ON LIPSCHITZ EXTENSION FROM FINITE SUBSETS

ASSAF NAOR AND YUVAL RABANI

ABSTRACT. We prove that for every n € N there exists a metric space (X, dx), an n-point subset
S C X, a Banach space (Z,] - ||z) and a 1-Lipschitz function f : S — Z such that the Lipschitz
constant of every function F': X — Z that extends f is at least a constant multiple of v/logn. This
improves a bound of Johnson and Lindenstrauss [JL84]. We also obtain the following quantitative
counterpart to a classical extension theorem of Minty [Min70]. For every a € (1/2,1] and n € N
there exists a metric space (X,dx), an n-point subset S C X and a function f : S — {2 that is
a-Holder with constant 1, yet the a-Hdolder constant of any F': X — f» that extends f satisfies
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We formulate a conjecture whose positive solution would strengthen Ball’s nonlinear Maurey exten-
sion theorem [Bal92], serving as a far-reaching nonlinear version of a theorem of Koénig, Retherford
and Tomczak-Jaegermann [KRT'J80]. We explain how this conjecture would imply as special cases
answers to longstanding open questions of Johnson and Lindenstrauss [JL84] and Kalton [Kal04].

1. INTRODUCTION

Given two metric spaces (X,dy) and (Z,dyz), the Lipschitz constant of a mapping f : X — Z
will be denoted below by || f||Lip. For every subset S C X, let e(X, S, Z) denote the infimum over
those K € (0,00] with the property that for every f : S — Z there exists F : X — Z with
|FllLip < K| f|lLip and whose restriction to S satisfies F'|s = f. In its most general form, the
Lipschitz extension problem asks for estimates on the quantity e(X, S, 7).

It is of great interest to obtain geometric conditions on the metric spaces (X,dx) and (Z,dyz)
ensuring that e(X,S,Z) < oo for every S C X. Formally, define e(X,Z) to be the supremum
of e(X,S,Y) over all S C X. When e(X,Z) = oo, it is natural to refine the Lipschitz extension
problem by taking n € N and defining e, (X, Z) to be the supremum of e(X, S, Z) over all S C X
of cardinality at most n, and asking for the asymptotic behavior of e, (X, Z) as n — oco. Another
natural quantitative refinement of the parameter e(X, Z) is to fix e € (0, 1] and define e.(X, Z) to be
the supremum of e(X, S, Z) over all S C X that are e-discrete in the sense that dx (z,y) > e-diam(S)
for every distinct z,y € S, and asking for the asymptotic behavior of e.(X, Z) as ¢ — 0.

Denote the supremum of e, (X, Z) over all metric spaces (X, dx) and all Banach spaces (Z, ||| z)
by ae(n). Here “ae” stands for “absolute extendability,” where we are following the notation and
terminology that was introduced in [LNO4]. Thus, if ae(n) < K then for every n-point metric space
(M,dypr), every Banach-space valued 1-Lipschitz function defined on M can be extended to any
metric space that (isometrically) contains (M, dys) so that the Lipschitz constant of the extended
function is at most K. One can similarly define for ¢ > 0 the quantity ae(e) by considering the
supremum of e, (X, Z) over all metric spaces (X, dx) and all Banach spaces (Z, || - ||z)-

A. N. was supported in part by the NSF, the BSF, the Packard Foundation and the Simons Foundation.
Y. R. was supported in part by the ISF, the BSF, and by the Israeli Center of Excellence on Algorithms.



The finiteness of ae(n) and ae(e) for every n € N and € € (0, 1] is well-known. Johnson, Lin-
denstrauss and Schechtman proved in [JLS86] that ae(n) < logn, where here, and in what fol-
lows, the notation A < B (respectively A 2 B) stands for A < CB (respectively A > CB) for
some universal constant C' € (0,00). We shall also use the notation A < B when A < B and
A 2 B. The above upper bound of [JLS86] on ae(n) was more recently improved [LNO04, [LNO5]
to ae(n) < (logn)/loglogn, which is the best-known upper bound on ae(n) to date. Determin-
ing the asymptotic behavior of ae(n) as n — oo remains a major open problem. The previously
best-known lower bound on ae(n) is ae(n) > /(logn)/loglog n, obtained over thirty years ago by
Johnson and Lindenstrauss [JL84] (see also [MMI0] for a variant of the construction of Johnson and
Lindenstrauss that also yields the same lower bound). Here we obtain the following improvement.

Theorem 1. For every n € N we have ae(n) 2 +/logn.

Thus, the best-known bounds for ae(n) are now

logn
/1 < < 2 1
It would be very interesting to improve any of the bounds in , the ultimate goal being to
determine the rate at which ae(n) tends to co as n — oo.

In [JL84] it was shown that ae(e) < 1/e, and a different and very simple proof of this fact was
given in [JLS86]. In [MNI3a] it was proved that ae(e) = 1/e, via a quantitative refinement of a
beautiful argument of Kalton [Kal12]. Thus ae(¢) < 1/e. The example that leads to Theorem 1] also
yields a new proof that ae(¢) 2> 1/e which some may find to be somewhat simpler than the proof
in [MN13a]; see Remark [14] below. We note, however, that the example of [MN13a] has important
properties (see the discussion in Section 1.6 of [MN13a]) that Theorem 1| does not imply.

The value of Theorem [1| does not stem only from the fact that it yields an asymptotic improve-
ment over the best known bound, but rather because this improvement relies on a conceptually
different approach than that of [JL84]. In fact, as emphasized explicitly in [JL84], the difficulty to
improve the lower bound on ae(n) to a constant multiple of v/logn is not purely technical, and the
approach of [JL84] inherently cannot yield a lower bound that is better than o(y/logn).

To explain the above assertions, we need to briefly sketch the argument of [JL84]. Fix k € N,
L >0 and € € (0,1/2). Suppose that (X, | - ||x) is a Banach space and ¥ C X is a k-dimensional
linear subspace of X. Let N; be an e-net in the unit sphere of ¥ and denote S. = N. U {0}.
Taking f : Sc — S: C Y to be the identity mapping, it is proved in [JL84] that if FF : X — YV
is an L-Lipschitz extension of f and e is sufficiently small then there exists a linear projection
P: X — Y with ||P|| < L. Hence, if for some A > 0 one knows that ||P|| > A for every linear
projection P : X — Y then one concludes that L > A. Suppose that A > v/k; since the classical
Kadec’-Snobar theorem [KS7I] (see also [Woj91], §ITI.B]) asserts that we always have A < vk,
this lower bound on A is the best one could hope for. By standard bounds on the size of e-nets
(e.g. [MS86]), if we set n = |S| then logn < klog(1/¢), so we have L > +/(logn)/log(1/e). For
this strategy to yield a lower bound that is a constant multiple of v/log n, one needs to take € to be
a universal constant, but in this case we would have L < ae(2¢) < 1/e = O(1). So, in order to get
a lower bound on L that tends to co with n one must have e = o(1) as k — oo (indeed, in [JL84]
the choice of ¢ is log(1/¢) =< log k < loglogn). This explains why one cannot prove Theorem 1| via
the above strategy of reduction to the nonexistence of linear projections of small norm. Note also
that due to the Kadec’-Snobar theorem [KS71], this “linearization” approach cannot yield a lower
bound on ae(n) that tends to co at a rate that is faster than a constant multiple of v/logn.

Here we overcome the above obstacle by abandoning entirely the desire to reduce the problem
to the nonexistence of linear projections of small norm. We consider a family of metric spaces that



arise from (a modification of) expander graphs, and our poorly extendable functions take values
in their associated Wasserstein 1 spaces. The proof relies on direct geometric considerations, in
particular the use of Banach space-valued Poincaré inequalities (see Lemma below), rather than a
reduction to linear mappings. Our approach is inspired by a certain algorithmic clustering problem
for graphs, specifically by leveraging the difference between two relaxations of the corresponding
combinatorial optimization problem. This motivation is explained in Section [2| below, though the
proof of Theorem [I| (in Section |3 is direct and does not rely on any algorithmic background.

1.1. Hilbert space-valued Ho6lder functions. Suppose that (X,dx) and (Z,dz) are metric
spaces and « € (0,1]. We shall denote below the a-Hélder constant of a mapping f : X — Z by
I fllip(a). Thus [|f[|lLip(e) is the infimum over those L € (0,00] for which every z,y € X satisfy
dz(f(x), fy)) < Ldx(x,y)*. Equivalently, ||f[|Lip) is the Lipschitz constant of f when it is
viewed as a mapping between from the metric space (X, d$) to the metric space (Z,dz). Denote

(X, 72) Ye((X,d%),(Z,dz))  and  VneN, (X, 2) e, ((X,d$), (Z,dz)).
Thus, e*(X, Z) is the infimum over those K € [1, o] such that for every S C X and every f : S — Z
there exists I : X — Z with F|s = f and ||[F'[|1ipa) < K| f|Lip(a), and analogously for ef (X, Z).

A classical theorem of Minty [Min70] asserts that if H is a Hilbert space then e“(X, H) =1 for
every metric space (X,dx) and « € (0,1/2] (equivalently, €% ({s, 2) = 1 for all n € N). Minty’s
theorem fails when o € (1/2,1] (see [HWT1]), but understanding what happens when a € (1/2,1]
remains a mystery. Specifically, Kalton conjectured in [Kal04] that for every a € [1/2,1] and every
m € N we have )

€% (loo, 5') S M2, (2)
This conjecture appears as Problem 11.3 in [Kal()4]|ﬂ See the discussion immediately following
Problem 11.3 in [Kal04] for an interesting geometric application that would imply. The esti-
mate holds true when o = 1/2 due to Minty’s theorem, and also when a = 1 by the fact that ¢35
is y/m-isomorphic to £, combined with an application of the nonlinear Hahn-Banach theorem (see
e.g. [BLOO, Lemma 1.1]). Thus is a natural conjectural interpolation between Minty’s theorem
and the nonlinear Hahn-Banach theorem.

Kalton’s conjecture remains an interesting open problem, and in Section we formulate a
conjecture whose validity would imply the validity of . In the reverse direction, to the best of
our knowledge its isn’t known whether would be sharp. We therefore ask the following question.

Question 2. Is it true that e*(loo, £5") 2 m®=2 for every a € (1/2,1)?
We also ask the following variant of Question [2| for the parameter e ({oo, £2).
Question 3. Is it true that €% ({s, f2) 2 (log n)a_% for every av € (1/2,1)7

By mimicking an argument of [JL84] one sees that a positive answer to Question [3| would imply
a positive answer to Question [2| Indeed, for every metric space (X, dx) and a € (0, 1] we have
egrm (X, l2) < 3% (Uoo, £3"). (3)

(The choice of constants in is somewhat arbitrary; see below.) Since is not stated explicitly
in [JL84], we shall now briefly explain how it is proved. Fix S C X with [S] < 2™ and f: S — fo.
Since f(S) is a subset of a Hilbert space of cardinality at most 2", by the Johnson-Lindenstrauss
dimensionality reduction lemma [JL84] there exists a mapping g : f(S) — ¢35 such that

Va,be f(S),  lla—0bl2<g(a) = g®)|2 < 3lla— D2 (4)

LWe note in passing that there is a misprint in [Kal04, Problem 11.3]: in the two displayed equations that appear
there the exponent « erroneously appears in the left hand side of the inequality rather than in its right hand side.



The specific parameters in the Johnson—Lindenstrauss lemma that we take here are valid due to
the bounds in [Ach03, Theorem 1.1]. By the Kirszbraun extension theorem [Kir34],

3;\:1 1 0y — 0y such that ;\:1
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where the last step of uses the left hand inequality in . Also, by the definition of e*({o, £57"),
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where the last step of uses the right hand inequality in . Clearly implies (3).

The link between Question [2| and Theorem [1] is twofold. Firstly, Question [2| presents another
situation in which the linearization strategy of [JL84] for proving extension lower bounds seems
to be insufficient, because bounded linear maps are Lipschitz rather than a-Hoélder for a € (0, 1).
Nevertheless, in Section 4.2f we do show how to use a linearization procedure in the spirit of [JL84]
to bound e*(¢, £5") from below. However, our approach requires a substantial modification of the
argument of [JL84] and at present we do not see how it could yield a nontrivial result for the entire
range « € (1/2,1] (the argument of Sectionyields nontrivial bounds only when o > 1/4/2). The
second link between Question [2] and Theorem [I] is that the bounds that we obtain in Theorem [4]
below are based on a modification of a construction of [JLS86] which is part of a general family of
constructions that were used in related contexts also in [Lan99l [CKR05], and to which the example
that underlies Theorem [I] belongs as well. We elaborate further on this in Remark [19] below.

Here we obtain the best known lower bounds in the context of Question [2[ and Question
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Theorem 4. For every a € (1/2,1] and every m,n € N we have
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e“(loo, 05') 2 m 2 4+ m®
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Importantly, the lower bounds in (8] tend to oo with n for every o € (1/2,1]. A positive answer
to Question (respectively, Question i for a = %—i—a would yield the lower bound e*({s, £5") 2 m°®
(respectively, e ({so, l2) 2 (logn)®), while Theorem [4f implies that

l.e m e—2e2 %""5 e—2e2
€27 (Uoo, 05") Zm and er (loo,¥2) 2 (logn) ,



i.e., the exponents of Theorem [4] match what Kalton’s conjecture predicts up to lower order terms
as a — 1/2%. The exponent a? — 1/2 in the second summands in becomes positive only
when a > 1/v/2, and it becomes greater than the exponent of the first summands in , namely
(2 — 1)/(4ar), only when « € (ap, 1], where oy = 0.837... is the largest root of the polynomial
423 — 42 4+ 1. As « tends to 1 the exponent a? — 1/2 tends to 1/2, so the bounds in yield
an alternative possible interpolation between Minty’s theorem and the nonlinear Hahn—Banach
theorem. We do not believe that this interpolation is sharp and it seems more likely that Kalton’s
conjecture, and correspondingly Question [2| and Question (3| have positive answers. It may very
well be the case that the example that we analyse in Section is itself an example that yields a
positive answer to Question [2, but at present we do not know how to prove this.

1.2. A conjectural strengthening of Ball’s extension theorem. A longstanding open prob-
lem posed by Johnson and Lindenstrauss in [JL84, Problem 1] asks whether or not for every
p € (1,2) and every m € N we have

e(ly, 03") Spmv 2. 9)

Here, and in what follows, the notation A <, B stands for A < C(p)B, where C(p) € (0,00) is
allowed to depend only on p. The notations A 2, B and A <, B are defined analogously.

Johnson and Lindenstrauss were motivated to ask whether @D holds true by a Lipschitz extension
theorem of Marcus and Pisier [MP84], which states that for every p € (1,2) and n € N we have

[N

en(ﬁpv@) Sp (logn)%_ .

Specifically, the validity of @ would yield a new proof of the Marcus—Pisier theorem through
an application of the Johnson-Lindenstrauss dimensionality reduction lemma (we recalled how
such arguments are carried out in the proof of above). Thus, the validity of @D would yield
an illuminating new perspective on the work of Marcus and Pisier [MP84], who proved that
holds true via an entirely different argument.

(10)

Our goal in this section is to formulate a conjecture that implies both Kalton’s conjecture on
the validity of and the Johnson—Lindenstrauss conjecture on the validity of @, in addition
to a wealth of yet unknown Lipschitz extension results. In order to do so, we need to quickly
recall Ball’s work [Bal92] (itself addressing another open question that was posed by Johnson and
Lindenstrauss in [JL84]) on the nonlinear version of Maurey’s extension theorem [Mau74].

For p,q € [1,00], the Rademacher type p constant and Rademacher cotype ¢ constant of a
Banach space (X, || - || x), denoted T),(X) and Cy(X), respectively, are defined to be the infima of
those T, C € [1,00] such that for every n € N and every z1,...,2z, € X we have

1 - P " n ol n q
on > H Z%’%’Hx TP lalk and > lzll% < o > H Z%’%’Hx-
st =1

ee{-1,1}n  j=1 ee{-1,1} j=1

Maurey’s extension theorem [Mau74] asserts that if (X, ||-||x) and (Z,||-||z) are Banach spaces and
FE C X is a linear subspace then for every linear operator U : E — Z there exists a linear operator
V : X — Z that extends U and satisfies the operator norm bound ||V||x—z < T2(X)Ca(2)||U || = z-

In [Bal92|, Ball discovered a powerful nonlinear version of the Maurey extension theorem. In
order to do so, he introduced notions of type and cotype for metric spaces that have since proven
to be useful in several contexts beyond their original use for the Lipschitz extension problem. For
p € (0,00), the Markov type p constant of a metric space (X, dx), denoted M,(X), is defined to be
the infimum over those M € [1, o0] such that for every n,¢ € N, every n x n symmetric stochastic



matrix A = (a;j), and every z1,...,z, € X we have
n n
ZZ Jijdx (zi, ;)P < tMpZZaijdX($i>$j)p
i=1 j=1 i=1 j=1

For ¢ € (0,00), the metric Markov cotype g constant of a metric space (X, dx), denoted N,(X), is
defined to be the infimum over those N € (0, oo] such that for every n,t € N, every n X n symmetric

stochastic matrix A = (a;;), and every z1,...,z, € X, there exist y1,...,y, € X such that
n n 1 t
de i, yi)P + tz; Z:lawdx Yi,y;)P < sz; Z:l i E:I(As)z‘jdx(%xj)p-
=17 i=1 j= s=

Ball’s extension theorem [Bal92] asserts that for every metric space (X,dx) and every Banach
space (Z,] - ||z) we have

e(X, Z7) S Ma(X)Na(Z).

This formulation is not the strongest known version of Ball’s theorem, but it suffices for our pur-
poses; see [MN13a] for a more complete discussion.

Remark 5. In the setting of Ball’s extension theorem one actually needs to know the Markov type
of the complement of the subset from which one wishes to extend rather than the Markov type of
the entire ambient space. Namely, we actually have

e(X, 8, 7*) < My(X ~ S)No(2).

This assertion holds true also for the more general version of Ball’s extension theorem that was
obtained in [MN13a]. The above stronger statement follows effortlessly from an inspection of the
proofs in [Bal92, [MN13a], though it has never been stated in the literature; we believe that it is
worthwhile to record it here for potential future applications.

A beautiful strengthening of Maurey’s extension theorem for finite-dimensional targets was dis-
covered by Konig, Retherford and Tomczak-Jaegermann [KRTJ80], who proved that for every
pe[l,2], g€ [2,00) and m € N, if (X, | -|x) and (Z,] - ||z) are Banach spaces with dim(Z) =m
and ¥ C X is a linear subspace, then for every linear operator U : E — Z there exists a linear
operator V : X — Z that extends U and satisfies

1_1
IVlix—2z Spg To(X)Co(Z)me 4 ||U]| g 2. (11)

See also the expository article of Pisier [Pis79] for an elegant proof of . Important earlier special
cases of the above result (other than Maurey’s extension theorem itself) can be found (via different
proofs) in the works of Lewis [Lew78] and Figiel and Tomczak-Jaegermann [F'T.J79).

In light of , we ask the following question.

Question 6. Suppose that 1 < p < ¢ < oo and that (X, dx) is a metric space with Markov type p,
i.e., My(X) < oco. Suppose also that m € N and that (Z, || - || z) is an m-dimensional normed space.
Is it true that there exists a constant K = K(My,(X),Ny(Z),p,q) € (0,00), which may depend
only on the parameters My,(X), Ny(Z),p, q, such that

1

e(X,Z) < Kmv s ?

Since, by a straightforward application of the triangle inequality, every metric space (X, dx) has
Markov type 1 with M;(X) = 1, for every a € (0,1] the Markov type 1/a constant of (X,dS)



equals 1. Also, by [Ball3, MN13a], for every ¢ € (1,00) we have Nyaxiq21(fg) < Vq/(q—1).
Hence, a positive answer to Question [6] would imply that for every k € N we have

1

1
S — <1 = e¥(loo, M) <, m” max{a2] 12
max{q, 2} @ e*(loo, £g") Sqm (12)

The case g = 2 of is the same as (2)), i.e., Kalton’s conjecture is a special case of Question @
By [Bal92, NPSSOG] for every p € [1,00) we have Myinqp21(fp) S +/p- This implies formally
(directly from the definition of Markov type) that for a € (0,1] the Markov type min{p,2}/«
constant of the metric space (¢, |z —yl|5)) is at most a constant multiple of p®/2. Hence, a positive
answer to Question |§| would also imply that for every p,q € (1,00) and every k € N we have

min{p, 2}

(g SOS T = Uy ) Sy m e (13)

The case p € (1,2), ¢ =2 and a = 1 of is the same as @, i.e., the above conjecture of Johnson
and Lindenstrauss is a special case of Question @ The validity of would complement the fact
that e®(¢p, {;) < oo for every o € (0, min{p, 2}/ max{q,2}], as shown in [NaoO1Il, NPSS06].

At present we see several obstacles to adapting the proofs in [Bal92, MN13a] so as to incorporate
the finite dimensionality of the target in order to answer Question [6] We therefore leave Question [6]
as an intriguing direction for future research, itself part of the Ribe program (see [Ball3, Naol2]).

1.3. Lipschitz extension between ¢, spaces. Theorem yields the best known lower bound on
ae(n) as n — oo, but there are several cases of special interest where the best known lower bound
on e,(X,Z) is o(v/logn). Here we recall the best known bounds when X = ¢, and Y = ¢, for
p,q € [1,00], as a survey of very basic questions on Lipschitz extension that remain open.

The case of Hilbert space-valued functions was famously studied by Johnson and Lindenstrauss
in [JL84)], answering a question posed by Marcus and Pisier in [MP84]. The bounds on e, (¢, ¢2)
that were obtained in [JL84] are as follows, and they remain the best known bounds to date.

Vviogn
m (EOO,EQ) \/ log n. (14)

In the special case of Hilbert space-valued functions defined on finite subsets of £, for p € (1,2),
the best known bounds are

1 1
logn \r 2 1_1
— < en(lp, b)) <, (1 2, 1
(b )" S caltyeta) 5, (logn)? (15)
The right hand inequality in (15]) is due to [MP84] and the left hand inequality in (15| is due
o [JL84], where it is shown to hold for every p € [1,2].

As shown by Makarychev and Makarychev in [MMI10], the parameters e, (¢s, ¢1) and ey (¢1,¢1)
have a special algorithmic significance. The best known bounds for these quantities are

Vlogn logn
LB S el 01) S (16)
vloglogn loglogn’
and
vlogn logn
VOB <o (i) S e (17)
log logn loglogn
The right hand inequalities in (16)) and (17]) are a special case of the general upper bound of [LNO5].

The left hand inequalities in | and (17)) appear in [MMI0], with the left hand inequality of (17] .
being based on the work of Flglel Johnson and Schechtman [FJS88] (an asymptotically weaker
lower bound in follows from earlier work of Bourgain [Bou81]).



By Ball’s extension theorem [Bal92], combined with the fact [NPSS06] that ¢, has Markov type 2
when p € [2,00), if 1 < ¢ <2 < p < oo then e({p,{;) < C(p,q) for some C(p,q) € (0,00). Here the
asymptotic dependence of C(p,q) as p — oo or ¢ — 1 remains unknown. In particular, a famous
and longstanding open question of Ball [Bal92] asks whether e(¢2, ¢;) is finite or infinite. The best
known bounds on e, (¢p, ¢;) for the remaining values of p, q € [1, 00| are as follows.

logn I 1
pg€[l,2] and ¢ #1 = log log 1 Sq enllp, bg) Sp (logn)?, (18)
I 11
P 2 1
t<p<r = W oo 0,0) 5, ogn)s. (19)
(loglogn)»
q—2
logn \ & logn
2 = | —— Sen(lp,ly) S ——— 20
pac@o) = (L) 7 Sty S (20)
1_1 4g-p
logn max{g_i’T 1
l<p<2<q<oe = (@) T enlly b) Sp Qogm)r. (21)

The right hand inequalities in (18], (L9), are due to [LNO5]. More generally, it was shown
in [LN0O5] that for p € (1,2] we have e, (£, Z) <, (logn)'/P for every Banach space Z. It would be
interesting to determine the best exponent of log n in this context of general Banach space targets,
as well as when the target Z is allowed to range over some special classes of Banach spaces (e.g.,
for Banach spaces of cotype 2 it is known [MN13a)] that this exponent cannot be smaller than 1/4).

No upper bound on e, (¢,, ;) that is asymptotically smaller than the general upper bound [LNO5]
of O((logn)/loglogn) is known when p, ¢ € (2,00), and similarly for e, (¢1,¢,) for ¢ € (2, 00).

Let (Z,|| - ||z) be a Banach space that has Rademacher type p for some p > 1. By a theorem
of Figiel and Tomczak-Jaegermann [FTJ79|] there exists K(Z) € (0,00) such that for every n € N
one can find an n-dimensional subspace Z,, of Z that is 2-isomorphic to ¢; and there exists a
projection from Z onto Z, of norm at most K(Z). This implies that for any metric space X we
have e, (X, Z) 2z en(X, f2). In particular, e,(Z,¢;) 24 en(X,¢2) for every ¢ > 1. This implies the
validity of the left hand inequality in , as a consequence of the left hand inequality of .
However, this reasoning does not apply when the target space is ¢1, i.e., in order to prove the
left hand inequality in . For this purpose, one argues by adapting the proof of the left hand
inequality in that appears in [MMI10] (the key tool being [FJS88]); the adaptation of this
argument is simple and we omit it (the result itself, however, is far from trivial).

If (X,|-]lx) is an infinite dimensional Banach space then, by Dvoretzky’s theorem [Dvo61], X
contains a 2-isomorphic copy of ¢4 for every n € N. Consequently, e, (X, Z) 2 e, ({2, Z) for every
metric space Z. In particular, the left hand inequality in follows from the special case p = 2
of the left hand inequality in . The latter inequality consists of two lower bounds, one with
the exponent 1/p — 1/2 and the other with the exponent (¢ — p)/q¢?. Since, as explained in the
previous paragraph, e, (¢p, {q) Zq €n(p, {2), the lower bound with exponent 1/p —1/2 follows from
the left hand inequality in . The lower bound with exponent (g — p)/q? is due to [Nao01], with
the explicit asymptotic dependence being computed when p = 2 in [LNO5, Lemma 1.13], and when
p € (1,2) the corresponding bound follows mutatis mutandis by the same argument.

It is worthwhile to point out here an interesting feature of the left hand inequality in .
Suppose that p € [1,2]. For every n-dimensional subspace Y of ¢, there exists a projection from ¢,
onto Y of norm at most ¢,n'/P~1/2. This assertion follows from the work of Lewis [Lew78], and it is
also a consequence . Thus, for every Banach space Z, every linear operator U : Y — Z can be
extended to a linear operator V' : £, — Z with ||V||s, 7z <p n'/P=12||U|ly_z. Consequently, the



linearization method of Johnson and Lindenstrauss [JL84] cannot yield a lower bound on e, (¢,, Z)
that is at least a constant multiple of (logn)'/?~1/2. However, (¢ —p)/q® > 1/p —1/2 if and only if

(1-v2p—3)° (1-v2p—3)’

3
—<p<2 and 2+

<g<2+ (22)

2 14++2p—-3 2(2—-1p)
So, if p, q satisfy then the left hand inequality in shows that
n(Up, £
i 2 fa) oo (23)
n—oo (10gn)5_§

i.e., we have a lower bound on e,(¢p,¢,;) that is asymptotically larger than any bound that can
be deduced by reducing the problem to the extension problem for linear operators. We conjecture
that the restrictions in are not needed here, i.e., holds true whenever 1 < p <2 < g < co.
It even seems to be unknown whether for every p € [1,2] there exists a Banach space Z for which

en(ﬁp, 7)

(logn)» 2
The best-known result towards seems to follow from [MNI3a], where it is shown that there
exists a Banach space Z for which e, (f2,2) = {‘/ (logn)/loglogn. Hence, by Dvoretzky’s theo-

rem [Dvo61], for every infinite dimensional Banach space X we have e, (X, Z) 2 ¢/(logn)/loglogn,
implying that holds true if p € [1,2] satisfies 1/p — 1/2 < 1/4, i.e., for every p € (4/3,2].

lim
n—oo

= 00. (24)

-

2. ALGORITHMIC CLUSTERING

An algorithmic optimization problem called 0-Faxtension, which we describe below, served as
inspiration for our proof of Theorem In this section we shall survey this background so as to
clarify the context and explain the “twist” over the existing approaches to 0-Extension that we
introduce in order to prove Theorem [I| We stress, however, that our present work does not have
new algorithmic implications, and the sole purpose of this section is to explain how this context
motivated our approach to Theorem [I} Those who are interested only in the proof of Theorem
can skip this section on first reading: the proof itself appears in Section [3| below and is entirely
self-contained, with none of the algorithmic background that we describe here being used.

In what follows, the vertices of a combinatorial graph G are denoted Vi and its edges are denoted
Eq. The 0-Extension problem is a clustering framework for finite graphs that was introduced
by Karzanov [Kar98]. The input of the 0-Extension problem is a graph G with edge weights
w: Eg — [0,00), and a subset T' C Vi equipped with a metric dp : T' x T — [0,00). The subset T
is called in the literature the set of terminals. The output of the 0-Extension problem is a partition
of Vi into |T| subsets {C, C Vi }rer with the requirement that x € C, for every x € T. The cost
of this partition is defined as follows. Every edge {u,v} € Eqg with [{u,v} NCy| = {u,v}NCy| =1
for some distinct x,y € T contributes its weight w(u,v) times dr(z,y) to the total cost, and all
other edges (i.e., edges that are entirely within one cluster C, for some z € T') do not contribute to
the total cost. The goal is to find efficiently (in polynomial time) such a partition with minimum
cost, or with cost that is guaranteed to be close to the minimum possible cost. Formally, define

det
COST (G wdy) ({Cataer) = D > w(u,v)dr(z,y),
z,yeT {u,v}€Eqg
22y |{uw}nCrl=|{uv}NCyl=1
and
OPT(G, w,dr) ™ min COST(Guiz) ({Cataer) - (25)

{Cz}zeT partition of Vg
VaeT, xzeCy



The goal is to find efficiently a partition {Cy},er of Vi with x € C, for every x € T such that

COST(G,w,dT) ({Cx}IEGT)
OPT(G,w,dr)

is guaranteed to be at most a (hopefully small) value « € [1, 00).

Obtaining o« = 1 here would imply that P = NP, since in the special when w(u,v) = 1 and
dr(z,y) = 1for every {u,v} € Eg and every distinct z,y € T, the quantity COST G 4,a;) ({Cu }zeT)
is nothing more than the total number of edges that are incident to distinct elements of the partition
{Cy}zer. Computing the minimum cost in this special case is the MULTIWAY CUT problem, and
it was shown in [DJPT94] that if P # NP then there exists ap > 1 such that no polynomial-
time algorithm outputs a partition whose cost is guaranteed to be less than g times the minimum
possible cost. For the 0-Extension problem in its full generality, it was shown in [KKMRO09] that for
every € € (0,1) there exists C(g) € (0,00) such that the existence of a polynomial-time algorithm
for 0-Extension whose approximation factor on instances of size n is a < (logn)/*~¢ would imply
that any problem in NP of size n could be solved in time exp((logn)¢().

Due to the above evidence for the nonexistence of a constant-factor approximation algorithm for
0-Extension, the literature has focused on the design of approximation algorithms with potentially
unbounded approximation factor, based on two competing continuous relaxations of the discrete
optimization problem. The first is the metric relaxation, which was formulated in [Kar98] and
studied extensively in [CKR05]. Given an instance of 0-Extension, i.e., an n-vertex graph G, a
metric dr : T x T — [0,00) on a subset T' C Vi, and edge weights w : Eg — [0, 00), define

def .
MET(G,w,dr) = d . 26
(G, w,dr) d:VGXI‘%g[O,oo) Z w(u, v)d(u,v) (26)
dlp=dr {u,U}GEG

d is a semi—metric

The minimization in the right hand side of amounts to a linear program because the constraint
that d : Vg x Vg — [0,00) is a semi-metric that extends dr corresponds to O(n?) linear inequalities
in the variables {d(u,v)}y vev,. Therefore MET(G, w, dr) can be computed in polynomial time.

A second relaxation for the 0-Extension problem, called the earthmover relazation, was proposed
in [CKNZ05] and studied extensively in [AFHT04, KKMR09]. The idea is similar to (26]), except
that the semi-metric d : Vg x Vg — [0, 00) is further restricted to a special class of semi-metrics, over
which the corresponding minimization can still be cast as a linear program. Given two measures
w,v on T with the same total mass, i.e., u(T) = v(T), let II(u,v) be the set of all couplings of
p and v. Thus, H(u,v) consists of all the measures m on T' x T such that > ., 7(z,y) = p(z)
and ZyeT 7(y,z) = v(z) for every « € T. The assumption that u and v have the same total mass
ensures that II(p, v) # 0; specifically (u x v)/u(T) € II(u, v). The Wasserstein 1 distance between
w and v (also known as the earthmover distance between p and v) is defined to be

wi ) dp( 27
()= min Z (@, y)m(x,y). (27)

Let P denote the set of all probability measures on 1" and define

EMD(G,w,dr) ©  min ST w(u o)W (). (28)
{Butuevg CPr B
VzeT, jp=0, (WvI€Ec
Here for « € T the point mass at x is denoted d,. The minimization in the right hand side of
also amounts to a linear program, with variables corresponding to couplings 7, of the probability
measures i, and j, for each {u,v} € Eg, and objective } ¢, 1ep, D g yer W(w, 0)dr (@, y)Tun (2, y);
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the requirements of being a probability measure or a coupling are clearly linear constraints. The
quantity EMD(G, w, dr) can therefore be computed in polynomial time.

If {ptw}uev, € Pr are such that p, = 0, for every z € T then d(u,v) = WldT(,uu,,uv) is a semi-
metric on Vg that extends dp. Consequently, the minimization in is over a smaller set than
the minimization in (26)). At the same time, if {Cy},er is a partition of Vi with z € C, for every
x € T, then by defining u, = d, for every (u,x) € Vg x T we see that the minimization in is
over a smaller set than the minimization in . These observations show that every instance of
0-Extension satisfies

MET(G, w, dr) < EMD(G,w, dr) < OPT(G, w, dr). (29)

Building on ideas of [CKRO5|, it was shown in [FHRTO03] that every instance of 0-Extension
satisfies OPT(G, w,dr)/MET(G,w,dr) S (log|T|)/loglog|T'|. This yields the best known ap-
proximation algorithm for the 0-Extension problem, the algorithm being to compute the quantity
MET(G,w,dr), i.e., to apply the metric relaxation. It follows from that by using the earth-
mover relaxation, i.e., by computing EMD(G, w, dr), one could potentially obtain an even better
algorithm. This was realized in [AFHT04] in special cases (e.g. when (T, dr) is a planar graph),
but in [LNO3] it was shown that the same approximation guarantees as in [AFHT04] can be ob-
tained by using the metric relaxation. Nevertheless, in [KKMRO09| it was shown that in a certain
sense the earthmover relaxation of 0-Extension does perform better than the metric relaxation: the
earthmover relaxation behaves better than the metric relaxation if one measures the approximation
factor in term of the ratio between the largest distance and the smallest nonzero distance in (7', dr).

On the negative side, it was shown in [CKRO05|] that there exist instances of 0-Extension with
|T| arbitrarily large and OPT(G, w,dr)/MET(G,w,dr) 2 \/log|T|. More recently, in [KKMR09]
it was shown that there also exist such instances with OPT(G,w,dr)/EMD(G,w,dr) 2 +/log|T|.

As described above, the earthmover relaxation of 0-Extension is in principle better than the
metric relaxation, but at present the general bounds that are available in the literature are to a
large extent the same for both relaxations. Nevertheless, our approach to Theorem [I] is based on
exploiting the differences between the metric relaxation and the earthmover relaxation. The idea is
that if an instance of 0-Extension behaves significantly worse for the metric relaxation than for the
earthmover relaxation then the terminal metric (T, dr) can be embedded isometrically into a larger
semi-metric (Vg,d) for which 3, 1ep, w(u,v)d(u,v) is much smaller than OPT(G,w,dr), yet
whenever one assigns to every vertex u € Vi a probability measure u,, € P such that p, = §, for
every x € T, then Z{u,v}EEG w(u, v)WldT (s, o) must be close to OPT(G, w, dr). This discrepancy
between the two relaxations can be used to show that the mapping that assigns to every x € T the
point mass d, € Py cannot be extended to a function from (Vg,d) to (P, Wld T) that has a small
Lipschitz constant. Here the target space (Pr, WldT) is not a normed space, but this idea can be
modified so as to yield a poorly extendable function with values in a related normed space, namely
the dual of the space of real-valued Lipschitz functions on (7', dr) that vanish at a fixed point. In the
end, the entire argument as presented in Section [3] uses geometric and combinatorial considerations
that are self-contained and do not make any reference to the clustering objective OPT(G, w, dr).
The examples of metric spaces that we use to prove Theorem [I| are modifications of the examples
that were considered in [CKRO5|, which are themselves in the spirit of an example that was used
in [JLS86] (and, we use yet another variant of the example of [JLS86] to prove Theorem [4)).

3. PROOF OF THEOREM [

Before passing to the proof of Theorem [l which appears in Section below, we need to recall
some (simple) background and to introduce some basic constructions.
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3.1. The r-magnification of a metric space. Given a metric space (X, dx) and r > 0, for every
subset S C X we shall define a new metric space X,.(S) that we call the r-magnification of (X, dx)
at S. As aset, X,.(S) equals X. The new metric dx, () on X is defined by setting dx, (s)(v,x) =0
for every x € X, and by defining for every distinct =,y € X,

def
dXT(S)(xay) = dX(:r,y)+r\{x,y}ﬂS\. (30)

It is immediate to check that dy, (g) is indeed a metric on S. Note that this construction increases
all the positive pairwise distances within S while keeping the pairwise distances within X ~ S
unchanged. This is the reason for our choice of terminology. If G is a connected graph then dg
will always stand for the shortest-path metric on Vi, and for S C Viz and r > 0, the metric space
G, (95) will always be understood to be the r-magnification of (Viz,dg) at S.

The relevance of the r-magnification of (X,dx) at S C X to potentially proving impossibility
results for Lipschitz extension is simple to explain. By making the positive pairwise distances
within S larger, we make it easier for functions that are defined on S to be Lipschitz, so there are
more “potential counterexamples” on (S, dx, (s)) than there were on (S,dx). At the same time, by
keeping the pairwise distances within X ~\ .S unchanged, we do not make the Lipschitz condition
on V ~\ § any less stringent. However, there is a limitation to this reasoning because as r becomes
larger the minimum positive distance in (5, dx, (5)) becomes closer to the diameter of (5, dx, (s)),
in which case bounds on ae(e) become relevant. Indeed, by any distinct x,y € S satisfy

2r+1

A (s)(@9) 2 20 +1 = 5o S diam (S, dx, s) (31)

Since ae(e) < 1/e, it follows that any 1-Lipschitz function from (S, dx, (5)) to any Banach space can
be extended to a function defined on (X, dXT,(S)) whose Lipschitz constant is at most a constant
multiple of (2r + diam(S,dx))/(2r + 1) < 1 + diam(S,dx)/r. There is therefore a tradeoff that
limits how large r could be if one wishes to use the r-magnification for the purpose of obtaining
a lower bound on ae(n). Below we shall balance these constraints, for an appropriate choice of an
initial metric space (X, dyx), so as to yield Theorem

3.2. The Wasserstein 1 norm. For a finite set X we denote (as usual) by RX the | X |-dimensional
vector space of all f : X — R. We also denote by R the subspace of RX consisting of those
f+ X — R that satisfy >,y f(z) = 0. The standard basis of R* will be denoted by {e;}sex,

i.e., ex(y) = 1gz—yy for every z,y € X. For f € RX we shall use the (standard) notation

1l = 3 1f(2)

zeX
If (X,dx) is a finite metric space then let K(x 4,) C R be the the following convex hull.
Kixq défconv{e‘r_eyzxyEXandaj#y}. (32)
(X:dx) dX (I’, y) ’

K(x,4y) is clearly an origin-symmetric convex body, so it is a unit ball of a norm on R, called the
Wasserstein 1 norm induced by X, which we denote by |||y, (x,4x)- By the Kantorovich-Rubinstein
duality theorem (see [Vil03, Thm. 1.14]), denoting as usual f* = max{f,0} and f~ = max{—f,0}
for every f € RX, and recalling , we have

YIRS, flwcran = WX = inf Y dx(@yn(zy).  (39)
’ z,yeX
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Observe that this makes sense because the assumption f € ]Rg)( , i.e., that >~y f(z) = 0, implies
that the nonnegative functions f* and f~ satisfy, > oy fT(2) = > ,cx [ (). So, fT and f~ are
nonnegative measures with the same total mass.

We record for future use the following very simple lemma.

Lemma 7. Let (X,dx) be a finite metric space. Then |, — eyllw,(x,ax) = dx(z,y) for every
z,y € X and

1 . 1.
VieRy, g min dx@p)lflaco < 1 wovan € G0mCOflaco: (Y
a5y
In particular, for everyr >0 and S C X we have
diam(X)
VEERS,  rlfllacs) < I lwisis oy < <r+ 2) 1 llscs)- (35)

Proof. The fact that ||ez—ey|lw, (x,dx) = dx (7, y) for every distinct z,y € X is immediate from ,
and also directly from (32), which says that (e, — ey)/dx (2, y) has unit norm in Wi (X,dy). To
prove , denote by m the minimum nonzero value that dx attains. For distinct z,y € X,

— ey —€ 2
B P I
vy A Y

This means that for every distinct z,y € X we have (e;—ey)/dx(z,y) € (2/m)By, (x), where By, (x)
is the unit ball of ¢;(X). By we therefore have K(x q.) C (2/m)By, (x), which is the same as
the first inequality in . The second inequality in follows directly from , noting that
the sum in the right hand side of is at most diam(X) > . f1(x) = diam(X)]| f[l¢,(x)/2. The
estimate is a special case of because by the minimum nonzero distance within S of
the r-magnification of X at S is at least 2r, and the diameter of X, (5) is at most 2r +diam(X). O

3.3. Properties of expanders. In the proof of Theorem [I] we shall use several properties of
graphs in general, and expander graphs in particular. Here we collect these facts for ease of later
reference. Fix two integers n,d > 3 and let G be a connected n-vertex d-regular graph. Recall that
the shortest-path metric that G induces on Vi is denoted dg. The following estimate is standard.

1 log | S|
Vi #£SCVg, 5P > dalx,y) > Togd
z,yeS

(36)

To quickly verify the validity of , observe that since the smallest nonzero distance in G is at least
1, the average that appears in the left hand side of is always at least |S|(|S|—1)/|S|? = 1-1/|S].
One checks directly that 1 — 1/a > (loga)/(4log3) for every a € {1,...,15}, so in order to
establish we may assume that |S| > 16. Denote k = 1 + [log,(|S|/4)] and observe that for
every z € Vg the number of y € Vg with dg(x,y) < k—11is at most 14+d+...+d* !t < 2d¥1 < |9]/2.
The average that appears in the left hand side of is therefore at least k/2, and it remains to
note that k£ > log;(|S]/4) > (log|S|)/(2logd), since |S| > 16.

Fixing S C Vi and r > 0, we shall need later the following straightforward evaluation of the
average length of edges of G in the r-magnification of (G,dg) at S.

1 2r|S
— > dgsly) =1+ 151 (37)

|Ec| n
Indeed, let F; be those edges in E¢ that are contained in S and let Es be those edges in Fg
that contain exactly one element of S. Because G is d-regular, we have 2|E;| + |Eq| = d|S].
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Recalling ([30), for every {z,y} € E; we have da,(s)(z,y) = 2r + 1, for every {z,y} € E2 we have
da,(s)(z,y) = r+1, and for every {z,y} € Eg \ (E1U E2) we have dg, (s)(7,y) = 1. Consequently,
(IEc| — |EL| — [Eo|) + (2r + D|E1| + (r + 1)| By

d,(s)(z,y) =
E Z Gr(S) B
|Eq| G\ (oyeEe |Eq|

r(2|Er| + |E2l)
dn/2
Given two disjoint subsets S,T C Vi, denote the number of edges in E¢ that intersect both S
and T by Eg(S,T). The edge-expansion of GG, denoted ¢(G), is the largest ¢ € [0,00) such that

|51 (n ISI)

=14+

(S
_qq 2I8L
n

VSC Ve, Ea(SVa~5)zé [Ec- (38)

It is well known that | is equivalent to the assertion that every h : Vg — f; satisfies.
1
2 Z [z Yl < ol > @) = h@)lh- (39)
x,y€Va ¢ {zy}€Ec

The equivalence of and is a standard application of the cut-cone decomposition of subsets
of ¢1; see e.g. inequality (4) in [Mat97] or [NRS05, Fact 2.1]. The following simple combination
of and Lemma will be used later.

Lemma 8. Fizn € N and ¢ € (0,1]. Suppose that G be an n-vertex graph with ¢(G) > ¢. For
every ) #S C Vg and r > 0, every F : Vg — Rg satisfies

1 2r + diam(S,dg) 1
3 Y IF@) = POl (5.4, s < e TEa Y @) = FW)llw, (g, s
z,yeVg {z,y}€Eqg

Proof. By we have
1 1
w2 IF@ - Flas < g 20 1P~ FOlgs (40)
z,yeVg {z,y}€Ea

Recalling , we have diam(S,dg, (s)) = 2r + diam(S,dg) and the smallest positive distance in
(S, dg,(s)) equals 2r + 1. So, by Lemma every x,y € Vg satisfy

2r + 1 2r 4+ diam(S, dg)
1E(x) = F(Y)lle, ) < 1F (@) = FW)llw, (5.6, 5) S 5 1E(z) = FW)llg, ()
Lemma I now follows by substituting these estimates for pairwise distances into (40)). (Il

We end by recording for future use the following direct consequence of Menger’s theorem [Men27].

Lemma 9. Let G be an n-vertex graph and A,B C Vg satisfy ANB = 0. Fiz ¢ € (0,00)
and suppose that ¢(G) > ¢. Then the number of edge-disjoint paths joining A and B is at least
¢min{|A|, |B|}|Eq|/(2n). In other words, there exists an integer m > ¢min{|A|, |B|}|Eq|/(2n),
ki,... km € N and {u;1,u2,. .., %5} € Vg such that {u;a}ir, € A, {uik, }ir, € B. More-
over, {u;s,uis+1} € Eqg for every i € {1,...,m} and s € {1,...,k; — 1}, and if for some
i,je{l,....om}, se{l,...;ki—1} and t € {1,...,k;j — 1} we have {ujs, wis+1} = {ujs, ujes1}
then mecessarily i = j and s = t.

Proof. Let m be the maximal number of edge-disjoint paths joining A and B. By the classical
Menger theorem [Men27] (see also e.g. [Diel(, Chapter 3]) there exists a subset of edges E* C Eg
with |E*| = m such that every path in G that joins a vertex in A with a vertex in B contains an
edge from E*. Since in the graph G* = (Viz, Eg ~ E*) there is no path that joins an element of A
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with an element of B, if we let C C Vi be the union of all the connected components of G* that
contain an element of A then C O A and C N B = (). Since C is a union of connected components
of G*, all the edges of E¢ joining C' and Vg \ C belong to E*. Hence, E¢(C, Vg~ C) < |E*| = m.
It remains to note that by we have

max{|C|,n — |C[} - min{|C|,n — |C[} ¢ min{|Al, | B[} Ec|

m = Eq(C,Vag~C) = ¢ 2 |Eg| > o , (41)
where the last step of holds true because clearly max{|C|,n — |C|} > n/2, and since C O A
and Vg~ C O B we have min{|C|,n — |C|} > min{|A|, |B|}. O

3.4. A Wasserstein-valued poorly extendable function. Fixd,n € Nand ¢ € (0,1). Through-
out this section, G will be fixed to be an n-vertex d-regular graph with ¢(G) > ¢. We shall also
fix ) £S5 C Vi and r > 0. Define a mapping

£ (S, dg,s)) = (Rg, - HWl(&dGr(s)))
by

Vees,  fla) ex—‘;’Zez. (42)
z€S

Thus f is an isometry (recall Lemma . Suppose that F' : Vg — Rg extends f and for some
L € (0,00) we have

Veye Vo, I1F@) = FO)llwsag ) < Lda,s) (@ y). (43)

Our goal is to bound L from below.
For every z € Vi and s € (0,00) define Bs(z) C Vi to be the inverse image under F' of the
W1(S,dg, (s))-ball of radius s centered at F(z), i.e.,

def

Bo(2) = {y € Vo i @) = F@)lwi(siag, o) <5

By Lemma [9] there exists an integer

m > 2 min {15~ B,(@)][B.(@)]} (44)

and m edge-disjoint paths joining S\ Bs(x) and Bs(x). This means that we can find k1,...,k, € N
and {21, 25,2, -5 2jk; Hjoy © Vi such that {2;1}70, C S\ By(x), {2k, }72; € Bs(), and such

that {{z;i,2ji+1}:7€{1l,....,m} N ie{l,... kj —1}} are distinct edges in Eg.
Let J C {1,...,m} be such that {z;};c are distinct and {z;1}cs = {#i1}/%,. For every j € J

denote the number of those ¢ € {1,...,m} for which z;; = z;1 by d;. Since {{z;1,2i2}}/", are
distinct edges in Eg, and G is d-regular, max;csd; < d. Because ) jed d; = m, it follows that
m ,
71> 2 S Cmin (15 < By [B,(0)]) (15)

The following lemma provides an upper bound on |J| that we will later contrast with (45).

Lemma 10. Under the above notation and assumptions we have

16nLd]l 2
|J| < max{dm(s_”, bnLdlog d (1 + T?LS>}. (46)

logn
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Proof. If |.J| < d"(*=7) then we are done, so we may assume that |J| > d*(~") or equivalently
log|J]|
— . 47
sTrs 16logd (47)
Observe that because {zj1}jes € S and F|g = f is an isometry on (S,dg, (s)),
. (39D
Vi, jeJ, 1F(zi,1) = F(zj0) Wi (S.dg,s)) = dan(9)(Zi15 251) LD da(zi1,2j1)- (48)
Hence,
Z HF(Zjvl) - Z]7 HWl SdGT(S)) (49)
jEJ
2|J| ZJ (H Zzl (Zz‘,ki)HWl(s,dGT(S)) + HF(ZJ} ) — F( ZJ7 le Sdcrw)))
€
2|J| ZJ <” %) (Zj’l)HWl(SvdGr(Sﬂ — [P (i) = Flzj, le Sdcr<5)))
’je
2|J| > do(zia, ) = (s = 1)|J] (50)
iyt
|J]log|J] /| log | ]|
> 081 110811 51
8logd (s =mlJ1 > 16logd ’ (51)

where in we used and the fact that, because {zj,}jes € Bs(x), it follows from the
definition of B4(x) that for every i,j € J we have

1 i) = F(Zik) wi(Sda, s)) S 1F (Ziks) = F@)wa(sda, s) T 1F(@) = F(zik) [l (s,dg, s) < 25

The penultimate inequality in is an application of , and the final inequality in uses .
The quantity in can be bounded from above using the Lipschitz condition and the
triangle inequality as follows.

kej—1
o FGE) - Fik) | (.06, ) S LY des)(zi0,2ik) S LYY day(s)(270: z41)- (52)
ieJ jes jed i=1

Since {{2j,2ji+1} :j€J N i€ {l,...,k;j —1}} are distinct edges in Eg,

@& nd 2r|S
> days(wn) D5 <1 + 7L‘> . (53)

{U,U}EEG
A substitution of into , and contrasting the resulting estimate with , yields

Lnd 2r|S|\ _ |J|log | J]
1+ > .
2 161log d

kj—1

Y da sz zir) <

jeJ i=1

(54)
It is elementary to check that if a € [1,00) and b € (1, 00) satisfy aloga < b then a < 2b/logb. By
applying this with a = |J| and b = 8 Lndlogd(1 + 2r|S|/n) > n, we see that implies that

16nLdlogd ( 27“]5])
- =2 l_i_i ,
logn n

thus completing the proof of . O

7] <
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Corollary 11. Suppose that the following conditions hold true.

d16s r) (b‘S‘ and L < ¢’S“Ogn

(55)
128 (1 27"'5'> ndlogd
Then |S|
max [B,(0)] < 2. (56)

Proof. Fix x € V. If Bs(xz) NS # () then it follows from that there exist y, z € Bs(z) NS with
log B, () N S|

4logd
At the same time, since y,z € S and F|s = f is an isometry on (S5, dg, (s)), we know that

da(y, 2) > (57)

(30)
de(w,2) +2r D dg (5(4.2) = 1F0) ~ F&) s o
<F) = F@)lw,(s.dg, o) T @) = F)llw, (s.ag, s < 25 (58)
where in the last step of we used the fact that y, z € Bs(x). Contrasting and yields
ST _ 2|
8 )
where we used the first assumption in (and that ¢ < 1 < |S]). It follows from that
|S~\ Bs(x)| = 3|S|/5. By combining and with this lower bound on |S \ Bs(x)| we see that

. [3]9] 4d*¢=7) 64nLdlogd 2r|S|
mln{5,|st(x)|} <max{ o ologn 1+T . (60)

But, the two assumptions in imply that 3|S|/5 is greater than the right hand side of (60]), so

1Bs(z) N S| < d¥77) < (59)

4d'%(s=") 64nLdlogd 2r|S| S|
B 14— < —. O
1By(2)] < max{ - ’¢1ogn<+n> °
Corollary 12. If the conditions in are satisfied then
s
L> . 61
9 (1 n dlam(G dG)) (1 i 27"7|15’|) (61)
Proof. For every x € Vg and y € Vg \ Bs(z) we have ||F(z) — F(y)HWl(SvdGT(S)) > s. Hence,
1 1
o Y @) - POl > Yo S 1P~ POl s o)
z,yeVa z€Vg yeVa\Bs(x)
s maxgzev, |Bs(z)]\ G s
> 5 Y e B 2 s (12 B By
zeVa
At the same time, by Lemma [§| we have
1 2r + diam(S, dg)
5 X @) = FOlwisie, o) < et 2 IF@) = FO) s,
z,y€Ve ¢ {z,y}ekq
L( dlam(f,dc)) & L <1 n dlam(G dg)) (1 n 2r|5|>
< Y das(my) = (63)

P|Ec| ¢
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The desired estimate (61]) follows by contrasting (62]) with ( . O

Theorem 13. C’ontmumg with the same notation as above, if 0 < r < diam(G,dg) then

L> o . [|S|logn 16r2logd + rlog(¢|S|/8)
1+ 7“|5| ndlogd’  diam(G,dg)logd

Proof. 1f 167 log d+log(¢|S|/8) < 0 then ((64) is vacuous. Supposing that 16r log d+log(¢|S|/8) > 0,
choose s = r + (log(¢]S|/8))/(16logd), so s > 0 and d16 5= 7") = ¢|S|/8. The first inequality of (55
is therefore satisfied, so either the second inequality in fails, corresponding to a lower bound
on L, or by Corollary |12 the lower bound on L in is satisﬁed. This simplifies to give (64). O

(64)

For a wide range of the parameters (i.e., n, d, ¢, diam(G, d¢), |S|,7), Theorem [13]yields a nontriv-
ial lower bound on the Lipschitz constant of any mapping F' that extends the 1-Lipschitz function
f given in . Rather than treating the general case, we shall now proceed to compute an optimal
setting of the parameters in (64) when G has the property that diam(G,dg) < (logn)/logd and
¢(G) =< 1. Such graphs exist for any degree d > 3 and arbitrarily large n € N, and in fact this holds
true with probability tending to 1 as n — co when G is chosen uniformly at random from the finite
set of all n-vertex d-regular graphs; for the diameter of random regular graphs see e.g. [BEdIV82]
and for the expansion of random regular graphs see e.g. [HLW06, Theorem 4.16].

So, if ¢ < 1 and diam(G, dg) < (logn)/log d, and continuing with the assumption of Theorem [L3]
that 0 < r < diam(G, dg), the lower bound ( . ) becomes

|S|logn r(rlogd+log|S]|)
ndlogd’ logn

~ Sl
n

The optimal choice (up to constant factors) is to take S C Vg with |S| = [ny/dlogd/+/logn| (this
is allowed provided n is large enough so as to ensure that |S| < n, specifically it suffices to assume

that n > d%) and r =< \/logn/+/dlogd. With these choices we see that L > v/logn/+/dlogd. Thus,
Vviogn

elnyatogd)/yioen) (Gr(S), Wi (S, dg,(s))) Z Jdlosd (65)
For fixed d (say, d = 4), the estimate implies Theorem ]

Remark 14. The above reasoning also provides a new example showing that ae(¢) 2> 1/e. Recall-
ing (B1), every distinct z,y € S satisfy da,(s)(x,y) = ediam(S, dg, (s)) where ¢ < r/diam(G, dg).

When diam(G,dg) < (logn)/logd and r < /logn/+/dlogd, this becomes ¢ < +/logd/+/dlogn.
The lower bound L 2 +/logn/+/dlogd therefore becomes L = 1/(ed).

4. PROOF OF THEOREM [

In Section [1.1| we defined the parameters e*(X, Z) and e% (X, Z), for every a € (0,1], n € N and
every two metric spaces (X, dx) and (Z,dz). Below it will be convenient to also use the analogous
notation e*(X, S, Z) for S C X, i.e.,

(X, 8,7) L e((X,d%), S, (Z,dz)).
Theorem [4] asserts the validity of the following four lower bounds for every m,n € N.

2a—1 20—1

e (loo, 05') 2 m 4 and en(loo, l2) 2 (logn) 2o, (66)
and 2 1
logn \& "2
«a my > a?2-1 o > g
e (loo, 05") Z m™ "2 and ey (loo, l2) 2 (loglogn> . (67)
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The proof of appears in Section below, and the proof of appears in Section below.

4.1. Twisted unions of hypercubes. For m € N we identify the discrete hypercube {0, 1} with
F35', the vector space of dimension m over the field of size two Fo. We let ey, ..., e, denote the
standard basis of ;' and write e = e + ... 4 €p,.

Lemma 15. Suppose that o € (3,1] and r, s € (0,00) satisfy

2 201 2 20—l
(2a)2s(2r)201 > ((m)zafl —1) . (68)
Define for every (x,i), (y,j) € F§* x Fa,
1
win {sle = ylh. 20+ o )} it 0= =1,
: y def 1
d((2,1),(4,5)) = § |z —y||2° if i=j=0, (69)
1
et min{llo ~ ol - ol )it i £
Then d is a metric on Fg* x Fa.

Proof. Recall that if w : [0,00) — [0,00) is concave, nondecreasing, and satisfies w(0) = 0, then
w o dx is a metric on X for every metric space (X,dx). An application of this observation to the
mapping ¢ — t1/(2%) which is concave because a > %, shows that d is a metric on F5* x {0}. Also,
since both of the mappings t — st and t — 2r + t1/(2%) are concave and increasing, the mapping
t +— min{st, 2r 4 t'/2®)} is concave and increasing. Consequently, d is a metric on F§* x {1}.

It therefore remains to show that if 4, j, k € {0,1} satisfy {7, j,k} = {0,1} and x,y, z € FJ* then
d((z,1),(y,7)) < d((x,1),(z,k))+d((z, k), (y,7)). By translation and permutation of the coordinates
we may assume that z =0 and y = e; +...+e¢, for some a € {1,...,m}. In this case, note that if z
has a nonzero entry outside {1,...,a} then both ||z||; and ||y — z||; will decrease if we change that
entry of z from 1 to 0. By the definition of d in (69)), this shows that d((z,1), (z, k))+d((z, k), (y,5))
will decrease if we set all the entries of z that are outside {1,...,a} to be equal 0. It therefore
suffices to prove that for every a € {1,...,m} and b € {1,...,a — 1} we have

d((0,i),(e1+...+eq,j)) <d((0,i),(e1+...+ep, k) +d((e1+ ... +ep k), (e1+...+€q,7)). (70)
We shall establish the validity of through the following case analysis.

Case 1: i = 5 = 0. In this case necessarily kK = 1, so by the desired inequality becomes
aza <2r+min{sb,bi}+min{s(a—b),(a—b)i}. (71)

The mapping w : [0,00) — [0,00) given by w(t) &f min{st, !/} is concave, increasing and
satisfies w(0) = 0. Consequently, w(b)+w(a—b) > w(a). So, in order to prove it suffices to show
that o'/ < 2r 4+ w(a) = 2r + min{sa, a’/?®}. We therefore need to show that o'/ < 2r + sa.
Define ¢ : [0,00) — [0,00) by ¢(t) = 2r + st — /(%) The minimum of ¢ on [0, c0) is attained at
tmin = 1/(2a05)2%/(2=1) Hence, by our assumption we have

3(a) > Ptmin) = 2r + —— 5 — Y S C
(2as)2o-1  (2aus)2a—T1 ((20r)2v5)7a—1

Case 2: ¢ = j = 1. In this case necessarily k = 0, so by the desired inequality becomes

min {sa, 2r + aﬁ} < 2r + min {sb, bi} + min {s(a —b),(a— b)i} . (72)
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As in Case 1, by the subadditivity of w we see that in order to prove it suffices to show that
min{sa, 2r + a'/?®} < 2r + w(a) = 2r + min{sa, '/ ¥}, which is immediate.

Case 3: {i,5} = {0,1}. In this case, by interchanging the roles of b and a — b, if necessary, in order
to prove the desired inequality one must show that the following two inequalities hold true

1 1 1
r—f-min{sa,am} < b2 +T+min{s(a—b),(a—b)2a},

and
1

T+min{sa,a5} < r—l—min{sb,bi} —i—min{s(a— b),2r + (a — b)ﬁ} .
Thus, we need to check that
1 1 1
min{sa,a%} <b%+min{s(a—b),(a—b)%}, (73)
and
1 1 1

min {sa,a%} < min {sb, bﬂ} + min {s(a —0),2r + (a — b)%} . (74)

Inequality follows immediately from the subadditivity of w as follows.
min {sb, bi} + min {s(a —0),2r + (a — b)i} > w(b) +w(a—0b) > w(a) = min {sa, ai} .

Since the mapping ¢ — /(%) is subadditive, we have b'/?®) 4 (¢ —b)1/(2%) > ¢1/(22) Therefore, in
order to prove (73)) it suffices to show that b'/(?®) 4 5(a—b) > min{sa, a'/?*}. Define ¢ : [0,a] — R
by 1(t) = /(% 4 s(a—t). Then v is concave. It follows that the minimum of t on the interval [0, a]
is attained at one of its endpoints, and therefore 1 (b) > min{(0), ¢ (a)} = min{sa,a'/?®}. O

The proof of the following theorem is a variant of an argument of [JLS86].

Theorem 16. Continuing with the notation of Lemma and assuming from now on that the
condition is satisfied, define f : FJ* x {0} — 5 by setting f(z,0) = x for every x € F§'. Then
|| f(x,0) — f(y,0)||2 = d((z,0), (y,0)* for every z,y € Fy'. At the same time, if F' : F§* x Fo — (5}
extends f and satisfies ||F(u) — F(v)||2 < Ld(u,v)® for some L € (0,00) and every u,v € F§* x Fy
then we necessarily have

NLD

L>2 —m.
s/m + 2re

Proof. Note that for every z,y € F3' we have

1f(,0) = f(y,0)ll2 = llz = yll2 = V/llz — yll = d((=,0), (y,0))%,

by the definition of d in . Next, the assumptions on F' imply that for every z,y € F5* and every
j€{1,...,m} we have

(75)

IF(z +ej,1) — Fz,D)]l2 < Ld((x + ¢, 1), (,1))* & Lmin {s*, 2r + 1)°} < Ls®.
Hence, .
SO IF(z+e5,1) — Fa, 1)]3 < m2™ L5 (76)
j=1zeFp
Also, the following estimate holds true for every x € F3'.
|F(@+e,1) = F(a,1)]2
> [|[F(z+e,0) = F(z,0)]2 = | F(z +e,1) = F(z +€,0)[]2 — [ F(z,1) = F(x,0)]]2
> || f(x+e,0)— f(z,0)||2 — Ld((z + e, 1), (z +€,0))* — Ld((z, 1), (z,0))*
=/m — 2Lr".
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Hence,
ST F(+e,1) = Fz,1)[3 > 2™ (max {/m — 2Lr*,0}). (77)
z€eFy

By a classical inequality of Enflo [Enf69] (see also [Mat02} § 15.4]),

Yo F@ e ) = Fa,DI3<Y " > IF(@+e,1) - Fla, D5 (78)

zEFP j=1 zeFy
A substitution of and into now yields the estimate
_Vm
s¥/m + 2re’
One should clearly choose those r,s € (0,00) that satisfy the constraint and maximize the

right hand side of . This yields better dependence (in terms of an a-dependent constant factor
but not in term of dependence on n) than the following sub-optimal choices.

vVm —2Lr* < Ls%/m = L > O

def 1 def _20-1
r = ma4aa? and S =m 4a? . (79)

It is elementary to check that under these choices the constraint is satisfied, yielding the
estimate L 2> m(2e=1)/(4a) i Theorem This implies the validity of , i.e., the first half of
Theorem |4} Namely, the following bounds hold true.

Corollary 17. Continuing with the notation of Lemma[I5, we have
€ (Coo, £57) > € ((FY x Fa,d), FY" x {0},£5") 2 m™ia .

Also, since m =< log|Fy|, it follows that for arbitrarily large n € N we have

20—1

en(loo, l2) 2 (logn) 2a .

n

Remark 18. Consider the mappings wg,w; : [0,00) — [0,00) given by
vVt >0, wo(t) = /2 and wi(t) = min{st, 2r + wo(t)}.

Both wg and w; are concave, increasing and vanish at the origin. The metric d given in satisfies
d((x,0),d(y,0)) = wo(||lx — y|l1) and d((z,1),(y,1)) = wi(||z — y||1). As explained in Remark 5.5
of [MNT5], it follows that both of the metric spaces (F5* x {0},d) and (F35" x {1}, d) embed into ¢,
with O(1) distortion. We do not know whether the metric space (F§" x Fa, d) admits an embedding
into ¢; with O(1) distortion. If it were the case that any embedding of (F3J* x Fg,d) (say, when
a = 1) into ¢; must incur bi-Lipschitz distortion that tends to oo as n — oo, this would be the
first known example of a metric space that can be partitioned into two subsets, each of which
well-embeds into ¢; yet the entire space does not. For more on such questions, see [MN13b].

Remark 19. The metric d in , as well as the magnification of a metric space that was described
in Section are both special cases of a generalization of a construction that was used in [JLS86]
for the purpose of proving a Lipschitz-nonextendability result. Variants of this construction were
also used in [Lan99, [CKR05]. The general idea is the following procedure to “glue” two metric
spaces. Suppose that (X, dx) and (Y,dy) are finite metric spaces with X and Y disjoint as sets.
Suppose also that we are given a mapping ¢ : X — Y and r € (0,00). Define a weighted graph
structure on X UY as follows. If 1,29 € X then join z; and x2 by an edge of weight dx (1, z2).
Similarly, if y1,y2 € Y then join y; and ys by an edge of weight dy (y1,y2). Also, for every x € X
join z and o(x) by an edge of weight r (a further generalization of this procedure could allow
the weight of the edge {z,o(x)} to depend on x). Consider now the shortest-path metric that this
weighted graph induces on XUY. One can check that the above metric spaces can also be described
as subsets of this general construction, whose usefulness is probably yet to be fully exploited.
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4.2. Linearization. Our goal here is to prove , thus completing the proof of Theorem 4} The
argument below is based on the linearization procedure of [JL84], with several modifications that
yield quantitative improvements and, more importantly, allow us to to treat Holder mappings.

In what follows, given a Banach space (W, || - |lw) we denote

By ¥ irew: |olw<1} and Sy oBy={reW: |z|w =1}
If V. C W is a linear subspace then we will always consider it as being equipped with the norm
inherited from W, thus slightly abusing notation by denoting the sets V N By and V NSy by By
and Sy, respectively. A mapping h : W7 — Wy between two real vector spaces Wi, Wy is said to
be positively homogeneous if h(Ax) = Ah(z) for every A € [0, 00).

Lemma [20| below is a variant of Lemma 5 in [JL84], with the difference being that in [JL84] the
conclusion corresponding to is weaker in the sense that the factor \/mD is replaced by m. The
difference between our proof and the proof in [JL84] is that we perform averaging in the image of
T rather than in X itself, allowing for a more refined estimate that we shall use later.

Lemma 20. Fixm € N and D € [1,00). Let (Y, ||-|ly) and (Z,]|-||z) be Banach spaces and X CY
an m-dimensional linear subspace of Y. Suppose that T : X — (5" is a linear operator that satisfies

veeX, |ally < Tzl < Dlally. (80)

Suppose also that we are given a positively homogeneous Lipschitz mapping ¢ : X — Z and a linear
operator U : X — Z. Then there exists a positively homogeneous mapping V : Y — Z that satisfies

[90ip S [[¥llLp  and [ ¥|x — UllLip S vVmD sup [[¢(z) — Uz||z. (81)

zESx

Proof. Write By" = By and

T2
Uy = vol (BY') = . 82
( 2 ) T (1+ %) ( )
Define ¢ : Y — Z as follows.
det 1 -1 1 -1
Vy ey, oly) = — Y (y+ T 'w)dw=— Y (T 'w) dw.
Um, By Um Ty+By*

Then, because ¢ is obtained by applying an averaging operator to v, we have

[9llLip < [[¥|Lip- (83)

Also, because 9(0) = 0 (recall that 1) is positively homogeneous), we have

)
sup [lo(W)llz < ¥l sup [y + T wlly < 2[¢]uip. (84)
yESy (y,w)ESy x B

Similarly,

sup [|¢(y) — Uyllz = sup
YyESX yESx

< swp (W -U)y+T  w)llz < sup [[(z) = Uzllz =2 sup [[(2) = Uzllz, (85)
(y,w)ESx xB3" z€2Bx z€Sx

1/ng(¢ -U) (y—i—Tﬁlw) deZ

Um

where the penultimate step in holds true because, due to , we have T-'BJ* C By, so
Sx + T~ !By C 2Bx. The final step of holds true because ¥ — U is positively homogeneous.
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Fix distinct z,y € Sx and write 2r &f ||x — y|ly. Then, since U and T are linear,

(¢ = U)(@) = (¢ = U)(y)

== (0~ U)(T (w))dw — - (4~ U)(T )
(Tz+By )\ (Ty+By) Un J(Ty+By)\(Tx+B)
Consequently,
1
(¢ =U)(@) = (6= )W)z < — [ = UNT™H(w))|| zdw

Um J(Tz+B3)A(Ty+By)
vol ((Tz + By )A(Ty + By"))

< - sup lo(z) — Uzllz. (86)
Un 2€(z+T— 1B A(y+T-1By)
We note that
vol (T'z + By") U (Ty + By')) < vm+ [Tz — Tyl 20m-1. (87)
Indeed, by rotation invariance, it suffices to verify (87)) when Tz = re; and Ty = —rej, where

e1,...,en is the standard basis of R™ and we recall that |Tx — Tylla = 2r. Identifying R™ with
R x R™~1 the estimate is a consequence of the fact that (re; +Bj5") U (—re; + Bj") is contained
in the union of the three sets ([r, c0) x R™~1) N (rey + BY), ((—o0, —r] x R™~1Y N (—re; + BY) and
[—r,7] x By*~!, whose interiors are disjoint.
Now, due to (87) we have
vol (Tx + By )A(Ty + B3")) = 2vol (Tx + By") U (Ty + By')) — vol (T'x + B3*) — vol (T'y + By")
< 2T = Tyllsvm 1.
So, the first term in the right hand side of can be bounded as follows.

vl (T + BATY £ ) & ooty _ oy, D bl - ol (39)

Un, m
where we used the fact that 2v,,—1/v, < /m, which follows from and Stirling’s formula (in
addition, we actually have lim,, o0 201—1/vpm = \/2/7)
To bound the second term in the right hand side of , note that T-!BY* C By, by .
Therefore (x + T 1BY)A(y + T~ B*) C 2By, since x,y € Sx. So,

sup [9(2) = Uzllz < sup |[¢(2) = Uz|z =2 sup [[9o(2) - Uzllz,  (89)
z€(z+T— 1By A(y+T—1BY) 2€2Bx z€S8x

where we used the fact that ¢ — U is positively homogeneous.

A substitution of and ( into shows that
(¢ — U)ISXHLm 4v/'mD sup |[9(z) = Uz| z. (90)

z€Sx

Define ¥ : Y — Z to be the positively homogeneous extension of ¢|s,,, i.e., ¥(y) o lyllyo(y/llylly)
for every y € Y N\ {0} and ¥(0) = 0. Then a simple computation (that is carried out in detail
in [JL84, Lemma 2]) shows that

B3 A @A)

1 ]Lip < 2[l¢lsy llLip + sup. lellz < 4l[¢]lLip-
Yy

For the same reason, since ¥ — U is the positively homogeneous extension of (¢ — U)|s, to X,

€3 .
1] x = Ulluip < 2(¢ = U)lsx luip + sup é(y) —Uyllz — < 10v/mD sup [[¢(2) —Uzllz. O

yeSx z€Sx
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We shall use below the following lemma of Begun [Beg99]; alternatively one could use below an
argument of Bourgain [Bou87] that Begun significantly simplified in [Beg99).

Lemma 21. Fiz §,L,7 € (0,00) and m € N. Suppose that (Y, || -|y) is an m-dimensional normed
space and that (Z,| - ||z) is a Banach space. Let K C'Y be a convexr set and suppose that we are
given a mapping F' : K + 1By — Z that satisfies

Va,ye K+7By,  |[F(z) = Fy)llz < Lz — ylly +9).
Define h: K — Z by

def 1

vee K ) s /TBY Fa +y)dy, (91)

where the integration and vol(-) are interpreted through an identification of Y with R™. Then
om

[AllLip < L (1 + 27) :

Corollary 22. Fiz 7 € (0,00), a € (0,1] and m € N. Suppose that (Y, |- ||y) is an m-dimensional

normed space and that (Z,] - ||z) is a Banach space. Let K CY be a convex set and suppose that

F: K+ 1By — Z is a-Hélder. Then there exists h: K — Z that satisfies

a?(m/T)t + 1
a

sup [[A(z) = F@)llz < 71 F luipe) - and [Rfuip < 1| Lip () -

Proof. Denote L = |[F'||1ip(a)- Note that for every ¢ € (0,00) and every x,y € K + 7By we have

e (1—a)=®a®L

|1F(z) = F(y)llz < Lllz — yly < L(llz = yl[z + 6) sup = o (lz = yllz + 9).
>0 t+0 0
We may therefore apply Lemma deducing that for h defined as in (91) we have
(1—a)=*a®L om
hllip < —— 14+ — . 92
Il < S (14 57 (92)

The value of § that minimizes the right hand side of is 0 = 27(1 — a)/(am), which gives

al=e myl- 1—a« a?(m/T)m +1
o< (1-a) s (2 (1) L< L.
Iblhap < (1 - 0y (2 i () "+ 150 ) < D)

It remains to note that for every x € K we have

1h(x) = F(z)z = Hml(im/TBy(F(aery)—F(x))dyHZ <

1 (6% (8%
By |, Pl < 1o 0
Theorem 23. There is a universal constant k € (0,1) with the following properties. Fixz o € (0, 1],
M,m € N and C,D € [1,00). Suppose that (Y, || - |ly) is an M-dimensional normed space and
that (Z,]| - ||z) is an m-dimensional normed space. Let X C'Y be an m-dimensional subspace of Y
whose Banach-Mazur distance to €3 is at most D, i.e., there exists a linear operator T : X — (5"
satisfying . Suppose also that U : X — Z is a linear operator with

Vee X,  |lzly <|[Uzllz < Cllzly- (93)

For every e € (0,1) let Ne be an e-net in Sx. Then, under the additional assumption that

oS (\/HCD;(Y, N Z)> g oy
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there exists a linear operator V :'Y — Z that extends U and whose operator norm satisfies

—« —« C
IVIysz < aM=m's Ca D" (Y, N., Z)a + —e™(Y, N2, Z). (95)
o))

Proof. If z,y € Bx then ||z — y|ly <2, hence ||Uz — Uy|lz < C|lz — y|ly <2'7C|jz — y||§. This
implies that the restriction of U to N is a-Hdélder with constant 2C. Denoting L = e*(Y, N, Z),
it follows that there exists g : Y — Z that extends U|y. and is a-Holder with constant 2C L.

Let p : Z — CByg be the radial retraction of Z onto CByg, i.e., p(z) = z if ||z||z < C and
p(z) =Cz/||z|lz if ||z]|z > C. It is straightforward to check that p is 2-Lipschitz. Therefore, if we
define F' = po g then || F|Lip) < 2/|9llLip(a) < 4CL and ||[F(y)|z < C for every y € Y. Moreover,
for every a € N, we have ||g(a)||z = ||Ual|lz < C, so F(a) = p(g9(a)) = g(a). Thus F : Y — CBy
is also an extension of U|4. Fix 7 € (0,1) that will be determined later. By Corollary [22| (applied
with K =Y) there exists h: Y — Z that satisfies

VyeY  |h(y) — F(y)llz <4CLT?, (96)
and ) .
a“(M/T)"~*+1
P||lLip < 4 ( /02 CL. (97)
Then
sup ||h(y)|lz < sup ||F(y)||z +4CLT* < C +4CL7*, (98)
yE€Sy yE€Sy

where in the last step of (98 . we used the fact that F' takes values in C'By.
Denote by © : Y — Z the positively homogeneous extension of h|g, to Y. By [JL84, Lemma 2],

EDAE  o2(M/7T) >+ 1
[lhin < 2lhlsy iy + sup Iz < 4= lop o v aonee. (99
yESy

Take x € Sx (thus ¢(z) = h(z)) and a € N, with ||a — z|y <e. Then h(a) = F(a) = Ua. Hence,

[9(z) = Uzlz <[|h(z) = F(2)llz + | F(z) = F(a)lz + |Ua - Uzl z
<ACLT* 4+ 4CL||x — a||§ + C||lz — ally < ACLT* +4CLe* 4+ Ce < 5CL(T% +¢%). (100)

Due to and (100), Lemma [20| implies that there exists ¥ : Y — Z that satisfies

o?(M/m)'= +1 ?(M/r)= +1
@ Q

CL+C+CLm™ < CL,

[l <
and
V] x — Ullrip S vVmCDL(T + &%).

By Proposition 1 in [JL84], which relies on an important linearization result due to Linden-
strauss [Lin64], there exists a linear operator S : Y — Z such that

0?(M/7)' " + 1

1Slly—z < [¥lluip < CL, (101)

and

15]x = Ullx—»z < [¥|x = UllLip S vmCDL(T* 4 &%). (102)
Our assumption (94)) says that /mCDLe® < k. So, if we choose 7 = (k/(v/mCDL))"/* and k > 0
is a small enough unlversal constant then it Would follow from ((101)) and ( . ) that

CL

ISllyoz S aM ™ @msa CaD " La + —  and  ||Slx — Ullxz < (103)
«

l\D\'—‘
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Letting Iz : Z — Z denote the identity mapping on Z, we have

. . O3) A (T03
- IZHZ—)Z = H(S’X -0)U HZ—>Z 1S]x = Ullx-zIlU™ " lz-x <

N

[(S1x) U
Consequently, the operator (S|x)U~!:Z — Z is invertible and ||((S|x)U 1) 7Yz 2 < 2. Define

vV (sIUH S Y 2,
Then V extends S and

» (T03) lma =2 alp CL
Vivoz < HCSOU) Mg ISIvsz <2y 5 aM' w5 cipsri+ T 0
Given a normed space (Y| - |ly) and a linear subspace X C Y, the projection constant of X

relative to Y is denoted A\(X,Y). Thus A(X,Y) is the infimum over those A € [1, 00| for which
there exists a linear projection P from Y onto X with || P|lyx < A

Corollary 24. Let k be the universal constant from Theorem . Fiz o € (0,1}, M,m € N and
D € [1,00). Let X CY be an m-dimensional subspace of Y whose Banach—Mazur distance to (5
is at most D. For every e € (0,1) let No be an e-net in Sx. Then,

1
Ko M1 AX, V)
e ———o— — e(V\N,L G 2 —— ’ . 104
\/mD)\(X,Y) ( &2 ) mlTMa(lfa)DQfa ( )
In particular, there exists n € N satisfying logn < m (é + log m) for which
AX, V)
min {e(Y, 05), €5V 6§)} 2 — ) (105)

kaa Ma(l—a) D2—«a ’

Proof. Since the Banach—Mazur distance of X to ¢5" is at most D, the lower bound on e®(Y, N, ¢5")
that appears in (104)) will follow if we show that

A(X, YY)
e(Y,Ne, X) 2 —— (X,Y) . (106)
m 2z Mo(l—a)Dl-a
We may assume from now on that
AX, YY)
YN X) € — ) (107)

mlfTaMa(l—a)Dl—a ’
since otherwise there is nothing to prove. By the assumption on € in ((104) combined with (107]),

1

‘< /@clle a K a
vVmDA(X, Y) vVmDe*(Y,Ne, Z) '
We can therefore apply Theoremw1th 7Z = X and U = Ix being the identity on X (in particular,
C =1). The operator V : Y — X thus obtained is a projection onto X, since V|x = Ix. Hence,

o (YN, X
AX,Y) < [Viyox < M ®m'z D a"e®(Y, N, X)a + e (¥, Ne, X)
«
M'=om ' DS e (Y, Ne, X)

<
~ Y

«
which simplifies to give the desired estimate ((106}).

To deduce ([105)), note that by the Kadec'-Snobar theorem [KS71] we have A\(X,Y) < y/m and
by John’s theorem [Joh48] we have D < \/m. Therefore, if we choose ¢ = k'/*/m3/? then the
upper bound on ¢ that appears in (104]) holds true. It remains to note that if we set n = |N¢| then
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min{e®(X, 5", e2(X, 65"} > e*(Y, N, X), and by standard estimates (e.g. [MS86]) on the size of
e-nets in m-dimensional normed spaces we have logn =< mlog(1l/e) < m(logm + 1/«). O

The following corollary implies , thus completing the proof of Theorem
Corollary 25. For arbitrarily large m,n € N and every a € (1/2,1] we have

N|=

2
21 logn %~
ea(gl,egb) Z ma 2 and eg(fl,EQ) Z <10g10gn>

Proof. By [FLMT77, Kas77|, for every m € N there exists an integer M = O(m) and an m-
dimensional subspace X of ¢}/ whose Banach-Mazur distance to ¢5* is O(1). By [Rut65], we
have A\(X, M) > \/m. Therefore, an application of Corollary 24| with D = O(1), and M = O(m)
shows that there exists n € N with logn =< mlogm such that
2

@ 1
. m?2 2_1 logn \% 2
min {6a(£{w?£5n)7eg(€i\47%n)} Rt =mt = L . O
m 3t ta(l-a) loglogn
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