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Abstract

We show that every cross ratio preserving homeomorphism between boundaries of Hadamard
manifolds extends to a map, called circumcenter extension, provided that the manifolds satisfy
certain visibility conditions. We describe regions on which this map is Holder-continuous.
Furthermore, we show that this map is a rough isometry, whenever the manifolds admit
cocompact group actions by isometries and we improve previously known quasi-isometry
constants, provided by Biswas, in the case of 2-dimensional CAT(—1) manifolds. Finally,
we provide a sufficient condition for this map to be an isometry in the case of Hadamard
surfaces.
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1 Introduction

The visual boundary of a geodesically complete CAT(—1) space is naturally endowed with
a cross ratio. In this paper, we show that this cross ratio can still be defined on the visual
boundary of a geodesically complete CAT(0) space and that it still retains a lot of information
about the interior space, provided that certain visibility conditions are satisfied.

Our core motivation is the following, informal question, which is related to several results
from geometry and geometric group theory in recent decades.

Question Let (X, d) and (Y, d) be two geodesically complete CAT(0) spacesand f : X —
dY a cross ratio-preserving homeomorphism between their boundaries. Can f be extended
to an isometry F : X — Y?

Alternatively, if a group G acts on X and Y by isometries and f is a G-equivariant, cross
ratio-preserving homeomorphism, can we construct F to be G-equivariant?

This question has seen a series of complete and partial answers for various special cases
over the course of the last few decades. The first series of results concern situations where
X and Y admit geometric actions, i.e.proper, cocompact actions by isometries, by some
group G. Specifically, if X and Y have constant negative curvature, the extension of f to a
G-equivariant isometry is used in Thurston’s proof of Mostow rigidity [30]. If X and Y are
universal coverings of negatively curved surfaces, the fact that f extends to a G-equivariant
isometry is crucial to Otal’s proof of Marked Length Spectrum Rigidity [28]. In a series
of papers, Hamenstiddt and Besson-Courtois-Gallot show that f extends to a G-equivariant
isometry, if both spaces are universal coverings of negatively curved manifolds and one of
them is a locally symmetric space [3, 23].

A second, more recent series of results mostly drops the assumptions about group actions.
If X and Y are proper, geodesically complete CAT(—1) spaces, Biswas proved that f can
be extended to a rough isometry, i.e.a (1, C)-quasi-isometry [10]. One may also consider
classes of spaces for which the appropriate notions are no longer the visual boundary and
isometries. Beyrer, Fioravanti and the author proved a similar extension theorem for CAT(0)
cube complexes and their Roller boundaries, equipped with a suitable cross ratio [7]. Fur-
thermore, Beyrer-Fioravanti proved additional extension theorems for cubulable hyperbolic
groups and for certain group actions on nice CAT(0) cube complexes [5, 6].

A third collection of results is focused on a type of local rigidity. For example, Biswas
shows in [11] that small, compactly supported deformations of Cartan-Hadamard manifolds
whose curvature is bounded from above by —1 do not change the isometry class of the
manifold if the deformation does not change the cross ratio on the boundary. Furthermore,
there are various instances, where the visual boundary is closely related to the geodesic flow
of the interior space. For example, if X is the universal covering of a closed, negatively
curved Riemannian manifold, then the cross ratio on its boundary and the Marked Length
Spectrum of the closed manifold determine each other (see for example [10, 22] for how
the cross ratio determines the Marked Length Spectrum and [26, 27, 29] for the converse).
Guillarmou and Lefeuvre show that for a closed, negatively curved manifold, there exists
some small € > 0 such that any other negatively curved metric on the same manifold that has
the same marked length spectrum and is e-close to the original metric, is in fact isometric to
the original manifold (see [21]).

Finally, one may take a coarse viewpoint and only require that f coarsely preserves the
cross ratio. This is called a quasi-Mobius map. In [17], Charney-Cordes-Murray show that,
under a mild stability condition, quasi-Mdbius maps between Morse boundaries of finitely
generated groups extend to quasi-isometries of groups.
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While cross ratios have been used on numerous occasions in spaces of negative curvature,
they have not been studied very much for general non-positively curved spaces. In part, this is
due to the fact that visual boundaries of hyperbolic or CAT(—1) spaces have several properties
that visual boundaries of CAT(0) spaces don’t. In this paper, we show how to work around
these difficulties to define a cross ratio on the visual boundary of a proper, geodesically
complete CAT(0) space. We then show that the circumcenter construction introduced in
[10, 12] can be generalized to a large class of non-positively curved manifolds and that this
circumcenter extension provides a good framework to study the initially stated question.

In order to state our results, we first need to define the cross ratio. Let X be a proper,
connected, geodesically complete CAT(0) space. Fix a base point o € X. For any admissible
quadruple (£1, &, &3,84) € 9X* (see Sect. 2.2 for the definition of admissibility), we can
define the cross ratio

_ Po(&1,82)00(&3, 4)
po(€1,E3)po (62, 64)°

where p, (&, n) 1= e~ €IMo_with (£]n), denoting the Gromov product on d X with respect to
the base point o.

cr(é1,82,83,84) :

Proposition A Let X be a proper, connected, geodesically complete CAT(0) space. The cross
ratio cr is well-defined for all admissible quadruples and independent of the choice of o.

It turns out that the boundary, together with the cross ratio, contains a lot of information
about the interior space, provided that the boundary satisfies certain visibility properties.
Specifically, we say:

(1) The visual boundary 0X satisfies 4-visibility, if for every quadruple (&1, &, &3,&4) €
9X*, there exists n € X, such that foralli € {1, 2, 3, 4}, (§;|n), is finite for some base
point o € X.

(2) We say that & € 0X is in a rank 1 hinge if there exist n, ¢ € dX, such that there is a
bi-infinite geodesic from 1 to ¢ and there exist bi-infinite rank 1 geodesics from & to n
and from &£ to ¢.

Given two proper, connected, geodesically complete CAT(0) spaces X and Y, we say that
amap f : 90X — 9Y is Mobius if and only if it preserves the cross ratio.

Let X, Y be Hadamard manifolds, i.e. simply connected, geodesically complete Rieman-
nian manifolds such that all sectional curvatures are non-positive. The main result of this
paper is a construction that allows us to extend Mobius homeomorphisms that satisfy one
mild extra condition to the interior spaces, provided that 9 X and dY satisfy conditions (1)
and (2) above. We call this extension the circumcenter extension of f. We prove a very
general Theorem about the circumcenter extension in Sect. 4. This Theorem has several con-
sequences, as soon as one adds some extra assumption. If X and Y admit a cocompact group
action, we obtain

Theorem B Let X, Y be Hadamard manifolds such that dX, Y satisfy (1) and all points in
dX and 0Y satisfy (2). Suppose, the group G acts cocompactly by isometries on X and Y.
Let f : 90X — 3Y be a G-equivariant Mébius homeomorphism, such that f and f~' send
visible pairs to visible pairs. Then the circumcenter extension is a G-equivariant (1,2M)-
quasi-isometry F : X — Y for some constant M > Q.

The constant M will be the supremum of a Lipschitz continuous function M : X —
[0, 00), which essentially measures by how much F fails to be an isometry at a certain point.
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A better understanding of the function M has the potential to significantly improve this result,
the main result of the paper and the results stated below.

If we drop the assumption about cocompact group actions, we can restrict to more spe-
cialised situations and obtain other, sometimes even stronger results. The first of these results
concerns surfaces.

Theorem C Let X, Y be Hadamard manifolds whose sectional curvatures are bounded from
below by —b* such that 3 X, 8Y satisfy (1) and all points in dX and Y satisfy (2). Assume that
X, Y are 2-dimensional. Let f : 0X — 0Y be a Mobius homeomorphism such that f and
£~V sendvisible pairs to visible pairs. Then, the circumcenter extension is a homeomorphism
F : X — Y, itis locally Lipschitz continuous on a dense subset and differentiable almost
everywhere.

Furthermore, to every x € X, we can associate a set K, C 90X with the following property:
For almost every x, F is differentiable at x and if K, contains at least five points, then D Fy
is an isometry between tangent spaces.

‘We emphasize that the Theorem above includes the statement that the circumcenter exten-
sion is invertible, a result that we do not obtain in higher dimensions.

In [10], Biswas proved that the circumcenter extension provides a (1,1n(2))-quasi-
isometry, if X and Y are CAT(—1) spaces. For manifolds with a lower curvature bound
—b?%,itisa (1, (1— %) In(2))-quasi-isometry (cf. [11]). We can recover Biswas’ first constant
and improve it in dimension two.

Theorem D Let X, Y be 2-dimensional Hadamard manifolds whose sectional curvatures
are bounded from below by —b* and from above by —1. Let f : X — Y be a Mibius
homeomorphism. Then, the circumcenter extension is a (1, ln(%))-quasi-isometry.

We end the introduction with a discussion on what kind of spaces satisfy the visibility
properties necessary for our results (see Sect. 2 for all definitions not given here). Many
examples can be constructed by using the notion of visibility points in the boundary. A point
& € 0 X iscalled a visibility point if it can be connected with every other point in the boundary
by a bi-infinite geodesic in X. Let £ € 90X be a visibility point, n € X and y a bi-infinite
geodesic from & to n. It follows that y is a rank one geodesic, as the end points of geodesic
lines that are not rank one (i.e. that bound a euclidean halfplane) cannot be visibility points.
Since two points in the boundary that can be connected by a bi-infinite geodesic always have
finite Gromov product, we conclude that, whenever d X contains at least five visibility points,
both visibility properties introduced above are satisfied.

We now present a class of Hadamard manifolds that do not have strictly negative curvature
and do admit five visibility points. Consider a closed, non-positively curved Riemannian
manifold M. By the rank rigidity theorem (see Theorem C in [1]), we obtain that its universal
covering M is either a finite Riemannian product, a higher rank symmetric space, or contains
at least one bi-infinite rank one geodesic. By Lemma 1.7 in [2], the endpoints of this rank
one geodesic in d X have Tits distance strictly greater than 7. Because 71 (M) acts properly
and cocompactly, its limit-set, denoted A, satisfies A = 9 X (see the introduction of [2]). By
Proposition 1.10 in [2], this implies that there exists an element g € 71 (M) and a rank one
geodesic y in M, such that g acts as translation on y. By Theorem 5.4 in [4], an axis for some
isometry in a proper CAT(0) space is rank one if and only if it is contracting. Therefore, y is
a contracting geodesic line. In particular, both of its endpoints in d X are visibility points by
Proposition 3.6 in [18]. Since every orbit of 71 (M) in d X is dense (see for example [24], in
particular Lemma 5.1) and isometries send visibility points to visibility points, we conclude
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that 8 M has infinitely many visibility points. Therefore, the universal covering of any closed,
non-positively curved Riemannian manifold M is either a finite Riemannian product, a higher
rank symmetric space, or it satisfies the visibility properties (1) and (2). This provides us
with a large class of spaces satisfying our assumptions. In particular, this includes most graph
manifolds.

‘We also mention a non-cocompact example that can be obtained as follows. Consider five
copies of the euclidean upper halfplane R x [0, co) and glue them together isometrically
along their boundary R x {0} such that all five halfplanes intersect at the origin. The space
obtained this way is a CAT(0) space and its Tits boundary is a circle of circumference
Sm. Using properties of the Tits metric and rank one geodesics, one can see that this space
satisfies visibility properties (1) and (2) as well. While this example is only a CAT(0) and not
a Riemannian manifold it seems feasible that a Hadamard manifold with the same behaviour
can be constructed. Both of the examples above illustrate that there is a large and flexible
class of Hadamard manifolds that satisfy our visibility properties, but do not admit a negative
upper curvature bound, which shows that the circumcenter extension map indeed can be
constructed in a more general setting than previously thought.

The remainder of the paper is organised as follows. In Sect. 2, we develop all the necessary
preliminary theory. Specifically, we give a brief introduction to asymptotic geometry and
generalise several results known for CAT(—1) spaces to CAT(0) spaces, including the proof
of Proposition A; we generalise the theory of metric derivatives as needed and we give a brief
primer on the facts we will need about convex functions and Jacobi fields. We also provide
an example of a space whose boundary contains points that have finite Gromov product but
are not visible (this example is the reason why f and f~! have to send visible pairs to
visible pairs). In Sect. 3, we construct the circumcenter extension and define all the notions
we will use to prove the results above. In Sect. 4, we prove a result on Holder continuity
of the circumcenter extension and finish the proof of the main result (see Theorem 4.6). In
Sect. 5, we prove Theorems B, C and D. Sections4 and 5 are written so that they can be read
independently.

2 Preliminaries
2.1 Boundaries at infinity, Gromov products and Busemann functions

For a general introduction to spaces of non-positive curvature, we refer to [8] and [9]. For
more material on asymptotic geometry, we additionally refer to [15].

Let (X, d) be a metric space. We say X is proper if all closed balls are compact. For
A, B C X,wedenoted(A, B) :=inf{d(a, b)|la € A, b € B}. (Note that this does not define
a metric.) A geodesic is an isometric embedding y : I — X, where I C R is any interval.
A geodesic is also called a geodesic segment, if I is closed and bounded, a geodesic ray, if
I = [a, 00) or I = (—o00, a], and a bi-infinite geodesic or a geodesic line, if I = R. To make
notation easier, our geodesic rays will start at time @ = 0 unless stated otherwise. A metric
space is called geodesically complete if and only if all geodesic segments can be extended to
geodesic lines.

Assume from now on, that (X, d) is a proper, connected, geodesically complete CAT (0)
space. (Later, we will specialize to an n-dimensional, connected, geodesically complete Rie-
mannian manifold (X, g), such that all sectional curvatures are non-positive.) Since (X, d) is
CAT(0), the functions d(y (¢), y'(t)) and d(x, y (r)) are convex and strictly convex respec-
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tively for all geodesics y,y’ and x € X (see Sect. 2.4 for a definition and discussion of
(strict) convexity).

Two geodesic rays y, y’ are called asymptotic if there exists B > 0 such that for all 7 > 0,
d(y (£1), y'(£r)) < B, where the two signs depend on whether y, y’ are defined on [0, 00)
or (—oo, 0]. This defines an equivalence relation. We denote the equivalence class containing
a geodesic ray y by [y ]. The boundary at infinity of X is defined as the space of equivalence
classes of geodesic rays

9 := lyly a geodesic ray }/asymptoticity'

Given & € 90X and arepresentative y : [0, c0) — X of &, we sometimes write £ = y (0c0)
and call & the endpoint of y. If y : (—00,0] — X is a representative of &, we write
& = y(—00). In particular, a bi-infinite geodesic y defines two points y (c0), y (—o0) in I X.

Two bi-infinite geodesics y, y are parallel, if the function t — d(y (¢), y(t)) is constant.
Since X is CAT(0), any two bi-infinite geodesics whose endpoints are &, n are parallel. We
denote the set of geodesics with y (—o0) = &, y(00) = n by [£, n]. Whenever there exists a
bi-infinite geodesic with endpoints &, n we call it a geodesic from & to  and we say that (&, n)
is visible. We call an n-tuple (&1, ..., &,) a visible n-tuple, whenever for all i # j, (§;,&;)
is visible.

We can equip the boundary at infinity with a topology called the visual topology. It is
defined as follows. Fix a base point x € X. For any § € dX, denote the unique geodesic
ray starting at x, representing & by &,. (The existence of such geodesics is a well-known
application of the Theorem of Arzela-Ascoli.) Let £ € 0X. Forall R > 0, € > 0, define

Ur.ex(§) :=1{n € 0X|d(nx(R), §:(R)) < €}.

It is easy to see that the collection {Ug ¢ x(§)}R,e,¢ forms a basis for a topology on 0X,
the visual topology. Furthermore, this topology is independent of x (see Part II, Section 8 in

(9D.
The following family of functions is a valuable tool when studying 0 X. Fix a base point
x € X and define the Gromov product of two points &, n € dX with respect to x to be

1
(§lmx 1= im = (. & (0) +dCra(1)) = dEc(), 12(1))
1
= lim 1 = Zd (& (). nx()).

This limit exists, since the function on the right-hand-side is non-decreasing in ¢, although
(§]n)x may be infinite, e.g. if & = n, or if &,, n, span a flat sector in X (think of a sector
in R?). If there exists € > 0, such that X is CAT(—e¢), then (£]n), is infinite if and only if
& = n. Note that, if (§|n), = oo for some base point x, then (§|), = oo forall y € X. We
define

pr(E. ) = e EIx

with the convention that = = 0.
Remark 2.1 We remark that we could define the Gromov product to be the limit lim,_

(&x (ta)|nx (1)) for any two sequences #,, 1, I7% 0. Due to monotony, all these limits
are equal.
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We will also use the following notation. In analogy to the Gromov product on the boundary,
we define for any triple x, y, z € X the Gromov product of y, z with respect to x by

1
Bl = S(d(x, y) +d(x,2) = d(y, 2)).

In order to understand how the Gromov product depends on the choice of base point, we
use the Busemann function: Let x, y € X and £ € 0X. The Busemann function is defined
by

B(x,y.6) = lim d(y, & (1) = d(x, £:(1)).

Using the triangle-inequality, we see that the function on the right-hand-side is bounded in
absolute value and non-increasing, hence this limit exists and is finite. Further, the Busemann
function is continuous in x and y [8, Section 3.1] and convex iny [9, Section I1.8, Proposition
8.22].

In Appendix A.2 of [20], it is shown that in CAT(0) spaces, for all geodesic rays y
asymptotic to &,,

B(x,y,§) = rlirgod(y, y () —d(x, y(@)).

This independence of the representative of & implies that for all x, y,z € X and & € 90X, we
compute

B(x,y,&)+ B(y,z,&) = tlilgod(y’ y(®) —dx,y@)+dz y@) —d(y, y))
= B(x,z,§),

which gives us the cocycle equation

B(x,y,§) + B(y,z,§) = B(x,z,§). ey

In particular,

B(xay’%') = _B(y’x’%')'

Finally, the Busemann function is also continuous in £ with respect to the visual topology on
dX [9, Section I1.8].
Let& € 0X and yo € X. The horospheres centered at a point £ € 9X are the level sets

{x € X|B(x, yo.§) = m},

where m ranges over all of R. Because of equation (1), this filtration does not depend on yy,
which is why yg is omitted from the terminology.

Let y, ¥’ be two asymptotic geodesic rays representing & € 3 X. Extend both of them to
bi-infinite geodesic lines. For all T € R, there exists T’ such that y(T), y'(T”) lie on the
same horosphere of &, i.e. B(y'(T"), y(T), §) = 0. In fact,

T = B(/(T'), y'(0),£)
= B(/(T'), y(T).§) + B(y(T). y(0).§) + B(y(0). ¥ (0. §)
=T + B(y(0), y'(0).§).

Definition2.2 Let x,y € X and § € 0X. For k > 0, there exists an - up to isometry
unique - constellation X, y € Hz_k, Ee B]HIz_k, suchthatd(x,y) =d(x,y)and B(x,y,§) =
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&0

Fig. 1 Any two geodesic rays representing the same point £ at infinity can be reparametrised so that at
any given time, they lie on the same horosphere centered at £. In this figure, one may reparametrise y’ as
Vaew® =y'(t+T"=T)

B(x,y,£). We call (x,7, &) a comparison triangle of (x,y, &) in ]I-]Iz_k. We call the angle

/5(7, &) the comparison angle to (x, v, ) in curvature —k and denote it by Z)(C_k) (y,&).
For k = 0, we analogously find X,y € R?, & € dR? satisfying the same equations. We
use the same terminology and denote the comparison angle to (x, y, &) in curvature O by

£90.6).
The following formulas relate the Busemann function with the comparison angle:
Lemma23 Forallx, y € X and all £ € 90X, we have

Vi > 0 : FBE5 = cosh(kd(x, y)) — sinh(kd (x, y)) cos(ZF) (y, £)),
B(x,y. &) = —d(x,y) cos(£?(y. ).

In particular, we conclude from these equations that éffk) (v, &) is continuous in x, y and &
forallk > 0.

The first of these formulas is proven in [11]. We prove the second one here, since it is not
easy to find in the literature.

Proof Let x,y € X,& € 93X and let 7 be a geodesic ray in R%. Denote X := 7(0) and
£ := [y]. For every ¢t > 0, there exist exactly two points y|(r), y2(f) € RZ?, such that
&, y,y@)isa comparison triangle to (x, y, &, (¢)) (by definition a triangle with the same
side lengths). For every ¢, choose one of these two points, denoted y(#), such that y(¢) varies

continuously in ¢. Since (x, y(¢), ¥ (¢)) are comparison triangles to (x, y, & (¢)), we have

dF0). 7(0) — dE 7)) = d(y. & (1) — d(x. & (1) > B(x, . £).

Since y(¢) is a bounded curve, it admits a converging subsequence. The equation above
implies that any convergent subsequence of y(¢) converges to a point y such that (¥, y, &)
is a comparison triangle for (x, y, ). Since there are exactly two such points and y(#) is
continuous, we see that y(#) converges to one of these points. This implies that

Lz, 7(1) =5 /23,6 = 20y, £).
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By the law of cosines in Euclidean space, we have
d®), 7(1)* = dx, (1))? + d&, 7(1)* — 2d(*, y(1)d(®, V(1)) cos(Lz (3 (1), V(1))

=d(x,y)? + 1% —2d(x, y)t cos(Lz(¥(1), 7 (1))).

Therefore,
i d » SX +d s Sx
B(x, v,6) = Jim (@(y, &(0) — d(x, & () T TS
i 40070
= lim
=00 2t
— 1 d(x,y)? —2d(x, y)t cos(Lz(¥(1), 7(1)))

= —d(x, y)cos(£ 0 (y, £)).

2.2 Cross ratios

Let X be a proper, connected, geodesically complete CAT(0) space. We obtain a family of
functions (+|-)y : X x dX — [0, oo].

Definition 2.4 Let (&1, ...,&,) € X" be an n-tuple. Choose x € X. We say (&1, ..., &) is
algebraically visible, if for all i # j, (§;§;)x < o0.

As noted in the last section, this definition does not depend on the choice of x. We can
reformulate it in terms of the maps py, by requiring o, (§;,&;) > 0 for all i # j instead.
Note that p, is symmetric and non-negative, but it does not satisfy the triangle inequality and
there may be pairs & # n such that p, (£, n) = 0. Nevertheless, we can use py to define a
cross ratio as follows.

Define the set of admissible quadruples in d X to be the set

A :={(&1,8,8,&) € aX*\Vi # Jj #k # i, atleast two of the pairs
(i, &), (&, &), (&), &) are algebraically visible}.

In other words, A consists of the quadruples whose points do not include a chain in which
pairs of consecutive points are not algebraically visible. For all admissible quadruples, we
can define a cross ratio by

_ px(&1,62)px (83, 64)

x » 52,63, = 0, .
B8 8380 = e by

The goal of this section is to prove the following theorem.

Theorem 2.5 Let X be a proper, connected, geodesically complete CAT(0) space. Then, for
allx, y € X, cry = cry on all of A.

The proof is based on the following

Lemma 2.6 Forallx,y € X, and forall§,n € 0X,

1
)y =2 (B(y, x.8) + B(y. x.m) + (Eln)y
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This formula is well known for CAT(—1) spaces (see [14]). However, the case of CAT(0)
spaces is hard to find in the literature, which is why we provide a proof here.

Proof of Lemma 2.6 Since (£|n), = oo if and only if (§|n), = oo, the equation trivially
holds in that case. Suppose (£]1)x < oco. We first show the inequality ‘>’. Let € > 0. Since
the function (&, (¢)[ny(¢))y is monotone increasing, we find T > 0, such that for all t > T,
we have

& O, ), = €, - 5.

From the properties of Busemann functions in the last section, we know that there are
T;. T, such that B (&, (T¢). & (T). €) = 0 = B(nx(Ty). ny(T). n). Specifically,

Te =T+ B(y,x.§)
Tl]:TJ’_B(ya-xvn)'

Since B(¢x(T:), &y(T), &) = B(nx(Ty), ny(T), n) = 0, there exists S > T such that for
alls > S,

[d(&y(T), §x(5)) — d(&x(Tt), §x(s))| <

™
l\)\m[\)‘

[d(my(T), nx(s)) —dx(Ty), nx ()] <
We obtain forall s > §

28 mx = d(x, Ex(s)) +d(x, ne(s)) — d(Ex(s), nx(s))
>s+5—dEc(s),§(T)) —dE(T), ny(T)) —d(ny(T), nx(s))
>s+5—dEc(s), 6 (Te)) — d(x(s), ne (Ty))) — d(Ey(T), ny(T)) — €
=Te +T) —dEy(T), ny(T)) — €
=By, x,§) + B(y,x,n) +2(&y(T)Iny(T))y — €
> B(y,x,8)+ B(y,x,n) +2(&n)y — 2e.

Since € was chosen arbitrarily, we obtain
1
Elmx = Elmy + E(B(y,x,é) + B(y,x,n))

The same argument with x and y swapped yields

1
Elmy = Elmx + 5 (B, y, &) + B(x, y,m)

= @~ 5 (B, x5+ BO,x, )
and thus
€ = @y + (B, 6) + B, x ),
which concludes the proof. ]

Proof of Theorem 2.5 We know from Lemma 2.6 that for all £, n € X

py(E,m) = Ve B DBy p (£, )
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Therefore, for all admissible, algebraically visible quadruples (&1, &, &3, £1),

\/e—B(x,.v,El)—B(X»y,éz)—B(x,y,&)—B(x,y,SA)px (&1, &) px (£3, &)
NVe=BGy EN—B(x,y.8)—B(x,y.8)-B(.5.8) p (£, &) py (2, £4)
= crx(§1, 62, 83, 64).

We are left to check the special cases where (&1, &2, &3, &4) is admissible, but not alge-
braically visible. If an admissible quadruple is not algebraically visible, there has to be at
least one pair in the quadruple that is not algebraically visible. If (&1, &) or (&3, &4) is not
algebraically visible, then cry (§1, &2, &3, §4) = 0 = cry (&1, &2, &3, &4). If (61, &3) or (&2, &4)
is not algebraically visible, then cry(§1, &2, &3, 64) = 00 = cry(§1, &2, &3, §4). Otherwise,
the equation from above still applies. We conclude that cr, = cry on all of A. o

Cry(%_l’ 527 $3, 54) =

If X is CAT(—1), it is a well-known result that (§|n), is continuous with respect to the
visual topology. For CAT(0) spaces, this is not true anymore, which is illustrated by the
fact that the Gromov product on the boundary of the euclidean plane obtains exactly the
values zero and infinity and the set of pairs for which the Gromov product is infinite is dense.
Nevertheless, some continuity properties remain true. We say that a bi-infinite geodesic y in
X is rank 1 if and only if it does not bound an isometrically embedded half plane in X. Note
that y might still have parallel geodesics, however there is a bound on the distance of any
such parallel geodesic to y.

Lemma 2.7 Let &, — &, n, — n be two converging sequences in dX. Then the following
statements hold.

(1) €l < Timinf (&, 1n,)..
(2) If (&4, nn) is visible for all n and (&, n) can be connected by a rank 1 geodesic, then
nin;o(gn“?n)x = (&lm)x-

The proof of Lemma 2.7 requires several preliminary results. We begin with

Lemma 2.8 Let &, — &, n, — n be two converging sequences in 0 X such that (&,, n,) can
be connected by a geodesic line y, for all n and (&, n) can be connected by a geodesic line
y. Then, for all n sufficiently large, there exists a point p, € yy such that Z,, )&, pn) = 7,
or y(0) € yy.

Proof By Proposition 9.2 in Part II of [9], the function (£, n) — £, (0)(§, n) that sends two
points in X Ud X to the angle between the unique geodesics from y (0) to & and n respectively
is continuous away from y (0) with respect to the cone topology (which restricts to the visual
topology on the boundary). This implies that

Zyoy (&, &) — 0,
Zy©) &, M) = 7.

Therefore, we find N such that for all n > N, we have

7
Zyy(§, &) < 7

3n
Z)/(0)(‘2:’ M) > T
Let y, be a geodesic from &, to n,. If y, does not meet y (0), then the angle function varies
continuously along y,, and the intermediate value theorem tells us that there has to exist some
point p, € ¥y, for which £, 0)(§, pn) = % Otherwise, y(0) € y;,. m]
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Given a subset A C X and € > 0, we denote the e-neighbourhood of A by N¢(A) =
{x € X|d(x, A) < €}. Next, we need

Lemma29 Let &, — &, n, — n be two converging sequences in X, such that (&,, n,) is
visible for all n and (¢, n) can be connected by a rank 1 geodesic y. Let y, be a geodesic
Jfrom &, to n,. For n sufficiently large, Lemma 2.8 allows us to choose p, € y,, such that
Zyoy (&, pn) = % or pn = y(0). Reparametrize y,, such that y,(0) = p,.

Then for all ¢ > 0, T > O, there exists an N such that for all n > N, there exists a
geodesic y from & to 1 such that v, |[—1, 71 C Ne(¥ li-7,77)-

Proof We set the convention that, throughout this proof, y denotes a bi-infinite geodesic from
& to n, which is parametrised such that B(y (0), y(0), &) = 0.

Suppose, the statement of the Lemma was not true. Then, we would find e > 0,7 > 0
and subsequences (£,);, (1,;); such that for all y, we find t,, € [—T,T] such that
d();(tn,-)y Vni ([n[)) > €.

Step 1: There exists N, such thatforalln; > N and forall y, we have d(y (0), vy, (0)) > %

Suppose, d(y(0), yn, (0)) < % for some y and some n; > N. Since y is arank 1 geodesic,
the set

{y(0)]y a bi-infinite geodesic from & to n with B(y(0), y(0), &) = 0}

is bounded. Therefore, we can choose N sufficiently large, such that for all y, we have
- €
dy(=T), &, 50)(T)) < 5
- €
d(y(T), Np;,50)(T)) < 5
By construction and assumption,

d(&n, 50 (0), v, (0)) < %

€
dGin; 70 (0), ¥ (0)) < 2.

Since distance functions are convex in CAT(0) spaces, [&,; 7] = [Vu;l(—c0.01], and
[7n;,7©)] = [Vn; 110,00)], this implies that

d(En, 50)(T), vy (=T)) < g
ANy 50)(T)s Y, (T)) < %

and therefore,
d(y @), yn; (1)) <€

for all + € [T, T]. This contradicts our assumption that y admits some t,, € [—T,T]
satisfying d(y (ts,), Vn; (t2;)) = €. We conclude that, for all n; > N and for all y,
d(7(0), v, (0) = §.

Recall from the statement of the Lemma that y,, (0) = p,, was chosen so that either
Yu: = v(0), or Z,0)(&, pn;) = 5. As we have just shown, d(7(0), y,,(0)) > 5 for all p,
which includes y. Thus, y(0) # y,, (0) and we conclude that the geodesic from y (0) to
¥n; (0) meets y at a right angle in y (0).

Step 2: Recall from the statement of the Lemma that y,, (0) = p,, was chosen so that
either y,, = y(0), or £y (0)(§, pn;) = 5. According to Step 1, d(7(0), yy,; (0)) > 5 for all
n; sufficiently large and for all y, which includes y. Thus, y (0) # ¥, (0) and we conclude
that the geodesic from y (0) to y;, (0) meets y at a right angle in y (0).

@ Springer



Geometriae Dedicata (2024) 218:34 Page 130f48 34

B(’Yni(o)v 7£n1) =0 B('Ym(o)v '777711‘) =0

Fig. 2 Visualisation of proof: Since the geodesic from &,; to ny; stays away from the flat strip from & to n,
the geodesic d; has to move away from that flat strip. The shape of the two horospheres illustrates why ¢y,
is strictly decreasing along 8y, . As n; — 00, any finite segment of J;,; is pushed into the flat strip from § to
1, because &,; — & and n,; — 1

Let &, be the geodesic from y (0) to y,, (0), which meets y|[0, —oc) at a right angle for all
sufficiently large n;. By the Theorem of Arzela-Ascoli, (8,;); has a converging subsequence
in compact-open topology. Passing to a subsequence if necessary, we assume without loss
of generality that (§,,); converges to a geodesic §. Since 8,; meets y |[0,—o0) at a right angle
for all n;, we know that the same is true for §. Therefore, § cannot be extended to a geodesic
ray representing & or 7.

Choose x € y and denote for all ¢ € dX

B (') := B(x,x', ).
Further, we define
¢, (') := Be, (x) + By, (') — B, ((0) — By, (v(0)).

Note that (by straight-forward calculation from the definitions) for any bi-infinite geodesic
yo from & to g, apoint x € yp,and somex’ € X, wehavethat B(x, x’, &)+ B(x, x’, ng) > 0
with equality if and only if x” lies on a geodesic from &y to o. Using this observation together
with equation (1), we see that

Gn; (¥n; (0)) = B(y (0), ¥1;(0), &r;) + B(¥(0), ¥, (0), 1;) <0

and
&n; (3(0)) = ¢y, (¥ (0)) = 0.

In particular, since Busemann functions are convex, ¢, (8,; (s)) < 0 for all 5, where §,, is
defined. Since Bg (x) is continuous in £ and Lipschitz continuous in x, we see that on every
compact interval, on which &, is defined for n; large, we have

0> ¢, (5, (5)) =5 Be(8(s)) + By(8(s)) > 0.

Therefore, Bg(8(s)) + B, (8(s)) = 0 for all s for which § is defined, which implies that
8 lies completely in the set of points that are contained in geodesics from & to 7. Since &
and n are connected by a rank 1 geodesic, the geodesic § can only have infinite length if it
represents either £ or n. As discussed above, this cannot happen given the way we constructed
8. We conclude that § has finite length. Therefore, the forward-endpoints of §,, converge to
the forward-endpoint of §, i.e. y,, (t,;,) — p, where p lies on a geodesic connecting & with 1
and — because § meets |0, —o0) at a right angle — B(y (0), p, &) = 0. Therefore, p = y(0)
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13 n

&l >

Fig.3 The horospheres in the picture are the smallest ones centered at & and n that have non-empty intersection,
provided that we shrink them at equal speed, starting with the horospheres containing x

for some y. This is a contradiction to our original assumption that the subsequence y;,, (0)
stays away from y (0) for all y. This completes the proof. O

We also need another characterisation of the Gromov product. Fix some x € X and let
&,n € 0X. Denote by

hom ={y € X|B(x,y,§) < —m},
h',, =1{y € X|B(x,y,n) < —m}

the horoballs centered at § and n respectively. Note that &, (t) € dh_; and ny(¢) € dh’,.
Define

my(§, 1) = Sup{m/|h—m’ N hLm/ # 0}.

Lemma 2.10 Let X be a proper, geodesically complete CAT(0) space. Forallx € X, &,1n €
X, we have

Elmx =my(&,n).

Furthermore, if (€, n) is visible, then every geodesic y from & to n contains a point in
Oh—my & NOM_,, (&, andevery p € hom &g Nh",, . liesona geodesic from& ton.

Before we prove this lemma, we introduce a convenient notation. Given two real numbers
a,band § > 0, we write a <g b, whenever |a — b| < 6.

Proof of Lemma 2.10 Denote m := m, (&, n). We first show that 2(£|n), < 2m. Suppose
(&Im)x < 0o. Letm’ > m and € > 0. There exists #y > 0, such that

2(8Imx = 210 — d(x(t0), nx(10)) + €.

Let y; be the geodesic from &, () to n,(¢). Denote the unique intersection point of y; with
dh_,, by p(t) and the unique intersection point of y; with 9k’ . DY q(2). Since m' > m, we
know that there is a segment of y; that lies outside of h_,,y Uh" - FOr 1 > 1o, we compute

2(& Iy < 20 — d(Ex(10), p(to)) — d(p(to), q(10)) — d(q(to), nx(t0)) + €
<2t —d(c (1), p(to)) —d(q(to), ne (1)) + €
< B(p(1), x,§) + B(q(to), x,n) + €
=2m’ +e,
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as p(ty) € dh_,y, q(to) € dh_,y. Since this computation applies for all € > 0 and m’ > m,
we conclude that (£]n), < m whenever (£|n), < oo. If (§|n)y = oo, we do the same
computation as above, except that we drop € and instead find for every C > 0 a time ¢y, such

that C < 2t — d (£, (1), p(t0)) — d(p(to). q(t0)) — d(q(t0). 1 (1)) —> 2m".
Now, letm’ < m,i.e.h_,yNh"_, , # ¢ and define y, as above. Choose p € dh_,y N ,.
Let € > 0. Then, for ¢ sufficiently large,

2m’ < B(pv X, ‘i:) + B(p’ X, 77)
=2t —d(c(1), p) —d(p,nx(1)) + €
<2t —d(6c (1), nx (1) + €
<2« +e.

Therefore, (§]|n), > m, which concludes the proof of the first statement.

For the second statement of the Lemma, suppose (£, ) is visible and again denote m :=
my (&, ). Let y be a geodesic from & to 5. Since B(x, y(t),&) = B(x, y(0), §) + ¢, there is
a unique intersection point of y with d4_,,. We denote this intersection point by p.

We claim that p € dh’_,. Suppose not. Since m = sup{m’|h_,Nh"_, # @}, this implies
that B(x, p, n) > —m. Therefore, there exists € > 0 such that B(x, p, n) > —m + 2¢. Since
m=my(&,n),wefindg € h_4c N h’_m+€. We compute

B(x,p,&)+ B(x, p,n) > —2m + 2¢
> B(x,q.§)+ B(x,q,n)
=B(x,p.§)+ B(x,p.n)+ B(p.q.§) + B(p,q,n).

This implies that B(p, g, £)+ B(p, g, n) < 0, which is a contradiction to the factthat p € y.
We conclude that p € dh’_,,.

Note that h_,, N h",, = dh_,, N dh_y,. Otherwise, we would find a point p such that
B(x,p,&) = B(x, p,n) = —m — € with € > 0, which contradicts the assumption that
m = my (&, n). We now show that every ¢ € dh_,, N dh"_,, lies on a geodesic from & to n as
well. Let p be as above. We compute

B(p.q.8) + B(p.q.n) = B(p,x,&)+ B(x,q.8) + B(p,x,n) + B(x,q,n)
=m+ (—m) +m+ (—m) =0.

Since p lies on a geodesic from & to n, the sum B(p, ¢q, &) + B(p, g, n) equals zero if and
only if ¢ also lies on a geodesic from & to n. This proves the second part of the Lemma. O

Proof of Lemma 2.7 We first prove (1). Let € > 0. There exists 7 > 0, such that for all
t>T,E®|ne(t)x = (§|n)x — €. Since &, — & and n,, — n, we find N such that for all
n=N,& €Uy ((§)andn, € Ur ¢ .. Thus,

Enlnn)x = (Sn,x(T)lnn,x(T))x
1
=T- Ed(sn,x(T), Nnx(T))

1
>T - E(d(EX(T)’ nx(T)) + 2¢)
> (§ln)x — 2e.

Since € was chosen to be any positive number, we conclude that lim inf (§,(7,)x > (£]n)x.
n—oo
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To prove (2), we start by using Lemma 2.10 to describe the Gromov product as follows.
Let (£, n) be visible and let &, ' be as in the definition of m, (£, ). Denote the unique point
where £, intersects 31 _,,, (¢, by p and the unique point where 7, intersects 94’ me(Em) byg.
Since (&, n) is visible, we know from Lemma 2.10 that 1, (£ Nnh'_ e (Em) is non-empty and
contains only points that are contained in a geodesic from & ton. Letr € h_y, & nNh’ me ()
The Gromov product is equal to m, (&, n) which is the same as the distance d(x, p). Note
that the following equations hold by construction:

d(x, p) =d(x,q)
B(psr5$):B(q,r,77):0.

Let € > 0. Let y, be a bi-infinite geodesic from &, to 1,. By Lemma 2.9, there exists
(after reparametrisation) a subsequence y;,; converging to a geodesic y from & to n. Choose
r from above such that r € y. We find triples (p,, gn, ) as in the construction above, where
we choose 1, € y,. By (1), we know that liminf d(x, p,) > d(x, p).

n—0o0
Suppose, liminf d(x, p,) > d(x, p) + €. By choice of y, we know that y,, converges
n—0o0
to y in compact-open topology. In particular, for n; sufficiently large, r € N < (¥n;) and we
find r,’ll_ € ¥, such that d(r, r,’,l_) < %. Therefore, for n; sufficiently large, B(r, ry;, &) <
B(r,/,i, Fngs €np)-

Furthermore, since £, — & and 1, — 1, we can choose n; sufficiently large such that
d(Ex(d(x, p)), &n, x(d(x, p))) < 5 and d(nx(d(x, p)), ;. x(d(x, p))) < §. Together with
our assumption on the convergence behaviour of d(x, p,), we obtain that for all n; sufficiently
large

£
i

€ € 3¢
B(pn,-, P, Snl-) > B(pn,-véni,x(d(xs 12)R nn,-) - g >d(x, Pn,-) —d(x, p) — Z > Za
€ € 3e
B(gn;» q:mn;) = B(qn; r/}’l,‘,x(d(x7 P))s ;) — g = d(xa‘In,-) —d(x,q) — Z = Z,
and thus,

3e
B(pnivrv 5n,~) > B(P,rvgni) + Z5
3e
B(qn;s v, ;) = B(q, 7, ) + T

Finally, since Busemann functions B(x, y, &) are continuous in &, we can choose n;
sufficiently large such that

€
B(p,r.&,) > B(p,r, &) — 7

€
B(q,r,nn) = B(g,r,n) — T

Altogether, this implies that there exists N € N such that foralln > N,

€
B(pn,wrn,-,gn,') = B(pn,'vrvgn,')+B(r;lisrn,'a$i’l,‘) - Z
€
2 B(P»rvsn,-)'f‘B(r,/”srn,-sfn,-)'f‘i
€
> B(p,r. &)+ B(ry,, ;s Eny) + 1

, €
= B(rni’rni’gni)—}_z
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€
B(qm, rnia nn,v) > B(Qnia r, nn,')'i‘B(ry/,iarn,w nn,') - Z

€
2 B(quv T’l’l,‘)-"_B(r;{liarl’lis 77n,)+§
€

Z B(q,l", 77)+B(’",/,,-7rn,-’ Vln[)‘i‘ 4

€
1

. , . .
However, since ry,, T, both lie on the geodesic y,, from &,, to n,,, we have

B(pn,-,rn,-sfn,-)+B(Qniarnis77n,-)) EO

= B(r,/,l-vrn,-, 77n,»)+

and
B(r;;[vrnissn,')-i_B(r;;,»7rn,'7 Un,-)) :0,

which is a contradiction to the inequalities above. We conclude that liminf d(x, p,) =
n—oo

d(x, p). Since this argument applies to any subsequence of (&,, n,) as well, we conclude
that lim d(x, p,) exists and equals d(x, p). This concludes the proof. O
n—o00

We prove one more Lemma that characterizes rank 1 geodesics in terms of a local visibility
property.

Lemma 2.11 Lety be a rank I geodesic fromé& to n. Then, there exists an open neighbourhood
U x V of (§, 1), such that for all (§',n') € U x V, (§', 1) is a visible pair:

In particular, a pair (&, n) can be connected by a rank 1 geodesic if and only if there exists
a neighbourhood U of &, such that for all §' € U, (§', n) is visible.

Proof The proof uses a similar idea as the proof of Lemma 2.9. Since y is arank 1 geodesic,
there exists a constant C > 0, such that every geodesic y’ from & to 7 is parallel to y and
has Hausdorff distance dgqus (v, y') < C.

Suppose the Lemma was not true. Then, there exist sequences & — &, n; — 7, such
that for all 7, (&, ;) is not visible. Denote x := y(0), y,~ the geodesic ray starting at x
representing &;, and yl.+ the geodesic ray starting at x representing n;. Let yr ; be the unique
geodesic from y;” (T') to yl.+ (T'). Note that, if we fix 7, the paths yr ; vary continuously in 7 in
the sense that dyaus (Vr+e.i, Y7.i) < 2€. Denote the points at infinity obtained by extending
yr.i by &7.; and n7 ; respectively.

Recall that we definedd (A, B) := inf{d(a, b)|a € A, b € B}.Notethatd (x, yr ;) H—m>
oo. If it did not, we could use Arzela-Ascoli to find a converging subsequence of bi-infinite
geodesics yr, ; that converges to a bi-infinite geodesic from &; to n;, contradicting the assump-
tion that the pair (§;, 1;) is not visible. Furthermore, one immediately sees from the definition

T—0
that d (x, yr.;) —> O.
Since yr ; varies continuously in 7', there exists a time 7; such that d(x, y7; ;) = 2C

and there exists a unique point x; € yr; ; satisfying d(x, x;) = 2C. Note that T; 25 oo,
as § — & and n; — n. We reparametrise yr; ; such that it is an arc-length geodesic with
yr;,i(0) = x;. Since X is assumed to be proper, the Arzela-Ascoli theorem implies the
existence of a subsequence y7, ,, that converges to a bi-infinite geodesic line y from £
to n with x,, converging to a f)oint X € y. Without loss of generality, we denote these
subsequences by y7; ; and x;.

We claim that Z (X, &) = Z, (X, n) = % To prove this, we denote o; := Zy (x;, y; (7)),
of = Ly(x, yf(T,-)), Bi = L (x,y, (T), B = Ly (x, yf(T,-)). Since x; minimizes
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/
53/
§ U
X
Fig.4 The times 7; are chosen such thatd(x, x;) = 2C. This prov1des us with a subsequence of the geodesics
v1;,i that converges to 7. The angles of the triangles (x, x;, y; (T )) tell us that X cannot lie in the flat strip

from & to n (indicated by the dotted lines). However, the endpomts of ¥ turn out to be & and 1, which leads to
a contradiction

the distance d(x, yr,,;(¢)) and is not an endpoint of yr, ;, we conclude that g;, /3; > %

Since the sum of angles of a triangle in a CAT(0) space is at most 7, this implies that
a;,af < 5. However, since & — & and 1; — 7, we have that lim; ,  ; + & > 7 (the
limit exists, since x; — ¥). We conclude that lim;_, oo &; = lim; . @] = %, which means
that Z,(x, &) = Z (X, n) = % Combined with the fact that d(x, X) = 2C and any geodesic
parallel to y is contained in the C-neighbourhood of y, this implies that X does not lie in the
flat strip spanned by all geodesic lines from & to 7.

We now claim that § = & and 17 = n, contradicting the fact that X does not lie on any
geodesic from & to n. We show this by proving that dgq,s(y, ) < co. Fix R > 0. By the
convergences established above, there exists / such that for all i > I, we have 7; > R, and
for all || < R, we have d(yr, i (t), y(t)) < C, and d(y (1), yii(|t|)) < C. We estimate for
all |t| < R,

dy (1), 7)) < d(y @), y=(1])
+dyE D), yri(0)
+d(yr,i (1), 7(1))
<4c,

where we used the fact that y; (T) S yT ; and convexity of distance functions to estimate
A= (), yr.i (D) < max(d(x, x;), d(y;~(T)), yr,.i(T)) = 2C.

This implies that y and y have bounded Hausdorff distance and, therefore, they are
parallel. In particular, £ = € and n = 7 and ¥ lies on a geodesic from & to 7. However, &
was constructed so that it cannot lie on such a geodesic. This is a contradiction and proves
the Lemma. O

Corollary 2.12 Let x € X, &,n € 90X, and y a rank 1 geodesic from & to n. Then, (-|-)x :
dX x 0X — [0, o] is continuous at (€, n).

We now define one of the properties necessary to make the circumcenter extension con-
struction work.

Definition 2.13 Let X be a proper, connected, geodesically complete CAT(0) space, & € 9X.
We say that & is in a rank I hinge if there exist n, ¢ € dX, such that (5, ¢) is algebraically
visible and the pairs (€, n), (§, ¢) both can be connected by a rank 1 geodesic.
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2.3 Metric derivatives

In order to extend cross ratio preserving maps to maps of the interior, we need to generalize
the notion of metric derivatives, which has been developed for general metric spaces (see
[10, 11, 13]). In this subsection, we show how this tool can be extended to boundaries of
CAT(0) spaces that ‘have sufficiently many algebraically visible pairs’. Since the underlying
theory is more general, we will state the definitions and results in a more general form and
then return to CAT(0)-spaces and boundaries.

Let Z be a topological space, p and p’ two non-negative, symmetric maps p, p’ : Z x
Z — [0, co] such that for all z € Z, p(z,z) = p'(z,z) = 0. By analogy to the previous
section, we call an n-tuple (xq,...,x,) € Z" algebraically visible with respect to p if
and only if for all i # j, p(x;, x;) > 0. We say that a quadruple (xi, x2, x3,x4) € Z% is
admissible with respect to p if it contains no triple (x;, x;, x¢) withi # j # k # i such that
p(xi,x;) = p(xj, x;) = 0. Denote the set of quadruples admissible with respect to p by
A,. We will not indicate the p, whenever it is clear from context. Using the same formula as
before, p and p’ both define a cross ratio cr,, and cr, on the set A, and A, respectively. We

say that p and p’ are Mobius equivalent if A, = A,y and cr, = cr. We write p X o’. Note
that a pair (x, y) is algebraically visible if and only if the quadruple (x, x, y, y) is admissible.
Thus, A, = A, if and only if p and p’ define the same algebraically visible pairs.
Definition 2.14 We say that (Z, p) satisfies the 4-visibility assumption, if the following holds:
(4v) For every quadruple (z, x, x’, y') € Z*, there exists w € Z, such that w is algebraically
visible with z, x, x’, y'.

Remark 2.15 For any n € N1, we can define the assumption (nv) by replacing quadruples
by n-tuples. Note that (nv) implies (kv) for all k < n and whenever Z satisfies (nv), it has to
contain at least n + 1 points, as otherwise we could choose an n-tuple that contains all points
in Z to create a contradiction to (nv).

M
Further note that, if (Z, p) satisfies (4v) and p ~ p’, then (Z, p’) satisfies (4v) as well.
We say that a point z in (Z, p) is approximable, if there exists a sequence z,, € Z, such

that z,, 27 2 and (z, zn) 1s algebraically visible for all n. Note that, if p i3 o', then a point
is approximable in (Z, p) if and only if it is approximable in (Z, p’).

Definition/Proposition 2.16 (cf. [10]) Suppose p X o’. Additionally, assume that (Z, p)
(and thus (Z, p’)) satisfies (4v)). Let z € Z and choose x, y € Z such that (x, y, z) is an
algebraically visible triple with respect to p (and thus p’). Then, the expression

_ PP, ' (x,y)
px, )P (z, x)p'(z,y)’

is constant in x and y; it is continuous whenever p and p’ are continuous and, if p and p’
are continuous, the following equality holds for every point z € Z that is approximable with
respect to p:

RZ(x7 )’) .

p(z,7)

Ry (x,y) = 1 -
¢ Y 7—2z,0(2,2)#0 p'(2, 7))

This equation motivates to define the derivative of p by p’ at z by

Pz, x)p(z, M)p'(x,y)
p(x, ¥)p'(z,x)p'(z, y)

ap
8710/(2) =
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Proof We start by showing that every z € Z admits x, y € Z, such that (x, y, z) is an
algebraically visible triple. Let z € Z. We can extend z to a quadruple (z, a, b, ¢) € Z*. By
(4v), there exists a point x € Z that is algebraically visible to z, a, b, c. In particular, z # x.
By extending the pair (z, x) to a quadruple and using (4v) again, we obtain y € Z, that is
algebraically visible to both z and x. We conclude that (x, y, z) is an algebraically visible
triple.

Next, we show independence of x and y for all possible choices of x, y. Letx’, y’ € Z be
another pair such that (x’, y’, z) is an algebraically visible triple. We proceed in two steps.

Step 1: Suppose, one of the pairs (x, x), (x, y), (v, x'), (v, y") is algebraically visible.
Let’s assume that (x, x”) is. We want to show that

_ PE@0pE Py  pEx)eE )P Y)
p(x, VP (z, x)p'(z,y)  p&, y)p'(z,x)p' (2, Y)
This is true if and only if

R (x,y) R.(x',y).

Pz, x)p(z, Mp&', y)p(x, x) _ P (2, x)p'(z, y)p' (X', y)p'(x, x")
p(x, Mz xNp(z, y)px,x") — p/(x, y)p'(z, x)p'(z, y)p'(x, )

which is the same as

crp(z, y. x' x)erp(z,x, ¥, x') = crp(z, y, x', X)ery(z, x, ¥, x').

This last equation is true, since all appearing quadruples are admissible by assumption

and p X ©'. The cases, where (x, y'), (v, x") or (y, y) is algebraically visible are analogous.

Step 2: Suppose, all the pairs above are not algebraically visible. By assumption (4v),
there exists a point w € Z, which is algebraically visible with z, x, x” and y’. By Step 1, we
obtain that

R;(x,y) = R;(w, y/) = Rz(x/a y/)~

Therefore, R;(x,y) = R,(x’,y’) for any two algebraically visible triples (x, y, z),
&',y 2).

In order to prove continuity, note that, if p is continuous, algebraic visibility with respect
to p is an open condition and analogously for p’. Therefore, for any z € Z, we find an open
neighbourhood U and a pair (x, y), such that for all 7’ € U, (x, y, z’) is an algebraically

visible triple with respect to p and p’. Thus, for all 7/ € U, gl’)’, (z') = Ry (x,y), which is

continuous in z’ by continuity of p and p’.

Finally, if z is approximable in (Z, p), we find a sequence of points z,, that are algebraically
visible with z and converging to z. By continuity of p and p’, we find a point y € Z, such that
(zn, ¥, 2) 1s an algebraically visible triple for all sufficiently large n. Using the continuity of
p and p’ again, we obtain

~

™~

N
Il

lim R;(zn,y)
n—00

i P& 2P Y . Y)
n—=00 p(zp, Y)P' (2, 22) 0" (2, ¥)
PE P @ Y) | PG ) . p(z,2n)
= y im — = lim ————.
p(z, Y)p'(z, y) n—>00 p'(z,20) 100 p'(2, 2p)
This implies that lim,_, , % exists and the desired equality, which completes the
proof. O
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We require a few properties of these derivatives. If p, p” are metrics, these properties are
shown in [10] and the proof is the same as here.
Lemma 2.17 (cf [10]) Let p % o' 2 o, 2,7 € Z. Then
(Chain rule) dp (2) g:;i, (Z) = ai;p” (2)
(Geometric mean value theorem) p(z,7)* = ap’ £ (2) ap @)’ (z,7)?

Proof For the Chain rule, choose x, y € Z such that (z, x, y) is an algebraically visible triple
with respect to p, ,o’ p”. Then

@ = p(z, x)p(z, Y)p' (x, y)p'(z, x)p'(z, Y)p"(x,¥)  dp
3 " px, ¥)p'(z, ) 0" (z, y)p'(x, ¥)p"(z, x)p"(z, y)  9p”

For the Geometric mean value theorem, if p(z, z') = 0, the equation follows from A, =
Ay It p(z, 7') # 0, we can choose x € Z such that (z, 7/, x) is an algebraically visible
triple. Then

7( ) (2).

Pz, )P 0)p' ', X)pE, )pE, X'z, x) p(z,7)?
(@, x)p'(z,2)p' (2, X)p(z, x)p' (2, 2)p' (@ x)  p'(z,2)?

ap _dp
o (2) Y ()=
[}
Remark 2.18 1If at least one point z € Z is approximable in (Z, p) and both p and p’ are

continuous, then it is easy to see from the characterization of the derivative at the approx-

£&2) that the Geometric mean value theorem uniquely

imable point z by dp (2) =limy_, P P (@.7)

determines the derivative of p by p’.

Remark 2.19 (cf.[10]) Using Lemma 2.6 and the additivity of Busemann functions, it is easy
to see that on boundaries of CAT(0) spaces,

)
ﬂ(é) — Bx3.8)
0py

M
Lemma 2.20 (cf. [10]) Let p ~ p’. Additionally, assume that Z is compact, forall z, 7' € Z,
0(z,7) <1, p'(z, 7)) < landthat forevery z € Z thereexistz,7 € Z suchthat p(z,7) = 1

and p'(z,7') = 1. Then,
d 0
max | ()Y min ] 2L ) =
zeZ | dp’ zeZ | dp’

Note that, if Z = 90X and p = py, o’ = py, then the assumptions of Lemma 2.20 are
satisfied, so this Lemma applies in the context that we will be considering
Proof Letz € Z such that (z) is maximal and 7’ € Z such that (z ) is minimal. Denote
the obtained maximum and minimum by w and X respectively. Let 7' € Z be such that
p'(z,7) = 1. then
ap

2
12 p(z,2)" = Y

) , _
P )a—;@p’(z,z’)z > k.

On the other hand, let 7 € Z be such that p(z’, Z) = 1. Then
_ ap’ , 9p" _ _ 11
120,90 = 2 L@ p = ——.
ap 00— — T AU
We conclude that - A = 1. O
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2.4 Convex functions

We need some basic results about convex functions. A function f : I — R defined on an
interval / C Ris called convexif foralla,b € I andt € [0, 1], we have f((1 —t)a +tb) <
(1—1)f(a)+1tf(b). A function is called strictly convex if this inequality is a strict inequality
forallz € (0, 1).

In a geodesic metric space X, a function f : X — R is called convex if for any geodesic
y on X and any a, b on the domain of y, we have

Vi e[0,1]: f(y((A —ta+1b)) < (1 —0)f(y(@)+1f(y(®)).

Remark 2.21 There is a sufficient, but generally not necessary analytic condition for (strict)

2
convexity. If f : I — Risa C?-function, then f is convex if and only if %
2
Furthermore, if % > ( everywhere, then f is strictly convex. However, the converse is not
necessarily true, as is illustrated by the example > * at the point zero.

> (everywhere.

We recall the following standard result about convex functions.

Lemma 222 Let f, : X — R be a family of convex functions on a connected, geodesic
CAT(0) space X parametrized by z € Z. Define F(x) :=sup,.z{f:(x)}. Then F : X — R
is convex.

2.5 Visibility and algebraic visibility

Let X, Y be proper, connected, geodesically complete CAT (0) spaces. Amap f : 0X — 97,
is called M¢obius if and only if it sends algebraically visible pairs to algebraically visible pairs
and preserves the cross ratio, i.e.

V(&1,62.83,8) € A:crx(§1,82,83,84) = cry(f(&1), f(&2), f(&3), f(&4)).

In order to construct our extension map, we require that f is not only Mobius but also
that f and f~! both preserve visible pairs. It is tempting to try and show that Mdbius maps
always preserve visible pairs by arguing that a pair (&, ) in dX is visible if and only if it is
algebraically visible. It is known that visible pairs are always algebraically visible. However,
while the converse is true if X admits a cocompact group action by isometries, it is not true in
general, as the following example — provided by Jean-Claude Picaud and Viktor Schroeder
— illustrates.

Consider the manifold R? with coordinates (x, y) and equip it with the Riemannian metric
dx* 4+ f(x)%dy?, where f : R — R is a C2-function, such that f(x) > 1 for all x and

limy_, o f(x) = 1. The curvature of this metric at (x, y) is given by — 9//(%) Hence, if f is
strictly convex, this space has negative curvature everywhere. We equip the tangent space of
R? with the standard basis e, 3 everywhere. We denote the inner product with respect to
the Riemannian metric above by (-, ) 7.

This Riemannian manifold is the universal covering of a surface of revolution R x S!
with coordinates (x, ?) and Riemannian metric dx? + f (x)2dv2. By abuse of notation,
we call the projection of the vector fields e;, e> onto the surface of revolution by ey, e; as
well. It is a classical result that a path y on a surface of revolution is a geodesic in the

Riemannian sense if and only if the function (y'(r), e2(y (¢))) s is constant. (This is called
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Clairaut’s constant, cf. [19].) We observe from this fact that a geodesic y (t) = (x (1), y())
with x"(0) > 0, will have monotone increasing x(¢) for all ¢+ > 0 if and only if its Clairaut
constant (y’ (1), e2) r < lim;o{ez, €2) f = lim; f(t)2 = 1. Else, the geodesic y will
eventually change its x-direction and have decreasing x (¢). This argumentation carries over
to the universal covering, where we conclude that a geodesic ray y represents a point in

the boundary with x(¢) 2% oo if and only if [(y’(0), e2) | < 1. The Clairaut constant

also implies that no two geodesic rays with x (¢) 2% 5 can be connected by a bi-infinite
geodesic. Thus, any pair of geodesics with x’(0) > 0 and Clairaut constant at most one is a
non-visible pair.

We focus our attention on the borderline case where the absolute value of the Clairaut
constant equals one, i.e. |(y'(t), e2) r| = 1. Fixing (xo, yo) € R?, there are exactly two
geodesic rays starting at (xg, yo) whose Clairaut constant in absolute value equals 1. We will
show that, depending on the choice of the function f, this pair of points in the boundary may
be algebraically visible or not algebraically visible.

We start with some general arguments that will allow us to reverse engineer the functions
f and y, assuming that we know the x-coordinate of a geodesic with Clairaut constant one.
Suppose, we have a geodesic y with a known x-coordinate. We know that the following two
equations hold:

1=y (1), e2)r = fx(0))Y @)
L= (/0,7 ®) f =X + fx(0))*Y 1)

This implies that

1
/ —+
YO = or

2
x(t) =ft——.
FEOP =%
We now use these equations in two concrete cases.

Example 2.23 Restrict to r > 2 and suppose, x(t) = In(z). By the equations above, using the
fact that we also require f(x) > 1, we obtain

12 t
J‘(x(t))=,/7t2_1 =7[2_1,
1

X

In particular, we obtain

e
f(x)—ﬁ,

which is a strictly convex function for x > 0 with lim,_, » f(x) = 1, as direct computation
shows.

For every starting point pg, we obtain two geodesic rays starting at that point that are
described by the equations above. Choose some pg and denote the two geodesics start-
ing there by y T, ¥ ~. We claim that their Gromov product is finite. Since f2°° ,%dz < 00,
we obtain that there exists some constant C such that y©(t) > t — C and y~ () <
—t + C for all . Let § be the shortest path connecting y ™ (¢), y ~(¢). Since the euclidean
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inner product satisfies (-, )guer < (-,-)y, we see that the euclidean distance satisfies
2t —2C < dgua(y™ (1), y~ (1)) <ds(y™ (1), y~(t)). Therefore, the Gromov product satis-
fies ([y 1y ™)) po < 2C < oo. In particular, here we have an example of a non-visible pair
that is algebraically visible.

Example 2.24 Restricttor > 1, choose a € (0, %) and suppose, x(t) = ﬁtl’“. We obtain
S&x(@) !
X = —,
V1—2

Y(t) = £(1 —172),

1
y(1) =+t — ——1'7) 4 C.
1 -2«

In particular,

1
Fx) = .
2a 2a
\/1 — (1 —a) Tax T-a
Abbreviating o := ﬁ and t := (1 — oz)_l%, we rewrite
1

) = ——
2a
V1I—1x T«

y(1) = £ —ot' ) + C.

Again, a computation shows that f” > 0 and f(x) . Again, we obtain two
geodesics yT, ¥~ starting at the same starting point pg, described by these equations.
We claim that their Gromov product is infinite. For this, it is sufficient to show that
d(y* (1), y=(1)) <t — ¥ (t) for some function ¥ ~—-> 0. Since dgue (¥ (1), y~ (1)) <
2(t — ot'=2¢) 4 ' is the euclidean length of the euclidean geodesic between y ™ (¢), y ~ (¢)
and since o > 1, we obtain that

dr(yT (@), y~ (1) <2f(x())(t — ot 72 + f(x(1))C’

1 C’
<2 (= 1)
,/1_[—20[ /l_t—zot
Cl
=2t/1—t720
V1 —172¢

1 /
<20(1— =172 +

2 =
=2 — Y (o),

C’ —00

where /(1) = ¢! 72 — === — 0. We conclude that Ly Uy 1) py = oo

These examples illustrate why we will assume not only that f is Mobius but also that it
preserves visible pairs in the coming sections.

2.6 Jacobi fields

We now move fully into the realm of Riemannian manifolds. We refer to [19] for all necessary
background informations. Let X be an n-dimensional, connected, simply connected, geodesi-
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cally complete Riemannian manifold such that all sectional curvatures are non-positive. Let
& € 0X. The radial vector field in the direction of & is the unique unit vector field E on X
such that at every p € X, the geodesic ray in the direction of the vector E, is a representative
of &.

Since X is geodesically complete, every vector v € T X induces a unique geodesic ray
vy : R — X such that y,(0) = v. The exponential map at a point x € X is defined by

exp, : i X = X, v p(l).

One easily checks that exp, is a smooth map and exp,(Av) = y,(A) for all A € R. Fur-
thermore, since X is simply connected and has non-positive sectional curvature, exp, is a
diffeomorphism according to the Cartan-Hadamard theorem.

Let y be a geodesic in X. A vector field J defined along y is called a Jacobi-field if and
only if it satisfies the following second-order ordinary differential equation:

D2
22O+ RUW, Y (®)y' (1) =0.

where R denotes the Riemannian curvature tensor and % the covariant derivative along y
with respect to the Levi-Civita connection. Any Jacobi field along y is uniquely determined
by the initial conditions J(0), %(0)‘ The space of Jacobi fields along y forms a real 2n-
dimensional vector space.

On complete manifolds, Jacobi fields are uniquely characterised as the vector fields arising
from smooth one-parameter families of geodesics y; with Y9 = y. The Jacobi field corre-
sponding to (ys)s is given by J(¢) = % |s=0Vs(t). A Jacobi field is called perpendicular, if
J(t) L y/(r) for all ¢. A Jacobi field is called stable if sup,>ofllJ () I} < oco. A Jacobi field
is called parallel if || J (1)||? is constant along all of y.

We now define a subset of X that consists of all the points that have ‘asymptotic features
of flatness’. Specifically,

Fx := {x € X|3 y geodesic ray, starting at x and
3 J perpendicular, parallel Jacobi field along y}.

We first note that, whenever x € Fy, we find a geodesic y as in the definition of Fy and
every point on y is contained in Fy. We note that, whenever there exists a perpendicular,
parallel Jacobi field J along a geodesic y, a standard calculation gives us

0_li2 JO|I? = D—zjz)Jt BJ(I)z
=570l —<Dt2 ®, <>>+ D

2

, D
= —sect.curv. ((J(t), y (t)>) + H D—IJ(I)

Since X has non-positive sectional curvature, we see that every point in Fx has to contain
a 2-dimensional tangent plane whose sectional curvature vanishes. (In fact, these 2-planes
have to fit together nicely.) This provides a method to recognize that F is small for a given
Hadamard-manifold X.

The following result that goes back to Eberlein connects the complement of Fy with a
convexity property of horospheres (another way to control the size of Fy).

Proposition 2.25 (Lemma 3.1 in [25]) Let X be a Hadamard manifold, E the radial field in
the direction of & € 0X and B a Busemann function centered at &. Then & = —grad(B), &
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is Cl and V,E = %(0) forall v € Ty X, where J is the unique stable Jacobi field along
the geodesic ray &, such that J(0) = v.

The covariant derivative V, E can be thought of as a second derivative of the Busemann
function B, because for all v, w € T, X,

d

d
E|z=0$|s=oB(X, y(t,5),8) = (VyE, w),

where y (¢, s) = exp, (fv + sw).

3 Construction of ® and F

For the rest of this paper, let X, Y be n-dimensional, connected, simply connected, geodesi-
cally complete Riemannian manifolds such that their sectional curvatures are bounded by
—b% < curv < 0. Further, assume that 3X and Y satisfy (4v) and that all points in d X and
dY are in a rank 1 hinge. We denote the unit tangent bundle of X by 7! X. Further, we have
the tangent bundle projection 7x : TX — X. If the manifold X is clear from the context,
we simply write 7. For all x € X, & € 0X we denote the unit tangent vector in Tx1 X that

‘points to &, i.e. whose induced geodesic ray represents &, by ;?Z— . This provides us with a

homeomorphism between dX and TxlX equipped with the standard topology [9, Example

11.8.11]. Analogously, for any two points x, x’ € X, we denote the tangent vector of the
—

arc-length geodesic from x to x” at x by xx’.

Let f : 9X — 3Y be a Mdbius homeomorphism such that f and f~! both preserve
visible pairs. Our goal is to extend f to amap F' : X — Y. The construction presented in
this section is a generalisation of a construction by Biswas for CAT(—1) spaces. Its most
similar presentation to the one below can be found in [12].

3.1 Constructing ®

We start by constructing a map between the tangent bundles of X and Y. The idea of this
construction goes back to the construction of a geodesic conjugacy in [14], which also features
in [10]. However, it turns out that, in our context, this map can only be defined after identifying
certain vectors in the tangent bundle.

Let v € TX. The geodesic flow on X provides us with a unique bi-infinite geodesic y
such that ¥/(0) = v. Denote the two endpoints of y at infinity by v_o, := y(—00) and
Voo 1= y(00). Let v, w € T'X and denote their projection in X by x and x’ respectively.
We say that v ~ w, if ||v]| = |||, Voo = Weo, V—0o = W—_xo and B(x, x’, vso) = 0. Note
that this is equivalent to the convex hull of the geodesics induced by v and w being a flat
strip (see Theorem 2.13 in Part II of [9]) and the foot points of v and w being on the same
horosphere with respect to either endpoint of the strip. This defines an equivalence relation
on TX and we denote the quotient by 7 X. Denote the quotient of the unit tangent bundle by
the same equivalence relation by T'! X. The equivalence class of a vector v will be denoted
by [v]. Since v ~ w & —v ~ —w, we define —[v] := [—v].

We construct amap ® : T!X — T!'Y which will be a geodesic conjugacy in the sense
of Lemma 3.3. Let v € TXIX be a unit-vector. As above, we obtain two points v, V— at
infinity. Since f preserves visible pairs, there exists at least one geodesic from f(v_q) to
f (Vo). Choose one such geodesic and denote it by y. The image of [v] under ® will be the
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af*ﬂx

Fig. 5 The vector v is sent to the vector ®(v). The derivative

oy (f (voo)) determines which horosphere

@ (v) needs to be placed on. If f (véo), f. o) have several connecting bi-infinite geodesics, the choice of
®(v') is no longer unique and we obtain a non-trivial equivalence class

equivalence class of a unit-vector on the geodesic y pointing towards f (v ). All that is left
is to choose the foot point on y.

Lemma 3.1 (cf. [10]) There exists a unique y € y, such that %(f(voo)) =1
Furthermore, if y' is another geodesic from f(v_x) to f(v;,o) and y' the unique point
3f*Pv _ TFo A 7
on y’ such that (f(ve0)) =1, then yf (Voo) ~ ¥ f (V0)-
Finally, if v ~ v/ and 7 (V') =: x/, then forall y € Y, agﬁ‘v"‘(f(voo)) = Bf*p* (f (Veo)).
We define ®([v]) to be the equivalence class of the unit vector at this unique point y

that points to f(vs) (see Fig.5). By Lemma 3.1, & is well-defined. Whenever we use an
equivalence class [v] as an input for &, we simply write ® (v).

Proof We first note that, since X and Y are non-positively curved, simply connected, and
geodesically complete, they are CAT(0). We thus know from Remark 2.19 that forall y, y" €
Y and n € 97,

apy y
Py () = By
0py

Let y be a bi-infinite geodesic from f(v_s) to f(voo) and y, y” € y. By the Chain Rule for
metric derivatives, we have

0 fuPx 0 fxpx
S =

(f(v oo)) (f(voo))

_ f*px (f( B(_v,y ,f(Uoo)).

Put y' = y(0). Since for any geodesic representative y of &, B(y (1), y(t'),§) =t —t/,
we obtain

a *MX a *MX —_
E];p (f(vo)) = f,O —(f(vo))e L
0y apy

The right-hand-side of this equation is equal to 1 if and only if # = In (Bf*px (f(voo)))

(Note that %(.f (Voo)) > 0 by the definition of metric derivatives.) Thus, there exists a
)
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unique 7 and a unique y = y(¢) € y such that %ﬁ%(f(voo)) = 1. This implies existence
and uniqueness. '

For the second statement, let y’ be another geodesic from f(v_so) to f(voo) and y’ the
unique point on y’ such that ag;j—v’f“ (f (vs0)) = 1. Using the Chain Rule and Remark 2.19, we

get
00+
B(Y. y. f(vs)) = In ( a" ) (f(voo»)
Py
_ apy 0 fxpx
—ln(a o o) =t (f(voo»)

=1In(1) = 0.

Since y and y’ have the same endpoints, it follows that the unit vectors at y and y’
respectively, pointing at f(vso) are equivalent.

To prove the last statement, let v ~ v/, 7(v') =: x" and y € Y. For the same reasons as
above, we have

a * Px 0 X ad *Px’
UL (o) = 22 0y - 2P ()
apy apyx/ apy
— Bx v0) 3 frpx (f (Vo))
0py
0 fxpx
= P f .
Py

Lemma3.2 Forallv € Ty X, we have ®(—v) = —P(v).

Proof By the Geometric mean value theorem, for all y on a geodesic y from f(v_) to

f(UOO)’

3 fipx 3 fupx o) f(0_oo))? 1
TP oo L5 (f_eyy = 2T Od T Dy
Py Py Px (Voo, V—_00) 1
This implies that “2L5(f (v0)) = 1if and only if *LLx(f(v_o0)) = 1. O

Throughout the following, we will want to consider Busemann functions that are evaluated
on a point in the set 7 ([v]). We denote 7 o ® (v) to be the foot point of a chosen representative
of ®(v).

Lemma3.3 (cf. [10]) Forall x,x' € X, & € 39X,

— —_—
B(w o ®(x§), w0 D(x'E), f(§)) = B(x,x, £).

By Lemma 3.1, the left-hand-side does not depend on the choice of representative and is
thus well-defined.
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Proof
— - 0000
B(m o ®(x&), m o @(x'§), f(§)) =In ﬁ(f@))
Tod(x'E)
a’ono )7 a *Ox d *Ox’!
i [ D20 (pgyy . el gy OSPY e
0 fupx 0 fupx 0 ﬂoq)()c_,g)
_ dpx
o)
= B(x,x, §).

The map @ is natural in the following sense.

Lemma 3.4 Given two Mobius bijections f : 0X — 0Y, g : dY — 90Z that are homeomor-
phisms and preserve visible pairs, we have

DPpo0Df = Dyor.
Furthermore, ®4 = 1d.

Proof Letu € T'X with mw(u) = x. Choose v € ®f(u),w € Pg(v), w € Pyor(u) and
denote y := 7 (v),z := w(w), 7 := m(w'). By construction of ®, w,, = g(f(ux)) =
Woo, W = &(f(U—o0)) = W_oo and W(w&) = 1. By the Chain Rule,

08+ Py 0 fipx 08x [ x
—— (Woo) - (Vo) = ——
ap; apy ap;

(Weo) =1

and therefore, w is in the equivalence class of ® g, ¢ (v). The identity ®;4 = Id is imme-
diate. ]

Remark 3.5 With the above Lemma in mind, it is tempting to think of ® as part of a functor.
We avoid this idea because there are open questions regarding a good definition of a category
of boundaries. Specifically, for a space to be an object in a ‘boundary category’ on which
the construction above makes sense, this object needs to admit a ‘filling’ by a Hadamard
manifold. This is sometimes called the inverse problem for M6bius geometry. The only case
where the author is aware of a solution to the inverse problem is the case when the boundary
is a circle (see [16]).

Lemma 3.4 implies in particular that & is invertible and its inverse is the map induced
by f~'. In [10], Biswas shows that, if X and ¥ are both CAT(—1) spaces, the map ® is a
homeomorphism. Since X, ¥ can contain flat strips under our assumptions, his proof does
not generalize directly. We will present a way around this in the next section. Nevertheless,
we raise the following

Question Is the map @ : T!X — T'Y a homeomorphism?

3.2 Constructing F

Letx € X.Consider the unit-tangent sphere TX1 X atx.Every pointé € dX canbe represented
by a unit vector )75 € TxlX . Applying the map & to all )75, we obtain a collection of

@ Springer



34 Page300f48 Geometriae Dedicata (2024) 218:34

equivalence classes in T'!'Y. Note that we may not be able to choose representatives of these
equivalence classes such that all representatives share the same foot point. We want F'(x) € ¥
to be ’in the middle’ of the family <I>(Tx1 X).Forallx € X,y €Y, & € 90X, we define

ey (§) 1= B(m 0 ®(xE). y. f(§)).

By Lemma 3.1, the expression above is independent of the choice of 7 o <1>(x_§ ). We
immediately observe that u, ,(£) is convex in y, because Busemann functions are convex
in their second variable (second variable with respect to our notation). We start by showing
important properties of uy y(§).

Lemma 3.6 (cf.[10]) Forallx € X,y e Y, & € 0X,

9 fxPx (f(E)) = @)

apy
Proof We have

3 fup 8.fep e
(@) = T (fE) T (6)
IO}’ pno(b()?é) py

— 1. BTGy f©)

— eux,y(s)’
where we used the definition of ® and Remark 2.19 in the second step. O

Lemma 3.7 The map uy (&) is continuous in x, y and &.

Proof Clearly, u is continuous in y. To show continuity in x, let ¥ : T'Y — T!X denote
the geodesic conjugacy constructed from f~!. By Lemma 3.4, ¥ = &~!. By Lemma 3.3,
we have

Ur,y(§) = B(mwo ®(cE). 7 0 D(W(FE)). f(€) = Blx.m 0 W(F (). £),

which is continuous in x. ‘
To prove continuity in &, we note that this is equivalent to continuity of daf;%( f(&))in
& by Lemma 3.6. Since f is continuous by assumption, we are left to prove continuity of
specific metric derivatives. By definition,
9 fxPx px (& mpx (& Doy (f(). f(©))

iy T B 00 F @, T en(F©). 1)

for any n, ¢ € dX such that (§, n, ¢) is an algebraically visible triple. Since every point
in X is in arank 1 hinge, we can additionally choose n and ¢, such that (&, n) and (&, ¢) are
connected by a rank 1 geodesic. Since f preserves visible pairs, Lemma 2.11, implies that
(f (&), f(m) and (f (&), f(¢)) can be connected by a rank 1 geodesic. Corollary 2.12 then
implies that the expression above is continuous in &. This proves continuity of u in &. O

Since X is compact, continuity implies that the supremum-norm ||uy,y[lcc < 00. Using
the fact that u, ,(§) is convex in y, Lemma 2.22 implies that [Juy y|loo IS convex in y.
Furthermore, the function y +> [luy y (oo i proper, since for any diverging sequence y, in
Y, we have

sup {tx,y, (€)} = sup {ux,yo (&) + B0, yn, f(§))} > o0,
EedX EedX
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because for every n, we can choose £ such that f(£) is the endpoint of the geodesic from yq

to y, which yields supgcyx{B (o, yn. f(§))} = d(yo, y») = 00, while [[ux,y,lloc < 0.
We now define several functions and sets that are key to the construction of F : X — Y.

Notation 3.8 Since y > |lux ylloo is proper and convex, it attains its infimum and thus the
function

M (x) := min{[luy,yllco}
yeyYy

is well-defined. In addition, we define
My = {y € Ylllux,ylloc = M(x)}
the set of points where the minimum is attained. Finally, we define forany x € X,y € Y

Kx,y = {%_ (S aX|”x,y(€) = ”u)C)”OO}

the set of points in the boundary where the function uy y attains its maximum. Analogously,
for every y € Y, we obtain sets My C X and K, , C dY by working with £~V and 1.
Lemma 2.20 and Lemma 3.6 together imply that

Vy e My : M(x) = Errelzaigi({ux,y(é)} = —gnelgr}l({ux,y(é)}-
In particular, we conclude that K y is non-empty forall x € X,y € M,.

We would like to define F (x) to be the unique pointin M. However, if Y isnota CAT(—1)
space, itis absolutely not clear that M, consists only of one point. As we will see in a moment,

issues arise whenever <I>(x_§) is an equivalence class that contains more than one vector. We
will solve this by defining F (x) to be the circumcenter of the set M. Since Y is a CAT(0)
space, this circumcenter is unique and well-defined, provided that M, is a compact, convex
set. The rest of this section is devoted to proving several useful properties of M, which
culminate in a proof that M, is compact and convex.

‘We can characterise elements of M, as follows.

Lemma 3.9 (cf. [12]) Let x € X, y € Y. The following are equivalent:
(1) y e My
—
(2) Forallw € T,'Y, there exists & € K,y such that (w, yf (§)) < 0.
(3) The convex hull of the set {yf ()| € K, y}in T,Y contains the zero vector.

Proofof Lemma 3.9 (1) = (2): Suppose not. Then, we find x € X,y € My, and w € Tle

—
such that for all § € K, y, (w, yf(§)) > 0. Let y be the geodesic passing through y at time
zero with tangent vector w. Since the inner product is continuous and K , is compact, we

—
find €, ¢’ > 0 and a neighbourhood N of Ky y, such that for all £ € N, (w, yf(§")) > €
and for all & € X\ N, uy (&) < M(x) — €. Using the fact that the gradient of the map
y = B(y, v, n) is equal to —)77);, we obtain for all ¢ € N and ¢ sufficiently small

Ur,y () = B(wo O(E). ¥ (1), f(§)
= B(w 0 ®Gé). y. f()) + B(y.y(0). f(§)

_
S M)+ 1(—=(yf (&), w)) + o)
< M(x)
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For&' € X\ N, wehave uy ;) (§") = ux y(EN+B(y, y (1), fE)) < M(x)—€' +1 <
M (x) for ¢t sufficiently small. We conclude that, for ¢ > 0 sufficiently small, [ux ) lloc <
M (x), which contradicts the definition M (x) = infycy [luy,y|loc. Therefore, such a vector w
cannot exist.

(2) = (3): Suppose not. Then, there exists an affine hyperplane 2 C T,Y separating the

zero vector from the convex hull C of {)7?5_)) |& € Kx,y}. Let n be the unit normal vector of
the hyperplane parallel to 4, going through zero, pointing towards %. Then, (n, w) > 0 for
all w € C. This is a contradiction to (2), hence /& cannot exist. This implies (3).

(3) = (1): Suppose not. Then, there exists y' € ¥ such that [luy ylloo < llux,yllco- Let y
be the geodesic from y to y" and let £ € K, . Then,

— =,
B(w o ®(x§), y, f(§)) = uxy(&) > llux ylloc = ux,y(§) = B(w o P(x8), y', f(§)).

Since B(z, y, f(£€)) is convex in y, we conclude that B(r o d>(;§), y (1), f(§)) is strictly
decreasing for t > O sufficiently small. Therefore, for all £ € K, ,,

d — , —_——
0> —li=0B(m 0 @(x8), ¥ (1), £(§)) = —(y (0), £ (€)).

If there were points &1, ..., & € K, , and a convex combination such that

k
D wiyfE) =0,

i=1

then we compute

k
0=(y'0),) aiyf(&)) >0.

i=1
This is a contradiction to (3). We conclude that (3) implies (1), which completes the proof. O
The following is an important property of the function M.

Lemma 3.10 (cf. [13]) The map M : X — R is 1-Lipschitz continuous. Furthermore, the
maps x > |ux ylloo for fixed y and y +— |luy,y oo for fixed x are both 1-Lipschitz.

Proofof Lemma3.10 Let x,x" € X,y € M,y € My, & € Ky . Using Lemma 3.3, we
compute

M(x/) = ””x’,y’”oo = ””x’,y”oo
—
= B(r 0 ®(x'E), y, f(§))
= B(x',x,£) + B(r 0 ®(x£), y, £(£))
<d(x, x') + llux,ylloo-

We conclude that M (x") < d(x,x") + M(x). Since the argument is symmetric in x, x/,
we conclude that M is 1-Lipschitz continuous. This estimate also proves the 1-Lipschitz
continuity of the map x > ||uy,ylco. For the last map, the proof is analogous with & € K, .
[}

The set M, can only contains several points if it is contained in a certain region of Y that
can be expressed in geometric terms. To describe this region, recall that we defined Fy to be
the set of all points in Y that admit a perpendicular, parallel Jacobi field along some geodesic
ray (cf. Sect. 2.6).
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Proposition 3.11 The union Ey := UxeX:lMX|>2 M, satisfies Ey C Fy. In particular, when-
ever M, contains an element in Y \ Fy, it consists of exactly that point.

In order to prove this, we need to do some preparation which will be of further use in later
sections.

Definition 3.12 Let x € X, & € 0X. We define a, : X — 9X to be the map that sends

& € 0X to the forward endpoint of the geodesic ray induced by the vector —75 . We call a,
the antipodal map with respect to x.

By definition, a, = exp, o(—Id) o exp;'. Since the visual topology coincides with
the standard topology on the unit tangent sphere TXIX , we immediately see that a, is a
homeomorphism.

Proposition 3.13 (cf. [13]) Fixx € X and y € M. Let § € 0X. Ifag%(f(f)) is minimal
among all &, then there exists a bi-infinite geodesic y € [ f (ayx(§)), f(é;] such that y lies on
y. In particular, f(ax(§)) = ay(f(&)).

Proof A point y lies on a geodesic from f(a,(§)) to f(§) ifandonlyif p, (f(ax(§)), f(§)) =
1. Combining Lemma 2.20 and Lemma 3.6, we know that the minimal value obtained by

%({f@)) is equal to e =M™ We compute

py(f(ax(E)f(€)* = —(f(ax(§)))

3f* Px 3f* Px
_ M(x) 2
af* x(f(ax(%“)))e 1

S e MW MG _ |

(f &) fapx (f(ax(©)), f ()

where we used the fact that x € (ay(£), &) by construction. This concludes the proof. O

Corollary3.14 (cf. [13)) Ifx € X,y € My, & € 3X, then %ﬁ*(f(g)) is maximal if and
only if af*f’x (f(ax (€))) is minimal.

Proof 1f 9f*f’x (f(ax(£))) is minimal, then y lies on a geodesic from £ (ax (£)) to f (€). Then,
af*'o‘ (f(é‘)) = M*p* (f(ax©)))~! = ™™ by the Geometric mean value theorem.

On the other hand, if 9({7;’( f(&)) is maximal, then Bf* 2 (&) is minimal by the Chain
rule. By Proposition 3.13, this implies that a,(§) = f~ 1(ay (f(€))). The argument above

implies that f B T Py (a,(£)) is maximal and therefore, ‘)f P ( f(ax(&))) is minimal. ]

Corollary 3.15 Forall x € X,y € My, the set K, y contains at least three points.

Proof By Lemma3.9, K, , contains at least two points, as any non-trivial convex combination
requires at least two vectors. Suppose it consisted of exactly two points &, . Then 0 =
a1yf (&) + axyf(n) for @y, @p > 0. Since this is a sum of unit vectors, we conclude that
ay(f(§)) = f(n). As & € Ky y, Corollary 3.14 implies that uy y(a,(§)) is minimal. By
Proposition3.13, f(ax(§)) = ay(f(§)) = f(n).Thus, u, y(n) is both maximal and minimal.
Since mingeyx {uy,y(§)} = —maxgeyx{uy,y(§)}, we obtain that uy () = 0 and u, y, = 0.
Therefore, Ky, = d.X, which contains infinitely many points. O
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The following result provides us with more information about My, which may be of
general interest in further study of this construction.

Lemma3.16 Letx € X.The set My is convex and contained in an intersection of at least three
horospheres in Y. Furthermore, diam(M,) < 2M(x) < oo. In particular, M, is compact
and has codimension at least two in Y.

Proof If M, consists of exactly one point, this is trivial. Suppose, M, contains at least two
points. Let y # y' € M, and denote the geodesic from y to y’ by y. Since ¢ > [litx,y (1) lloo
is convex, greater or equal to M (x) and equal to M (x) at both endpoints, we conclude that
llitx, () loo = M (x). Therefore, M, is convex.

Let p be any point on y strictly between y and y’. Since u, , is continuous, we find
at least one § € K, . Since t > uy (;)(§) is convex (for any & € 0X), we obtain that
it is either constant or increasing in one direction. If it was increasing, then ||ux ) lloo >
lux,p(§)| = M(x) for some y(¢) near, but not equal, to p. This contradicts the fact that
lux,y()lloo = M(x). Therefore, uy (&) = M(x) along y.

By Proposition 3.13, we conclude that every y € M, lies on a geodesic from f (a,(£))
to f(£). Therefore, y is contained in a horosphere centered at f (&) intersected with a flat
strip from f(ay(§)) to f(&). Furthermore, we see that for every point p on y that is not an
end point, any element £ € K, , realises the supremum ||uy , () lloo at every point on the
geodesic y. In particular, if we extend y to its maximal length such that it is still contained
in M, the points in 9 X that obtain uy , (§) = M (x) are the same along the entire geodesic,
except for some extremal points that appear only at the endpoints of the extended geodesic.

Choose yp on y not an endpoint. By Lemma 3.9 and Corollary 3.15, there exist k >

k k 7 EA

3,61,....& € Ky ypanday, ..., ax > Osuchthat ) ;o = land ) ;_, a;yf(&) = 0.
In particular, y is contained in the intersection of horospheres centered at f(£1), ... f(&).
Suppose, M, is not contained in the intersection of these horospheres. Then we find y € M
such that B(y, yo, &) # O for some i. Without loss of generality, B(y, yo, £&1) # 0. Since
M(x) > uxy(&i) = uxy, &) + B(yo,y, &) = M(x) + B(yo, y, &), we conclude that
B(yo,y,&) < 0 forall i and B(yo, y,&1) < 0. Let § be the geodesic from yy to y. By
convexity, B(yo, 8(t), &) is decreasing for small, positive ¢. Therefore,

d , _—
0> Eh:OB(YOy 3(@), f(&1) =(8(0), yfED).

On the other hand,

, k —_— , —_—> k , —_—>
0=(8'0), Y iyf(&)) =1 (8'0), yf ED) + > _ i (8'(0), yf &)
i=1 =2
Since «; > 0 for all k, we conclude that

d , —_——
EI::OB(yo, 3@, f(&)) =(8(0),yf(&)) >0

for some i > 2. In particular, uy 5¢)(&) = ux y (&) + B(yo, 8(), f(&)) > ux,y (&) =
M (x) for t > 0 sufficiently small. Since y, y9o € M, and M, is convex, we have found
an element 6(¢) in M, for which |luy 5¢)llco is not minimal, a contradiction. Therefore,
there can be no point y outside of the intersection of the horospheres centered at the points
f&1), ..., f(&). Since, among any three distinct horospheres with non-empty intersection,
at least two of them intersect transversely and horospheres have codimension one, we con-
clude that M, has codimension at least two. This proves the Lemma except for the bound on
the diameter.
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To estimate the diameter, consider y, y’ € M,, let § be the geodesic from y to y” and let
& € 0X such that f (&) is the forward end-point of the geodesic ray induced by 8. Then

Ue,y(§) =ty y () + BG,y, f(§) = ur y(§) +d(y,)).

Since y, y' € M,, the expressions iy, y(&), ux,y(§) are both bounded in absolute value
by M (x). The equation above shows that, whenever d(y, y') > 2M (x), i.e. the length of §
greater than 2M (x), this bound is violated by at least one of the two terms. We obtain that
any two points in M, are connected by a geodesic of length at most 2M (x). This provides
the bound on the diameter. O

Proof of Proposition 3.11 By the proof of Lemma 3.16, if M, contains at least two points,
any geodesic in M, is contained within a flat strip. Therefore, E'y is contained in the union
of all flat strips in Y. Since every bi-infinite geodesic in a flat strip admits a perpendicular,
parallel Jacobi field, every flat strip in Y is contained in Fy. Therefore, Ey C Fy. O

We are now able to define F'(x) precisely.

Definition 3.17 Forevery x € X, we define F(x) to be the unique barycenter of the compact,
convex set M, C Y. We observe that, whenever M, is not fully contained in FYy, it consists
of a single point and one does not have to take the barycenter.

Another consequence of Lemma 3.16 is that “F does not make any jumps larger than
2M (x) at x”. This is made precise in the following Lemma.

Lemma 3.18 Letx, — x beaconverging sequencein X. Then (F (xy)), is bounded and every
accumulation point y of (F(xy)), satisfies y € M. In particular, d(y, F(x)) < 2 M (x).

Proof We first show that (F(x,)), is bounded. Suppose not. Since the map y > |y ylloo
is proper, we conclude that there is a subsequence, also denoted (F(x,)),, such that
llux, Fx,)loo = 00. On the other hand, since M is 1-Lipschitz, |luy, r(x,)llee = M(x;) —
M (x) = |lux,F(x)llco- In addition, since x > ||uy, y || oo is 1-Lipschitz for all y’, we conclude
that

M(x) = M(xp) — d(x, Xn) = |lux, Fx,) lloo — 2d (x, Xp) — 00.

This is a contradiction, hence (F (x,)), is bounded.

Let y € Y be an accumulation point of (F(x,)),. Then there exists a subsequence (x,);
such that F(x,,) — y. Since x, y > |luy, ylloo is 1-Lipschitz continuous in both variables,
we have

i—00 i—00
ltx,F ooy lloo = M(x) <——= M(xn;) = llttx,, . Fxy) loo — Itz ylloo-

Therefore, y € M,. By Lemma 3.16, the diameter of M, is at most 2M (x), which implies
that d(y, F(x)) < 2M (x). This completes the proof. ]

Based on Lemma 3.16, it makes sense to define the set
Ky :=1{§ €0X|Vy e My :uy () = M(x)}.

The set K, is non-empty, compact and, by the proof of Lemma 3.16, contains at least
three points.
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Fig.6 If we flow the images @ (v;) backwards in Y, we increase the drawn horoballs until they all intersect
(which happens for the first time in the case of the dashed horoballs). The candidates for F(x) are all the
points in the mutual intersection of the dashed horoballs when going over all v € TXI X

In [11], the map F is constructed as the limit of a sequence of circumcenters. There is
another geometric interpretation of M, and M (x), which we present here. Any vectorv € T X
defines a horoball in X, namely the set

HB®) :={x € X|B(w(v), x, voo) < 0}.

Consider the horoballs H B(® (v)) forallv € TXIX . Define ® (v)' to be the vector obtained
by applying the geodesic flow on Y to the vector ®(v) (the geodesic flow sends equiva-
lence classes in 7)Y to equivalence classes). Since ®(—v) = —®(v), we know that the
intersection ﬂueTXl x HB(®(v)) is the smallest non-empty intersection in the sense that

ﬂveT&X HB(®(v)") = @ for all t > 0. If this intersection is empty, there is a minimal ¢,
such that (), c1x HB(®(v)~") is non-empty. This minimal 7 equals M (x) and the intersec-
tion of the horoballs ® (v)™" equals M, (see Fig. 6 for the situation where M, consists of

one point).
4 Holder and Lipschitz continuity of F
Recall that, in Sect. 2.6, we defined F to be the set of all points in X that admit a geodesic

ray y starting at x and a perpendicular, parallel Jacobi field along y. The goal of this section
is to prove that F is locally Holder continuous on F~!1(¥Y\_Fy) and to provide a sufficient
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condition for F to be locally Lipschitz continuous. To do so, we will use geometric properties
arising from bounds on the second derivative of the Busemann function.

We first introduce some notation. Given a function g : ¥ — R that is twice continu-
ously differentiable, we can consider its Hessian, i.e. the bilinear form induced by its second
differential. Since Busemann functions on CAT(0) manifolds are twice continuously differ-
entiable, we can consider the Hessian of the Busemann function y — B(Yy’, y, ), which
we denote by Hy, B"(y). Since a change of y’ changes the function y — B(y’, y,n) by a
constant independent of y, Hy, B"(y) is independent of y’. Since Busemann functions are
convex in their second variable, Hy, B"(y) is semi-positive definite.

Let y be the geodesic ray from y to . Since %l,ZOB(y’, y(t),n) = —1, we see that
Hy, B"(y)(y'(0), w) = 0 for all w € T,Y. Therefore, we are interested in the restriction
of the Hessian to the orthogonal complement of y’(0) = )71)7, which we denote by W]l. Let
w e T,Y,n € dY. We write w" for the orthogonal projection of w onto )71)#.

Lemma4.1 Let yo € Y\ Fy. Then there exists an open neighbourhood U C Y\ Fy of yo
and a constant € > 0, such that forall y € U, w € T,Y, we have

Hy, B"(w, w) > €|lwb||.

Proof Since yg € Y\ Fy, we know that for all n € 9Y and all w € Wf‘ with ||w]| = 1, the
unique stable Jacobi field J, along the geodesic ray 7y, satisfies

d
E|t=o||1w(z>||2 <0.

Since % Lm0l Jw ()12 depends continuously on yp, 7 and w and since dY and Tnl N TJ Y
are compact for all y € ¥, we find some constant € > 0 and an open neighbourhood U of
vo, such that U C Y\ Fy andforall y € U, alln € 9Y,all w € )77L with ||w|| = 1 and all
stable Jacobi fields J,, along the geodesic from y to n, we have

= 26.
¢ =0 w =

Using Proposition 3.1 in [25] (see Sect. 2.6), we have forall y e U, n € 9Y,w € ?nJ-
with |w]| = 1:

1d
Hy, B"(y)(w, w) = (Vyy (=37), w) = —Ealmollfw(t)ll2 > €.

Since HyzB”(y)()W)), w) = 0 for all w € TyY and since the Hessian is bilinear, we obtain
the estimate stated in the Lemma. ]

We need one more piece of notation before stating the results on local Holder and local
Lipschitz continuity. We define the sets

Dy := F~{(Y\ Fy)
Ly := {x € Dx|3U open neighbourhood of x, 3¢ > 0 :
/ 1 /
Vx' e U,Yw € TF(x,)Y, ¥ e Ky (w, F(x") f(§)) > €}.
Remark 4.2 By Lemma 3.9, any x € X and any w € T}(x)
—_
(w, F(x)f(§)) = 0. However, in dimension three and higher, it is very unclear if strict

inequality can be obtained in general and if it can be obtained uniformly in an open neigh-
bourhood of x.

Y admits £ € K, such that
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Proposition 4.3 The map F is locally %-Hb’lder continuous on Dx and locally Lipschitz
continuous on Ly.

This is analogous to a result in [11], where Biswas shows local %-Hdlder continuity for
circumcenter extensions on CAT (—1)-spaces. The proof is, however, different.

Proof Let xy € Dx. By Lemma 4.1, we find an open neighbourhood U of x and € > 0,
such that for all x € U, the Hessian HyzBf E(F(x)) is positive definite on the subspace

F(x) f(£)* and its positive eigenvalues are at least €. Let x, x’ € U and let f(£g) be the
point represented by the geodesic ray obtained by extending the geodesic from F(x') to

F(x). Note that F(x)F(x’) = —F (x) f (). There are two cases.
Case 1: If &y € K, then

d(F(x), F(x")) = B(F(x), F(x"), f(£))
- ’ 2 ’
= B(F(x), w o ®(x&y), f(§0)) + B(x,x", §) + B(mw o ®(x'&y), F(x'), f(0))
< —-Mx)+dx,x)+ M)
<2d(x,x"),

where we use that M is 1-Lipschitz continuous by Lemma 3.10.
Case2: Suppose, &y ¢ K. By continuity of the Riemannian metric, there exists § > 0, such

thatforall € € K, (—F(x)F(x), F(x) f(§)) < 1—82. ByLemma3.9,wefind& € K, such
. . . % 4

that (—F (x)F(x"), F(x) f(§)) > 0. In particular, this & satisfies || F(x)F (x")/® > > §2.

By Taylor approximation, we know that

BF(), F), f(€) = = (F@ F), F@ @) d(F ), F))

+ Ho BI® (FOOF (), F@)F() ) d(F (), P

+ 0 (d(F(x), F(x))?).
Let 0 < A < 1. For d(F(x), F(x")) sufficiently small (‘sufficiently small’ depending on 1),
this implies

- < 2
B(F(0), ), f(€) 2 he [ FooFHS @ d(r e, ')
> red*d(F (x), F(x'))?
Let U, C U be an open neighbourhood of xg, such that for all x, x" € U, d(F (x), F(x"))

is sufficiently small in the sense above. On the other hand,

—
B(F(x), F(x"), f(§)) = B(F(x),m o CD(;%)» fE)+ Bx,x',§) + B(w o ®(x'§), F(x'), f(§))
< —Mx)+dx, x")+ M)
<2d(x,x').

We conclude that for all x, x’ € U, C U,

2
N2 4
d(F(x), F(x'))" < Wd(x, x).
Combining both cases, we conclude that F' is locally %-Hblder continuous.
The proof of local Lipschitz continuity follows the same line of computation. Let xo € Ly.
We find an open neighbourhood U of xp and € > 0, such that forall x € U, w € TFI(X)Y s
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there is a £ € K, such that —(w, F(x) f(§)) > €. Additionally, we choose U sufficiently

small such that for all x € U, the positive eigenvalues of the Hessian HyzBf @ (F(x)) are

at least €’ > 0. Let x, x’ € U and let f (&) be the point represented by the geodesic ray

obtained by extending the geodesic from F(x’) to F(x). We have the same cases as before.
Case 1: If &) € K, then d(F (x), F(x)) < 2d(x, x") by the same argument as above.
Case 2: If & ¢ K, then — as before — we find § > 0, such that for all £ € K,,
—

(—F()F(X), F(x)f&)) <1 — 52. By construction of U, we find & € K, such that

e

—_— —_—
€ < (—FW)F&), F(x)f &) <1—=8%and |F(x)F(x)7® |2 > §2. Therefore, we have

/ —/) TS /
B(F(x), F(x), f(§)) = —(F(x)F(x), F(x) f(£))d(F (x), F(x"))
+ Hy, BT®) (F(x)) (F(x)F(x’>, F(x)F(x’)) d(F(x), F(x))*

+ o(d(F (x), F(x')%)
> ed(F (x), F(x')) + €8%d(F (x), F(x))* + 0(d(F (x), F(x'))%)

For d(F (x), F(x")) sufficiently small, we obtain

ed(F(x), F(x")) < B(F(x), F(x), f(§))
< -Mx)+dx,x")+Mx)
<2d(x,x)).

Letxop € V C U with V open such that forall x, x" € V,d(F(x), F(x)) is sufficiently small
in the sense of the inequality above. We conclude that, for all x, x” € V, d(F(x), F(x)) <
%d(x, x"). Therefore, F is locally Lipschitz continuous near all xo € Ly. ]

Corollary 4.4 The map F : Lx — Y is differentiable almost everywhere, i.e. there exists a
Lebesgue zero set in Ly, such that F is differentiable outside of this zero set.

This is an immediate application of Rademacher’s theorem, exploiting the fact that man-
ifolds are second countable.

Remark 4.5 1t is important to note that it is a-priori not clear whether Dx # (4. One of the
most crucial obstacles to proving that Dy is non-empty is the lack of injectivity results for the
map F.If F was locally injective, some assumptions about Fy being small would carry over
to F~1(Fy)—e. g. Fy having codimension one. If we additionally understood more about the
topology of Y, even more general conditions about Fy being small—e.g. Fy being nowhere
dense—would translate into statements about F~!(Fy) being small.

As we will see in the next section, there are results of this type for certain special cases,
but at the time of writing, little is known about injectivity in the general case.

Summarising the last two sections, we have proven the following theorem.

Theorem 4.6 Let X, Y be Hadamard manifolds whose sectional curvatures are bounded from
below by —b? such that 9 X, Y satisfy (4v) and all points in X and dY are in a rank 1 hinge.
Let f : 90X — Y be a Mébius homeomorphism, such that f and f~' send visible pairs
to visible pairs. Then there exists a map F : X — Y, which is locally %—Hb’lder continuous

on X\F~Y(Fy). Furthermore, for any converging sequence x, — x and any accumulation
point y of (F(xn))n, we have d(y, F(x)) < 2M (x).
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5 Applications

We now turn to several special cases, in which we can show additional properties of the map
F . The proofs below are all based either on getting more out of the continuity proof in Sect. 4,
or on a better understanding of the function M.

5.1 Surfaces

The goal of this section is to prove the following result.

Theorem 5.1 Let X, Y be 2-dimensional Hadamard manifolds whose sectional curvature is
bounded from below by —b?, such that X and dY satisfy (4v) and all points in 9X and Y
are in a rank 1 hinge. Suppose, f : X — 0Y is a Mobius homeomorphism such that f
and =V preserve visible pairs. Then the circumcenter extension of f is a homeomorphism
F : X — Y.Inaddition, itis locally Lipschitz continuous on a dense subset and differentiable
almost everywhere.

Furthermore, if F and M are differentiable at x and K, contains at least five points,
then DFy : Tu X — Tr)Y is an isometry of tangent spaces equipped with their respective
Riemannian metric. In particular, if K, has at least five points for almost every x, then F is
a metric isometry.

We start by showing that F is a map between X and Y in this instance. Let x € X. By
Lemma 3.16, the set M, is contained in an intersection of at least three distinct horospheres.
Since two horospheres centered at &1, &> can only intersect non-transversally in points that lie
on a geodesic line connecting &; with &, we conclude that at least two of these horospheres
intersect transversally. Consequently, codim(M,) > 2. Since Y is 2-dimensional, this implies
that M, has dimension 0. Since M, is convex, this implies that M, is a single point. We
conclude that F : X — Y is well-defined on all of X.

Next, we show that F is invertible.

Proposition 5.2 Let F denote the circumcenter extension of f and G the circumcenter exten-
sion of f~\. Then G = F~1.

The proof relies on an elementary result about 2-dimensional vector spaces. Let V be a
2-dimensional, real vector space with an inner product. The set of all unit vectors in V with
respect to this inner product is homeomorphic to the 1-dimensional circle. After choosing an
orientation on the circle, we can speak of the order of a set of points on the unit-sphere in V.
We have the following result.

Lemma 5.3 Let V be a2-dimensional, real vector space with an inner product. Let vy, v2, v3
be unit-vectors with respect to this inner product. Then, the following are equivalent:

(1) The zero vector is contained in the convex hull of {vy, vz, v3}.
(2) After reordering the indices, the vectors {£v1, £v>, 2v3} are ordered as (vy, —va, v3,
—vp, V2, —V3).

Proof of Proposition 5.2 By Lemma 3.9, we know that F(x) is characterised as the unique

point y € Y such that 0 € 7)Y is contained in the convex hull of the set {yf(§)|§ € K, ,}.
By Carathéodory’s theorem on convex hulls and since Y is 2-dimensional, we know that the
zero vector can be expressed by a convex combination of at most three vectors of the form
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vf (&) withé € K, y. Combining this with Corollary 3.15, we find &1, &2, &3 € K such that

the convex hull of {F(x) f(§;)|i € {1,2,3}} contains 0 € T,Y. By Lemma 5.3, this means
that, after rearranging the indices, the following six points have the following ordering in
aY:

(f€),arw(f(&2), f(&3),arw (f(E1), f(&2), arx)(f(&3))).

Since f is a homeomorphism, we conclude that, after changing the orientation of 9 X if
necessary, we have the following ordering on 9 X:

(&1,ax(52), &3, ax(81), &2, ax (§3)).

—

Using Lemma 5.3 again, we conclude that the convex hull of the vectors {—x&;|i € {1, 2, 3}}
contains 0 € 7T, X. By Lemma 2.20, Corollary 3.14 and the Chain rule for metric derivatives,
we know that K r(x) x = ax(Kx F(x)), and therefore, the zero vector in 7, X is contained in

the convex hull of the set {x£|§ € Kp(y),r}. By Lemma 3.9, this implies that G(F (x)) = x.
We conclude that G o F = Idx. By symmetry, the same argument also proves that
F o G = Idy. Therefore, G = F~1. ]

Next, we show that F is differentiable almost everywhere. We do this by showing that the
pointwise Lipschitz constant of F is finite for all x € X.

Proposition 5.4 The map F is locally Lipschitz continuous on a dense subset of X. Further-
more, the pointwise Lipschitz constant Lip, (F) := limsup,,_, W is finite for all

x e X.

Proof Let xo € X. We need to distinguish two cases.

Case 1: Suppose, M (xg) = 0. Let x € X and £ € 9X such that f (&) is the endpoint of
the geodesic ray obtained by extending the geodesic segment from F(x) to F(xop). As in the
proof of Proposition 4.3, we have

d(F (x0), F(x)) = B(F(x0), F(x), f(§))
< M(xo) + B(xo, x, §)) + M(x)
< 2d(xgp, x).

If xq lies in the interior of the set {x € X|M (x) = 0}, then we find an open neighbourhood
U of xg, such that the estimate above becomes d(F (x), F(x")) < d(x,x’) forall x,x" € U.

Case 2: Suppose, M (xp) > 0. The proof has three steps.

Step 1: We show that there exists € > 0 and an open neighbourhood U of xg, such that

—_— T
forallx € U,& € K, and &' € 9X such that (F(x) f(&§), F(x) f(§")) < —1 + ¢, we have
£ ¢ K.

Since M (x) # 0, we know that for all § € Ky, a,(§) ¢ K. In fact, uy rx)(ax(§)) =
—M(x) < 0. Suppose, the statement of Step 1 was not true. Then we find a sequence
xn — xo and sequences &,, &, € K, such that (F(x,)f(&,), F(x,) f(§)) < —1 + %
Since X is compact, we can assume without loss of generality that §, — & and §, — &’
(choosing subsequences if necessary). Since uy, r(x)(§) is Lipschitz continuous in its two
index variables and continuous in &, we have

Uy, F(xy)En) = Uy, Fx)(§).

On the other hand, &, € K,, and therefore,

Mxn,F(xn)(gn) = M(x,) - M(x).
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We conclude that &, £’ € K. However,

—_— 1
(FCen) fEn), FO) f(8)) = =14 — — —1,

which implies that F(x) f(§') = —F(x) f(§). Therefore, & = a, (&) and both of them are
contained in K, by the argument above. This is a contradiction. We thus find U and € > 0
as described in the statement of Step 1.

Step 2: Let U be the open neighbourhood from Step 1. We show that there exists § > 0

1 . ;
’ X 1) iy .
such that forallx e U, w € TF(X)Y there exists £ € K, such that (w, F(x) f(§)) > §

We first introduce the following notation. Given a vector w € TyY and a > 0, we define
So(w) :={w' e T,Y|Z(w, w') < al.

This is a sector in 7Y, whose middle line is generated by the vector w. Note that the
angle-width of the sector Sy (w) is 2c.
Suppose the statement of Step 2 is not true. We find sequences x,, € U and w,, € T}( oY
l . n
such that for all § € Ky, {(wy, F(x,) f(§)) < ;. Equivalently, the angle between these two

. - T . —1
vectors satisfies Z(wy,, F(x,) f(§)) > 7 —ap witha, — 0. Define o := 7 —cos™ (-1 +
€) € (0, ), where € is the number found in Step 1. Choose n so that o, < % We conclude
that the sector

— / Z ’ T o
Sg-gwn) = {w' € Tre YIZW' wp) < 5 — 5}

. e AT
does not contain any elements of the form F(x,) f (&) with § € K.
By Step 1, we know that for all £ € K, , the sector

Sa(=F G [©) = ' € Tro, Y12/, ~F o) FE) < @

—_—
does not contain any elements of the form F(x,) f(§') with §’ € Ky, .
Since T (x,)Y is 2-dimensional, Lemma 3.9 implies that there exists & € K, such that
b1 —_— T
7> L(wn, F(xn) f(8)) > 773
We conclude that, for this &,
o

%<£(wn»_m)<%+2

—_——
This implies that the two sectors Sy (—F (x,) f(§)) and Sz _« (w,,) intersect. Thus, their
2 2
union is a sector Sg(u). Since —F(x,) f(§) ¢ Sz_«(w,), the angle-width of this union
2 2
is strictly greater than 2(5 — §) + « = 7. Since both Sy (—F(x,) f(£)) and Sz_o do
2 2
not contain any vector of the form F(x,)f(¢") with & € K,,, we conclude that the set
.
{F(x,) f(£)|E" € K,,} is contained in the complement of Sg(u), which is a sector with

. . %
angle-width strictly less than 5. Therefore, the convex hull of {F (x,) f (§")|§" € K, } cannot
contain the zero-vector of Tr(y,)Y, which is a contradiction to Lemma 3.9. We conclude that

T F(EN) < T _ @ :
forallx e U, w € Tr(y)Y, we find § € K,, such that Z(w, F(x)f(§)) < > — 5. Applying
cosine to this inequality, we find § > 0, such thatforallx € U, w € T}(X)Y ,wefind& € Ky

—_
such that (w, F(x) f(£)) > 4. This proves Step 2.
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Step 3: We show Lipschitz-continuity on U. Let x, x’ € U.By Step 2, we find & € K such
that — cos(Lr) (F(x'), f(§))) = (—Fx)F ('), F(x) f(§)) > 8. Since Y is non-positively

curved, we know that Ag)()x)(F(x/), f(&) = Lpx (FX'), f(§)) and, therefore,

_Cos(gﬁf()x)(F(x’), F(€) = —cos(Lpw) (F(x), f(§))) = 6.
We have
8d(F(x), F(x") < —cos(lgg()x)(F(x,), FEN)(F (x), F(x')
= B(F(x), F(x"), f(£))

< B(F(x),mo <1>(x_§), fE)+Bx,x". &)+ B(ro 43(?6—%), F(x'), f(£)
< —M(x)+d(x,x') + M)
< 2d(x,x").

We conclude that for all x, x’ € U,
2
d(F(x), F(x) < gd(x, x)).

Therefore, F is Lipschitz continuous on U.

Combining the two cases, we conclude that F is locally Lipschitz-continuous on
XN\ 0{x|M(x) = 0}. Since the set {x|M(x) = 0} is closed, the complement of its topo-
logical boundary is dense in X. This completes the proof. O

Using Stepanov’s theorem, we conclude that F is differentiable almost everywhere. Apply-
ing Stepanov’s theorem (or Rademacher’s) to M, we conclude that M is differentiable almost
everywhere as well. We conclude that for almost every x, both F and M are differentiable at
x. We are left to prove the sufficient condition for isometry from Theorem 5.1.

Lemma5.5 Let x € X such that F and M are differentiable at x. For all v € T, X and
& € Ky, we have

(VM. v) = (v, xE) — (DF, (v), F(x) [ (§)).

Proof Letv € T X and let x vary along the geodesic that starts at x and goes in direction v.
For & € K, we compute

—_
M) = M(x) = B(t 0 ®(x'8), F(), f(§)) — B(w 0 ®(xE), F(x), £ (&)
= B(', x,§) + B(m 0 ® (&), F(x), () + B(F(x), F(x'), f(§))
— B(w 0 ®(x&). F(x). f(£))
— _ )
= (v, x§)t = (DFx(v), F(x) f(§))t + O17).
‘We obtain that, for all v € 7 X and for all £ € K,
(VMy,v) > (v, xE) — (DF ()., F) &),
Replacing v by —v yields the opposite inequality, which implies equality. O
Lemma 5.6 Let x € X such that F and M are differentiable at x. Suppose K, contains at

least five points. Then D Fy is an isometry between tangent spaces.
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Proof By definition of adjoint maps, Lemma 5.5 implies that for every & € K,
e PP —
DF(F(x)f(§)) = x§ — VM.

Furthermore, since F is invertible by Proposition 5.2, the map D F is invertible. Therefore,
the map DF} + VM, : Tp)Y — T, X is an invertible affine map that sends a subset of the
unit circle T}

—
F(X)Y —namely the set {F (x) f(£)|€ € K} —to a subset of the unit circle TXIX.
We are given an invertible, affine map x — Ax + b between 2-dimensional vector spaces
with an inner product. Since affine maps send ellipses to ellipses and thus circles to ellipses,
there are three possibilities what the image of the unit circle under this map may look like.

(1) The image of the unit circle is an ellipse with non-vanishing eccentricity. It can intersect
the unit circle in the target space in at most four points.

(2) The image of the unit circle is a circle, but not the unit circle of the target space. It can
intersect the unit circle in the target space in at most two points.

(3) The image of the unit circle is equal to the unit circle in the target space. Then the affine
map is of the form x +— Ax and A is norm-preserving. Since an inner product can be
expressed purely in terms of its induced norm, A is orthogonal.

Since every point in K corresponds to a unit vector in Tr(,)Y which is sent to a unit
vector by DF + VM,, we see that, if K, contains at least five points, the map D F; + VM,
has to be the last of the options above. This implies that M, = 0 and DF; is orthogonal.
Thus, DF, is orthogonal, i.e.an isometry of tangent spaces equipped with the Riemannian
metric.

O

If K, contains at least five points for almost every x, then the Lemma above implies
that for almost every x, F is differentiable and D F has operator norm at most 1. It is a
standard result that such a map is 1-Lipschitz. Since F~! equals the circumcenter extension
of f’1 and, therefore, Kr(x) = f(ax(Ky)), we conclude that F~lis 1-Lipschitz as well.
This implies that F is a metric isometry and concludes the proof of Theorem 5.1.

Remark 5.7 If X and Y are higher-dimensional and we have a situation where we can show
that F is differentiable, then Lemma 5.5 implies that K is contained in the intersection of
an (n — 1)-dimensional ellipsoid with the (n — 1)-dimensional unit sphere, or, if DFy is
not invertible, in the intersection of a ‘full’ ellipsoid of dimension at most n — 1 with the
(n—1)-dimensional unit sphere. In either case, this tells us that D F is an isometry of tangent
spaces, whenever K is not distributed in a rather specific way. This criterion may be worth
further investigation. However, differentiability of F remains an issue in higher dimensions
for now.

5.2 Rough isometries for CAT(-1) spaces

‘We now restrict our attention to the case where X, Y are Hadamard manifolds whose curvature
is bounded from below by —b? and from above by —1. We find ourselves in a class of spaces
to which Biswas’ construction and results apply. In particular, by Theorem 1.5 in [10], F
is a (1, In(2))-quasi-isometry. In this section, we provide a different argument to obtain
these quasi-isometry-constants and we use this argument to obtain better constants for 2-
dimensional manifolds.
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Theorem 5.8 Let X, Y be 2-dimensional Hadamard manifolds whose sectional curvature is
bounded from below by —b* and suppose that X, Y are also CAT(—1) spaces. Let f : X —
Y be a Mobius homeomorphism. Then the circumcenter extension of f isa (1 ,In (%))—quasi—
isometry.

Proof We first provide a general argument as to how one can obtain the quasi-isometry
constants. We then specialise to the 2-dimensional case.

Since Y is CAT(—1), it contains no flat strips and M, consists of exactly one point for
every x € X.Letx,x’ € X and & € 9X such that f (&) is represented by the geodesic ray
obtained by extending the geodesic from F(x’) to F(x). We compute

d(F(x), F(x")) = B(F(x), F(x'), f(§))

=B(F(x),mo d>(x_§), fE)+ B(x,x", &)+ B(ro <I>(x—’§), F(x'), (&)
< M) +dx, x")+ M.

Putting &’ € 9X to be represented by the geodesic ray obtained by extending the geodesic
from x’ to x, we obtain

d(F(x), F(x")) = B(F(x), F(x), f(§")

= B(F(x), 7 0 ®(xE), f(&) + B(x,x',£) + B(w o q>(x—’>g), Fx'), f(EN)
> -—Mx)+dx, x')— M.

We conclude that, if M is bounded on X, then F is a (1, 2|| M ||~ )-quasi-isometry. We are
left to prove that M is bounded. ‘

Letx € X and §,&" € Ky p(x). Since gpf;%(g) = e Fo0® and M(x) = uy p) () =
Uy, F(x) (&), we have

px(E,EN? =MD pp (FE), F(EN)?

and therefore,

(fEOIfFENFE) — Mx) = EIENx.

Since Gromov products are non-negative, this implies that M (x) < (f(&)|f(§")) p(x) for all
S, E/ € Kx,F(x)-

Let Y be of dimension at least three and let § € K, p(r). By Lemma 3.9, we know that
there exists §' € K p(y) such that (F(x) f (&), F(x) f(§)) <0, i.e. the angle between f (&)
and f(&') at F(x) is at least % Since Y is CAT(—1), we have that

(FOIFENF < in)z,

where 7, n’ € 9H? such that their representing geodesic rays starting at z € H? depart at an
angle of 7. We are left to compute the Gromov product of two specific geodesics in H?2.

If Y is 2-dimensional, since K r(x) contains at least three points by Corollary 3.15, we

2w
conclude that there are £, £’ € K r(y) such that Zp(y) (F(x)f(é), F(x)f(%")) > 5. We
are left to compute the Gromov product of two geodesic rays in H? that start at the same

point and depart at an angle of 27”
The Theorem now follows from the following formula, which is a standard computation.
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Lemma5.9 Let y, 7 be geodesic rays in H? that start at the same point o and depart at an

angle o. Then
Y1P)o=—In (sin (%)) .

Leto = %. Since sin (§) = we obtain

_ L,
(vz172)i =1n (V2).

In the 2-dimensional case, we put o = ZT” Since sin (%) = ?, we obtain

8 2
(yzlyz)i =1In (ﬁ) ~(0.143841.

Since F'is a (1, 2||M||0)-quasi-isometry, we recover Biswas’ constants (1, In(2)) in the
higher-dimensional case and obtain a (1, In (%))—quasi—isometry in the 2-dimensional case.
This proves the Theorem. O

5.3 Adding a cocompact action

In this section, we prove the following result.

Theorem 5.10 Let X, Y be Hadamard manifolds whose sectional curvature is bounded from
below by —b?, such that 3X and dY satisfy (4v) and all points in X and Y are in a
rank 1 hinge. Suppose, there is a group G which acts cocompactly by isometries on X and
Y. Let f : 89X — Y be a G-equivariant Mébius homeomorphism such that f and f~!
preserve visible pairs. Then, the function M : X — R is bounded and F is a G-equivariant
(1, 2|| M || o) -quasi-isometry.

Proof Since f is G-equivariant and G acts by isometries, we have forallg € G, x € X,y €
Y, E€0X.

d fxp 0 fxp
Jebr ey = HPer (o p ey,
dpy gy
This implies that, ugy gy (88) = ttx y(§), llUgx gylloc = llitx,ylloo and therefore, M, =

g(M,). Since circumcenters and barycenters are preserved under isometries, we obtain that
F is G-equivariant, i.e. F(gx) = gF(x). Since F is G-equivariant and G acts cocompactly
on Y, F is coarsely surjective.

The same argument as in the proof of Theorem 5.8 shows that F is a (1, 2|| M || o)-quasi-
isometry, if M is bounded. Since

M(gx) = llttgx, Fgx)()lloo = lttx Fry (8 ) loo = M(x),

we obtain that it is sufficient to bound M on a compact fundamental domain of the G-action
on X. Since M is Lipschitz continuous, M is bounded on any compact set. We conclude that
M is bounded and F is a G-equivariant (1, 2|| M || )-quasi-isometry. O
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