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DISTANCES BETWEEN CONVEX COMBINATIONS IN
HADAMARD SPACES

YUKINO TOMIZAWA

ABSTRACT. The paper aims to research the difference between the convex combi-
nations which have different orders of combining three points in Hadamard spaces.
It is interesting to consider ranges of distances between two convex combinations.
The main finding is that the difference of shapes between an Hadamard space and
the Euclidean plane gives a relation of between two convex combinations which
have different orders of combining points from each other in the Hadamard space.

1. INTRODUCTION

The study of metric spaces without linear structures has played a vital role in
various branches of pure and applied sciences. H. Busemann [7] developed a theory
of non-positive curvature for path-metric spaces, based on a simple axiom of convex-
ity of distance functions. By referring to this theory, B. H. Bowditch [4] introduced
“Busemann spaces” which is a notion of non-positively curve metric spaces. Buse-
mann spaces satisfy many fundamental metric, geometric, and topological properties
[19]. A large subclass of Busemann spaces is constituted by non-positively curved
metric spaces introduced by A. D. Alexandrov [1], known also under the name of
“CAT(0) spaces”. The difference between CAT(0) spaces and Busemann spaces is
similar to that between Hilbert spaces and strictly convex Banach spaces. CAT(0)
spaces also satisfy many fundamental properties and can be characterized in many
natural ways [5]. CAT(0) spaces found numerous applications in geometric group
theory and metric geometry. A useful example of a CAT(0) space is an R-tree [22],
whose study found applications in mathematics, biology, medicine, and computer
science. Against such a background, it is worth making a study of geometry of
non-positively curve metric spaces.

In geometry of metric spaces, convex combinations of some points are one of im-
portant elements. In fact, it is possible to characterize some kinds of non-positively
curve metric spaces by comparing triangles in that space to triangles in the FEu-
clidean plane. Therefore, convex combinations of three points is also concerned
with geometry of metric spaces. Convex combinations in non-positively curve met-
ric spaces are difficult elements to deal with. In metric spaces that provide a natural
setting for considering triangles (which we will define later), a convex combination
of two points with two coefficients which sum to 1 is a unique point. However,
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if we consider three points and three coefficients which sum to 1, then their cor-
responding convex combination is not clearly defined since it may depend on the
order of combining the points. On the other hand, this convex combination is a
unique point in Banach spaces since the spaces have linear structures. Based on
the above fact, B. Beauzamy [3] studied characterization of uniform convexity of
Banach spaces using convex combinations of three points with three coefficients.
Since the characterization obtained is an important result, other researchers used
it in order to study geometry of Banach spaces [12, 21].

In this paper, we study properties of convex combinations of three points
with three coefficients which sum to 1 in uniformly convex Busemann spaces and
Hadamard spaces. Namely, we put a pair of three points and consider a triangle
consisting of the points. Convex combinations of the points are inside the triangle.
In particular, we take up two convex combinations which have different orders of
combining same points from each other. We research ranges of distances between
the convex combinations using uniform convexity of uniquely geodesic spaces. The
main finding is that a distance between two convex combinations is less than or
equal to a value given by a comparison of shapes between the triangle in the Eu-
clidean plane and the triangle in an Hadamard space. Moreover, we find results of
distances between the convex combinations which are generalizations of a property
of uniformly convex Banach spaces proved by Beauzamy.

In Section 2, we present several preliminary definitions and results. In Section
3, we prove ranges of distances between the convex combinations of three points
with three coefficients which sum to 1 in uniformly convex Busemann space and
Hadamard spaces. In Section 4, we consider R-trees which is specific cases of
Hadamard spaces. We prove values of distances between the convex combinations
inside equilateral triangle.

2. PRELIMINARIES

Throughout this paper, R denotes the set of real numbers.

Let (X, d) be a metric space. A path in X is a continuous map v : [0,]] C R — X.
Given a pair of point x,y € X, we say that a path v : [0,I] — X joins x and y if
v(0) =z and y(I) = y. A geodesic path in X is an isometry v : [0,{] — X such that
d(v(s),y(t)) = |s — t| for every s,t € [0,1]. A geodesic segment v(]0,1]) C X from
x to y is the image of a geodesic path ~ : [0,]] = X joining x and y. Note that a
geodesic segment from x to y is not necessarily unique. If no confusion arises, then
[, y] denotes a unique geodesic segment from x to y. A (uniquely) geodesic space is
a metric space (X, d) if every two points in X can be joined by a (unique) geodesic
path. Geodesic spaces provide a natural setting for considering triangles. A point
z € X belongs to the geodesic segment [z, y| if and only if there exists t € [0, 1]
such that d(x, z) = td(z,y) and d(z,y) = (1 — t)d(z,y). For such a point, we write
z:= (1 — t)x @ ty, which is a unique point in [z, y] for ¢.

Given distinct points z,y € X, a metric midpoint of x and y is a point m € X if
d(z,y) = 2d(z,m) = 2d(m,y). A complete metric space X is geodesic space if and
only if every pair of points in X has a metric midpoint [2, p. 2, Prop. 1.1.3].
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Definition 2.1 ([4, pp. 576-577][19, pp. 203-204]). A Busemann space is a geodesic
space (X, d) such that for every two geodesic paths v : [0,01] = X and 72 : [0,l2] —
X, the map D5, , : [0,11] x [0,l3] — R defined by

D'Yl,’YQ (ta S) = d(’Yl (t)7’72(5))

is convex.

There are various equivalent ways of expressing the definition of Busemann
spaces. Several characterizations of Busemann spaces and other results on Buse-
mann spaces consult the books [14, 19]. This condition gives the following elemen-
tary facts:

(1) [2, p. 4, Prop. 1.1.5] Every Busemann space X has a convex metric,

that is, for every z,y,z € X and t € [0, 1],

(2.1) dlz,(1 -ty dtz) < (1 —t)d(z,y) + td(zx, 2).

(2) [19, p. 210, Prop. 8.1.4] Every Busemann space is a uniquely geodesic
space.

(3) [14, p. 40, Def. 6.5] In a Busemann space X, for every x,y € X and
t,s €[0,1],

(2.2) d(1 -tz D ty, (1 —s)z®sy) = |t — s|d(z,y).

Every complete geodesic locally compact, locally convex, and simply connected
metric space is a Busemann space. Basic examples of Busemann spaces are the
Fuclidean space, normed strictly convex vector spaces, R-trees, classical hyperbolic
spaces [2], and Riemannian manifolds of global nonpositive sectional curvature [5].

Let (X, d) be a geodesic space. A(x1,z2,23) denotes a geodesic triangle which is a
set consisting of geodesic segments [z1, z2], [z2, z3], [3,21] C X. Ifa point p € X lies
in the union of [z;, z;] for some 4, j € {1, 2,3}, then we write p €A(z1, 2, z3). Given
a geodesic triangle A (x1,x2,x3), there exists a comparison triangle A(T1,Z2,Z3)
which is a geodesic triangle in the Euclidean plane (E?,|-||) such that d(z;,z;) =
|z; — z;| for 4,5 € {1,2,3}. If p = (1 — t)a; ® tz; €A(x1, 22, 23) for ¢t € [0,1] and
i,j € {1,2,3}, then a comparison point for p is a point p := (1 — t)z; ® tT; €A
(Z1, T2, T3).

Definition 2.2 ([16, p. 119]). A CAT(0) space is a geodesic space (X, d) such that
for every A(z,y,2z) C X, p € [z,y] and ¢ € [z, 2],
(2.3) d(p,q) < |p—all,
where p and ¢ are comparison points respectively for p and ¢. An Hadamard space
is a complete CAT(0) space.

The condition (2.3) is equivalent to the CN inequality [6, p. 64] [2, pp. 5-6], that
is,

1 1\? 1 1 1
(0500 37) < Jae? + g 9? - Ja )

for every x,y, 2z € X. The following lemma is a generalization of the CN inequality.
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Lemma 2.3 ([9, p. 2574, Lem. 2.5]). Let (X,d) be a CAT(0) space. Then
d(z, (1 —t)y @tz)? < (1 —t)d(z,y)? + td(z, 2)* — t(1 — t)d(y, 2)*
for every z,y,2z € X and t € [0, 1].

A CAT(0) space X is geodesically connected and if every geodesic triangle in X
is at least as “thin” as its comparison triangle in the Euclidean plane E2. Obvi-
ously, all CAT(0) spaces are Busemann spaces and thus uniquely geodesic spaces,
but not vice-versa. The CAT(0) space has been investigated in various fields in
mathematics, and a great deal of results have been obtained [5]. Basic examples of
Hadamard spaces are Euclidean spaces, Hilbert spaces, R-trees, classical hyperbolic
spaces, complete simply connected Riemannian manifolds of nonpositive sectional
curvature, Euclidean Bruhat-Tits buildings [6], the Hilbert ball [15], and other im-
portant spaces included in none of the above classes [5].

The notion of uniform convexity in Banach spaces appeared in Clarkson [§]
whereas a modulus of convexity in hyperbolic spaces was coined by Goebel and
Reich [15]. Similarly, there exists the notion of uniform convexity in metric spaces
[11] and a modulus of convexity can be defined in geodesic spaces [18]. This modu-
lus has been a very useful tool in geometry of geodesic spaces and it basically gives
information about how square or rotund balls are.

Definition 2.4 ([18, pp. 468-469]). A uniquely geodesic space (X, d) is said to be
uniformly convex if for every r > 0 and € € (0, 2] there exists 6 € (0, 1] such that
for every a,z,y € X,

d(z,a) <r 1 1
d(y,a) <r = d<23: P 2y,a> < (1—=0)r.
d(xz,y) > er
A modulus of converity is a mapping 0 : X x (0,00) x (0,2] — (0, 1] providing such
d =d(a,r,€) :=inf {1 — 1d<;x & ;y,a) s d(z,a) <rd(y,a) <rd(z,y) > er}
T

for given a € X,r > 0 and € € (0, 2].

While in Banach spaces there exists a natural modulus of convexity for each space
which only depends on ¢, in geodesic spaces we need to assume that the modulus
depends on three variables: the center of the ball given by a, the radius of the ball
given by r, and the separation condition given by e. By the CN inequality, the
modulus of convexity of a Hilbert space is a modulus of convexity for every CAT(0)
space, so that every CAT(0) space is uniformly convex [17, p. 391, Prop. §].

3. CONVEX COMBINATIONS INSIDE GEODESIC TRIANGLES

In this section, we study some properties of metrics between convex combina-
tions inside geodesic triangles of uniformly convex Busemann spaces and Hadamard
spaces.
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Proposition 3.1. Let (X,d) be a complete Busemann space. If p,q € X and
w € [0, 1], then

1+p 1—p
5 PP

11
pr— 1— J— J— .
q=pp®( u)(2p@2q>

Proof. Let u = pup® (1 — u)(p/2 ® q/2). Since u € [p, ¢, there exists « € [0, 1] such
that ap @ (1 — o)g = u. We have

1 1 1-— 1-— 1
d(p,u) = (1 - u)d(p, P 2q> = Tud(p, q) = Tu : d(p, w).

Therefore 1 —a = (1 —p)/2 and a = (1 + p)/2. O

l—«

Theorem 3.2. Let (X,d) be a complete Busemann space. Let z1,x2,23 € X be
three distinct points such that d(z1, z2) = d(x1,23) = 7. Set er = d(x2,x3). If X is
uniformly convex, then for every ¢ € [0, 1],

1—¢ 1+t /[ t 1 1+t
d _ < — — 1t .
<x1, ST <1+t:v269 1+t$3>> _7"< 5 (z1,T, 6))

Proof. By uniform convexity of X, we have d(z1,22/2 ® 23/2) < (1 — 6(z1,7,¢€))7.
Using Proposition 3.1, applied to p = x3,q = 29, u = (1 — t)/(1 + t), we obtain

t 1 1-1¢ 2t (1

1
TP T T T T 2952@2953).

Therefore
d 1-—t¢ 691—|—7f t @ 1
x x x x
DD T T A I
1+td Lo _agt (et 2 (1]
T T ) T Ty N\t T B T 9T e
1—t¢ 1 1
< ?d(xla x3) + td<$1, 572 2] 563)

2
< (a —2t)7“ +t(1 = b(z1,7,€))r = r(

14+t

— to(xq, 7, 6)) .
O

Theorem 3.3. Let (X,d) be an Hadamard space. Let x1,x9,23 € X be three
distinct points. Let

Lot (b
= xr T X
pr="om W T Y T

for t € [0,1]. Then

%d(pt’$3)2 + %d(Pta (1—t)xy ® tag)?
2 2 9
e A A
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Proof. Using Lemma 2.3, we obtain

1—¢ 1+¢ t 1 2
d(py,w3)? < Td($17$3)2 + 5 d( o B 1‘3,933)

2
1—¢t 1+¢ t 1
— 5 . ;_ d(ﬂ?l, To D $3>

2
1-1¢ 1+1¢ 4
= Td(x17l'3)2 + E— (d(l’z,xg))

(3.2) 7)d —— 22 @ L 2
: 4 TR Y )
In the same way, we have

T @th)Q
pe,x1)” +td(pe, x2)? — (1 — t)td(z1, z2)°

2
1+t t 1
= (1t)( + d(1 T2 @B xg,x1)> — (1 = t)td(x1, z2)* + td(pe, x2)*

d(pta (1 -1

+t 1+1

_ A=)+ ot 1 ? 1 2 2
(3.3) = ] d| x1, 1+tx2@ T (1 = t)td(z1,x2)” + td(pe, z2)".

Moreover,

1—¢ 1+t t - 1 2
X 3, T
2 T+t 271432

2
. b
2 o N\ T T

2
_7d x Ll‘ @Lx
4 iy g
1—t 1
- Td(%fﬂz)Q +

(3.4) — de(ﬂm t
4
Combining (3.4) with (3.3), we get
d(pe, (1 = )z © txa)?

. a t)il+t) d(x b oy L 3> — (1= t)td(z1, x2)*

1, T T
1+t 1+¢

1—t 1 (1—)(1+1¢) t 1 2
+t4 ——d 24— 4 L S Sl A
{ 5 (z1,2) 2010 (z3,22) 1 1, 1 twg@ il ta:g
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(1—t)(1+1¢) t(1—1t)

1 2

(3.5) = 1 d<x1, I i txg @ T t:(:g) — d(:chq;Q)Q + 2(%—}—1&)61(3837962)2'
We conclude from (3.2) and (3.5) that

1d (pt,x3) 24 d(pt, (1—-t)x1 @tx2)2

2 _ 2
< ;{ xl,ws)QJr72(1t+t)d(127x3)27 < tl(lth)d(zhlitiW@ 1J1rt13) }
2 —
% {1)4(1+t)d(x1, %H:EQ 52 %Hxs) - t(12 H d(f’«"l,m)Q + 2(1t+t) d(12,$3)2}
_1- 1 d(xl,xg)Q —+ fl((llj_—?) d(z2,23)% — @d(xl,ng

—a t)( (ml’x3))2+t(d(x22’w3))2—t(1 _t)(d($;x2)>2‘

Theorem 3.4. Let (X,d) be an Hadamard space. Let x1,x9,23 € X be three
distinct points such that d(x1,x2) = d(z1,23) = r. Set er = d(x2,2x3). Then for
every t € [0,1],

1—¢ 1+4+¢ t 1 1 1
d< 5 1 D 5 < To D :L'3> 2x3@2((1—t)x1@tm‘2)>

0

1+t 1+t

1
< 5\/(1 —1)2r2 + te?r? — d(xs, (1 — t)z1 B twg)?.
Proof. Let
1—t 1+1¢ t 1 1 1
= d = = —((1—t t
bt 2 L1 9 <1+tw2@ 1+tx3> an qt 2%3@2(( ).’L'l@ $2)

for t € [0, 1]. Using Lemma 2.3 and Theorem 3.3, we obtain
1 2 1 o 1 2
d(pe, qr)* < sd(pr, w3)* + §d(pt, (1 —t)x1 ®tw2)” — Zd(x:gv (1—t)z1 ®tra)

2
<(1- t)(f) n t(%)zf #H1 — t)(%)z — id(azg, (1 t)z) @ tas)?

2
1
= Z{(l - t)27"2+ te?r? — d(xzs, (1 —t)z1 @ txg)z} .

Therefore

V(I =122 +te2r2 — d(x3, (1 — t)zy © tro)2.

DN |

d(pe, @) <
g
Remark 1. In a Hilbert space (H, |-||), Lemma 2.3 is Stewart’s theorem, that is,
|z = (L =ty +t) || = (1L = D)le = y[* + tle = 2)* = (1 = )]y — I

for every z,y,z € H and t € [0,1]. If ||x —y|| = |ly — z|]| = r and ||z — z|| = er, we
have

(3.6) Hx — (1 =ty +tz) H2 =1 =t +t?r? —t(1 —t)r? = (1 — t)*r? + te*r?
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Convex combinations p; and ¢; in the proof of Theorem 3.4 have different or-
ders of combining three points. Let Z;,Z2,73 € E? be comparison points re-
spectively for z1,22,x3 in an Hadamard space X. Combining (3.6) with Theo-
rem 3.4, d(ps,q) is less than or equal to a value given by the difference between
|23 — ((1 — £)Z1 + tZ2)||* and d(z3, (1 —t)z1 Sta)?. This implies that the difference
of shapes between a geodesic triangle A(x1,x2,23) C X and a comparison triangle
A(Z1, To, T3) C [E? gives a relation of between two convex combinations which have
different orders of combining same points from each other in X.

Theorem 3.5. Let (X,d) be an Hadamard space. Let x1,x9,23 € X be three
distinct points such that d(x1,22) = d(x1,23) = r. Set er = d(x2,x3). Then for
every t € [0,1],

1 1
d (xla 5373 @ 5((1 —t)x1 B t$2)>

14+t 1
< 7‘(_2'— —to(x1,m, e)) + 5\/(1 —6)2r2 +te2r? — d(x3, (1 — t)x1 & twa)?.

Proof. Using the triangle inequality and Theorems 3.2 and 3.4, we obtain

1 1
d(ﬂ?l, 5553 (&) 5((1 — t)xl D tﬂ?g))

<d 1—-t @1—!—75 t o 1
z x x x
> 1, 2 1 2 1+t2 1+t3

1-1¢ 1+¢ t 1 1 1
d = —((1—t¢ t
+ ( 5 T1D— (1—|—th@ 1+t$3),2$3€92(( )x1 D 562))

14+t 1
< r<—2i_ —t§(, 6)) + 5\/(1 —1)2r2 + te2r?2 — d(xs3, (1 — t)xy ® tog)2.
O

If (X, d) is a Banach space with norm ||-||, convex combinations of a finite number
of points do not depend on the order of combining the points. Since the modulus
of convexity of a Banach space is

T +ty
2

5(e) :inf{l .

H el <10l < 1 e — gl > }

the following lemma is included in Theorems 3.2 and 3.5 with r = 1.

Lemma 3.6 ([3, p. 191, Lem. 2]). Let (X, |-||) be a Banach space. Let z,y € X be
two distinct points of norm 1. Set € = |z — y||. If X is uniformly convex, then for
every t € [0,1],

—td(e).

T +ty < 1+t
2 - 2
This implies that Theorems 3.2 and 3.5 are generalizations of a property of uni-

formly convex Banach spaces.
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4. CONVEX COMBINATIONS OF R-TREES

In this section, we study some properties of metrics between convex combinations
inside geodesic triangles of R-trees. In particular, we focus on triangles in which all
three sides are equal.

Definition 4.1 ([22, p. 379]). An R-tree is a uniquely geodesic metric space X such
that if xz,y,z € X are such that [z,z] N [z,y] = {z}, then [z, z] U [z,y] = [z, y].

The following is an immediate consequence of the definition of an R-tree:

(R1) For z,y, z € X there exists a point w € X such that [z,y] N [z, z] =
[z, w].

An R-tree may be defined as an Hadamard space. The largest modulus of con-
vexity can be easily calculated for R-trees.

Lemma 4.2 ([10, p. 652, Thm. 5.9]). The modulus of convexity of an R-tree giving
the largest d for each a, r, and € coincides with the modulus of the real line, that is,
it can be written as d(€) = €/2.

Let (X, d) be an R-tree and A(x1, z2,x3) a geodesic triangle in X. By (R1), there
exists w €A(x1, x2, x3) such that [z1,x9] N [x1, 23] = [x1,w]. An equilateral triangle
is a geodesic triangle A(x1,x2,x3) such that d(zq,z2) = d(x2,23) = d(x3,21). An
equilateral triangle A(x1,x2,x3) satisfies

1
(4.1) d(z1,w) = d(ze,w) = d(x3,w) = §d(xz-,xj),
where 4,7 € {1,2,3} with i # j. This implies that w is a midpoint of every [z;, z;].
Theorem 4.3. Let (X,d) be an R-tree and A(z1, 22, x3) an equilateral triangle in

X. Then
S C L Y S| 11
T T T3 | = =2; P —x;
9 MY T\ Tyt ) T

for every t € [0, 1], where 4,5 € {1,2,3} with ¢ # j.

Proof. Let m = (1/2)x; & (1/2)z; for i,j € {1,2,3} with ¢ # j. Clearly for all
t € 0,1],

t 1 [ ] [ ]
o b ——x3 € 'm,x3| C |T1,X3].
1 n 2 1 n 3 y L3 1,43
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From this equality and (4.1), we obtain

1—t 1+t ( t 1 1+t t 1
d =—"d — _—
(“’ 7 M9 (1+#a®1+tm)> 2 <$h1+#a@1+t%>

14+t 1
T2 14t

d(za,3)
1
= id(xl,xg) =d(x1,m).

We reaffirm that m € [z, z3] and

L=t A+t ot
X s
o 1Yo \14¢

2

S¥ 1—}-753:3) € [z1, z3].

By a uniqueness of a point m belonging to a unique geodesic segment [z1, 23] such
that d(x1,2) = (1/2)d(z1, x3), we conclude that

Lot /b 1 .
X s = .
o MY T \T e i

g

Remark 2. In an R-tree, let A(x1,z2,23) be an equilateral triangle such that the
length 7 of its one side. Combining Theorems 3.2 and 4.3 and Lemma 4.2, notice
that e = 1, we obtain

d 11 @1+t t ) 1 T dl x 13: EBla: 1r
Ly a2 71478 Lttt ¥ o™ ) =9

1+1¢ € 1
<r[—/— ¢t Z)=2n
—r<2 2) 2"

This implies that the inequality in Theorem 3.2 is an equality when A(x1, xo, x3) is
an equilateral triangle in an R-tree.

Proposition 4.4. Let (X, d) be an R-tree and A(z1, 22, 23) an equilateral triangle
in X. Then
1-—t 1+1¢

2 T2 @ 9 3, 0

IN

t

IN
ol

1 1
(42) —x3 D *((1 — t):L‘l D t.’Eg) =
2 2
Ea? S 21
2727 2
Proof. Let z = (1/4)x2 ® (3/4)xs and m = (1/2)z; & (1/2)x; for i, j € {1,2,3} with
i # j. Clearly, z = (1/2)m & (1/2)x3 and for every ¢ € [0, 1],

<t<1.

N[ —
IN

€3,

1 1
%3 D 5((1 — )z D th) € [m, z] C [m,z3].
We now prove the theorem for 0 <t < 1/2. Obviously,
1—1t 1+t

5 T2 ® 73 € [m, z] C [m,x3).
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By (4.1), we get

1 1 1—-1 1+1¢
d<2$3®2((1—t)$1@tx2),$3>—d( 5 To D 5 $3,$3>

1-1¢

1
= Qd((l — t)ﬂ?l D t$2,ZIJ3> — Td(l‘g,l‘3)

= % {d((l —t)x1 @ txa, m) + d(m,xg)} — %d(xg, x3)

= % {d((l —t)z1 D txg, m) + d(m,xQ)} — %d(@’ 3)

1 1-—t
= §d((1 —t)z1 B tag, QUQ) — ?d(xg, x3)
1—t 1-—t
9 (1‘1,1‘2) 9 d(l‘l,{L‘Q) 0

By a uniqueness of a point p belonging to a unique geodesic segment [m, z3] such
that d(p,z3) = (1 — t)d(m, z3) = ((1 —t)/2)d(x2, x3), therefore for 0 < ¢ < 1/2,

1 1 1—1t 1+t
§x3@§((1—t)$169m2): 5 Ty D —21_563.

We next prove the theorem for 1/2 <t < 1. Obviously,

e 2
—XT
972

x3 € [m, z] C [m,x3].

By (4.1), we get

1 1 t 2—1
d<2933 ) 5((1 — )1 ® t562)7$3> —d (2962 ® 23337933)

1 t
= §d((1 — t)l’l & t.%'2,$3> — §d($27 xS)

= % {d((1 = t)1 ® twg, m) + d(m,z3)} — %d(@’ x3)

1 t

=3 {d((1 = t)zy ® twg,m) +d(m,z1)} — id(m’ x3)
1 t

= id((l — t)l‘l D tmg,ZEl) — Ed(mg,ZEg)
t t

By a uniqueness of a point p belonging to a unique geodesic segment [m, x3] such
that d(p, z3) = td(m, x3) = (t/2)d(x2, x3), therefore for 1/2 <t <1,

1 1 t 2—t
51’3 s> 5((1 —t)xy @twg) = §x2 @ 5

3.
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Theorem 4.5. Let (X, d) be an R-tree. Let A(z1,x2,23) C X be an equilateral
triangle such that d(x;,z;) = r for 4,5 € {1,2,3} with i # j. Then

14¢

0<t<
2 T? J— —

1
11 >
(43) d (SCl, —x3 D *((1 — t)l'l D tl‘g)) =

2 2 9 _¢

2

D=
IN
IN

—_

r,

Proof. We have
1 1
d(:m, 5363 S¥ 5((1 — )z P tx2)>

1 1 1 1 1 1
= d(ml, —x1 D LI?3> + d<x1 D =3, =13 D *((1 . t)l’l ) txg))

2 2 2 2 72 2
(4.4) = %r + d(;l’z @ %l’g, %1‘3 @ %((1 —t)r1 P tl?g)) .
Combining (2.2) and (4.4) with Proposition 4.4, we obtain for 0 <t <1/2,
d(xl, %l’g P %((1 —t)x1 ® tm)) = %r + d<;x2 e %xg, 1 ; txg D 1 _2‘_ tx3>
= %r—{— ‘; - % d(xe,z3) = ! ;tr.

Similarly, we have for 1/2 <t <1,

2 2 2
2—-t
2

1 1 1 1 1t 2—t
d(»ﬁ, 5% @ 5((1 —t)z1 @ tx2)> =5r+ d(:Ez D 5¥3: 52 ©® 333)

1 1t
=T+‘—2‘d(.%'2,l'3)= T.

2 2
g

Remark 3. In an R-tree, let A(x1,x2,x3) be an equilateral triangle such that the
length r of its one side. We easily have d(x3, (1—t)z1®tzs) = (1—t)rfor 0 <t < 1/2
and d(zs, (1 —t)x1 Btrg) = tr for 1/2 <t < 1. Using Theorem 3.5 and Lemma 4.2,
notice that e = 1, we obtain

1 1
d (IL‘l, 51’3 D 5((1 — t)aTl D t.’lﬁ‘g))

1+t 1
< r<; - ;> + 5V (=022 122 — d(ws, (1 = )11 & tp)?
r 1 2 T 1
SV =022 42— (1= tyr) :5(1+\/%), 0<t<i,
<
r 1 2 T 1
2t 5 (1 —t)%r2 4+ tr2 — (tr) :§(1+\/1—t), 3 <t<1
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If0 <t <1/2, then 1+t < 14++/t. Moreoverif 1/2 <t <1, then2—¢ < 14++/1 —*.
Combining these results and Theorem 4.5, we get

1+t
;rgg(urx/i), 0<t

IN

1
29

1 1
d (a:l, —x3 D 7((1 —t)r1 P ta:2)> =
2 2 9 _¢

r
r<s(1+Vi-t), ;<t<1

The above are results of equilateral triangles in R-trees. Considering theorems in
Section 4, a separate question arises:

Question 1. Let A (z1,x2,73) be a geodesic triangle in an R-tree such that
d(zy,22) = d(x1,23) = r > 0 and d(x9,23) = er for € € (0,2]. How long are
the distances between convex combinations inside this geodesic triangle?
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