, y] to mean a
geodesic segment between x, y, which is coarsely unique. For an interval / or a
path ¥, we write /~, I* or y—, ¥y to mean their endpoints.

Definition 3.4 ((T, R)-thick distance). Fix sufficiently large constants 7', R. Let y
be a Dog-hierarchy path between x and y. Let yy, ..., ¥, C v be disjoint subpaths
occurring in this order such that (y;, yl-+) € Pr(Gy,) for each i.

The (T, R)-thick distance in V is denoted by d®(x, y) and is defined to be
the supremum of Z?:l (dy (v, yl.+)}} g over all such choices for the y;, and for all
Dy-hierarchy paths from x to y.

It is always true that dg’R(x, y) < {dy(x, y)}g. This becomes an equality if V
is E-minimal. For the opposite direction, we have the following estimate.

Lemma 3.5. Fix constants T, R > 100E. Forany x,y € X and W € S, we have
fidw (x, Y& < dy " (x, y) + (6E +2R) [RelZ(W; x, y)|.

Proof. If Rel’%’(W) = &, then (x, y) € Pr(G},). Thus, both sides of the above
inequality are equal.
Now assume that Rel’;(W) # & and dw (x, y) > R. Then CW is not C-minimal,

so it is hyperbolic. Let y : I — X be a Dg-hierarchy path realizing dVTV’R(x, y),
where [ is an interval of R. For any V & W, we define

sy :=inf{s € I | 3U C Vsuch that dw (y (s), ply) < 2E},
sy :=sup{s € I | AU C Vsuch that dy (y (s), ply) < 2E}.
For any U C V & W, we know that dW(,ovL{,, ,ov‘f,) < ko by consistency. Thus,
dw (v (sy), py) <2E+ko <3E and dw(y(sy), piy) <2E + ko <3E.
Therefore,
dw (v (), v (sy)) < dw(y (sy)), py) +dw (¥ (sy)), o) <6E.

Let Jy, ..., J, be the collection of maximal intervals in [ — Uv ERe]yti(w)(s‘j , s;,“ ).
Note that n < |Rel";(W)|. We now prove that (y (J;”), y(]i+)) € Pr (76‘{4,).

On the one hand, dy (p‘%, y(Ji)) = 2E for any U € Rel (W) by the definition
of J;. By the Morse lemma,

dw (piy, [y (J7), y (IHD > dw oy, v(Ji)) — E > E.
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Therefore, dy (y (J;), y(Jl.J“)) < E < T by BGI. On the other hand, (x, y) is T -thick
for &}, —Rel; (W) by definition. It follows from Lemma 3.3 that (y (J;"), y(]f))
is T-thick for &5, —Rel(W). In sum, (y (J,), y(J,)) € Pr(65).

Finally, we estimate

dw(x,y) < Y dw(y ("), Y (J7)) +6E[RelZ(W)]
i=0

<dTR(x,y)+ R(n+1)+6E [Rel’ (W)

<dp®(x, )+ (6E+2R) RelZ (W)]. O
Let S denote the unique maximal domain in &. Recall that the level £(S) of S is
equal to the complexity of (X, G).
Theorem 3.6. Fix constants T, R with T > R > 100E. Let x, y € X. Then, for
eachn,
D ldw@ ir = Y dy @) +7 Y fdw(x. y))k-
L(W)<n L(W)=n L(W)<n

Note that each sum is has finitely many terms since there are only finitely many W
such that dw (x, y) > R for given x, y, by the distance formula (Theorem 2.6).

Proof. If £(W) = n then by Lemma 3.5,
ldw (x, Y& < dy " (x, ) + (6E +2R) [RelZ (W)]

<dPR(x, ) +OE+2R) Y Al
VeRelZ (W) T

<dPRe, 43 Y fdvx nly
VeRel”;(W)

<dlRe,n+3 Y fdvx, y))x
VeRel’;’(W)

By Lemma 3.1, any V appears in at most two Rel";(W). Therefore, if we sum up
the left side over all W with £(W) = n, we have

Do dwx e < D dy )+ 6 ) {dw(x, y))k.
L(W)=n L(W)=n L(W)<n

Adding ) “w) _dw(x, y)}r to both sides gives the desired inequality. U

Corollary 3.7. Fix constants T, R with T > R > 100E. Let x,y € X. Then

1
— > dy ) = Do = Y Adw(x, e < 7O apFx, ).

Wes Wes Wwes
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Proof. The first inequality is trivial since (1/Dg)dy; " (x, y) — Do < {dw (x, )} &
for all W. By inductively applying Theorem 3.6, with base case n = £(S), we have

S faw (v, 1)he < 7‘“”-"( S e+ Y fdw, y)}}R).

We6 n<e(W)<e(S) {W)<n
When n = 1, the last term on the right is zero, and the result follows. ([
Combining the distance formula (Theorem 2.6) with Corollary 3.7, we obtain:

Theorem 3.8 (thick distance formula). There exists Ry such that, for all T, R with
T > R > Ry, there exists a constant L > 0 such that, forall x,y € X,

dx(x.y) =<y Y dy™(x.y).
WeS

4. Estimation of thick distance via quasi-axes

Our proof in this section is inspired by [NY23]. The main technique in the proof of
[NY23, Lemma 5.5] that is different from [BBF21] is the use of the extension lemma
[Yan19, Lemma 2.14]. Lemma 4.1 below is a trimmed version for acylindrical
actions on hyperbolic spaces. In the original statement of Lemma 4.1 in [NY23],
the group action is required to be cobounded, but it is easy to see from the proof
that this condition can be removed.

Lemma 4.1 (extension lemma [NY23, Lemma 4.13]). Let H be a group acting
nonelementarily and acylindrically on a 3-hyperbolic space Y. Fix a base point
o €Y. There exists a set F C H of three loxodromic elements and constants A > 1,
and c > 0 with the following property.

For any h € H there exists f € F such that hf is a loxodromic element and the
bi-infinite path

v = (1) (Lo, hollho. hfo))
ieZ

is a (A, c)-quasigeodesic.

Let (X, G) be arelative HHS with a coarse constant E, and let G be a relative
HHG by virtue of its action on X'. Corresponding to Definition 1.3, we say that a
domain U € & has

(1) hyperbolicity if CU is hyperbolic.
(2) acylindrical image if Gy acts on CU acylindrically.
(3) cobounded nested region if Gy acts on Fy coboundedly.

(4) separable quasi-axes if for any element g € Stabg (U) that acts loxodromically
on CU, the elementary closure EC(g) is separable in G, i.e., EC(g) equals
the intersection of all finite-index subgroups of G that contain EC(g).
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Till the end of this section, let V € & be an unbounded domain that has hyper-
bolicity, cobounded nested region and acylindrical image.

The next statement could be compared with Theorem 4.19 of [BBF21] for
mapping class groups.

Lemma 4.2 (extension of thick segments). There exist constants . > 1, ¢ > 0,
B > 0 such that the following holds. For any T, R > 0, there exists a Gy -finite
collection Ay = A‘T,’R of (A, ¢)-quasi-axes in CV such that for any pair of points

(x,y) eP {f’R}(GV) there exists y € Ay such that [y (x), wy (y)] C Np(y).

max
Proof. Fix a base point 0 € Fy and project it to a base point in CV. If the action
Gy n~CV iselementary, CV itself is a quasi-axis of a loxodromic element, and thus
satisfies the requirement. Now assume that the action Gy ~ CV is nonelementary.
Lemma 4.1 provides a finite set ' C Gy and constants A > 1, ¢ > 0. Recall that
(Fy, Gy) is a relative HHS. Fy is proper because X is proper.

Since Gy acts coboundedly on Fy, there exists € > 0 such that Fy is covered
by the Gy -translates of any e-ball. Let T/ = max{f, R}. By Theorem 2.6, there
exists r > 0, depending only on E, T’, €, such that the distance between any pair
of points in Fy that is (T’ + €)-thick for &y is bounded above by r. Fix any base
point 0 € Fy. Since Fy is proper, there exists a finite subset S C Gy such that
Nite(0) is covered by | ;g5 - Ne(0).

Lemma 4.1 tells us that for each s € §, there exists f € F such that sf is a
loxodromic element actingon CV. Let Ay = A‘T/’R be the collection of Gy -translates
of the (A, ¢)-quasi-axes provided by Lemma 4.1 for all loxodromic elements of the
form sf.

Now we verify that Ay meets our requirements. Let (x, y) € Pr/(Sy). We can
choose g € Gy such that dp, (x, go) < €. Then

dr,(0,87"y) <dp,(x,y) +dp, (x, go) <r +e.
By our choice of S, there exists s € § such that dp, (g_ly, so) < €. Thus,
dy(x,go) <Ee+E, dy(y,gso)<Ee+E,

because my is E-coarsely Lipschitz. Since CV is E-hyperbolic, we can find B>0 by
the fellow-traveler property such that [y (x), wy (y)] CNg([g -7y (0), gs -y (0)]).
By construction, [g - wy (0), gs - wy (0)] is contained in some y € Ay, so we are
done. O

Notation. Assume that y is a quasigeodesic in a hyperbolic space Y. We write
m, : Y — y to mean the closest point projection. For x, y € Y, we write d, (x, y)
to mean diam(m, (x) U, (y)).

Notation. Assume that y is a quasigeodesic in CV. We write JT;Y to mean 7, o 7Ty .
For x, y € X, we write d;) (x, y) to mean diam(7;" (x) U ;" ().
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The following lemma is a well-known corollary of the Morse lemma for quasi-
geodesics in -hyperbolic spaces so we omit the proof.

Lemma 4.3. Let y and a be two (A, ¢)-quasigeodesics in a §-hyperbolic space.
Then for any B > 0, there exists a constant C = C(\, ¢, B, §) > 0 such that

d, (o™, a™) > diam(ae N Np(y)) — C.

The main result of this section is the following estimate, which generalizes
Proposition 4.18 of [BBF21].

Proposition 4.4. For any K > 0, there exists R > 0 such that the following holds.
Givenany T > 0, let Ay = A‘T,’R be the collection of (A, c)-quasi-axes provided by
Lemma 4.2. Then for any two points x,y € X,

dy " (x.y) <2Do+ 1) Y {d) (x. k.
yeAy

where Dy is the constant provided by Theorem 2.8.

Proof. Let C = C(A+ Dy, c+ Dy, B, E) be the constant provided by Lemma 4.3.
Let R > 2Dy(C + 1) + K. We will show that projections to quasi-axes Ay = A‘T,’R
bound the (T, R)-thick distance in V from above.

For any two points x, y € X, let 8 be a (Dy, Dy)-hierarchy path connecting x
and y realizing d‘{’R(x, y). Let {a1, ..., a,} be the collection of disjoint subpaths

of g with dy (o, ozl.+) > R and (o, , ozl-+) € Pr(6Y)) such that

n
dy @ y) = dy(e; . o).
i=1

By the definition of gate maps, 7y (z) is coarsely vy (gF, (z)) for any z € X.
Thus, the difference between dy («; ", ai+ ) and dy (gF, (o; ), gF, (oz;r )) is uniformly
bounded. This enables us to replace «; with g, («;) from now on. We divide each
«; into several consecutive subpaths {&; ; | 1 < j <m;} with dy (¢, I &ZF j) = R for
j=1,...,m;—1and dv(&lfmi, &;fmi) < R. By Lemma 3.3, we already know that
(a

dfj) € P;(6Y)) for every pair (i, j). Thus,

i

dy (& ;. &) <max(T, R}
forall U € Sy. By Lemma 4.2, there exists y; ; € Ay such that wy (& j) C N (¥, )

(with an increased B by a uniform constant), which yields
diam(ry (o) NN (¥i,j)) = R.

Let A/V be the collection of all distinct y; ;. We see that

7y (@i \ @ m) C | v () N NB ().

yeAy
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Thus, we have

dy (e, o) < ) diam(ry (@) NNp(y)) + R <2 ) diam(ry (@) NN5(1)).
yeA, yeA),

Summing up from i =1 to n yields

(1) dy®(x,y) <2 > (Do diam(ry (B) NNB(y)) + Do).
yeA,

Note that R > 2Dy(C + 1) + K. Thus, Lemma 4.3 tells us that
d (x, y) = diam(ry (B) NNp(y)) —C = R—C > Do(C+1) + K
for each y € Aj,. We now estimate by Lemma 4.3 that
Do diam(ry (B) N\ NB(y)) + Do < Do(dy) (x, y) + C) + Do < (Do + 1dy) (x, y).

Combining this with (1), we obtain

dy®(x,y) 2Do+1) D df (x.y)

yeA,
=2Do+1) Y {d) (x. Ik <2(Do+1) Y {d) (x. )}k O
yeA, yeAy

5. Construction of quasitrees

This section is devoted to the proof of Theorem 1.4. Let (G, &) be a relative HHG
that is virtually colorable and assume that every domain in G is of type I or II.
The index set & admits a G-invariant decomposition & = &’ &Y, where &'
(respectively, &™) only contains domains of type I (respectively, type II). Note that
types I and II are not mutually exclusive, but for those domains of both types, we
can simply put them in &'/,

Before starting the proof, we summarize the dependencies of some important
constants that will be used in the proof:

Corollary 5.3 Theorem 2.4 Lemma 5.4 Proposition 4.4 Theorem 3.8
(E, Do, A) 0 £ K R T.

Here A stands for the acylindrical constants. We draw an arrow from a constant M
to N if N depends on M. Remember that the dependency graph shown above is
incomplete, but we hope it is helpful to the reader.

5.1. Quasitrees from domains of type I.

Proposition 5.1. There exists a finite-index subgroup H < G satisfying the following.
For any sufficiently large constant R and any T > 0, there exist quasitrees T1, ..., T,
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such that H acts on ]_[?:1 T; diagonally and for any choice of base points oj € T;
we have

n
> dy R k) =D dr(oj. hoj)

Ves! j=1
forany h € H.
Before proving this, we recall an auxiliary result.

Proposition 5.2 [BBF21, Proposition 3.4]. Let a group H act on a §-hyperbolic
space Y. Assume that the image of H in Isom(Y) is acylindrical. Consider a
loxodromic element g € H and the collection A of all H-translates of a fixed (A, c)-
quasi-axis of g. Then there exists a constant 0 > 0 depending only on A, ¢, § and
the acylindrical constants such that for any y € A, the set

{h € H | diam(r, (hy)) > 0}
is a finite union of double E C(g)-cosets.

Corollary 5.3. Let U € &'. Consider a (A, ¢)-quasi-axis y C CU for some loxo-
dromic element of the acylindrical action of Gy. Then there exists 8 > 0, only
depending on A, ¢, E and the acylindrical constants, and a finite-index subgroup
G, < G such that every translate of y by an element of G, N Stabg (U) either has
finite Hausdorff distance with y or has 60-bounded projection to y .

Proof. This is clear by Proposition 5.2 and separability of quasi-axes. (]

By definition of relative HHGs, &/ consists of finitely many G-orbits, so acylin-
drical constants for U € &' can be chosen uniformly. Thus, Lemma 4.2 provides
uniform constants A > 1, ¢ > 0 for every U € S!. This further gives a uniform
constant 6 > 0 by Corollary 5.3.

Let U be a G-representative set of &' such that 1 € Py for any U € U. Let
Uel. Let T >0 and let K > 0 be a sufficiently large constant that will be
decided by Lemma 5.4. Lemma 4.2 provides a Gy -finite collection Ay = A,T]’R
of (A, c)-quasi-axes, where R is provided by Proposition 4.4. By Corollary 5.3,
we can find a finite-index subgroup Hy < G such that for any y € Ay and h €
Hy NStabg (U), either dyaus(hy, y) < 0o or diamm, (hy) < 6. For any g € G, we
define Agy :={gy | y € Ay}.

Let A:=| |, .g Av and H := (o, Hu. Since U is finite, H is of finite index
in G. By adding finitely many domains to ¢/ so that there is one representative for
each H-orbit on &/, we obtain an H-representative set 2/ of G. We still assume
that 1 € Py for any U € U. Let {y1,...,va} be an H-representative set of A.
We assume that every representative y; is contained in CU for some U € U. Let
Aj C Abe the H-orbit of y;.
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Without loss of generality, we assume that H is colorable instead of virtually
colorable. Thus, the H-orbit of any domain is pairwise transverse. By [HP22,
Lemma 3.4], every H-orbit of &/ is an H-projection system with constant s +4E,
where s is the constant provided by Theorem 2.6. Thus, every A; is an H-projection
system with a uniform projection constant & = £(6, s, A, ¢, E) by Theorem 2.4.
The projections defined there will be denoted by IT,,.

Using Theorem 2.1, we obtain modified projections 1'[;/ such that (A;, {1'[;/})
satisfies the strong projection axioms with constant £’ = &’(£) and that IT, («) and
1'[;, (av) are apart from each other within a uniform Hausdorff distance € = €(§).
For any K’ > 4&', Cx'A; is a quasitree by Theorem 2.2. The following lemma
is an estimate via the orbit map between the projections n)fl = m, omy in the
relative HHG structure and the projections H;/ in the quasitree Cx'.A;. Recall from
Section 4 that d’ (g, h) is defined as diam(x) (¢) U (h)) for any g, h € H.

Lemma 5.4. Fix a base point o; € y;j for each j = 1,...,n. There exists a
sufficiently large constant K' = K'(§, A, ¢, E) and a constant A > 0 such that if
K > 2K’ then

> {dl (1. )}k < 8dey,a;(0), hoj) + A
)/E.Aj

foranyhe Handany j=1,...,n.
The proof depends on another lemma.

Lemma 5.5. For any constants A, B > 0 and constants L, M > 0,

{A+Blrim < A} . {BYu
L+M L M

Proof. Assume that A+ B > L + M. First, if A < L then B > M. Thus, {B}y =
B > LJFLM(A + B). Next, if B < M then A > L and the same argument holds.
Finally, if A > L and B > M, then all thresholds are reached and the inequality is

obviously true. (I

Proof of Lemma 5.4. For simplicity, we use |p — ¢g| to mean the distance between
two points p, g in the same space. Assume that y; C CU for some U € U. For any
g € H—Staby(U), since 1 € Py and U h gU, we have |,y (1) — ,ogUl < E by
the definition of standard product regions.

Assume y = gy;. By hyperbolicity, there exists a constant ' = F(E, A, ¢) such
thatif y CCgU #CU then |nf(1)—H;(0j)| < |ngU(1)—ng|+F+e <E+F+e.
Let M > &'+ E + F + € and define §, (h) = |n]7(h) — H;/(hoj)l. We see that if
8y (h) = 8-1,(1) = M then y C ChU. Thus, for a fixed h € H, there are only
finitely many y € A; such that §, (h) > M by projection axiom (P2).
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Let K’ > 2M +4¢'. Define D, (1, h) = |1'I;/(oj) — H;,(hoj)i. By the triangle
inequality and Lemma 5.5, we obtain

K’ +2M K’ +2M

fa (1. mYgryom <

{0, A, WYk +—-—115, (D) + 8, (M }om.

Therefore,

(a1, Yk 24D, (1 )i + K22

{6, (D}um-

Summing over y € A;, we obtain

S ta (L mhx =2 YA, e+ 2 S g, (.
yEA; yEA; yEA;
By the preceding discussion,
Ay =520 S g5, (D
yeA;

is a finite constant. Let A = max;<;<, A;. We conclude using Theorem 2.3. [

Proof of Proposition 5.1. Let K and K’ be the constants provided by Lemma 5.4.
Let T > 0. From the discussion before Lemma 5.4, we know that the collection .4
of quasi-axes provided by Proposition 4.4 forms n quasitrees Cx/A;, j=1,...,n.
Moreover, Proposition 4.4 tells us that there exists R > 0 such that

S ayRam <Y gl (. myk.

ves! yeA

Finally, we conclude by Lemma 5.4. (]

5.2. Quasitrees from domains of type I1. We now prove an analogue of Proposition
5.1 for domains of type II.

Let H < G be the subgroup provided by Proposition 5.1. Fix an H -representative
set V of &/ such that 1 € Py forany V € V. For V € V we write [V] to mean its
H-orbit. By colorability and [HP22, Lemma 3.4], every [V] is an H-projection
system with constant so +4E.

Fix any V € V. By property QT of the action Stabs (V) ~ CV, there exist qua-
sitrees T{, along with Stabgy (V')-equivariant maps LiV :CV — T"', fori=1,...,ny

such that
ny ny
1_[‘1\/ CV — 1_[ Ty
i=1 i=1

is a (1, ¢’)-quasi-isometric embedding. Thus ¢}, is (', ¢)-coarsely Lipschitz. Fix
ie{l,...,ny}. Itis conventional to extend the map LiV on [V]in an H-equivariant
way. This means that we can construct a collection of quasitrees 7| [iv] = TL’} |U e[V]}
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with an H-action and a collection of coarsely Lipschitz maps {L’b :CU — Tl"] |Uel[V]}
such that the following diagram commutes for any h € H and U € [V ]:

cu —"chu

LIUJ( lliqu
yp——

Define HTth(Té) = LflU(,ofl]U) for any U € [V] and hU # U. Clearly, these
projections are H-equivariant and the projection axioms pass to the collection
(T, {HT,- }) under coarsely Lipschitz maps {le}. We modify the projections
within an error € such that (T v {IT. i }) satisfies the strong projection axioms
with constant { = ¢(so, 2, ¢/, E). For any K" > 4¢, Cg T}, is a quasitree by
Theorem 2.2. Define dyy (1, h) := |tf, (ry (1)) — iy (2u ()] for any U € [V]. For
any VeVandie({l,..., ny}, fixabase point o}, € Tl The following proposition
is an analogue of Proposmon 5.1

Proposition 5.6. There is a constant K" K " (§ A, ¢, E) suchthat R>2K" implies

Y ldvmyr =} ch,(/,T[fV] (0}, hol).

UeG! Vevi=1
foranyh e H.

Proof. Fix VeVandie{l,...,ny}. Forany U € [V]— {V}, we have
|ty ey (1) =TT, (04) | < Mmru (1) = py |+ ¢/ +€ <VE+c +e.
Let K" > 4¢ +2(\E + ¢’ +€). As in the proof of Lemma 5.4, we estimate that
> Mgy (1L Ye < (T, (00) = Ty (hon) [V < de,, 3i, (0. holy).
UelV]

Here the first inequality follows from the triangle inequality and Lemma 5.5, and
the second holds by Theorem 2.3. Since the map ]_[ i1 U :CU — ]_[l 2 Tl’] isa
quasi-isometric embedding for any U € &', we conclude by summing the inequality
over 1 <i<ny forall V eV. O

5.3. Proof of Theorem 1.4.

Proof. Let R > 0 be large enough to satisfy Propositions 5.1 and 5.6 and Theorem 3.8.
Let T > R+ 2Dy. By Proposition 5.1 and Proposition 5.6, there exists quasitrees
Ti,..., Tm such that H acts on [[;_, 7x diagonally and for any choice of base
points o € Ty and any h € H,

D dy i+ Yyl e =) dr(or hoy).

ves! Uesl k=1
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By definition of thick distance, d;," (1, h) < {dy (1, h))} g. Thus, by Theorem 3.8,

m
> dy R h) <Y dy(or. hox)
Ve6 k=1
forany h € H.

On the other hand, the orbit map from H to [],_, 7x is coarsely Lipschitz since
H is finitely generated. Therefore, H embeds quasi-isometrically into [[;_, 7%,
which means that H has property QTy. Finally, we know that G has property QT
since property QT passes to any finite-index supergroup.

For the “moreover” part, first note that G is coarse median for the same reason as
[BHS19, Theorem 7.3]. The rest of the proof is just a combination of [HP22; Pet21].
The proof of [HP22, Proposition 3.9] can be naturally generalized to quasitrees
from domains of type II. The proof in [Pet21, §3] for mapping class groups can be
repeated verbatim to deal with quasitrees from domains of type I. (]

For relative HHGs with only type II domains, we obtain the following stronger
theorem.

Theorem 5.7. Let (G, &) be a relative HHG that is colorable. If every U € G is of
type 11, then G has property QTy.

Proof. The proof is a simplified version of that of Theorem 1.4. Since G is colorable
and every domain is of type II, the finite-index subgroup H in the above proof can
be replaced with G itself. This gives QT rather than just QT. ([

6. A criterion for having separable quasi-axes

In this section, we provide a criterion for a relative HHG to have separable quasi-
axes that is easy to use in application. For an acylindrical action on a hyperbolic
space, we have seen in Section 2.1 that the elementary closure of any loxodromic
element is a virtual centralizer. Inspired by the discussion in [BBF21, §4.3], the
following lemma generalizes this fact. In general, we cannot expect the elementary
closure to be a centralizer as in [BBF21, §4.3], because it may contain a flip.

Lemma 6.1. Let G be a group acting on a 5-hyperbolic space X with an acylin-
drical image. Let K be the kernel of this action. Assume that there is a subgroup
H < G such that [H, K] =1 and H is mapped to a finite-index subgroup of G/K.
Then for any loxodromic element g € G, the elementary closure EC(g) is a virtual
centralizer in G of some loxodromic element in H.

Proof. Let G = G/K, and let § : G — G be the quotient map. For any g € G,
denote the image 6(g) € G by 3.

Let g € G be a loxodromic element. Since 6 (H) is a finite-index subgroup of G,
we can choose & € H and n > 0 such that 2 = g". Since G acts acylindrically,
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ECg(g) = ECg (h), which contains the cyclic subgroup (h) as a finite-index
subgroup. By definition, EC5(g) = o1 (ECg(8)). Thus, the preimage 0! ((i_z)) =
K - (h) is a finite-index subgroup of ECg(g).

On the other hand, any element in G that commutes with / has an image in G
that commutes with 4. Thus, Cg(h) < ECg (g). Note that K - (h) < Cg(h) since
[H, K] =1. In conclusion, C¢(h) is a finite-index subgroup of ECg(g). O

Definition 6.2. For a relative HHG (G, G), we say a domain V € G has neat kernel
if there exists a subgroup Hy < Stabg (V) such that [Hy, ker(fy)] = 1 and 6y maps
Hy to a finite-index subgroup of Gy .

Proposition 6.3. Let (G, G) be a relative HHG that is residually finite. Let V € G.
If 'V has hyperbolicity, acylindrical image and neat kernel, then V has separable
quasi-axes.

Proof. Let g € Stabg(V) be a loxodromic element. Since V has neat kernel,
EC(g) is a virtual centralizer in Stabg (V') of some loxodromic element & € Hy by
Lemma 6.1. Every element that commutes with / stabilizes V. Therefore, EC(g)
is a virtual centralizer of & in G. Moreover, a centralizer in a residually finite group
is separable (see [BBF21, Lemma 2.1] or the proof of [Lon87, Proposition]). It is
also known that a finite-index supergroup of a separable subgroup is still separable
(easy to see from the profinite topology). Therefore, V has separable quasi-axes. [l

Corollary 6.4. Let (G, ©) be a relative HHG that is residually finite. Let S € & be
the unique maximal domain. Then S is of type 1.

Proof. By [BHS17b, Theorem 14.3], G acts on CS acylindrically. Now ker(8y) is
trivial, so S has neat kernel. Thus, S has separable quasi-axes by Proposition 6.3.
Moreover, S has cobounded nested region because G acts on X coboundedly.
In conclusion, S is of type L. (I

7. Applications

7.1. Mapping class groups. We now explain how Theorem 1.4 applies to mapping
class groups to recover the following theorem.

Theorem 7.1 [BBF21, Theorem 1.2]. Mapping class groups of finite-type surfaces
have property QT.

Proof. Let X be a finite-type surface, i.e., a closed oriented surface with finitely
many marked points. Let M(X) be its marking complex [MMO00]. Let & be the
collection of isotopy classes of essential non-pants-closed subsurfaces of X, where
disconnected subsurfaces are also allowed. Given any V € G, let V be the surface
obtained by gluing a once-punctured disk to each boundary component of V. Let
CV be the curve graph of V. Here the curve graph of a disconnected surface is
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defined as the join of the curve graphs of its components, and thus is bounded. It is
known that (M(X), &) is an HHS. Moreover, the mapping class group MCG(X)
is an HHG by virtue of its action on (M (X), &) [BHS19, §11].

For any V € &°, let V- be the closure of £ — V in X, and let

MCG(Z; V) < MCG(Z)

be the stabilizer of V. Let ny : MCG(V) - MCG(X) be the homomorphism induced
by the inclusion V < ¥. Denote the image of ny by MCG(V). By Theorem 3.18
of [FM12], MCG(V"1) is exactly the kernel of the restriction homomorphism
Oy : MCG(XZ; V) — Gy, where Gy is a finite-index subgroup of MCG(V). Itis
clear that MCG(V) commutes with MCG(V1) and 6y maps MCG(V) to a finite-
index subgroup of Gy. Therefore, V has neat kernel.

It is known that MCG(X) is virtually colorable [BBF15, §5] and residually finite
[Gro74]. We only need to prove that every unbounded domain V € G is of type L.
First, it is clear that Fy is coarsely M(V). Since MCG(V) acts coboundedly on
M(V) and acts acylindrically on cv [Bow08], V has cobounded nested region
and acylindrical image. Furthermore, V has separable quasi-axes by the above
discussion and Proposition 6.3. Therefore, V is of type .

In conclusion, mapping class groups of finite-type surfaces have property QT by
Theorem 1.4. O

Certain quotients of a mapping class group are again HHGs, as proved in
[BHS17a] and [BHMS24]. In particular, the quotient by the normal closure of a
suitable power of a pseudo-Anosov element or by the normal closure of suitable
powers of all Dehn twists is again an HHG. It would be interesting to determine
whether these quotient groups are still residually finite, thereby satisfying the
assumption of Theorem 1.4.

7.2. Admissible graphs of groups. Admissible groups were introduced by Croke
and Kleiner in [CKO02]; they generalize the fundamental groups of nongeometric
3-dimensional graph manifolds.

Definition 7.2. Let G = (', {G,}, {G.}) be a graph of groups. We say G is admis-
sible if the following hold:

(1) T is a finite graph with at least one edge.

(2) Each vertex group G, has center Z, =7, and H, := G,/ Z, is a nonelementary
hyperbolic group.

(3) Every edge group G, is isomorphic to Z2.

(4) If e is an edge with v=e" and w =¢~, and 7, 7; are the edge monomorphisms,

then the subgroup =Yz, ‘L'é_l(Zw)) has finite index in G,.

e
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(5) Let e; and e; be distinct edges entering a vertex v, and let K; C G, be the

image of the edge homomorphism ., for i =1, 2. Then

« for every g € G,, gK g~ is not commensurable with K»;

« for every g € G, — K;, gK;g~! is not commensurable with K.

A group G is admissible if it is the fundamental group of an admissible graph of
groups.

Every admissible group G has a (combinatorial) HHG structure by [HRSS24,
Theorem 1.4]. According to the classification of simplices by [HRSS24, Lemma 6.2],
if A L gA, where A corresponds to an unbounded hyperbolic space, then A is of
type 8 and g exchanges two adjacent vertices in the Bass—Serre tree (see [BHMS24,
Definition 1.11] for definition of orthogonality in a combinatorial HHS). Therefore,
itis easy to see that G has a subgroup of index at most 2 that is colorable (see [NY23,
Lemma 4.6] for example). This shows the virtual colorability of G. Thus every
nongeometric graph manifold group has a virtually colorable HHG structure with all
associated hyperbolic spaces being quasitrees. Thus, nongeometric graph manifold
groups have property QT by [HP22, Theorem 3.1] or Theorem 1.4. However, in
the HHG structure of an admissible group, associated hyperbolic spaces are not
necessarily quasitrees. As an application of Theorem 1.4, we show that property
QT still holds true in this case if we assume G to be residually finite.

Theorem 7.3. Let G = (I', {G,}, {G.}) be an admissible graph of groups, and let
G =mG. If G is residually finite, then G has property QT.

Proof. According to the classification of simplices [HRSS24, Lemma 6.2], any
simplex that is not of type 7 corresponds to a quasitree so it is a domain of type II.
Thus, we only need to check that simplices of type 7 are of type 1. The stabilizer
of such a simplex A is exactly a vertex group G, that acts on C(A) with image
H, = G,/Z,. Now C(A) is coarsely the hyperbolic space obtained by coning
off H, as a relatively hyperbolic group, and Fj is coarsely H, itself. Therefore,
acylindrical image and cobounded nested region hold true (see [Osil6, Proposition
5.2] for acylindricity). Since G, is a central extension of H, by Z,, A has neat
kernel. Therefore, we conclude by Proposition 6.3 and Theorem 1.4. O

There is another approach to property QT of nongeometric graph manifold groups
in [HNY25]. For graph manifolds with nonempty boundary, they actually prove in
a more general setting. A Croke—Kleiner admissible group (abbreviated as CKA
group) is an admissible group that admits a geometric action on a complete proper
CAT(0) space. As a corollary of Theorem 7.3, we recover the following theorem.

Corollary 7.4 ((HNY25, Theorem 1.3]). Let G be a CKA group where for every
vertex v the central extension 1 — Z, — G, — H, — 1 has an omnipotent
hyperbolic quotient group H,. Then G has property QT.



256 BINGXUE TAO

For definition of omnipotence, we refer the reader to [Wis00]. Note that if every
hyperbolic group is residually finite, then every hyperbolic group is omnipotent by
[Wis00, Remark 3.4]. Under the assumption of Corollary 7.4, the central extension
associated with any vertex virtually splits by [BH99, Theorem I1.7.1]. Therefore,
Theorem 7.3 implies Corollary 7.4 due to the following lemma.

Lemma 7.5. Let G be an admissible group where for every vertex v the central
extension 1 — Z, - G, — H, — 1 virtually splits and the hyperbolic quotient
group H, is omnipotent. Then G is residually finite.

We omit the proof of Lemma 7.5 since it is almost the same as the proof of
residual finiteness for graph manifold groups by Hempel [Hem87]. The reader can
also see [Ngu26] for an improved result.

7.3. Hyperbolic-2-decomposable groups. A group G is hyperbolic-2-decomposable
if G splits as a graph of hyperbolic groups with 2-ended edge groups.

Theorem 7.6. Let G be a residually finite hyperbolic-2-decomposable group. Then
G has property QT if and only if G does not contain any distorted element.

Proof. If G has property QT, then G does not contain any distorted element by
[HNY25, Lemma 2.5]. Now assume that G does not contain any distorted element.
Let & be the HHG structure of G given by [RS20]. By construction, there is
no orthogonality in &. Thus, G is colorable. Let U € G. Then CU is either a
quasitree or a hyperbolic space obtained by coning off a vertex group G, as a
relatively hyperbolic group. In the former case, U is of type II. Now we only need
to consider the latter case. Similarly to Theorem 7.3, we have Stabs (U) = G, and
Fy is coarsely G, itself. It is easy to see that acylindrical image, cobounded nested
region and neat kernel hold true. Therefore, we conclude by Proposition 6.3 and
Theorem 1.4. U

Similarly to Lemma 7.5, if G is a hyperbolic-2-decomposable group without any
distorted element such that every vertex group is omnipotent, then G is residually
finite (see [Wis00, §4]).

7.4. Artin groups and extensions of lattice Veech groups. Let G be either

« an Artin group of large and hyperbolic type, or

o the ;1 (X)-extension group of a lattice Veech group in the mapping class group
MCG(ZX) of a closed surface X.

As shown in [HMS24] and [DDLS24] respectively, G is a virtually colorable
HHG. Moreover, the associated hyperbolic spaces of G are all quasitrees except
the maximal one. By Corollary 6.4 and Theorem 1.4, G has property QT if G is
residually finite. Hence:
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Theorem 7.7. Every residually finite Artin group of large and hyperbolic type has
property QOT.

It is proved in [Jan22] that any 3-generator Artin groups with labels > 4 except
for 2m + 1, 4, 4) for any m > 2 is residually finite. Therefore, any 3-generator
Artin group with labels > 4 except for (2m + 1, 4, 4) for any m > 2 has property
QT. On the other hand, we ask

Question 7.8. When is the w1 (X)-extension group of a lattice Veech group residu-
ally finite?

7.5. Graph products.

Definition 7.9 (graph product). Let I" be a finite simplicial graph with the vertex
set V(I") and the edge set E(I"). Each vertex v € V(I') is labeled by a group G,.
The graph product Gr is the group

Gr = (*veV(]")Gv)/ «[gva gw] | 8v € G, 8w € Gy, {U: w} € E(F)» .
We call the G, the vertex groups of the graph product Gr.

Theorem 7.10. Any graph product of groups whose every vertex group has property
QTy still has property QTy.

Proof. Any graph product Gr has a relative HHG structure G by [BR22]. By
definition of &G, any Gr-orbit on G corresponds to a unique subgraph of I' and
is pairwise transversal. Thus, Gr is colorable. By [BR22, Theorem 4.4], for each
domain [gA] € Gr, either [gA] is T-minimal or CgA is a quasitree. Since each
C-minimal domain corresponds to a vertex group, this means that every domain is
of type II. By Theorem 5.7, G has property QT. ]
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