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Abstract. The main result states that in a large class of Banach spaces including all L,, spaces
with 1 < p < 0o, quasihyperbolic geodesics of domains are smooth.

1. Introduction

1.1. Quasihyperbolic metric. Throughout the paper, E will denote a real Ba-
nach space with dim £ > 2, and G & E will be a domain (open connected nonempty
set). We recall that the quasihyperbolic length of a rectifiable arc v C G or a path ~

in GG is the number

hiy) = [ 122

k = [ ¥,
. 0(x)

where §(z) = dg(z) = d(z, E\ G) = d(z,0G). For a,b € G, the quasihyperbolic
distance k(a,b) = kg(a,b) is defined by

k(a,b) = inf l;(7)

over all rectifiable arcs v joining a and b in G. An arc v from a to b is a quasihyperbolic
geodesic in G or briefly a geodesic if ly(v) = k(a,b). A geodesic between given points
a,b € G need not exist (see [Val, 3.5]), but it exists if either dim F < oo |GO,
Lemma 1] or if G is a convex domain in a reflexive space Va2, 2.1].

The quasihyperbolic metric has turned out to be a useful tool, for example, in
the theory of quasiconformal and related maps.

In this paper we are interested in the smoothness properties of quasihyperbolic
geodesics. In the main result 4.7 we show that in a large class of Banach spaces,
including all L, spaces with 1 < p < oo, quasihyperbolic geodesics in all domains are
smooth, that is, they have a continuous tangent.

2. Preliminaries

In this section we present preparatory material needed in later sections.

2.1. Notation. The norm of a Banach space F will be written as ||, occasionally
as ||-]|. Fora € E, r > 0 we let B(a,r) and B(a,r) denote the open and closed ball in
E with center a and radius r, and we write S(a,r) = 0B(a,r) = {x € E: |[x—a| =1}.
The center a may be omitted if @ = 0. In particular, S(1) is the unit sphere. For z,y €
E, x # y, the line segment with endpoints z, y is [z, y], the line through z, y is (z, y),
and the ray from x through y is [z, y). For half open and open segments and for open
rays we use the notations [a, b), (a,b) and (a,b). For x € E, x # 0 we write & = x/|z|.
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The distance between nonempty sets A, B C F is d(A, B) and the boundary of a set
A C E is 0A. For real numbers r, s we set r V s = max{r, s}, 7 A s = min{r, s}.

2.2. Curves and arcs. A set C C FE is a curve if it is homeomorphic to a
real interval, which may be open, half open or closed. We assume that all curves are
oriented, that is, equipped with one of the two natural orderings, written as x < y. A
curve is an arc if it is homeomorphic to a closed interval. An arc has two endpoints.
If a < b are the endpoints, then a is the left and b the right endpoint. We write
v:a n b if v is an arc with endpoints a and b and with the orientation a < b. We
let I(y) denote the length of 7 in the norm metric.

2.3. Deviations. In a Hilbert space, the angle ang(z, y) between nonzero vectors
x,y € E is well-defined. We define some numbers, called deviations, which act as
substitutes for the angle in normed spaces.

Let z,y € E, x # 0 # y. We write

dev(x, y) = |i' - @|7
devi(z,y) = d(Z,[0,y)).

If £ is a Hilbert space and ang(z,y) = «, then

sina if0<a<7/2,

(2.4) dev(w,y) = 23111((1/2), devl(x,y) - {1 if 71-/2 <a<m.

2.5. Lemma. Let x,y € E be nonzero vectors. Then
devy(z,y) < dev(z,y) < 2devy(z,v).

Proof. The first inequality is trivial. For the second inequality, we may assume
that |z| = |y| = 1. Set s = dev(z,y) = |x — y| and let u € [0, y). We must show that
|z —ul > s/2.

If [u| <1—s/2, then |z —u| > |z| — |u| > s/2. If ||u| — 1] < s/2, then |z —u| >
|r —y| — |y — u| > s/2. Finally, if |u| > 1+ s/2, then |x — u| > |u| — |z| > s/2. O

2.6. Remark. Clearly dev(z,y) = dev(y, z), but dev; is not symmetric. However,
Lemma 2.5 implies that devy(z,y) < 2 devy(y, x).

2.7. Standard estimates. We recall some well-known estimates for the quasi-
hyperbolic metric. Let a,b € G C E. The j-metric of a domain G is defined by

, B la — 0|

We have always

(2.8) k(a,b) > j(a,b) > log (1 X |C:5(_a>b|> > log%;

see e.g. [GP, 2.1] or [V&l, 3.7(1)].
Next, if 0 < ¢ <1 and |a — b| < td(a), we have

la — 0|
2. k(a,b) <lgla,b] < ————.
( 9) (CL, )— k‘[av ]_(1—t)5(a)
Furthermore, if either |a — b| < §(a)/2 or k(a,b) < 1, then
—b
(2.10) k(a0)/2 < = < opa b,

d(a)



Tangential properties of quasihyperbolic geodesics in Banach spaces 827

see [Val, 3.9]. If k(a,b) = A < 1/4, then the first inequality of (2.10) can be improved
to

o = b|
d(a)

Indeed, the second inequality of (2.10) gives |a —b| < 2Ad(a), and (2.11) follows from
(2.9).

2.12. Strictly, uniformly and strongly convex spaces. We recall that a
space F is strictly convex if the unit sphere S(1) does not contain a line segment.
Equivalently, the equality |z + y| = |z| + |y| implies that x and y have the same
direction; see [FZ, 8.11].

A space FE is uniformly convex if there is a continuous strictly increasing function

¥ [0,2] — [0, 1] such that 1(0) = 0 and such that

[z +yl/2 <1 =9(le—yl)

for all z,y € S(1). We also say that E is ¢-uniformly convex. A uniformly convex
space is always strictly convex. The converse holds if dim £ < co. A linear subspace
of a ¢-uniformly convex space is also y-uniformly convex.

The function 0: [0,2] — [0, 1], defined by

0(t) = inf{l — |z +y|/2: z,y € SQ), & -yl =1},

(2.11) A1 —2)) <

is the convexity modulus of a uniformly convex space E. It is easy to show that ¢ is
a homeomorphism of [0, 2] onto [0, 1], and thus

0(t) = max{e(t): F is ¢-uniformly convex}.

The inverse function ¢! is defined on [0,%(2)] but we extend it to the whole
[0,1] by setting ~1(¢) = 2 for ¥(2) < t < 2. Then 9(t) < s implies t < 1»~!(s) for
al0<t<2 0<s<l.

We say that E is ¢-strongly convex if E is 1-uniformly convex and if the function
t — ¢p~1(t)/t is integrable on (0, 1].

2.13. Examples. 1. The convexity modulus of a Hilbert space is ¥y (t) = 1 —
V1 —12/4 < #*/4, and ¥(t) < ¢y(t) for every t-uniformly convex space; see |BL,
p. 409].

2. If s > 2, m > 0 and if ¥(t) > mt® for all ¢, then the function v is said to be
of power type s, and a 1-uniformly convex space is also said to be of power type s.
Then

U ()t < m

whence E is 9-strongly convex. For 1 < p < 0o, each L,-space is of power type pV 2
and hence strongly convex; see [LZ, p. 63].

3. Suppose that s > 1, m > 0 and that E is ¢-uniformly convex with (t) =
mexp(—t‘l/ *). Then 1 is not of power type. However, F is strongly convex, since
the function

vTH(Y) 1
t  t(log™)s

is integrable on (0, 1(2)].
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4. On the other hand, if 1(t) < e /*, then

(1) 1

<e
Y > :
t tlog 5

is not integrable, whence a ¢-uniformly convex space is not ¢-strongly convex.
From the definition we readily obtain:

2.14. Lemma. Suppose that E is i-uniformly convex and that a € E, u,v €
S(a,r). Then
la — (u+v)/2| <r —ri(Ju—uv|/r). O
2.15. Lemma. Suppose that E is ¥-uniformly convex, that L C F is a line and
that a,b € Lyu € E\ L. Set r = |u—al, s = |u—b|. Then
d(u, L) < (rV s)y~ (1= la = b/(r + 5)).

Proof. We may assume that a = 0 and that dim £ = 2. Let H and H’ be the
components of '\ L with u € H. We first show that there is a point v’ € H’ such

that [u' —a| =, |u' —b|] = s. The points x = —rb and y = rb are the endpoints of
the semicircle v/ = S(r) N H'. It suffices to show that
(2.16) [z =0 =5, |y—bl<s,

because this will imply that there is a point u’ € v N S(b, s).
We have
[z = bl =[b] +7, [y—0bl=[b] -7l
From the triangle 0bu we obtain the inequalities
Ir—s| <|b| <r+s.

Hence |z —b| > |r —s|+r >s. If r > |b|, then |y —b| =r —|b| <r — (r —s) = s. If
r < |b], then |y — b| = |b| — r < s. We have proved (2.16).
For z = (u+ u)/2 we obtain by 2.14

o — 2| < v —ri(fu—u|/r), b=z <s—sy(lu—ul/s),

|a—b|§|a—z|+|b—z|<(r+s)(1—z/1<|u_u,|>>.

rvs
Since d(u, L) < |u — 4’|, this implies the lemma. O

Lemma 2.17. Lety € G and z € 0G with |y—z| = 6(y). Then for each x € (y, z),
[y, x] is a geodesic and

whence

o0y Ly — 2

If E is strictly convex, then [y, x| is the only geodesic y  x.
Proof. For u € [y, z] we have §(u) = |u — z|, whence
W) gt
o(x) t

The converse inequality follows from (2.8).
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Assume that E is strictly convex and that v: y ~ x is a geodesic. Let u € v. As
d(u) < 6(x) + |z —ul and §(y) < d(u) + |u — y|, we get by (2.8)

o(z) + |z — ul o1 d(u)

k(z,u) > log 5(x) = ogm,
219 ) tog =0l 50
u,y) > log 5 > log 5(u)

Since 7 is a geodesic, we have

E(z,y) = k(z,u) + K(u,y) > log % = k(z.y).

Hence each inequality in (2.18) holds as an equality, whence
O(u) =0(x) + |z —ul, d(y) =0(u)+ |u—yl

As 0(y) — 6(x) = |z — y|, we obtain | — y| = |z — u| + |u — y|, which implies that
u € [y, x] by strict convexity. Hence v = [y, z]. O

2.19. Remark on ball convexity. If E is a Hilbert space, then by the impor-
tant ball convexity theorem of Martin ([Ma, 2.2| or [V43, 2.4]), the quasihyperbolic
geodesics in a domain G C E are ball conver, that is, a geodesic v: a ~ b lies in
a ball B C G whenever a,b € B. The corresponding result is not true in arbitrary
Banach spaces; see Example 5.8. However, it seems to be an open problem, whether
quasihyperbolic geodesics are ball starlike, that is, a geodesic v: a ~ b lies in a ball
B = B(a,td(a) whenever t <1 and |b — a| < td(a).

3. Approximative smoothness of geodesics

3.1. Smooth curves. Let C' C F be a curve. Recall that we consider C' as an
ordered set. Let z € C' and assume that z is not the right endpoint of C'. A unit
vector v € E' is the right tangent vector of C at z if

. r—z
v=lim ,
r—z J—
zeC, x>z |x Z|

or equivalently, if dev(z — z,v) — 0 as  — z and « > z on C. Similarly, if z is not
the left endpoint and if the left limit of (z — x)/|z — x| exists, it is the left tangent
vector of v at z € y(a, b] (observe the sign). If both of these exist and are equal, their
common value is the tangent vector of v at x.

We say that a curve C' is smooth if it has a continuous tangent. More precisely,

(1) the tangent vector v(z) exists at each interior point z € C,

(2) the right tangent vector v(a) exists at the possible left endpoint a of C,
(3) the left tangent vector v(b) exists at the possible right endpoint b of C,
(4) the function v: C'— E is continuous.

Equivalently, a curve C' is smooth if it has a smooth parametrization f: J — C
with f/'(z) # 0. The Hilbert case was proved in [Va3, Appendix| and the Banach case
is rather similar.

3.2. Smoothness of geodesics. Martin [Ma, 4.8] proved in 1985 that quasi-
hyperbolic geodesics in a domain G in the Euclidean space R" are smooth. Another
proof, valid in all Hilbert spaces, was given in [V&3, 2.8|. These proofs were based on
Martin’s idea of the ball convexity of quasihyperbolic geodesics, which is no longer
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valid in arbitrary Banach spaces. In fact, a geodesic in a half plane of R? with the
max norm need not have a tangent at all points; see 5.7. However, it is an open
problem whether quasihyperbolic geodesics in uniformly convex Banach spaces are
smooth.

In 3.4 we give a weaker result, which might be called approximative smoothness.
It shows that if v is a geodesic in a domain of a uniformly convex space and if a € 7,
then for small ¢ > 0, the set v N B(a,td(a)) lies in a narrow neighborhood of a line,
which might be considered as an approximate tangent of . However, the direction
of this line is allowed to vary as t — 0.

In Section 4 we show in 4.7 that in a strongly convex space, every quasihyperbolic
geodesic in a domain is smooth.

The proofs are based on the following key result:

3.3. Theorem. Suppose that E is ip-uniformly convex and that v: a m b is a
geodesic in G C E with k(a,b) = A < 1/4. Then

d(uv <CL, b>) < |CL - b|€()‘)
for all u € y, where e(\) = 3¢~ 1(4\) = 0 as A — 0.

Proof. The proof is based on the following rough idea: Since a small quasi-
hyperbolic distance k(a,b) is close to the scaled norm distance |a — b|/d(a), also
the quasihyperbolic geodesic v: a m b is close to the norm geodesic [a, b].

For each z € v we have k(a,z) < k(a,b) = A. By (2.10) this yields |z — a| <
20(a)k(a,z) < 2Xd(a). Hence §(2) < d(a)+ |z —a| < (14+2X)d(a), which implies that

I(v) < M1 +2))8(a).
As |a —b] <2Xd(a), (2.11) gives

la —b]
M(a) < i
(@)= T,
Setting r = |a — u|, s = |u — b| we obtain
(1+2)\)|a — b
<] < < —bl.
r+s<l(y) < T 9% < 3la — b
The theorem follows from this and from Lemma 2.15. [l

3.4. Theorem. Suppose that E is ¢-uniformly convex and that a € G C
E, x,y € B(a,té(a)), 0 < t < 1/9. Let v: = ~ y be a geodesic containing a.
Then d(a, {x,y)) < td(a)e(t), where e(t) = 6¢71(9t) — 0 as t — 0.

Proof. By (2.9) we have
o —yl 2t
(1—t)0(a) — 1—t¢
Ast <1/9, we get A < 9¢t/4 < 1/4. Hence 3.3 gives
d(a, (2, 9)) < 3l — yld1(4N) < 6t5(a)y(90). 0

We shall apply Theorem 3.4 in 3.7 to prove that in a uniformly convex space F,
a geodesic 7 in G C E has a tangent at an interior point a € v whenever it has a
one-sided tangent at a. For this we need some elementary geometry in normed spaces.

3.5. Lemma. If z,y € S(1) and |z +y| > 1, then d(0, [z,y]) > 1/4.

A= k(z,y) <
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Proof. Set z = (x+y)/2 and let u € [z, y]. We must show that |u| > 1/4. We may
assume that u € [z, z]. If |[v —u| < 3/4, then |u| > |z|— |z —u| > 1/4. If |z —u| > 3/4,
then [u—z| = |z —z| — |z —u| <1-3/4 =1/4, whence |u| > |z| —|u—z| > 1/4. O

3.6. Lemma. Suppose that p,x,y € S(1), |z —p| < «, d(0,[z,y]) < B, a4+ <
1/4. Then |y + p| < 8(a + f).

Proof. Case 1. x = p. As < 1/4, we have |x + y| < 1 by 3.5. The function
f: R — R, defined by f(t) = |y + tz|, is convex, and f(0) = 1 > f(1). Hence
f(t) > 1 for t <0, which implies that dev,(y,—x) = |y — z|devi(y — z, —z). By 2.5
this yields

ly + z| = dev(y, —x) < 2devy(y, —z) = 2|y — z|devy(y — x, —1)
<Aly — z|devi(—z,y — x) = 4|y — x|d(0, [z, y]) < 88.
Case 2. x is arbitrary. Let z € [z,y] and 2’ € [y, p) be points such that
2] = d(0, [z, y]), |2 — 2| =d(z,[y,p)).
Then |z| < f and |z — 2/| < d(x,[y,p)) < |z — p| < «, whence
d(0, [p.y]) <1 <2/ =2 + [z <a+ B
By Case 1 this gives |y + p| < 8(a + f3). O

3.7. Theorem. Suppose that E is uniformly convex and that a is an interior
point of a geodesic vy in a domain G C FE. If v has a left or a right tangent at a, it
has a tangent at a.

Proof. Assume, for example, that + has a left tangent vector v at a. Let 0 < t <
1/9 and suppose that v meets S(a,td(a)) on both sides of a. Write

s=tdéa), p=a—sv, q=a+ sv.

Let z,y € yN S(a, s) be points such that z < a < y on . Then |z —p| < se(s) where
£(s) = 0 as s — 0. We must find an estimate |y — q| < se*(s) with e*(s) — 0.

As |z —a| > s for z € (z,y) \ [z, y], Theorem 3.4 gives d(a, [z,y]) < sei(s) with
e1(s) — 0. Assume that s is so small that £,(s) + e(s) < 1/4. Using an auxiliary
homothety carrying S(a, s) onto S(1) and Lemma 3.6 we obtain

|y — al < 8s(e(s) +e(s)) = se™(s)- m

4. Strongly convex spaces

Recall from 2.12 that a 1-uniformly convex space is 1-strongly convex if 1) ~1(t) /t
is integrable on the interval 0 < ¢ < (2).

In this section we show in 4.7 that in a 1-strongly convex space, every quasi-
hyperbolic geodesic v in a domain G C FE is smooth. Moreover, the tangent vector
v:y — S(1) is uniformly continuous in the quasihyperbolic metric with a continuity
modulus depending only on .

We first give some auxiliary elementary results on real functions and on the
geometry of normed spaces.

4.1. Lemma. Let f: (0,A\] — R be a positive increasing function. Then the
following conditions are equivalent:

1) [0 gt < oo,
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(2) the series Y22 f(277\) is convergent.
If these conditions hold, then

(4.2) %Zf(rj)\)g/o @dtSZﬂz—u).

Proof. For t € I; = [27971\, 279 \] we have
PN < F(1) < fEN), A< 1)< PN

Multiplying, integrating over ¢t € /; and summing over 7 > 0 we obtain the lemma.
O

4.3. Lemma. Suppose that L,Ly C FE are parallel lines with 0 € Ly and
d(L, Ly) < 1. Let g € LoN S(1) and let [b/,b] = LN B(1), where b—b' = Azg, A > 0.
Then d(b, Ly) = d(b, [0, x0)).

Proof. Let y € L be a point with |y| = d(0, L). Then y = (1 — )b+ tV’ for some
t € [0, 1]. Define an affine isometry A: F — E by Ax = b—xz. Then AL = Lo, A(0) =
b, Ay =tixg € [0, z0), whence d(b, Ly) = d(0, L) = |y| = |Ay — b| > d(b,[0,z0)). O

4.4 Lemma. Suppose that Ly C FE is a line through the origin and that x, €
Lo S(1). Let 0 < r < 1 and let Z be the tube {z € E: d(x,Ly) < r}. Then
Z \ B(1) has two components V' and V' where xy € V, and for each y € V' we have
d(y, Lo) = d(y, [0, z9)), and hence devy(y, zo) = d(y, Lo)/|y|

Proof. The tube Z is the union of all lines L parallel to Ly with d(L, Ly) < r.
For such L, the set L\ B(1) is the union of two rays R}, Ry with endpoints b0}, by,

such that by, — b} has the same direction as xy. Then V' is the union of all rays Ry.
By 4.3 we have d(by, Ly) = d(by, [0, x¢)), and the lemma follows. O

4.5. Notation. Suppose that F is ¢-uniformly convex. We set
T = V(1/12)/8,  fu(t) = 1297 1(8¢) for 0 <t < 7.
Then fy(ry) = 1. Clearly 7, < 1/8, but in fact, 7, is much smaller. As ¢(t) <
Y (t) < t%/4 by 2.12, we have 7, < 1/4608.

The next result is a version of Theorem 3.3. Instead of the distance between a
point and a line we now estimate the deviation between two vectors.

4.6. Theorem. Suppose that E is y-uniformly convex and that 0 <t < 7. Let
a€GCE,lety:an xy€ S(a,té(a)) be a geodesic, and let x1 be the last point of
v in S(td(a)/2). Then

dev(y —a,xo —a) < fyu(t)
for all y € ~y[x1, x0).

Proof. Setting A = k(a,xy) we have t/2 < A < 2t by (2.10). Write Ly = (a, zo)
and Z = {x € E: d(x, Ly) <td(a)/4}. Ast < 7, Theorem 3.3 gives

d(y, Lo) < 3t5(a)v~"(8t) < t5(a) /4.

From 4.4 it follows that [z, zo] lies in a component V' of Z \ B(a, td(a)/2) with
the property that devy(y —a, xg—a) = d(y, Lo) /|y —a| for all y € V. For y € y[z1, x(]
we have |y — a| > td(a)/2, whence devi(y — a,z0 — a) < 67 1(8t) = fu(t)/2. As
dev < 2dev; by 2.5, this yields the theorem. 0
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We next iterate Theorem 4.6 to obtain our main result:

4.7. Theorem. Suppose that FE is i-strongly convex and that v: ag m by is a
quasihyperbolic geodesic in G C E. Then ~ is smooth.

Proof. We first show that v has a tangent at every point (one-sided at the end-
points ag, bg). By Theorem 3.7 and by symmetry, it suffices to show that the right
tangent vector v(a) exists at an arbitrary point a € y[ao, bp). Using the notation of
4.5 we fix a number t € (0, 7] such that there is a point ¢ € v(a, bp] N S(a,td(a)).

For each positive integer j let x; be the last point of v in S(a,277t6(a)). Let
y € Y|[zj41,7;]. Applying Theorem 4.6 with the substitution xg, z1,t — x;, 241,277t
we obtain
(4.8) dev(y —a,z; — a) < fy(2771).

In particular, setting w; = x; — a we have
|1 — ;| = dev(wjpr, wy) < fu(271).

The function f,(t)/t is integrable on (0, 7,] by strong convexity. As the series
> fu(277%) is convergent by 4.1, the sequence (w;) is a Cauchy sequence in S(1) and
hence converges to a limit v(a) € S(1). Moreover, (4.8) implies that dev(y—a, v(a)) —

0 as y — a on y(a, by], whence v(a) is the right tangent vector of v at a.
The continuity of v: v — 5(1) follows from Theorem 4.12 below. O

By Example 2.13.2 we get:

Corollary 4.9. If E is a uniformly convex space of power type (see 2.13.2), then
every geodesic in a domain G C FE is smooth. In particular, this is true in the spaces
L, (1) for some measure space (€2, ), 1 < p < 0. d

4.10. Remark. Corollary 4.9 has been independently and by different methods
obtained by [RT2].

4.11. Notation. Suppose that E is 1-strongly convex. Let 7, and f, be as in
4.5. We define hy: [0,75] = R by

hw(t) = f¢(t) + Q/Ot fwT(S)dS

The function h, is continuous, strictly increasing, and h(0) = 0.

4.12. Theorem. Let E and ~ be as in 4.7 and let x,y € v be points with
k(x,y) < 7y/2. Then

v(z) —v(Y)| < 2hy(2k(2,y)).

Proof. Assume, for example, that < y on~y. Set A = k(z,y) and t = |z—y|/d(z).
By (2.10) we have t < 2\ < 7. In view of (4.2), the proof of Theorem 4.7 shows that

dev(v(x),y — ) < Y fu(277t) < hy(t) < hy(2)).
j=0
Changing the roles of x and y we obtain
dev(v(y), y — x) = dev(—v(y), z — y) < hy(2)),

and the theorem follows. OJ
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4.13. Uniform continuity. From Theorem 4.12 it easily follows that the tangent
vector v is in fact uniformly continuous in the quasihyperbolic metric of 7. Moreover,
the continuity modulus depends only on . See e.g. [Val, 2.5]|.

4.14. Theorem. Suppose that E is 1-strongly convex. Then there is an increas-
ing continuous function ¢, : [0,00) — R, depending only on v, with ¢, (0) = 0 and
with the following property:

Let v be a quasihyperbolic geodesic in a domain G C E. Then the tangent vector
v of vy satisfies the inequality

v(z) —v(Y)| < ey (k(z,y))
for all x,y € 7. O
In a Hilbert space the inequality of 4.14 holds as a Lipschitz condition:

4.15. Theorem. Let FE be a Hilbert space and let v be a quasihyperbolic geodesic
in a domain G C E. Then the tangent vector v of 7y satisfies the condition

v(z) —v(y)| < k(z,y)
for each pair x,y € 7.
Proof. This was proved in |[V&4, 2.16] in the stronger form ang(v(z),v(y)) <

k(z,y) for £ = R", and the proof is valid in every Hilbert space. O

4.16. Correction. The proof of Theorem 2.16 of [Vd4]| was based on Theo-
rem 2.15, in which one should replace the condition s < d/2 by s < d/3. We give a
corrected and more detailed proof for the first part of Theorem 2.15.

Set 1 = d — s, and let z € R™ be a point with |z —a| = |z — b| = r. Let x
be the unique point in S(z,r) for which (a 4+ 0)/2 € [z, z]. Setting dy = §(zo) and
t = |zo — a| = |xg — b|] we have |dy —d| <t < s < d/3, whence r < dy and dy <
d+s < d+d—2s = 2r. Hence we may apply the cap convexity theorem 2.13 of [V&d4]
with the substitution d ~ dy, which gives v C B(z,r), and therefore v C Y (a, b, 7).

In the proof of [V&4, 2.16] one should also replace the condition s < d/2 by
s < d/3.

5. An example: The max norm in the plane

5.1. Introduction. In this section we consider in some detail the plane R? with
the max norm (or [,-norm)

(5.2) 2]l = |z1| V [l
We consider the half plane
H={re€R* x>0}

and determine the quasihyperbolic geodesics in H. Some routine calculations are
omitted.

This space has been recently considered by Rasila and Talponen [RT1, Sec. 5].
Moreover, the [;-norm |z1| + |x2| is in dimension 2 isometric to the max norm, and
it has been considered in [TV] and in [V&2, 5.1].
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5.3. Notation. In this section, we use ||z|| to denote the max norm (5.2). The

plane (R?, || - ||) will also be written as E or [% . For distinct points a,b € E we set
b2 — a|
M(a,b) = 12721
(a,0) b ]

If a; = by, then M(a,b) = co. If L C E is a line, we set My = M (a,b) for arbitrary
points a,b € L.

The quasihyperbolic geodesics of H C [2 are described in the following theorem
and in Figure 1.

5.4. Theorem. Let a,b € H, a # b.
(1) If M(a,b) > 1, then

(5.5) k(a,b) =

log =
a2
An arc v: a ~ b is a geodesic iff

(5.6) M(z,y) > 1 forall z,y €, v #y.

In particular, the segment [a, b] is a geodesic.
(2) If M(a,b) =1, then (5.5) is true, and [a,b] is the only geodesic a v b.
(3) If M(a,b) < 1, then the geodesic v: a ~ b is unique, and it is the broken line
[a, z] U [z, b] where z is the unique point for which M(a, z) = M (b, z) =1 and
Z9 > ag V by. Moreover,
2

k(a,b) = log 4;22[)2.

Explicitly, if a1 < by, then
221:a1+b1—a2+62, 222:—a1+b1—|—a2+b2,

(—al + bl + (05} + 62)2

kla.b) =1
(a,b) = log b,

b

3
) @) )

Figure 1. Geodesics in H.

Proof. We first prove some facts. From (2.8) we readily obtain:
Fact 1. Always k(a,b) > |10g2—§|.
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: _ b
Fact 2. M(a,b) > 1 iff k(a,b) = [log 2Z|.

Assume, for example, that by > as and that k(a,b) = log Z—z Then (2.8) implies
that j(a,b) = log Z—Z, which is true iff M(a,b) > 1. Conversely, if M(a,b) > 1, then
the line element ds on [a, b] is dzy, whence

Fact 3. If M(a,b) > 1, then an arc v: a ~ b is a geodesic iff v satisfies the
condition (5.6).

We may assume that ay < by. First, if (5.6) holds, then the second projection
p2: v — R, par = x9, is an isometry, Hence its inverse g = (pa|y)™': [ag, be] — 7 is
a length parametrization of v. By Fact 2 we get

Conversely, assume that v: a ~ b is a geodesic. If (5.6) is not true, there are
x,y € v such that a < z < y < b and such that M(z,y) < 1. By Fact 2 this gives
the contradiction

b b
k(a,b) = k(a,x) + k(x,y) + k(y,b) > log 2 log L log = = log = = k(a,b),
&) L2 Y2 az

and Fact 3 is proved.
Part (1) of the theorem follows now from Facts 2 and 3, and part (2) is a corollary
of (1). To prove (3) we need the following

Fact 4. Let L C E be a line with My = 1, and let q: £ — L be the vertical
projection defined by (gz); = 1. Let K be the half plane {x € E: zo < (qx)2}
with 0K = L, and suppose that g: [to,t;] — K N H is a rectifiable path. Then
k(g o g) < lk(g), with equality iff img C L.

The map ¢ is 1-Lipschitz in the norm metric, and d(gz) > d(x) for all x € K.
Hence lx(q o g) < lx(g). If g(u) ¢ L for some u € [to,t1], then 6(qg(t)) > 6(g(t)) in a
neighborhood of u, whence l;(q o g) < l1.(g), and Fact 4 follows.

To prove (3) set v = [a, 2] U [z, b] and suppose that v: a ~ b is a geodesic. We
may assume that a; < by. Let y be the first point of v with y; = 2. If yo = 29,
then v = 79 by (2). If yo > 29, then lx(v) > l(y0) by (1). If yo < 29, then it
follows from (2) that no subarc of [a, y] lies above the line (a, z). By Fact 4 we have
l(v]a, y]) > lg|a, z]. Similarly I, (y[y', b]) > lx]z, b] where ' is the last point of v with
y; = z1. Hence g (y) > lk(70), and (3) is proved. O

5.7. Remark. Case (1) of Theorem 5.4 shows that a quasihyperbolic geodesic
need not have one-sided tangents at all points.

5.8. Example. Let 0 < r < 1/2 and let x = (0,2), a = (-1 +7r,3—71), b =
(1 —=r,3—r). Then a,b € B(x,1) C H but a geodesic 7: a ~ b contains the point
(0,4—2r) ¢ B(x,1). Hence the ball convexity theorem [Ma, 2.2| does not hold in 2.

5.9. Question. For 1 < p < oo let I2 be the plane R? with the l,-norm. Let y be
a subarc of the semicircle {x € I2: |z| = 1, 25 > 0}. Is v a quasihyperbolic geodesic
in the half plane H C [? where 1/p+1/q =17
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The case g = oo follows from Theorem 5.4 and the case ¢ = 1 from [V&2, 5.1].
For p = ¢ = 2 we have the classical Poincaré half plane.

[BL]

[Fe]
[FZ]

GO
|GP]

[LZ]
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[RT1]

[RT2|
[TV]

[Vil]

[Vi2]
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