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Abstract

We prove that Alexandrov spaces X of nonnegative curvature have Markov type
2 in the sense of Ball. As a corollary, any Lipschitz continuous mapping from a
subset of X into a 2-uniformly convex Banach space is extended as a Lipschitz
continuous mapping on the entire space X.

1 Introduction

The aim of the present article is to contribute to the nonlinearization of the geometry of
Banach spaces from the viewpoint of metric geometry. Among them, our main object is
Markov type of metric spaces due to Ball.

Markov type is a generalization of Rademacher type of Banach spaces. Rademacher
type and cotype describe the behaviour of sums of independent random variables in Ba-
nach spaces, and these properties have fruitful analytic and geometric applications (cf.
[LT] and [MS]). Enflo [E] first gave a generalized notion of type of metric spaces, which is
called Enflo type now, and a variant of Enflo type was studied by Bourgain, Milman and
Wolfson [BMW]. After them, Ball [B] introduced the notion of Markov type of metric
spaces, and showed its importance in connection with the extension problem of Lipschitz
mappings. Namely, he showed that any Lipschitz continuous mapping from a subset of
metric space X having Markov type 2 into a reflexive Banach space having Markov cotype
2 can be extended to a Lipschitz mapping on the entire space X. Here Markov cotype of
Banach spaces is a notion also introduced by Ball. It is worthful to mention that how to
formulate a notion of cotype for general metric spaces has been an important question.
See [MN1] for a recent breakthrough on this topic.

Until recently, only known examples of spaces possessing Markov type 2 had been
Hilbert spaces and their bi-Lipschitz equivalents. Naor, Peres, Schramm and Sheffield
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[NPSS] broke the situation and showed that 2-uniformly smooth Banach spaces and some
negatively curved metric spaces have Markov type 2 (Example 2.7). They also asked
whether CAT(0)-spaces have Markov type 2 or not. We will answer this question affir-
matively, but under the reverse curvature bound.

Our main theorem asserts that Alexandrov spaces of nonnegative curvature have
Markov type 2 (Theorem 4.3). As an immediate corollary by virtue of Ball’s exten-
sion theorem, any Lipschitz continuous mapping from a subset of an Alexandrov space
of nonnegative curvature into a reflexive Banach space having Markov cotype 2 can be
extended to a Lipschitz mapping on the entire space (Corollary 4.5). Compare this with
[LS], [LPS] and [LN]. Our discussion is based on a different technique from that used in
INPSS]. The key tool is the inequality (3.1) in Theorem 3.2 due to Sturm.

The article is organized as follows. We review the theories of linear and nonlinear
types and Alexandrov spaces of nonnegative curvature in Sections 2 and 3, respectively.
Section 4 is devoted to the proof of the main theorem. Finally, in Section 5, we give a
short remark on nonlinearizations of the 2-uniform smoothness and convexity of Banach
spaces in connection with the curvature bounds in metric geometry.

Acknowledgements. This work was completed while I was visiting Institut fiir Ange-
wandte Mathematik, Universitat Bonn. I am grateful to the institute for its hospitality.

2 Nonlinear types

In this section, we recall Rademacher type and cotype of Banach spaces and some exten-
sions of Rademacher type to nonlinear spaces. We refer to [LT] and [MS] for basic facts
on Rademacher type and cotype. Throughout the article, we restrict ourselves to the case
of p =2, i.e., we will treat only type 2 and cotype 2.

A Banach space (V|| -]|) is said to have Rademacher type 2 if there is a constant K > 1
such that, for any N € N and {v;}¥, C V, we have

1 N
oN Z Z&‘Uz‘

ce{—1,13¥ 1 i=1

2 N
< K)ol (2.1)
i=1

where € = (g;)~,. A fundamental example of a space possessing Rademacher type 2 is
a 2-uniformly smooth Banach space. A Banach space (V|| - ||) is said to be 2-uniformly
smooth (or have modulus of smoothness of power type 2) if there is a constant S > 1 such
that

1 52
HvHQ+§HwH2— zl\v—w!l2 (2.2)

B
>
-2

holds for all v,w € V. The infimum of such a constant S is denoted by Sy(V). A 2-
uniformly smooth Banach space has Rademacher type 2. For instance, for 2 < p < oo,
an LP-space LP(Z) over an arbitrary measure space Z is 2-uniformly smooth, and hence
it has Rademacher type 2. Note that, if V' is a Hilbert space, then the parallelogram
identity yields the equality in (2.2) with S = 1.
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Rademacher cotype 2 and the 2-uniform convexity of a Banach space are defined
similarly by replacing (2.1) and (2.2) with

. N > | N
LA D DarT [ S 29
ce{—1yv izt =1
2
v+ w I, o 1 9 1 9
5 §§||U|| +§||w|| —4—02||U—w||> (2.4)

respectively. Denote by Cy(V') the least constant C' > 1 satisfying (2.4). A 2-uniformly
convex Banach space has Rademacher cotype 2. In particular, for 1 < p < 2, LP(Z) is
2-uniformly convex, and hence it has Rademacher cotype 2.

The first nonlinear extension of Rademacher type was given by Enflo.

Definition 2.1 (Enflo type, [E]) A metric space (X,d) is said to have Enflo type 2 if
there is a constant K > 1 such that, for any N € N and {z.}.c;_1 13~ C X, it holds that

> dlaea )’ <KDY d(we,z)’, (2.5)

ee{-1,1}N e~ve’

where € = (g,)¥, and ¢ ~ ¢’ holds if % |&; — €| = 2 (i.e., € and ¢ are adjacent). The
least such a constant K > 1 is denoted by Fy(X).

By taking z. = Zf\il £,v;, we easily see that Enflo type 2 implies Rademacher type 2
for Banach spaces. However, the converse is not known in general. See [NS] for a partial
positive result and [MN2] for a related work.

We next recall Markov type introduced by Ball. As is indicated in its name, we use
a Markov chain to define Markov type. For N € N, consider a stationary, reversible
Markov chain {M;}ienuqoy on the state space {1,2,..., N} with transition probabilities
aij = Pr(Miy1 = j| M; = i). Namely, if we set m; := Pr(My = 4), then {m;}¥, and
A = (ai;)};-, satisfy

N N
0 S Wi,aij S ]_, ZTFZ' = 1, Zai]‘ = 1, 7TZ‘CLZ‘]‘ = ﬂjaji (26)
i=1 j=1
forall 4,57 = 1,2,... ,N. The third and fourth inequalities guarantee the stationariness

(XN mai; = ;) and the reversibility of the Markov chain {Mi}ienugoy -

Definition 2.2 (Markov type, [B, Definition 1.3]) A metric space (X,d) is said to have
Markov type 2 if there is a constant K > 1 such that, for any o € (0,1), N € N,
{z ¥, C X, {m}Y, and A = (a;;)N._, satisfying (2.6), we have

3,7=1
N N
(1 — Oé) Z Wicijd(fﬁi,.ffj)Q S KQOZ Z Wi&ijd(.fﬁi, Z’j)z, (27)
i,j=1 tj=1

where we set C' = ()21 = (I — a)(I — aA)~" and I stands for the identity matrix.

The infimum of K > 1 satisfying (2.7) is denoted by My(X).
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We remark that Ball’s original definition concerns only the case of m; = N~ The
above slightly extended formulation can be found in [NPSS|. Note that

C=(1-a)l—-ad)" =(1-a) ZaAl

Hence C' = (c;;)},_, also satisfies

forallé,5 =1,2,... ,N.

We recall some important properties of Markov type. Markov type has an equivalent
form which is more convenient in some circumstances. For [ € N and A = (a;;)Y Ye1, We
set Al = (az(é))fyj:l. In particular, ag) = a;.

Theorem 2.3 ([B, Theorem 1.6]) Let (X, d) be a metric space and assume that there is
a constant K > 1 such that the inequality

N N
Z Wia,gi-)d(ﬂfi,.%j)2 S K2l Z Wiaijd(xi, SL’j)Q (28)
i,j=1 hj=1
holds for alll e N, N e N, {z;}X, C X, {m}}\, and A = (a;;)),_, satisfying (2.6). Then
(X,d) has Markov type 2 with MQ(X) < K. Conversely, if (X,d) has Markov type 2,
then (X, d) satisfies (2.8) with K = 2\/eMy(X).

Markov type is known to be strong enough to imply Enflo type.

Proposition 2.4 ([NS, Proposition 1]) If a metric space (X,d) has Markov type 2, then
it has Enflo type 2.

To state Ball’s theorem which guarantees the usefulness of Markov type, we need to
define Markov cotype of Banach spaces also introduced by Ball.

Definition 2.5 (Markov cotype, [B, Definition 1.5]) A Banach space (V|| - ||) is said to
have Markov cotype 2 if there is a constant K > 1 such that, for any o € (0,1), N € N,
{vi})L, CV and A = (a;;)},_, satisfying (2.6) with m; = N~', we have

N 2 N
Zaw D e —pue|| SEX1—a) Y eyllo; — vy,
1,7=1 k=1 i,j=1

where we set C' = (¢;;)1;=; = (1 — a)(I — aA)~'. We denote by No(V) the infimum of
such a constant K > 1.



We remark that Markov cotype is strictly stronger than Rademacher cotype, for L!(Z2)
has Rademacher cotype 2 and does not have Markov cotype 2 (see [B]). It is known that
a 2-uniformly convex Banach space (V|| - ||) has Markov cotype 2 with No(V) < 2C%(V)
([B, Theorem 4.1]). For a Lipschitz continuous map f : X — Y between metric spaces,
we denote by Lip(f) its Lipschitz constant, that is,

Lin(f) e sy BU@IG)

z,yeX, r#y dx(l'7 y)

Theorem 2.6 ([B, Theorem 1.7]) Let (X, d) be a metric space having Markov type 2 and
(V)| - ||) be a reflexive Banach space having Markov cotype 2. Then, for any Lipschitz
continuous map f : Z — V from a subset Z C X, there exists a Lipschitz continuous
extension f: X — V of [ with

Lip(f) < 3Mo(X)No(V) Lip(f).

In particular, if (V.| - ||) is a 2-uniformly convex Banach space, then we have

Lip(f) < 6M,(X)C,(V) Lip(f).
We end this section with several examples of spaces having Markov type.

Example 2.7 (i) (Hilbert spaces, [B, Proposition 1.4]) A Hilbert space (H, (-,-)) has
Markov type 2 with Ms(H) = 1.

(ii) (Products) For two metric spaces (X, d;) and (X, ds) having Markov type 2, let
(X, d) be the [>-product of them, that is, X := X; x X, and

d(($1,$2), (1, y2)) = {d1($1,y1)2 + da (2, y2)2}1/2
for (z1,23), (y1,y2) € X. Then (X, d) has Markov type 2 with
MQ(X) S maX{MQ<X1), MQ(XQ)}

(iii) (The bi-Lipschitz equivalence) Given two metric spaces (X1,d;) and (Xs,ds), if
(X1,d;) has Markov type 2 and if there is a bi-Lipschitz homeomorphism f : X; — Xo,
then (X3, dy) has Markov type 2 with

My(X,) < Lip(f) Lip(f ") Ma(X).

(iv) (Gromov-Hausdorff limits) If a sequence of (pointed) metric spaces {(X;, d;)}2,
converges to a (pointed) metric space (X,d) in the sense of the (pointed) Gromov-
Hausdorff convergence and if every (X;, d;) has Markov type 2 with liminf; ., M(X;) <
00, then (X, d) has Markov type 2 with

1— 00

(v) (2-uniformly smooth Banach spaces, [NPSS]) A 2-uniformly smooth Banach space
(V, |l - |I) has Markov type 2 with My(V) < 45,(V).
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(vi) (Trees and hyperbolic groups, [NPSS]) There exists a universal constant C; for
which every tree T" with arbitrary positive edge lengths has Markov type 2 with M (T') <
C;. There also exists a universal constant C such that every d-hyperbolic group has
Markov type 2 with My < Cy(1 4 §). More precisely, we fix a presentation of the group
and consider its Cayley graph G equipped with the word metric. If GG is §-hyperbolic as
a metric space, then it has Markov type 2 with My(G) < Cy(1 + §). Naor et al. have
obtained an estimate for general d-hyperbolic metric spaces, and it implies the above
results.

3 Alexandrov spaces of nonnegative curvature

In this section, we recall the definition of Alexandrov spaces of nonnegative curvature.
We refer to [BGP] as a standard reference.

A metric space (X,d) is said to be geodesic if every two points x,y € X can be
connected by a curve 7 : [0,1] — X from x to y with length(y) = d(x,y). A rectifiable
curve 7 : [0,1] — X is called a geodesic if it is locally minimizing and has a constant
speed. A geodesic v : [0,1] — X is said to be minimal if it satisfies length(y) =

d(~(0),7(1)).

Definition 3.1 ([BGP]) A geodesic metric space (X,d) is called an Alezandrov space
of monnegative curvature if, for all three points x,y,z € X and any minimal geodesic
v :[0,1] — X between y and z, we have

a(o(2)) = La, 2+ La, 27 - Lagy, 2y
x772 —2 x?y 2 x7z 4 y72'

In particular, a complete Riemannian manifold is an Alexandrov space of nonnegative
curvature if and only if its sectional curvature is nonnegative everywhere. There is a rich
and deep theory on the geometry and the analysis on Alexandrov spaces, but we need
only the following theorem due to Sturm which plays a key role in the next section.

Theorem 3.2 ([S, Theorem 1.4]) A geodesic metric space (X,d) is an Alezandrov space
of nonnegative curvature if and only if, for any N € N, {z;}¥, € X, y € X and
{a;}N, € [0,1] with >N a; = 1, we have

> aia{d(wi, x;)° = d(wi,y)* — d(z;,y)*} < 0. (3.1)

1,j=1

The inequality (3.1) corresponds to the following fact in a Hilbert space (H, (-, -)). For



any N € N, {v;}, ¢ H and {a;}Y, C [0,1] with SV, a;, = 1,

N
S anas (o = ol — llos = wl — oy — ]}
ij=1
N N N

=2 Z a;a;(v; —w, w —vj) = 2<(Zaivi> —w,w — (Zajvj)>

ij=1 i=1 j=1

N 2

= —2” <Zaivi) wl <0

holds for all w € H.

4 Markov type of Alexandrov spaces

In this section, we prove our main theorem. Throughout the section let (X,d) be an
Alexandrov space of nonnegative curvature, and fix N € N, {z;}¥, C X, {m}¥, and
A = (ai;)};—, satisfying (2.6). For 1 <4,j < N and [ € N, set d;; := d(x,,xj) and

Z mia w ZJ

i,j=1

Recall the notation Al = (ag.))fyj:l and that (2.6) implies

0< g) <1, iag) =1, Wiagé) = 7Tja§lz)
j=1
foralli,5 =1,2,... ,N.
Lemma 4.1 For any l € N, we have £(21) < 2E(1).
Proof. We calculate

@ 12
Z 7Tza” Jkd

i,5,k=1

= Z 7T] ]’L ]k‘ d2 +d2k+d$k‘ _d‘?l _d_?k)

zgk 1
3 malal)(d + ) +Z%{ S Oal(, - d;_d;k>}.
i,5,k=1 i,k=1
Since SN, ﬂ = 1, we have
N N
Z mial)al) (% + d%) = > malldd + > mal)dd = 2£(1).
3,5,k=1 3,7=1 J,k=1



0

Moreover, applying Theorem 3.2 with a; = a;; and y = x;, we obtain

N
Z aﬁi)aﬂ(dfk d2 djgk) <0

ik=1
for every j. This completes the proof. a
Lemma 4.2 For anyl € N and o € (0,1), we have
o E(20) + 222E(2 + 1) + P T2E(21 +2) < 2(1 4+ ) {'E() + T EI + 1)}
Proof. 'The proof is essentially similar to that of Lemma 4.1. We first observe

o E(21) + 222E (2L + 1) + P T2E(21 + 2)

= a?{E(21) + 20E (2L + 1) + a*£(20 + 2)}
N
o? Z 7 a )+ aa(lﬂ))(agk) + aa WY 2,
z]k 1

+1 l I+1)
o Z mj(aj; —i—oza( )( §;3+04a§k )(d§z+d32k)
i,j,k=1

N
Z { Z a) + aali ) (@) + adl V) (2 — &2 - df.k)},
j=1 k=1

and

> mi(al) + aal™) (@) + adl V) (dE + d)
1,5,k=1

N N
=(1+a) Z (a( ) 4+ aa(lH )3+ (14« Z s a]k + aagl,jl )3,
4,j=1 J,k=1

=21+ a){E1)+a&(l+1)}.

Fix j and apply Theorem 3.2 to a; = (1 + a)~'(ay, W4 oza(“r )Y and y = z;. Then we
find

N
D (af) + aag™) (@l + aayV)(dh — di — i) < 0.
i,k=1

Therefore we obtain
2 E(20) + 202 E (20 4 1) + oHT2E(21 + 2)
<2(1+a)®{E() + a1+ 1)}
=2(1 4+ o) {'E() + T EN+ 1)}



Theorem 4.3 Let (X,d) be an Alexandrov space of nonnegative curvature. Then (X, d)
has Markov type 2 with My(X) < V6.

Proof. 1t suffices to show
N N
(1—a) Z miciidy; < 6a Z miagdy; (= 6a€(1)).
ij=1 ij=1
AsC=(1-a)I—aA) ' =(1—-a)d 2o Al we observe

N N oo
(1—a) Z Wicijd?j =(1-a)? Z Zalm Eé dfj

ij=1 ij=1 I=1

1_ > n— n—
- 2a { +Z{ FrE@ ) +2a” R 4+ )

202 TTE2" = 1) + o2 5(2")}]

(1_ )2 = @
=)

n=0

where we set

&y = a&(1),
Er = a&(1) + a*E(2),

E0 = E(2 ) + 227 HE(2 1+1)
o 2272 — 1) + T E(2Y).
It follows from Lemma 4.2 that, for all n > 2,
Er=a¥ E@ ) + 228 e 4+ 1)
4227782 — 1) + 0P E(2Y)
={a”7E@ ) 207 HE@ 4+ 1) + o 2E(Q ! 4 2))
+{a® (2" 4 2) + 207 L2 4 3) + o g2 4 4))
o {2 = 2) + 202 TIE(2" — 1) + P E(2M))
<2(1+a)a® {7 EQRV) + 2 THIER 2 4+ 1)}
+2(1+a)a® HHa¥ THIER R 4 1) + ¥ eV 4 2))
o424 a)a? THa? T e = ) 4+ 2 e
< 40”7 TTEQRM ) + 207 TTIERM 2 4 1)
4t 2a27‘_1—15<2n—1 1 +a 27~ 15(2n 1)}
= 4077



Moreover, Lemma 4.1 implies
EX =af(1) +a*£(2) < (1 +2a)a&(1).
Thus we see, for all n > 2,
27172 271,73

EX <A o T afr < 4P T (1 4 20)a€(1).

We estimate

1+ f: 4n—1a2"*1—1 _ i gnon 2" =1
n=2 n=0

=1+ 20+ 2a) + (4a® + 40® + 40® + 40®) + - -

< Z la=1/2 — Z([ +1)al/?
=1 =0
1 (1+ al/?)?

(I—al2)2  (1-a)*

Therefore we obtain

N (1 . 04)2 o]
o)y mt = LS S
n=0

ij=1

< @{1 + (1 +2a) 24"—1042"1—1}@(1)

n=1
(1—a)? (14 2a)(1 4 a'/?)?
< 5 1+ (1-a) a&(1)
1
= {0~ a)? + (14 20)(1 + a*)*}a&(1)
< 6a&(1).
This completes the proof. O

We have two corollaries by Proposition 2.4 and Theorem 2.6.

Corollary 4.4 Let (X,d) be an Alexandrov space of nonnegative curvature. Then (X, d)
has Enflo type 2.

Corollary 4.5 Let (X,d) be an Alexandrov space of nonnegative curvature and (V|| - )
be a reflexive Banach space having Markov cotype 2. Then, for any Lipschitz continuous
map [ : Z — V from a subset Z C X, there exists a Lipschitz continuous extension

f: X —V of f with
Lip(f) < 3V6N,(V) Lip(f).
In particular, if (V.|| - ||) is 2-uniformly convez, then we have
Lip(f) < 6v6C,(V) Lip(f).
We mention that our bound of the ratio of Lipschitz constants is independent of the

dimension of X. Compare this with [LN, Theorem 1.6].
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5 Additional remarks

This section is devoted to a short remark toward a nonlinearization of the 2-uniform
smoothness (and convexity). As we have already seen in (2.2), the 2-uniform smoothness
of a Banach space is defined by using the inequality

2
1 1 S?
= G+ gl - Sl 6.1)
By replacing v and w with w + v and w — v, this inequality is rewritten as
2
S? 1 1
) < Sl + Gl - o - wl (5:2)

Now natural generalizations of (5.1) and (5.2) are the following. Let (X,d) be a
geodesic metric space. For any three points x,y, 2 € X and minimal geodesic ~ : [0, 1] —
X from y to z, we have

d(my(%))gz%d@401+%ﬂxxf——ziﬂyzf (5.3)
d(ay(%))Qgfgd@40?+%ax¢f-%ﬂ%zf. (5.4)

We will say that a geodesic metric space (X, d) satisfies (5.3) (or (5.4)) if (5.3) (or (5.4))
holds for all z,y,z € X and all minimal geodesic v : [0,1] — X from y to z. On one
hand, the inequality (5.3) generalizes the nonnegatively curved property in the sense of
Alexandrov which corresponds to the case of S = 1 (see Section 3). On the other hand,
the inequality (5.4) extends the CAT(0)-inequality which amounts to the case of S =1
(cf. [BH]). This is a reason why both negatively and positively curved spaces have Markov
type 2. Compare Example 2.7 and Theorem 4.3.

We mention that we can also regard (5.1) as an upper curvature bound of the unit
sphere (see [O1]), and that the reverse inequality of (5.3) (a generalized 2-uniform con-
vexity) has been studied in [O2].

As an application of the inequality (5.4), we give an example of a nonlinear and non-
Riemannian (in other words, Finslerian) space possessing Enflo type 2. We first prove a
lemma.

Lemma 5.1 Let a geodesic metric space (X,d) satisfy (5.4). Then, for any four points
w,x,y,z € X, we have

d(w,y)* +d(x,2)* < S{d(w,2)* + d(y, 2)°} + d(w, 2)° + d(y, ©)*.
Proof. Take a minimal geodesic v : [0,1] — X between = and z. Then (5.4) yields that

1\\? s2 1 1
= < 2 2, + 2 4 2
d(w,v<2)) <35 d(w, x) +2d(w,2) 4d(:v>Z) :

d(v4(3)) < Tt + Sty a2



Thus we see

o= {o{ea(3)) <40 (3) )}
2{i(eo(3)) +a05)))

< SHd(w,x)* + d(y, 2)*} + d(w, 2)* + d(y, 2)* — d(x, 2)*.

This is the required inequality. O

Proposition 5.2 If a geodesic metric space (X, d) satisfies (5.4), then it has Enflo type 2
with Eo(X) < S. In particular, a CAT(0)-space (X, d) has Enflo type 2 with Eo(X) =1,
and a 2-uniformly smooth Banach space (V.|| - ||) has Enflo type 2 with Eo(V') < Sy(V).

Proof.  We shall prove by induction in N € N. In the case of N = 1, for any {z1,2_1} C
X, we immediately see

d(zy, v 1) +d(w_1,11)? < SHd(zy,2_1)* + d(x_1, 21)*}.
Fix N > 2 and suppose that, for any {2;}sc_1,135-1 C X, it holds that

ST d(wsas)? <8 d(ws,w)?,

se{-1,1}N-1 5!

where § = (6;)N7! and § ~ & holds if S"N7" |6 — )| = 2. Now we choose an arbitrary
{rc}ee-113v C€ X. Foreach § € {—1,1}V1, ! Lemma 5.1 implies

d(z (s, x(_a,_1))2 + d(z(5,-1), T(—s, 1))2
< S*{d(z 1), T(5,-1))° + d(T(—5-1), T (=)} + A(T(6.0), T(—s1))* + d(T(=6,-1), T(5.-1)) .
Summing up this inequality in § € {—1, 1}N_1, we have
Z d(ze,x_.)* < 5° Z {d(z 1), x(a,—1))2 + d(x5-1), ZE’(571))2}
ee{-L1}V se{-1,1}N-1

+ Y {d@eny,ran)’ + e, Ts-1) )

sef{—1,1}N-1
By our assumption, the second term is estimated by
Y Adey wesn)® +d@s 1,75 1)%)
se{—-1,1}N~-1

<82y {d(wn,2w0)? + d26-1, 2@,-1)° )

66’

Therefore we obtain

Z d(x.,r_.)* < S? Zd(xg,xE/)Q.

ee{—1,1}N erve’

This completes the proof. O
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