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GEOMETRY AND DYNAMICS ON SUBLINEARLY
MORSE BOUNDARIES OF CAT(0) GROUPS

YULAN QING AND ABDUL ZALLOUM

Given a sublinear function «, k-Morse boundaries d, X of proper CAT(0)
spaces are introduced by Qing, Rafi and Tiozzo (2024). It is a topological
space that consists of a equivalence class of quasigeodesic rays and it is
quasiisometrically invariant and metrizable. We study the sublinearly Morse
boundaries with the assumption that there is a proper cocompact action of a
group G on the CAT(0) space in question. We show that G acts minimally
on J,G and that contracting elements of G induces a weak north-south
dynamic on 9, G. Also, we show that a homeomorphism f : 3,G — 3,G’
comes from a quasiisometry if and only if f is successively quasimébius
and stable. Lastly, we characterize exactly when the sublinearly Morse
boundary of a CAT (0) space is compact.

1. Introduction

Much of the geometric group theory originates from the studying of hyperbolic
groups and hyperbolic spaces. Hyperbolic groups have solvable word problem
and their Gromov boundaries enjoy strong dynamical properties. One fundamental
technique in the study of hyperbolic groups is to study the Gromov boundaries
of these groups. Gromov took the collection of all infinite geodesic rays (up
to fellow traveling) in the associated Cayley graph, equipped this set with cone
topology, and defined the space to be the boundary dG of the hyperbolic group G.
The boundary dG is independent of the choice of a generating set and has rich
geometric, topological, and algebraic structures (see, for example, the survey in
[Kapovich and Benakli 2002]).

If we view Gromov hyperbolic spaces as coarsely negatively curved, then the
notion of CAT(0) include spaces with both local and global nonpositive curvature.
Accordingly the extension of the boundary theory to CAT(0) spaces and groups has
also been developing in recent decades. In this setting, the space of all geodesic rays
together with the cone topology is called the visual boundary (denoted by 9, X). It
is shown by Croke and Kleiner [2000] that the visual boundary of a CAT(0) space
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is not in general a quasiisometry invariant. It is shown in [Qing 2016] that, in the
Croke—Kleiner example, failure to obtain quasiisometry invariance can come from
geodesic rays that spend linear amount of time (with respect to total time traveled)
in each product region.

Hence, one can consider geodesic rays that spend a sublinear amount of time
in each product region. Qing and Rafi [2022] introduce the sublinearly Morse
boundary 9, X of a CAT(0) metric space X and show that 9, X is quasiisometry
invariant and metrizable. Qing and Tiozzo [2022] show that, for a right-angled
Artin group G, 9, G is a model for Poisson boundaries associated to a random walk
(G, ). Intuitively, a (quasi)geodesic ray is sublinearly Morse if it spends a sublinear
amount of time in each maximal product region, with respect to total time traveled
when it enters that product region. Moreover, it is shown in [Gekhtman et al. 2022]
that for every CAT(0) group with a rank-one element, there exists a « such that 9, G
can be identified with the Poisson boundaries of the group. Gekhtman et al. [2022]
also show that the sublinearly Morse directions in the visual boundary of a rank-one
CAT(0) space with a geometric group action are generic with respect to Patterson—
Sullivan measures. Most recently, it is shown that much like the Gromov boundaries,
sublinearly Morse boundaries are sublinearly bi-Lipschitz equivalence invariant
[Pallier and Qing 2024], providing a new way to tell when two groups are not
sublinearly bi-Lipschitz equivalence. These are evidences that the sublinearly
Morse directions behave similar to directions in hyperbolic spaces. In this paper,
we continue to contribute to this comparison and focus on the dynamical property
of the group action on x-Morse boundaries. Much of the work in this paper is
inspired by the methods in [Charney and Sultan 2015], [Murray 2019] and [Cashen
and Mackay 2019]. In more general proper geodesic spaces, sublinearly Morse
boundaries have been developed and studied, for instance, in [Durham and Zalloum
2022; Murray et al. 2022; Nguyen and Qing 2024; Pallier and Qing 2024; Qing
et al. 2024; Qing and Yang 2024]. Parts of Theorems A and B have been recently
studied in the setting of proper metric spaces in [Garcia et al. 2024].

Minimality of the group action. A group is said to act minimally on a topological
space if every orbit is a dense subset of the space. We show that this property
is enjoyed by the « boundaries. In contrast with the identifications with Poisson
boundaries in various settings, the minimality result evidence the fact that the
boundary is not too large in excess of the orbit of a point under the group action.

Theorem A (Theorem 3.3). Suppose G is a group that acts properly discontinu-
ously, cocompactly and by isometries metrically on a CAT(0) space X. Then G
acts minimally on 0, G.

Based on this result, we illustrate that for a subset of the group elements, their
actions induces the following form of north-south dynamics on the boundary.
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Theorem B (Theorem 3.6). Suppose G is a group that acts properly discontinuously,
cocompactly and by isometries metrically on a CAT(0) space X. Let g € G be a
contracting element. For every open set V containing ¢ and every compact set
C € (0,G\ [¢g°)), there exists an N such that for alln > N, we have g"C C V.

Compact-type k-boundaries. In the examples shown in [Qing and Rafi 2022], the
boundaries are not compact. We show that when X is a proper hyperbolic space,
k-boundary is homeomorphic to the associated Gromov boundary. In fact, we
show that this is exactly when a cocompact CAT(0) space X has compact sublinear
boundaries. On the other hand, examples of CAT(0) space without a cocompact
group action, whose sublinearly boundaries are compact can be constructed easily.
However, it remains open to find a CAT(0) space X with noncompact sublinear
boundary where d, X is a perfect space. When X is a hyperbolic CAT(0) space,
then the x-boundary agrees with the Gromov boundary.

Theorem C (Theorem 4.5). Suppose a group G acts properly discontinuously,
cocompactly and by isometries metrically on a proper CAT(0) space X such that
o X # O, then the following are equivalent:

(1) Every geodesic ray in X is k-contracting.

(2) Every geodesic ray in X is strongly contracting.
3) 0, X is compact.

(4) The space X is hyperbolic.

Corollary D (Corollary 4.4). If X is a proper CAT(0) hyperbolic space then
0 X ~0X.

Rigidity. Paulin [1996] gives the following characterization: if f : dX — 9Y is
a homeomorphism between the boundaries of two proper, cocompact hyperbolic
spaces, then the following are equivalent:

(1) f is induced by a quasiisometry 4 : X — Y and (2) f is quasimobius.

Quasimobius maps are maps such that changes in the cross ratio are controlled by
a continuous function. It was shown in [Charney et al. 2019] that a homeomorphism
on the Morse boundary with inverse limit topology is induced by a quasiisometry of
the space if the homeomorphism is successively quasimobius stable. Here we give
a similar characterization for sublinearly Morse boundaries. We use the notion of
successively quasimobius discussed in [Qing and Rafi 2022], which is a 1-parameter
family of quasimdbius maps on 9, X.

Theorem E (Theorem 5.3). Let X, Y be proper cocompact CAT(0) spaces with
at least 3 points in their sublinear boundaries. A homeomorphism f : 0, X — 0, Y
is induced by a quasiisometry h : X — Y if and only if f is stable and successively
quasimobius.
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2. Preliminaries

Quasiisometry and quasiisometric embeddings.

Definition 2.1 (quasiisometric embedding). Let (X, dx) and (Y, dy) be metric
spaces. For constants k > 1 and K > 0, we say amap f : X — Y is a (k, K)-
quasiisometric embedding if, for all points x{, x, € X

idx(xl, %) — K <dy(f(x1), f(x2)) < kdx(x1, x2) + K.

If, in addition, every point in Y lies in the K-neighborhood of the image of f, then
f is called a (k, K)-quasiisometry. When such a map exists, X and Y are said to be
quasiisometric.

A quasiisometric embedding f~': Y — X is called a quasiinverse of f if for
every x € X, dx(x, f~' f(x)) is uniformly bounded above. In fact, after replacing
k and K with larger constants, we assume that f~! is also a (k, K)-quasiisometric
embedding:

VxeX dx(x, f7'f(x) <K and  VyeY dy(y, ff'(x) <K

A geodesic ray in X is an isometric embedding § : [0,00) — X. We fix a
base-point 0 € X and always assume that 8(0) = o, that is, a geodesic ray is always
assumed to start from this fixed base-point.

Definition 2.2 (quasigeodesics). In this paper, a quasigeodesic ray is a continuous
quasiisometric embedding B : [0, c0) — X starting from the basepoint o.

The additional assumption that quasigeodesics are continuous is not necessary
for the results in this paper to hold, but it is added for convenience and to make the
exposition simpler.

If B:10,00) = X is a (q, Q)-quasiisometric embedding, and f : X — Y isa
(k, K)-quasiisometry then the composition f o 8 :[t1, ;] — Y is a quasiisometric
embedding, but it may not be continuous. However, one can adjust the map slightly
to make it continuous (see Definition 2.2 in [Qing and Rafi 2022]) such that f o 8
is a (kq, 2(kq + kQ + K))-quasigeodesic ray.

Similar to above, a geodesic segment is an isometric embedding S : [#1, 2] — X
and a quasigeodesic segment is a continuous quasiisometric embedding

B:lt, ]l — X.
Notation. Throughout the paper we will use «, ... to denote quasigeodesic
rays. If the quasigeodesic constants are (1, 0), we use «g, fBo, ... to signify that
they are in fact geodesic rays. Meanwhile, we use [«], [B], ... to denote the «-

equivalence classes of quasigeodesic rays (see Definition 2.11), and we also use
a, b, ... todenote k-equivalence classes without referring an element in each class.
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In contrast, we use «(00) to denote equivalence classes of « in the visual boundary
(see Definition 2.5). Furthermore, let o be a (quasi)geodesic ray « : [0, c0) — X,
if x1, xo are points on «, then the segment of o between x; and x; is denoted
[x1, x2]e. If a segment is presented without subscript, for example [y, y2], then it
is a geodesic segment between the two points. Let 8 be a quasigeodesic ray. Define

x| :=d(o, x).
For r > 0, let ¢, be the first time where ||5(¢)|| = r and define

€)) Br:=pB) and Bl := B0, ] =1[B(0), Brls,

which are points and segments in X, respectively.

Properties of CAT(0) spaces. A geodesic metric space (X, dx) is CAT(0) if ge-
odesic triangles in X are at least as thin as triangles in Euclidean space with the
same triple of side-lengths. To be precise, for any given geodesic triangle A pgr,
consider the unique triangle A pgr in the Euclidean plane with the same triple of
side-lengths. The triangle A pgr is at least as thin as A pgr in the following sense:
For any pair of points x, y on the triangle A pgr, without loss of generality let x, y
be on edges [ p, ¢] and [ p, r], if we choose points x and y on edges [p, ¢] and [p, 7]
of the triangle A pgr so that dx(p, x) =do(p, x) and dx(p, y) = do(p, y), then

dX(X, )’) =< d[EZ()E9 y)

A metric space X is proper if closed metric balls are compact. For the remainder
of the paper, we assume X is a proper CAT(0) space; a proper CAT(0) space has
the following basic properties that are needed in this paper:

Lemma 2.3. A proper CAT(0) space X has the following properties:

(1) For any two points x, y in X, there exists exactly one geodesic connecting them.
Consequently, X is contractible via geodesic retraction to a base-point in the space.

(2) The nearest point projection from a point x to a geodesic line By is a unique
point denoted mg,(x), or simply xg,. In fact, the closest point projection map to a
geodesic

g, : X — Bo
is Lipschitz with respect to distances. The nearest point projection from a point x to
a quasigeodesic line B exists and is not necessarily unique. We denote the whole
projection set wg(x).
3) For any x € X, the distance function dx(x, -) is convex. In other words, for
any given any geodesic [xo, x1] and t € [0, 11, if x; satisfies dx (xo, x;) = td(xo, X1)
then we must have

dx(x,x;) < (1 —1)dx(x, xo) +tdx(x, x1).
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We also need the following redirecting surgery for all proper metric spaces.

Lemma 2.4 [Qing and Rafi 2022, Lemma 4.3]. Let X be a proper, complete metric
space. Let b be a geodesic ray and y be a (q, Q)-quasigeodesic ray. Forr > 0,
assume that dx (b,, y) < % Then, there exists a (9q, Q)-quasigeodesic y' so that

/

y' €lb] and ylp=v'lp.
Boundaries of CAT(0) space.

The visual boundary. In this section we review a couple of topological boundaries
of CAT(0) spaces that are important to the study of this paper.

Definition 2.5 (visual boundary). Let X be a CAT(0) space. The visual boundary
of X, denoted d, X, is the collection of equivalence classes of infinite geodesic rays,
where o and B are in the same equivalence class, if and only if there exists some
C > 0 such that d(x(t), B(¢)) < C for all ¢ € [0, c0). The equivalence class of «
in 9, X we denote a(00).

Notice that by Proposition 1.8.2 in [Bridson and Haefliger 1999], for each «
representing an element of 9, X, and for each x” € X, there is a unique geodesic
ray o' starting at x” with a(c0) = o’(00).

We describe the topology of the visual boundary by a neighborhood basis: fix a
base-point 0 and let & be a geodesic ray starting at 0. A neighborhood basis for «
(see Figure 1) is given by sets of the form

Uy (ct(00), 1, €) :={B(00) € 9,X | B(0) =0 and d(a(t), B(1)) <€ forall t <r}.

In other words, two equivalence classes of points are close in the visual boundary
if they have geodesic representatives that start at the same point and stay close (are
at most € apart) for a long time (at least r). Notice that the above definition of
the topology on d, X references a base-point 0. Nonetheless, Proposition 1.8.8 in
[Bridson and Haefliger 1999] proves that the topology of the visual boundary is
base-point invariant.

Definition 2.6 (visibility). A geodesic line is an isometric embedding of the infinite
interval (—oo, 00). A point ¢ in the visual boundary is said to be a visibility point
if any other point ¢’ € 9, X, there exists a geodesic line / with /(c0) = ¢ and
[(—o00) =¢’. A subset Y C 90X is said to be a visibility space if for any ¢, € Y
with ¢ # ¢/, there is a geodesic line [ with [(c0) = ¢ and [(—o0) =¢'.

Related to the above, it’s shown in [Zalloum 2022] that each point of the sublin-
early Morse boundary 9d,. X is a visibility point of 9, X.
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Figure 1. A basis for open sets.

Sublinearly Morse boundaries. Let k : [0, 00) — [1, 0c0) be a sublinear function
which is monotone increasing and concave, that is,

lim <9 —o.

t—oo f
The assumption that « is increasing and concave makes certain arguments cleaner,
otherwise they are not really needed. One can always replace any sublinear func-
tion «, with another sublinear function « so that

k() < k(1) = Cr(r)
for some constant C and i is monotone increasing and concave. For example, define
k(1) =sup{ix @)+ (1= k@) [0<A <1, u,v>0and Au+(1—r)v=r}.

The requirement « () > 1 is there to remove additive errors in the definition of
Kk -contracting geodesics (see Definition 2.10).

k-Morse geodesic rays. The boundary of interest in this paper consists of points
in 9, X that are in the “hyperbolic-like”. In proper CAT(0) spaces, they can be
characterized in two equivalence ways.

Definition 2.7 («x-neighborhood). For a closed set Z and a constant n define the
(«, n)-neighborhood of Z (see Figure 2) to be

Ne(Z,n)={xe X |dx(x,Z) <n-k(x)}.

X
(k, n)-neighborhood of b ... e

n-k(x)

0" > b
Xb

Figure 2. A «-neighborhood of a geodesic ray b with multiplicative
constant n.
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<cak(llxID o
Figure 3. A «-contracting geodesic ray.

Definition 2.8 («x-Morse I, k-Morse 1I). Let Z C X be a closed set, and let « be
a concave sublinear function. We say that Z is k-Morse if one of the following
equivalent (see Proposition 3.10 in [Qing et al. 2024]) condition holds:

(I) There exists a proper function mz : R — R such that for any sublinear func-
tion «” and for any r > 0, there exists R such that for any (q, Q)-quasigeodesic
ray B with mz(q, Q) small compared to r, if

dx(Br, Z) <k'(R), then |, CN(Z, mz(q, Q).

(IT) There is a function m’, : Ri — Ry so thatif B8 : [s,t] > X is a (q, Q)-
quasigeodesic with end points on Z then

[5. t1p C Nie(Z, m7z(q, Q).

Remark 2.9. By taking the maximum function of mz, m/Z, we may and will always
assume that both conditions hold for the same my, which we refer to as the x-Morse
gauge. Further,

2) mz(a, Q) = max(q, Q).

Definition 2.10 («-contracting sets). For x € X, define ||x|| =dx (0, x). For a closed
subspace Z of X, we say Z is «-contracting (see Figure 3) if there is a constant cz
so that, for every x, y € X

dx(x,y)=dx(x,Z) = diamx(xzUyz) <cz-k([x]).
In fact, to simplify notation, we drop || - || when it appears in the « function and
write « (x) instead of «(||x]|).

In CAT(0) spaces, a geodesic is k-contracting if and only if it is k-Morse [Qing
and Rafi 2022]. Furthermore, «-contracting can be related to properties introduced
in [Charney and Sultan 2015]. Recall from [Charney and Sultan 2015] that a
geodesic « is such that if there exists a D such that for every x, y € X

dx(x,y) <dx(x,a) = diamy(xyUy,) <D.
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Then we say the geodesic is D-contracting. The geodesic is strongly contracting if
it is D-contracting for some D, it follows that A geodesic ray is strongly contracting
if and only if it is xcontracting for x = 1.

k-Morse quasigeodesic rays in X space are grouped into equivalence classes to
form 0, X.

Definition 2.11 (x-equivalence classes in 9, X). Let 8 and y be two quasigeodesic
rays in X. If B is in some k-neighborhood of y and y is in some «-neighborhood
of B, we say that 8 and y «k-fellow travel each other. This defines an equivalence
relation on the set of quasigeodesic rays in X (to obtain transitivity, one needs to
change n of the associated («, n)-neighborhood).

We denote the equivalence class that contains g by [S].

Definition 2.12 (sublinearly Morse boundary). Let x be a sublinear function as
specified in Section 2 and let X be a CAT(0) space:

d X := {all k-Morse quasigeodesics}/k-fellow traveling.

We define the topology of d, X below.

We also use a, b to denote «-equivalence classes in 9, X. We need the following
fact that since X is CAT(0), there is a unique geodesic ray in each equivalence class:

Lemma 2.13 [Qing and Rafi 2022, Lemma 3.5]. Let X be a CAT(0) space. Let
b : [0, 00) = X be a geodesic ray in X. Then b is the unique geodesic ray in any
(k, n)-neighborhood of b for any n. That is to say, there is an 1-1 embedding of the
set of points in 0, X into the points of 0,X.

Proof. For each element a € 9, X, consider its unique geodesic ray «. The associated
a(00) is an element of 9, X. By Lemma 3.5 in [Qing and Rafi 2022], each equiva-
lence class contains a unique geodesic ray. Meanwhile, if two elements a, b € 9, X
contain the same geodesic ray, they are in fact the same set of quasigeodesics,
therefore this map is well defined. Therefore we have an embedding of the set of
points in 9, X into the points of 9, X. ([

Coarse cone topology on 9, X. We equip d, X with a topology which is a coarse
version of the visual topology. In visual topology, if two geodesic rays fellow travel
for a long time, then they are “close”. In this coarse version, if two geodesic rays
and all the quasigeodesic rays in their respect equivalence classes remain close
for a long time, then they are close. Now we define it formally. First, we say a
quantity D is small compared to a radius r > 0 if

]
3) D= 2%(r)’
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| geodesic By
(g, Q)-quasigeodesic B

(k, Mg, (9, Q))-neighborhood of «g

\\ (o))

r

Figure 4. b € U, (a, r) because the quasigeodesics of b such as
B, Bo stay inside the associated (k, my,(q, Q))-neighborhood of «g
(as in Definition 2.7 ), up to distance r.

Recall that given a x-Morse quasigeodesic ray 8, we denote its associated «-
Morse gauge mg(q, Q). These are multiplicative constants that give the heights of
the «-neighborhoods.

Definition 2.14 (topology on d, X). Let a € 9, X and o € a be the unique geodesic
in the class a. Define U, (a, r) to be the set of points b (see Figure 4) such that for
any (q, Q)-quasigeodesic of b, denoted B, such that mg(q, Q) is small compared
to r, satisfies

Blr CNK(“O: mao(Qv Q).

Let the topology of 9, X be the topology induced by this neighborhood system.
The following fact shows that a x-boundary is well defined with respect to the
associated group.

Theorem 2.15 [Qing et al. 2024]. Let X, Y be a proper metric space and let k
be a sublinear function. The k-boundaries of X,Y are denoted 0, X, 9,Y. Any
quasiisometry from X to Y induces a homeomorphism between 9, X and 0,/ Y.

3. Dense subsets and minimality of G-action

In this section we prove two results concerning dense subsets of 9, G. First we
show that the set of all Morse directions, d; G is dense in d, G, secondly and more
generally, the action of G is minimal on 9, G and as a consequence, a Morse element
in G acts with north-south dynamics on the boundary. To begin with, in this section,
let G acts properly discontinuously, cocompactly and by isometries metrically on a
CAT(0) space X.

Let A be a geodesic ray or a geodesic segment. Since G acts cocompactly on X
there exists a compact set F such that X C [ ¢ & - F. In particular, there exists a
set {g;} such that A C 5 8- F. Wecan organize the g; such that (_J o 8i - F covers
longer and longer initial segment of A as i — oo.
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[IN]

v
[SIET

b

Figure 5. The local angle in a CAT(0) space.

Definition 3.1 (angles in CAT(0) spaces [Bridson and Haefliger 1999, 11.3.1]). Let
X be a CAT(0) space and let £: [0, a] — X and £": [0, a’] — X be two geodesic paths
issuing from the same point £(0) = ¢’(0). Then the comparison angle Zg(c(2), ¢’ (t'))
is a nondecreasing function of both z, ¥ > 0, and the Alexandrov angle /(c, ') is

equal to
lim Ze)(c@), (') =lim L(c(t), ¢'(1)).
t,t'—0 t—0

Hence, we define

/(c, ") = lim 2 arcsin id(c(t), c(1)).
t—0 2t

We also refer to the Alexandrov angle as the local angle (see Figure 5).

Lemma 3.2. Let ¢y be a concatenation of a geodesic segment and an infinite
geodesic ray as follows:

o The geodesic segment is the initial segment of a k-Morse geodesic ray labeled b.
o The infinite geodesic ray is a k-Morse geodesic ray labeled a.

e Suppose in addition that the Alexandrov angle are the point of concatenation is
bounded below by the right angle.

Then cq is k-Morse, and its Morse gauge is bounded above by
Mey (g, Q) < my,(3q, Q) +mu(3q, Q).

Proof. We will show that ¢ satisfies the x-Morse II condition. Consider a quasi-
geodesic ray ¢’ that sublinearly tracks cg. Let p be the point of concatenation on ¢
and project p to ¢’ and label the projection as p. (see Figure 6). By the surgery
lemma [Qing and Rafi 2022, Lemma 2.5], we have

o, pc’]c’ U [P, Pc’]

is a (3q, Q) quasigeodesic segment whose endpoints are on b, thus by x-Morse II it
is in the m} (3q, Q) neighborhood of b. Define ¢” to be the quasigeodesic ray with
¢” C ¢ and ¢”(0) = po. Again, by [Qing and Rafi 2022, Lemma 2.5],

[p, pelUC"
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Figure 6. The quasigeodesic ray ¢’ is covered by the union of a
quasigeodesic segment [0, p~]U[p, po1, and a quasigeodesic ray
[p, pelUC".

is (3q, Q) quasigeodesic ray that sublinearly tracks a. Likewise by x-Morse I it
is in the m,(3q, Q) neighborhood of @. Thus ¢’ is in a m/b(3q, Q) +m,(3q, Q)-
neighborhood of ¢. O

Theorem 3.3. Suppose G acts properly discontinuously, cocompactly and by isome-
tries metrically on a proper CAT(0) space X and |9, X| > 3. For each a € 9, X,
such that G - a is dense in 9, X.

Proof. By Theorem 1.1 in [Hamenstddt 2009], the action of G on its visual bound-
ary dX is minimal. In particular, no element in the visual boundary is a global fixed
point of G. Now, since elements of the k-boundary 0, X are also elements in the
visual boundary, we conclude that G.a # a for any a € 9, X.

Fix a point a € 9, X, by the above, there exists a group element g € G such that
ga # a. Since 9, X is a visibility space [Zalloum 2022], we can choose a biinfinite
geodesic line, denoted /, that connects a and g - a 9, G, we will write /(oc0) for a
and [(—o0) for g -a. Given any point b € 9, X (not necessarily different from /(c0)
or [(—00)), and let b be a geodesic ray representing b with b(0) = o. It suffices to
show that a subset of the points in G - a converges to b. If b =1(0c0) or b =1(—00)
then we are done. Otherwise fix a point p € £.

Since G acts on X cocompactly, there exists a constant C and elements {g; € G}
fori =1,2,3,... suchthat d(g; - p, b(i)) < C foralli e N.

Denote [; := g; - £. Also let p; :== g; - p and consider the quasigeodesics

ai :=[o, pilU[pi, ), Bi=Io, pilUlpi, [;).

Since /; is a line in a CAT(0) space, at least one of the local angles Z (o, p;, [;(00)),
L(0, pi, l;(—00)) is greater than or equal % Consequently, at least one of «; or ;
is a (3, 0)-quasigeodesic ray (see Figure 7). For each i, let y; € {«;, B;} be such a
(3, 0)-quasigeodesic ray. Each y; is k-Morse as its tail is k-Morse. By Lemma 3.2,
for all i and for all q, Q we have

m}/,' (qv Q) < m;g(3qa Q) +ml(3q7 Q) + C/,
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Bi = gil(00) a; = gil(—00)

0

Figure 7. Translates of £ by {g;} along b.

where C’ is a constant depending only on C. Since m,, does not depend on i we
write it as m,,. Let q, Q be small compared to r. Let

k" =3m, Ck +C.

Since b is k-Morse I, we have that for each r > 0, and for each pair of (q, Q)
small compared to r, there exists R(q, Q, 7, k) > 1 such that the conclusion of
the «-Morse I notion holds. Furthermore, by the proof of Theorem 3.14 in [Qing
and Rafi 2022], since «’ is concave, if R = R(q, Q, r, ') satisfies the definition of
k-Morse I, then all R > R(q, Q, r, k') also satisfies the definition of x-Morse I.

Recall that y; € {«;, B;}. Leti = [R]. By construction we have d(bg, yr1) < C.
Thus, there exists a point sigy € [0, 00) with d(bg, y[r1(str7)) < C. In particular,
since yrgy is a (3, 0)-quasigeodesic, we have

R—C<d(y(sir),0) <R+C =  sip) <3(R+0).

Now it remains to show that yg; € U(b, r). Let ¢ be a (q, Q)-quasigeodesic in
the class of gy, then by [Qing et al. 2024, Lemma 3.4] , we get that

d(yrr1(StRY), ¢) <my k(s;) as ¢ and yrgy are both k-Morse,
<m, k(3(R+C)) as k is monotone nondecreasing,
<m, k(3CR) <3m, Ck(R) as k is convex.

This provides a point x € ¢ with d(x, y;(s;)) < m, Ck(R). Hence, by the
triangle inequality, we get that d(x, b(R)) < 3m, Ck(R) + C. Now, recall that
k" =3m, Ck + C, thus R(q, Q, , k) is precisely that

d(x,b(R)) <3my Ck(R)+C = & SNc(b,r).
This holds for every (q, Q)-quasigeodesic representative of y; and thus we have
“) Yrr1 € U(b, r).

That is to say, for larger and larger r we can find an associated sequence of y; that
is in U (b, r), Thus up to a subsequence y; = g; - a limits to b. [l
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As a consequence of the proof we can establish the following corollary.

Corollary 3.4. Let | be a biinfinite axis of a rank-one element g € G and let a
be another element in 3, X (not necessarily different from the ends of l). Then for
each r, there exists a large enough n such that gk -a eU([{(c0)], r) forall k > n.

Proof. As established in the proof of Theorem 3.3, for a sequence of larger and
larger r one can construct an associated sequence of y; that is in U ([{(c0)], r). By
cocompactness, each y; has in its class a (3, 0)-quasigeodesic ray with an initial
geodesic segment that is [0, g; - p], where the sequence

{g1,82,83 ...}

tracks [. Since [ is rank-one, the tracking sequence for /(co) becomes

{g.¢% ¢ ¢ ...},

thus y; consists of a initial segment [o, g' - p]. Thus for each r there exists [R(r)]
such that if i = [R(r)] then

[vil € U([I(c0)], r).

Furthermore, by the proof of Theorem 3.3, all R > R(r) works for the definition of
k-Morse 1, thus for all i > [R(r)], we also have that

[vil e U([I(c0)], r).

By combining the two we then have that there exists a large enough n such that
gk -a cU([l(00)], r) for all k > n. O

Remark 3.5. Consider a point b € 9, X represented by a geodesic ray b. Let p € X,
gi € G and C > 0 be such that every point b(t) is within C of g; - p for some i. The
above argument shows that for any pair of points a, @’ € 9, X, the orbit g;{a, a’} has
a subsequence converging to b. Suppose further that @ # b. If we are provided that
gia = a for all g;, then g;a’ has a subsequence converging to b. This observation
will be used in the proof of Theorem 3.6.

Now we prove a weak version of north-south dynamics for the action of a group
on its k-boundaries. By [Hamenstiddt 2009, Proposition 4.3] an element in a CAT(0)
group is contracting if and only if it is a rank-one element.

Theorem 3.6. Let g € G be a rank-one element. Let g*° denotes the endpoint of
the axis associated to g. For any open set U containing g and a compact set
C € (0,G\[g~™)), there exists an N such that for alln > N, we have g" -C C U.

Proof. Consider any open set U that contains g™°°. By construction U contains a
neighborhood specified in Definition 2.14 thus let 2/(g™°, r) be the neighborhood
in U. Let A be a line connecting g and g~>. That is, A is an axis of g and {g'}
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~

Figure 8. The quasigeodesic ray ¢’ is covered by the union of a
quasigeodesic segment [0, p~]U[p, pe1, and a quasigeodesic ray
[p, pelUC".

tracks A. For a point a € C C 9, X, we let [ be a geodesic line connecting [g~°]
to a and fix a point p on /. let this point p be a new basepoint. We can do this
because 9, G is basepoint invariant there exists a natural homeomorphism of the
boundaries when changing basepoint. Define C := d(p, A), in particular, since g
preserves the line A, we have d(g" p, gA) =d(g" p, A) = C. Hence, for each n the
uasigeodesic ra

e ¢ vni=1lo,8" - plUIg" - p,g" -2)

is a (3, 0)-quasigeodesic (see Figure 8).

By Corollary 3.4, we have that for each R, there exists a large enough n with
gk -a € U([g"®], R) for all k > n. This holds for each point in C, i.e., for each
point a € C, there exists a large enough power n, with g"»-a e U([g**>°], R) C U.
Now, notice that

g acU(g"™1.R) = ae() 'Ulg™IR).
Since g is rank-one, (g"°)~! = g™"=. We denote the open sets as
Un,a):=g "™UE™, R).
Hence, the collection {U (n, a)|a € C} forms a cover for C yielding a finite subcover
(Ui, ) =h23m,

Now, choose N := max{ny, - - -n,,}, and let n be any natural number such that
n> N. We get

g'ccg" (U U (n;, ai)> since U U (n;, a;) is a cover,
1 1
=g" (U g i U([gT], R)) definition of U (n;, a;),
1

EUgmzu(gOO,R) SinCCnZNZI’l[, m; =n-—n;,
1

CUE™ R)CU. O
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4. Compact-type sublinearly Morse boundaries for CAT(0) spaces

It is shown in [Qing and Rafi 2022] that if G = 7> Z, then 9, G is not compact. In
this section we show that the «-boundary is compact if and only if the underlying
group is hyperbolic.

Contracting geodesic rays and the visual boundary. We remind the reader of a
few terminologies from [Charney and Murray 2017] and [Charney et al. 2019].
Recall that a geodesic y is strongly contracting if it is in the sublinearly Morse
boundary whose associated sublinear function ¥ = 1. This implies the existence
of a constant D such that all disjoint balls project onto y to a set of diameter at
most D, in which case we say y is D-strongly contracting. Consider the set of all
D-strongly contracting geodesic rays emanating from o. We can think of this set as
a subspace of the various boundaries we study in this paper: we use d° X to denote
the set of all D-contracting geodesic rays emanating from o when equipped with the
subspace topology of the visual boundary, and use 3° X when equipped with the
subspace topology of the «-boundary. We note that the subspace 32 X is compact
and metrizable.

Denote by aé"*'” X the collection of all n-tuples (ay, az, ..., a,) of distinct
points a; € 9, X such that every biinfinite geodesic connecting a; to a; is D-strongly
contracting.

Let X; C X2 C X3 C ... be anested sequence of topological spaces. The direct
limit of {X;}, denoted by lim X;, is the space consisting of the union of all X; given
the following topology: A subset U is open in lim X; if U N X; is open in X; for
each i.

The following is a standard way to establish continuous maps between two nested
sequences and the proof is left as an exercise for interested readers.

Lemma 4.1. Let {X;} and {Y;} be two sequences of nested topological spaces. Let
X:li_n)lXi and Y =1limY;
be the direct limit of {X;} and {Y;} respectively. If f : X — Y is a map such that
e for each i there exists some j with f(X;) CY;,
e flx; : Xi = Y is continuous,
then f is continuous.

Consider the topological spaces a2 X. The Morse boundary 9,X is the direct
limit of the topological spaces d° X where D € N. In other words

9, X =limaP X

Hence, a set U is open in 9, X if and only if U N> X is open for each D.
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The following proposition states that equipping this subset with the subspace
topology of the visual boundary or the subspace topology of the «-boundary yields
homeomorphic spaces. The intuitive reason for this is the following: since quasi-
geodesics stay uniformly close to D-strongly contracting geodesics, the topology
of fellow traveling of geodesics (the visual topology) and the topology of fellow
traveling of quasigeodesics (the topology of the «-boundary) coincide.

Proposition 4.2. The inclusion map id : 81'? X — 8KD X is a homeomorphism onto
its image.

Proof. We need to show that the map id : 3° X — 9P X is a homeomorphism. Since
dP X is closed [Charney and Sultan 2015, Lemma 3.2] and X is proper, DX is
compact. Also, the space 8KD X is metrizable by Theorem D in [Qing and Rafi 2022].
Hence, it suffices to show that the map id is a continuous map. Notice that since
every geodesic ray in 90X is D-strongly contracting for the same D, applying
Definition 2.7, we get an associated Morse function such that every geodesic ray
Bo is m(D)-Morse, where m(D) depends only on D and satisfies the following:
For every constants r > 0, n > 0 and every sublinear function «’, there is an
R =R(Bo, r, n, k') > 0 where the following holds: Let  : [0, c0) — X be a (q, Q)-
quasigeodesic ray so that mg,(q, Q) is small compared to r, let 7, be the first time
[In(t) |l = r and let tg be the first time ||7(¢r)|| = R. Then

dx(n(tr), o) < n-«'(R)

implies that
nl0, t:]1 C N1(Bo, mg, (a4, Q) C N (Bo, mp,(a, Q))-

This leads us to our first claim:

Claim. Given b € 8KD X, each neighborhood of b, denoted U, (b, r), must contain a
visual neighborhood basis of By, the unique geodesic ray in the class of b.

Proof of the Claim. To see this, let Sy € b be the unique geodesic ray starting at 0. We
wish to show that for any r > 0, there exists r’ and € such that i, (,30, ', e€) CU(b,r).

In other words, we want to show that for any r > 0, there exists ' and € if a
geodesic ray o € a with op(0) = o satisfies d(ao(7), Bo(t)) < € for t <1/, then,
any (q, Q)-quasigeodesic representative a of a with mg,(q, Q) small compared to r,
we have

alr CNe(§, mgy(a, Q).

Remember that |, = a([0, #,]) where ¢, is the first time where ||« (?)| =r.
Let r be given and let

n =max{mg,(q, Q) +1]q,Q=r}.
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By Definition 2.7, with Z = Sy, there exists an R = R(r,n) such that any
(g, Q)-quasigeodesic representative B of a with mg(q, Q) small compared to r,
we have

d(B(tr),b) <n = B CNi(Bo, mg(a, Q).

Choose r =r+ R and € = 1. Hence, we want to show that if d(a(¢), b(¢)) < 1 for
t <r+ R, then B, C N (b, mg,(q, Q)) for B defined above. Since a is 1-Morse
with gauge m, the Hausdorff distance between a and § is at most m(q, Q). This
implies that for any 0 <t <r+ R, we have

d(a(1)), B(ir)) < mp,(q, Q) for some i;.

Therefore, if ¢ is the first time with ||8(tz)| = R, we must have

d(a, B(tr)) < mp,(a, Q).

Now, since d(a(t), b(t)) < 1forall t <r+ R and as d(a, B(tr)) < mg,(q, Q),
the triangle inequality gives

d(b, B(tr)) =d(b,a) +d(a, p(tr)) <1+ mp(q, Q),

which we can rewrite as

IBr CNl(b’ mﬁo(q7 Q)) CNK(b’ mﬂo(qv Q))’

which proves the claim. U

Now we are left to show that the map id is continuous. Since both 3P X and 9P X
are metrizable spaces, it suffices to establish sequential continuity. Let {c,}, c€ P X
with ¢, — c. Assume that ¢, — cin BEX, we want to show that ¢, — cin 8KDX.
Using the above claim, since each neighborhood of c in 32X contains an open
neighborhood of 9P X, the statement is immediate. U

Corollary 4.3. For a CAT(0) space X, the natural map i : 0, X — 0, X is continuous.

Proof. By Proposition 4.2, ip : 81')3 X — 9, X is continuous for each D. Since
3, X =1limaPX,
—_—
by definition i : 9, X < 9, X is continuous. O

Corollary 4.4. Let X be proper CAT(0) hyperbolic space. Let k be a sublinear
function. The space 9, X is compact, and the k-Morse boundary is homeomorphic
to the Gromov boundary.

Proof. Since X is a hyperbolic space, there exists a uniform constant D such that
every geodesic ray is D-strongly contracting. This implies that the subspace 81[)) X
defined above is the entire visual boundary, in other words, we have 30X = 9, X.
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Also, since every geodesic ray is D-strongly contracting, the subspace d°X de-
fined above is the full k-boundary as a set. That is to say, °X = 9, X as sets.
Proposition 4.2 then yields a homeomorphism between the visual boundary of X,
0, X and the x-boundary of X, 9, X. By [Bridson and Haefliger 1999, I11.H.3], the
Gromov boundary is homeomorphic to the visual boundary of X. Thus we have

X Z0,X =0, X.
As X is proper, 0 X is compact, thus the x-boundary d, X must also be compact. [

Theorem 4.5. Suppose a group G acts properly discontinuously, cocompactly
and by isometries metrically on a CAT(0) space X such that 0, X # &, then the
following are equivalent:

(1) Every geodesic ray in X is k-contracting.

(2) Every geodesic ray in X is strongly contracting.
3) 0, X is compact.

(4) The space X is hyperbolic.

Proof. We will prove the equivalences by showing (3) = (1) = (4) = (3) and
also (4) < (2). We start by showing (3) implies (1). The statement is vacuously
true if 9, X is empty. If 9, X is nonempty, then by [Zalloum 2022], there exists a
rank-one isometry g. This yields the existence of a strongly contracting geodesic
line /, that is an axis for g. Let o be a point on /, and let B be an arbitrary geodesic
ray emanating from o. We show now that j is k-contracting. Since the action of G
on X is cocompact, there exists a C > 0 and a sequence of group elements {g;} € G
such that d(B(i), gi - 0) < C for each i € N (the dots in Figure 9). Now, consider
the sets given by g;/,. Since g; acts by isometry, these are biinfinite geodesic lines
passing the points g;0. Recall [ -, - ] denote a geodesic segment between two points.
By CAT(0) geometry, the concatenation of two geodesic segments at angle bounded
below by 7 forms a (3,0)-quasigeodesic segment. Lastly, we denote one end of g; /,
by gil,(c0) and the other end by g;/,(—00).
For each i, consider the concatenation

[0, gio]U[gi0, gil,(00)] and [o, gio]U|[gio, [g(—00)].

By CAT(0) geometry, one of these two concatenations consists of geodesic segments
intersecting at angles bounded below by %. Thus one of the two concatenations is
a (3,0)-quasigeodesic ray starting at o. Relabel the sequence of (3,0)-quasigeodesic
rays defined by concatenating [o, g;o] with either [g;0, [;(c0)] or [g;0, [;(—00)]
to form a sequence of (3,0)-quasigeodesic rays, by y;. Since 9, X is compact, up
to passing to a subsequence, [y;] converges to an element b € 9, X. Let b be the
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B

8ilg(—00) 8ilg(00)

L, (—00) l¢(00)

Figure 9. Translates of /, by {g;} along ay.

geodesic representative of b. The convergence implies that for each r > 0, there
exists k such that if i > k, the sequence y; satisfies

Vile CNe(b, my(3,0)).

Since the subsegment of y; given by [0, g;o0] is in a C-neighborhood of g, we
have for each r, 8], is in N (b, C +my(3, 0)), and hence

Lemma 2.13 then implies that 8§ = b. Thus we have

[Bl=[b]=b € d X,

which finishes the proof.

Next we show that (1) implies (4). If every geodesic ray is k-contracting, then
X does not contain an isometric copy of [E2, and hence, by the flat plane theorem
[Bridson and Haefliger 1999, II1.I".3 Theorem 3.1], the space X must be hyperbolic.
The implication (4) = (3) is Corollary 4.4.

Lastly, we prove the equivalence between (2) and (4). Since every geodesic ray
is N-Morse for the same N in a §-hyperbolic space, we have (4) = (2). On the
other hand, by way of contradiction, suppose X is not a hyperbolic space, then it
must contain an isometrically embedded E? by the flat plane theorem [Bridson and
Haefliger 1999, IIL.T".3 Theorem 3.1]. Let 0 € E? and the geodesic rays that stays
entirely in the is not D-strongly contracting for any D. Therefore (2) = (4). U

Remark 4.6. As we can see in [Behrstock 2019], one can have part of the sublinearly
Morse boundary being compact while the rest of the sublinearly Morse boundary
is not compact. In this case the theorem can be applied to a part of the space X
whose sublinear boundary is the compact portion.
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5. Successively quasimobius homeomorphisms on the sublinearly Morse
boundaries

Paulin [1996] characterizes homeomorphisms between boundaries of cocompact
hyperbolic spaces that are induced by quasiisometries. They characterize such
homeomorphisms as the ones that are quasimobius.

quasimobius maps.
Definition 5.1. Let X, Y be proper geodesic CAT(0) space.

e Amap f:9,X — 9,7 is said to be 1-stable if for every D, there exists D’
such that f(3°X) caP'y.

e Amap f:9,X — 9,7 is said to be 2-stable if for every D, there exists D’

such that
2,D 2,0’
f@*Px)c Py,

Notice that it follows from the above definition that a 2-stable map f maps
3P x 10 8PV X for all n > 2. Hence, it makes sense to make the next definition.
A map f:0,X — 9,7 is said to be stable if it is both 1- and 2-stable.

Definition 5.2. The cross-ratio of a four-tuple (a, b, ¢, d) € 8,54’D)X is defined to
be [a, b, c,d] = £ Sup,¢(y.¢) d(a (D), Ta(d)), Where the sign is positive if the
orientation of the geodesic (4 (b), 7y (d)) agrees with that of (a, ¢) and is negative
otherwise.

A stable map f: 9, X — 0, Y is said to be successively quasimobius if for every D,
there exists a continuous map ¥p : [0, c0) — [0, oo0) such that for all 4-tuples
(a,b,c,d) € 3D X, we have [f(a), £(b), f(©), f(d)] < Yo(lla, b, c,d]).

In this section, as an application of visibility [Zalloum 2022] and using the works
[Charney and Murray 2017] and [Charney et al. 2019], we prove a weaker version
of this characterization.

Theorem 5.3. Let X, Y be proper cocompact CAT(0) spaces with at least 3 points
in their sublinear boundaries. A homeomorphism f : 0, X — 0, Y is induced by a
quasiisometry h : X — Y if and only if f is stable and successively quasimobius.

The following is an immediate consequence.

Corollary 5.4. Let G and H be CAT(0) groups. Then G is quasiisometric to H if
and only if there exists a homeomorphism f : 0, G — 0, H which is successively
quasimobius and stable.

We will often make use of the following theorem.

Theorem 5.5 [Charney et al. 2019]. Let X, Y be proper cocompact CAT(0) spaces
with at least 3 points in their Morse boundaries. A homeomorphism f : 0, X — 0,Y
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is induced by a quasiisometry h : X — Y if and only if f is 2-stable and successively
quasimobius.

Lemma 5.6. A quasiisometry h : X — Y induces a stable homeomorphism, i.e.,
Och:0,X — 0.Y.

Proof. Fix 0 € X and let o’ = h(0) where £ is a (k, K)-quasiisometry. Qing and
Rafi [2022] show that a quasiisometry i induces a homeomorphism 04 on their
respective x-boundaries. If y is a D-strongly contracting geodesic ray, then by
[Charney and Sultan 2015], the unique geodesic ray starting at /(o) and representing
[f(y)] must be D’-strongly contracting where D’ depends on D, k and K. This
implies that 0,/ is 1-stable. Now, Theorem 5.5 gives us that the map induced by 4
on the Morse boundary is 2-stable. Hence, we deduce that o,/ is stable. (]

Lemma 5.7. Any homeomorphism f : 3.X — 98.Y such that f, f~' are 1-stable
induces a homeomorphism g : 0,X — 0,Y on their Morse boundaries, with
gx)= f(x) forall x € 9, X.
Proof. Let f : 3.X — 8,Y be a homeomorphism such that f and f~! are I-stable.
Notice that by Theorem E in [Qing and Rafi 2022], we have that if " < «, then the
inclusion map

[:00X — 0. X
is continuous. Taking «’ = 1 yields that i : 3; X — 9, X is continuous. Hence, since
both f and f~! are 1-stable, the restriction of f to 3;X induces a homeomorphism
f: 01X — 91Y, with f_= fla,x where 91X and 9, Y are given the subspace topology
of the k-boundary. Meanwhile,

o0 o0
X=X and &Y= JaY.
D=1 D=1
Since 8{3 X is equipped with the subspace topology of 9; X, the inclusion map
i®:9PX — 8, X
is continuous. Using Proposition 4.2, we get that
i 0X — 9 X
is continuous for every D, where D X is given the subspace topology of the visual
boundary. Furthermore, since f is 1-stable, we have f 0P : 9PX — aP'Y for

some D’ where f oiP is continuous. Using Proposition 4.2, we obtain a continuous

ma - /
P foiD:BUDX;)ZJEY for each D.

Hence, by Lemma 4.1, we get a continuous map g : 9,X — 0d,Y. Applying the
same argument above to ! yields a continuous map g’ : 3,Y — 9, X with

gog/:ida*X and g/ogZida'y. [l
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Proof of Theorem 5.3. (=) If h is a quasiisometry, then f := 9dh is stable by
Lemma 5.6 . Also, f is successively quasimébius by Theorem 5.5.

(<) Using Lemma 5.7 any stable homeomorphism f : 9, X — 9, Y induces a
homeomorphism g : 9, X — 0d,Y on their Morse boundaries, with g(x) = f(x) for
all x € 9, X. Since f is successively quasimobius and g(x) = f(x) for x € 0, X,
Theorem 5.5 implies the existence of a quasiisometry 4 : X — Y such that we have
oh=g:0,X — 9,Y. We wish to show that the induced map

och:9X — 0.Y

agrees with f. Notice that as a set d,X = 91X, where d; X is the subset of 9, X con-
sisting of equivalence classes having a strongly contracting representative. Hence,
we have 0, h(x) =0dh(x) forall x € 9; X C 9, X. Now, since 0h =g, and g(x) = f(x)

on d; X, we get that
dch(x) =0h(x) = g(x) = f(x)

for all x € 9 X. Therefore, 0, h(x) = f(x) for all x € 9; X C 9, X. It remains to
show that 9, h(x") = f(x) for all x" € 9, X. Let x" € 9, X, by Corollary 3.4, there
exists a sequence x, € d; X that converges to x':

X, — x’
in d, X. Since f is continuous on dX,, we have convergence
[ () = 8ch(xn) — f(x).
Also, since 0d,./ is continuous on J, X, we get that
Ach(xp) = dch(x)).
As 9, Y is Hausdorff, we obtain 9,k (x") = f(x'). O

This result is far from satisfying, since successively quasimobius requires one
to check the quasimobius condition for every D, it is a much stronger condition
than quasimdbius. Currently there is no results directly characterizing quasimobius
maps on the «-boundaries.

Acknowledgement

We thank Ruth Charney, Matthew Cordes, Curt Kent and Kasra Rafi for helpful
conversations.

References

[Behrstock 2019] J. Behrstock, “A counterexample to questions about boundaries, stability, and
commensurability”, pp. 151-159 in Beyond hyperbolicity, London Math. Soc. Lecture Note Ser. 454,
Cambridge Univ. Press, Cambridge, 2019. MR Zbl


http://msp.org/idx/mr/3966609
http://msp.org/idx/zbl/1514.20137

178 YULAN QING AND ABDUL ZALLOUM

[Bridson and Haefliger 1999] M. R. Bridson and A. Haefliger, Metric spaces of non-positive curvature,
Grundl. Math. Wissen. 319, Springer, Berlin, 1999. MR Zbl

[Cashen and Mackay 2019] C. H. Cashen and J. M. Mackay, “A metrizable topology on the contracting
boundary of a group”, Trans. Amer. Math. Soc. 372:3 (2019), 1555-1600. MR Zbl

[Charney and Murray 2017] R. Charney and D. Murray, “A rank-one CAT(0) group is determined by
its Morse boundary”, preprint, 2017. arXiv 1707.07028

[Charney and Sultan 2015] R. Charney and H. Sultan, “Contracting boundaries of CAT(0) spaces”, J.
Topol. 8:1 (2015), 93-117. MR Zbl

[Charney et al. 2019] R. Charney, M. Cordes, and D. Murray, “Quasi-mobius homeomorphisms of
Morse boundaries”, Bull. Lond. Math. Soc. 51:3 (2019), 501-515. MR Zbl

[Croke and Kleiner 2000] C. B. Croke and B. Kleiner, “Spaces with nonpositive curvature and their
ideal boundaries”, Topology 39:3 (2000), 549-556. MR Zbl

[Durham and Zalloum 2022] M. G. Durham and A. Zalloum, “The geometry of genericity in mapping
class groups and Teichmiiller spaces via CAT(0) cube complexes”, preprint, 2022. arXiv 2207.06516

[Garcia et al. 2024] J. Garcia, Y. Qing, and E. Vest, “Topological and dynamic properties of the
sublinearly Morse boundary and the quasi-redirecting boundary”, preprint, 2024. arXiv 2408.10105

[Gekhtman et al. 2022] 1. Gekhtman, Y. Qing, and K. Rafi, “Genericity of sublinearly Morse directions
in CAT(0) spaces and the Teichmiiller space”, preprint, 2022. To appear in Math. Z. arXiv 2208.04778

[Hamenstiddt 2009] U. Hamenstddt, “Rank-one isometries of proper CAT(0)-spaces”, pp. 43—59 in
Discrete groups and geometric structures, Contemp. Math. 501, Amer. Math. Soc., Providence, RI,
2009. MR Zbl

[Kapovich and Benakli 2002] I. Kapovich and N. Benakli, “Boundaries of hyperbolic groups”, pp. 39—
93 in Combinatorial and geometric group theory (New York, 2000/Hoboken, NJ, 2001), Contemp.
Math. 296, Amer. Math. Soc., Providence, RI, 2002. MR Zbl

[Murray 2019] D. Murray, “Topology and dynamics of the contracting boundary of cocompact
CAT(0) spaces”, Pacific J. Math. 299:1 (2019), 89-116. MR Zbl

[Murray et al. 2022] D. Murray, Y. Qing, and A. Zalloum, “Sublinearly Morse geodesics in CAT(0)
spaces: lower divergence and hyperplane characterization”, Algebr. Geom. Topol. 22:3 (2022),
1337-1374. MR Zbl

[Nguyen and Qing 2024] H. T. Nguyen and Y. Qing, “Sublinearly Morse boundary of CAT(0)
admissible groups”, J. Group Theory 27:4 (2024), 857-897. MR Zbl

[Pallier and Qing 2024] G. Pallier and Y. Qing, “Sublinear bilipschitz equivalence and sublinearly
Morse boundaries”, J. Lond. Math. Soc. (2) 110:2 (2024), art. id. e12960. MR Zbl

[Paulin 1996] F. Paulin, “Un groupe hyperbolique est déterminé par son bord”, J. London Math. Soc.
(2) 54:1 (1996), 50-74. MR Zbl

[Qing 2016] Y. Qing, “Geometry of right-angled Coxeter groups on the Croke—Kleiner spaces”,
Geom. Dedicata 183 (2016), 113-122. MR Zbl

[Qing and Rafi 2022] Y. Qing and K. Rafi, “Sublinearly Morse boundary, I: CAT(0) spaces”, Adv.
Math. 404 (2022), art. id. 108442. MR Zbl

[Qing and Yang 2024] Y. Qing and W. Yang, “Genericity of sublinearly Morse directions in general
metric spaces”, preprint, 2024. arXiv 2404.18762

[Qing et al. 2024] Y. Qing, K. Rafi, and G. Tiozzo, “Sublinearly Morse boundary, II: Proper geodesic
spaces”, Geom. Topol. 28:4 (2024), 1829-1889. MR Zbl

[Zalloum 2022] A. Zalloum, “Convergence of sublinearly contracting horospheres”, Geom. Dedicata
216:3 (2022), art.id. 35. MR Zbl


https://doi.org/10.1007/978-3-662-12494-9
http://msp.org/idx/mr/1744486
http://msp.org/idx/zbl/0988.53001
https://doi.org/10.1090/tran/7544
https://doi.org/10.1090/tran/7544
http://msp.org/idx/mr/3976570
http://msp.org/idx/zbl/1506.20079
http://msp.org/idx/arx/1707.07028
https://doi.org/10.1112/jtopol/jtu017
http://msp.org/idx/mr/3339446
http://msp.org/idx/zbl/1367.20043
https://doi.org/10.1112/blms.12246
https://doi.org/10.1112/blms.12246
http://msp.org/idx/mr/3964503
http://msp.org/idx/zbl/1450.20008
https://doi.org/10.1016/S0040-9383(99)00016-6
https://doi.org/10.1016/S0040-9383(99)00016-6
http://msp.org/idx/mr/1746908
http://msp.org/idx/zbl/0959.53014
http://msp.org/idx/arx/2207.06516
http://msp.org/idx/arx/2408.10105
http://msp.org/idx/arx/2208.04778
https://doi.org/10.1090/conm/501/09839
http://msp.org/idx/mr/2581914
http://msp.org/idx/zbl/1220.20038
https://doi.org/10.1090/conm/296/05068
http://msp.org/idx/mr/1921706
http://msp.org/idx/zbl/1044.20028
https://doi.org/10.2140/pjm.2019.299.89
https://doi.org/10.2140/pjm.2019.299.89
http://msp.org/idx/mr/3947271
http://msp.org/idx/zbl/1515.20230
https://doi.org/10.2140/agt.2022.22.1337
https://doi.org/10.2140/agt.2022.22.1337
http://msp.org/idx/mr/4474788
http://msp.org/idx/zbl/1535.20219
https://doi.org/10.1515/jgth-2023-0145
https://doi.org/10.1515/jgth-2023-0145
http://msp.org/idx/mr/4767384
http://msp.org/idx/zbl/07874821
https://doi.org/10.1112/jlms.12960
https://doi.org/10.1112/jlms.12960
http://msp.org/idx/mr/4776658
http://msp.org/idx/zbl/07900383
https://doi.org/10.1112/jlms/54.1.50
http://msp.org/idx/mr/1395067
http://msp.org/idx/zbl/0854.20050
https://doi.org/10.1007/s10711-016-0149-1
http://msp.org/idx/mr/3523121
http://msp.org/idx/zbl/1400.20030
https://doi.org/10.1016/j.aim.2022.108442
http://msp.org/idx/mr/4423805
http://msp.org/idx/zbl/1512.20143
http://msp.org/idx/arx/2404.18762
https://doi.org/10.2140/gt.2024.28.1829
https://doi.org/10.2140/gt.2024.28.1829
http://msp.org/idx/mr/4777703
http://msp.org/idx/zbl/07874821
https://doi.org/10.1007/s10711-022-00693-8
http://msp.org/idx/mr/4423140
http://msp.org/idx/zbl/1514.20175

SUBLINEARLY MORSE BOUNDARIES OF CAT(0) GROUPS

Received January 7, 2023. Revised July 24, 2024.

YULAN QING

DEPARTMENT OF MATHEMATICS
UNIVERSITY OF TENNESSEE AT KNOXVILLE
KNOXVILLE, TN

UNITED STATES

yulan.qing@gmail.com

ABDUL ZALLOUM

INSTITUTE FOR ADVANCED STUDY IN MATHEMATICS
HARBIN INSTITUTE OF TECHNOLOGY

HARBIN

CHINA

and

SUZHOU RESEARCH INSTITUTE OF HIT
SuzHOU
CHINA

zalloum.abdul @ gmail.com

179


mailto:yulan.qing@gmail.com
mailto:zalloum.abdul@gmail.com




PACIFIC JOURNAL OF MATHEMATICS

Founded in 1951 by E. F. Beckenbach (1906-1982) and F. Wolf (1904-1989)

msp.org/pjm

EDITORS

Don Blasius (Managing Editor)
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
blasius@math.ucla.edu

Matthias Aschenbrenner Vyjayanthi Chari Atsushi Ichino
Fakultit fiir Mathematik Department of Mathematics Department of Mathematics
Universitit Wien University of California Kyoto University
Vienna, Austria Riverside, CA 92521-0135 Kyoto 606-8502, Japan
matthias.aschenbrenner @univie.ac.at chari @math.ucr.edu atsushi.ichino@gmail.com
Robert Lipshitz Kefeng Liu Dimitri Shlyakhtenko
Department of Mathematics Department of Mathematics Department of Mathematics
University of Oregon University of California University of California
Eugene, OR 97403 Los Angeles, CA 90095-1555 Los Angeles, CA 90095-1555
lipshitz@uoregon.edu liu@math.ucla.edu shlyakht@ipam.ucla.edu
Ruixiang Zhang

Department of Mathematics
University of California
Berkeley, CA 94720-3840
ruixiang @berkeley.edu

PRODUCTION
Silvio Levy, Scientific Editor, production@msp.org

See inside back cover or msp.org/pjm for submission instructions.

The subscription price for 2024 is US $645/year for the electronic version, and $875/year for print and electronic.

Subscriptions, requests for back issues and changes of subscriber address should be sent to Pacific Journal of Mathematics, P.O. Box
4163, Berkeley, CA 94704-0163, U.S.A. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zentralblatt MATH,
PASCAL CNRS Index, Referativnyi Zhurnal, Current Mathematical Publications and Web of Knowledge (Science Citation Index).

The Pacific Journal of Mathematics (ISSN 1945-5844 electronic, 0030-8730 printed) at the University of California, c/o Department
of Mathematics, 798 Evans Hall #3840, Berkeley, CA 94720-3840, is published twelve times a year. Periodical rate postage paid at
Berkeley, CA 94704, and additional mailing offices. POSTMASTER: send address changes to Pacific Journal of Mathematics, P.O.
Box 4163, Berkeley, CA 94704-0163.

PJM peer review and production are managed by EditFLoW® from Mathematical Sciences Publishers.
PUBLISHED BY
:l mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2024 Mathematical Sciences Publishers


http://msp.org/pjm/
mailto:blasius@math.ucla.edu
mailto:matthias.aschenbrenner@univie.ac.at
mailto:chari@math.ucr.edu
mailto:atsushi.ichino@gmail.com
mailto:lipshitz@uoregon.edu
mailto:liu@math.ucla.edu
mailto:shlyakht@ipam.ucla.edu
mailto:ruixiang@berkeley.edu
mailto:production@msp.org
http://msp.org/pjm/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/

MATTHEW HEDDEN, JIAJUN WANG and XILIU YANG

Quiver Brascamp-Lieb inequalities 115
NICHOLAS HU

Weak Grothendieck compactness principle for symmetric spaces 127
DAUREN MATIN, YERLAN NESSIPBAYEV, FEDOR SUKOCHEV
and DMITRIY ZANIN

Geometry and dynamics on sublinearly Morse boundaries of CAT(0) 155
groups

YULAN QING and ABDUL ZALLOUM
SL(2, Z) modular forms and anomaly cancellation formulas for almost 181
complex manifolds

YONG WANG



	1. Introduction
	2. Preliminaries
	Quasiisometry and quasiisometric embeddings
	Properties of CAT(0) spaces
	Boundaries of CAT(0) space
	The visual boundary
	Sublinearly Morse boundaries
	-Morse geodesic rays
	Coarse cone topology on X


	3. Dense subsets and minimality of G-action
	4. Compact-type sublinearly Morse boundaries for CAT(0) spaces
	Contracting geodesic rays and the visual boundary

	5. Successively quasimöbius homeomorphisms on the sublinearly Morse boundaries
	quasimöbius maps

	Acknowledgement
	References
	
	

