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BILIPSCHITZ MAPPINGS OF NETS'

Abstract

Let 0 < a < v/2. Suppose § = §(d, ) has the following property. If N
is an a-net of the Euclidean ball in R*, A C A, and f : A — R%is (14¢)-
bilipschitz, then f admits a (1 + §)-bilipschitz extension f : N’ — R,
We give some estimates of 4.

1 Introduction

Let A be a subset of a Hilbert space X and f : A — X a Lipschitz mapping. By
the classical theorem of Kirszbraun and Valentine, f can be extended to X with
the same Lipschitz constant. There are many simple examples of bilipschitz
mappings (both the mapping and its inverse are Lipschitz) that cannot be
extended; the paper [V] of Viisila explains the subject. Nevertheless, if N C
R? is finite, then clearly every bijection of N is bilipschitz. In this note we
consider the following question. Fix some 0 < a < V2. Let § = §(d,¢)
have the following property. Suppose N is an a-net of Bra and A C N. If
f: A— R%is (1+¢)-bilipschitz, then f admits a (1 + §)-bilipschitz extension
f: N — R? How large does 6 have to be? In particular, can we have § = 6(¢)
not depending on the dimension, and at the same time lim._,¢ §(¢) = 07

In Proposition 3.2 we show that independently of the dimension, § < c,+/¢
if we wish to extend just to N N conv A. This makes it perhaps more natural
to investigate extension properties of bilipschitz mappings defined on nets of
S9-1 rather than on nets of Bga. If we can extend to a net of the sphere, we
can extend to some net of the ball as well.
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Suppose f is a (14 ¢)-bilipschitz mapping of an a-net of S¢~! into R%. We
adapt a proof from [K] to show in Theorem 4.4 that there exists an isometry
T:R* — R with || f(z) — T(2)|| < c5=+/EInd for all z € N, where ¢ is an
absolute constant.

Suppose A is a subset of an a-net N of S¢7! and f: A — R%is (1 + ¢)-
bilipschitz. By a result of [ATV], f can be extended to a (1+ c4+/2)-bilipschitz
mapping of . It is a corollary of Theorem 4.4, that ¢4 really does depend on
d. In Proposition 4.5 we show that ¢4 > ced® In"2d. Notice though that this
does not answer the question whether ¢ really does depend on d.

If a net A of S9~1 is symmetric and “thin” enough; that is, if |(x, y)| is not
very far from e for x # +y € N, extending independently of the dimension
is possible. In Proposition 5.4 we give an example of such an extension. We
show that if 0 < 1 — % < Veand f: A — R?is (1 + ¢)-bilipschitz, then f
admits a (1 + ¢(eIn1/e)2)-bilipschitz extension f : N/ — R?. Here the point
is that f goes into R? again extending f so that f : N’ — /5 is trivial in this
case.

In Proposition 6.3 we show that for every ¢ > 0 and dy > 0 there exist
d > dy, k > cedInd and a (1 + ¢)-bilipschitz antipodal mapping f of Bk onto
itself such that f(Bga) contains an orthonormal basis of R¥ together with its
negative. We leave open the question of how large k = k(d,e) can get in
general.

2 Preliminaries

In this section we give the notation, terminology, and a few basic results we
will use in the paper.

By ¢ we denote absolute constants, which may have different values, even
in the same formula; c¢q4 is a function of d only. By S¢~!, d > 2, we denote
the sphere of the Euclidean ball Bga in R?. P is the uniform measure on the
sphere S%~1. By ey, es,...,eq we denote the standard orthonormal basis of
R<. By D(A) we denote the diameter of the set A.

Definition 2.1. Let M be a metric space and a > 0. An inclusion-maximal
set N C M such that |z —y|| > a if z,y € N, x # y, is called an a-net of M.

We recall an example from [V]. The mapping f : {£1,+c} — R defined
by f(+e) = +e and f(+1) = F1 is (1 + 3¢)-bilipschitz, if € is small. If f is
any continuous extension of the mapping to R, then @ # [—,1] N [—1,¢] C
F(=1,—¢)) N f([e,1]). Since [—1,—¢]N[e,1] = B, f is not bijective. In par-
ticular, f admits no bilipschitz extension to R. This nice idea of [V] works
also in R%. Let A = kere; U {ej, —e1,ce1, —ce1} and f : A — R? be defined
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by f(+e1) = Fe; and as the identity on kere; U {£ee;}. Then f is (1 + 3¢)-
bilipschitz, and f admits no continuous bijective extension to R¢ with range
in R%. Suppose now some L > 1 is given and choose a > 0 small and R > 0
large enough. Let Ny be an a-net of AN Bga(0, R). Extend N to an a-net N
of Bra. Let g : Ny — R? be the restriction of f to Nj. It is quite easy to see
that g admits no L-bilipschitz extension to N with range in R?. By scaling
the whole picture down, we can get that R = 1 with a > 0 small enough. Sim-
ilarly, by scaling it up we can get a = 1 with R > 0 large enough. Therefore
in this paper, we only consider a-nets of the unit ball with some a > 0 fixed
at the beginning, before the bilipschitz constant is given.

We can equivalently describe a net of the sphere by estimating the angles
between its points. If the net is symmetric, we also get an upper estimate for
the distances between points in it.

Lemma 2.2. Let N'C S, 0 <a< V2, and b=1— }a*.

(i) Then N is an a-net if and only if N is an inclusion-mazimal set such
that (z,y) <bifzx,y e N, x #y.

(i) NV is a symmetric a-net if and only if N is a symmetric inclusion-
mazimal set such that |{x,y)| <bif z,y € N, v # +y.

(i) If N is a symmetric a-net, then ||z — y|| < V4 —a? for any z,y € N,
T # —y.

PRrROOF. For z,y € N we have
lz £ yl|* = 2 £ 2(z, y). (1)

If NV is an a-net and = # y, then (1) implies a? < 2 — 2(z,y), and a® <
2+ 2(z,y) in the symmetric case. Conversely, if (z,y) < 1 — 1a?, then (1)
implies that ||z — y||? > 2 — 2(1 — £a?) = a?. Finally, if N is symmetric,
|z —yl*> =2-2(z,y) <2+2(1 — 3a%) =4 —a®. O

The thicker the net is, the larger a ball contained in its convex hull is.

Lemma 2.3. Let 0 < a < /2, and N be an a-net, or a symmetric a-net of
541 Then Bgra(0,b) C conv N, where b=1— fa%.

PROOF. Suppose not. By the Hahn-Banach theorem, there is v € S%~! so
that (z,v) < 1— 3a® = b for all z € V. Then dist (v, ') > a. Hence N is not
maximal, which is a contradiction.

If AV is symmetric, we get |(z,v)| < b from the Hahn-Banach theorem, and
we may, for a contradiction, enlarge A/ by both v and —uv. [l
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Figure 1: Illustration to the statement of Lemma 2.2.

Definition 2.4. Let ¢ > 0. A mapping f from a subset A of a Banach space
X into a Banach space Y is called e-rigid if it is (1 + €)-bilipschitz; that is
L+e) o=yl < If(@) = fWIl < (L +e)lle —y| for all 2,y € A.

We will mostly deal with e-rigid mappings of nets. It will be convenient to
have another description for them.

Definition 2.5. Let ¢ > 0. A mapping f from a subset A of a Banach
space X into a Banach space Y is called an e-nearisometry if ||z — y|| — e <
() = FW)ll < llz =yl + ¢ for all 2,y € A.

Suppose that D(A) < oo and that A is a discrete set such that ||z —y| > a
forzye A, x #£y. If f: A—Y is e-rigid, then f is an eD(A)-nearisometry.
Conversely, for each 0 < € < a/2 every e-nearisometry of A is a %a—rigid
mapping. In other words, for nets these two notions basically coincide.

The following estimate of linearity of Lipschitz mappings appears in [Za]
(also see [BL, p. 81]).

Lemma 2.6. Let X be a Hilbert space, o > 0 and let f : X — X be an
a-Lipschitz mapping. Let x1,...,2, € X, \; >0 and Y. | \i = 1. Then

1FOZim i) = S0 Aif (2i)l* < aD - max(al|z; — 2yl — || (2:) — f(2;)])),
where D = D({x1,...,2,}).
Notice that if f is e-rigid on some set A C X with D = D(A) < oo, then

0<@+e)lle—yll = If(x) = fFWIl < ele+2)llz -yl (2)
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for z,y € A. If 0 < € < 1, then by Lemma 2.6

1oz diws) = g Aif ()] < 3DveE 3)

for z1,...,2n € A, Ny > 0and > | A; = 1. We will also use the following
iteration of Lemma 2.6.

Lemma 2.7. Let X be a Hilbert space, A C X, D(A) < oo. Let f : X — X be
a-Lipschitz and such that ol —y| — || f(z) = f(y)|| < 0 for z,y € A. Suppose
Xi1,...,Xp€convA, \; >0 and Yi"  \; =1. Then

1F(ZFmg 2 Xa) = 52 if (X0)||* < 40dD(A).

PROOF. Let. XZ-.: Zivzl a%xh, where x% € A, a} > 0, and Zivzl ab = 1.
Lemma 2.6 implies that

1 (DI AeXa) = S A (XN < (S hiXa) — S o pn hia f ()|
FMF X)) = Sl fED 4+ Aallf(Xn) = S0 al f @)
<(aD(A)EA + (Mg + -+ An)) < 2(adD(A))}.

3 Extensions to Convex Hulls

In this paper, we investigate extension properties of mappings defined on a
subset of a net of S%~! rather than on a subset of a net of Bga. The reason
for this is, that, as we will show in Proposition 3.2, an e-rigid mapping of a
bounded subset A of a Hilbert space X can be extended to a net of the convex
hull of A without altering the bilipschitz constant too much. This is a simple
corollary of Zarantonello’s Lemma 2.6. Here is the idea. By the Kirszbraun-
Valentine extension theorem for Lipschitz mappings [BL, p. 18], the mapping
f A — X can be extended to a (1 + €)-Lipschitz mapping f : X — X.
Similarly, the mapping f~! : f(A) — X can be extended to a (1+¢)-Lipschitz
mapping f : X — X. Lemma 2.6 then implies that f well approximates the
inverse of f : conv A — X. Consequently, f is bilipschitz on a net of conv A.

Lemma 3.1. Let X be a Hilbert space, A C X such that D(A) < oo, 0 <
e <1, andlet f: A— X be (1+ ¢)-bilipschitz. Let f be a (1 + €)-Lipschitz
extension of f to X, and let f : X — X be a (1 + €)-Lipschitz extension of
71 f(A) — A (Both extensions exist by the theorem of Kirszbraun and

Valentine.) Then || f(f(z)) — z|| < 12D(A)/e for each = € conv A.
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Figure 2: Lemma 3.1 when |A| = 3. Here © = Y a;x;, y = > a; f(x;) and the
thick segments have length at most cD+/z.

PrOOF. Put D = D(A). Let x € conv A, where x = > a;x;, x; € A, a; > 0,
and Y a; = 1. Fig. 2 illustrates the situation when |A| = 3. Lemma 2.6,
and (3) in particular, imply that | f(z) — Y aif(z;)|| < 3D,/e. Since f is
(1 + ¢)-Lipschitz,

1f(f(2) — fF(Caif(z:)ll < 3(1+¢e)Dye < 6DVE.

Since f is (1+4¢)-bilipschitz on f(A), and D(f(A)) < (1+¢)D, by Lemma 2.6
applied to f, we have that

1F(Caif (@) =zl = | F(Caif(@:) = Xasf (f ()] < 6DVE,
and the statement of the lemma follows from the triangle inequality. O

Proposition 3.2. Let X be a Hilbert space, and A C X be such that D(A) <
oo; let 0 <e<1. Let f: A— X be (1+ ¢e)-bilipschitz. Again denote by f its
(1 + e)-Lipschitz extension to X (It exists by the theorem of Kirszbraun and
Valentine.) and put D = max{1,D(A)}. Then

(i) f is a (50D+/)-nearisometry on conv A;

(ii) if, moreover, N C X is such that |z —y|| > a > 0 if z,y € N and
x#y, and 0 <e < 107%(a/D)?, then f is (141002 D\/€)-bilipschitz on
conv ANN.

PROOF. Let x,y € conv A, x # y. Since f is (1 + &)-Lipschitz,

1f(2) = F)ll < (X +e)llz —yll <[l —yll +eD.
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Let f: X — X be a (1 + ¢)-Lipschitz extension of f=! : f(A) — A. By
Lemma 3.1

1F (@) = Il =1+ )P (@) = F(F )]

>
>(1 —¢&)(llz — yll — 24DVE) = ||z — y|| — 50DVE.

This means that f is a (50D+/€)-nearisometry on conv A. If, moreover, 0 <
e < 107%(a/D)?, then f is (1 + 1001D(A)\/€)-bilipschitz on conv A NN by
the remark after Definition 2.5. O

4 Approximation by Linear Mappings

Let f : Bra — R? be a (1 + ¢)-bilipschitz mapping. By a result of Kalton [K],
there exists an isometry T : R? — R? so that ||f(z) — T'(z)|| < celnd, where
¢ is an absolute constant. By [M], this estimate is sharp. In this section we
modify Kalton’s proof to get an approximation of a bilipschitz mapping of a
net of S?~! by an isometry; see Theorem 4.4.

For more general mappings f : A — /o, where A C R? is some com-
pact set (not necessarily a sphere or a net of a sphere), there is the following
approximation result of Alestalo, Trotsenko, and Vaisala.

Theorem 4.1. [ATV] Let A C RY be bounded, 0 < ¢ < 1, and let f : A — f
be an eD(A)-nearisometry. There is a surjective isometry S : la — {3 so that
Il f(z) — S(z)|| < caD(A)\/E, where cq depends only on d. If f(A) C RY, we
can choose S so that S(RY) C RY. In particular, if we extend f by setting
f(x) = S(x) for v € L2\ A, then f : €y — {2 is a d-nearisometry with

§ = caD(A)V/E.

Nearisometries and rigid mappings basically coincide for finite discrete sets,
as we already mentioned in Section 2. Theorem 4.1 immediately implies the
following.

Corollary 4.2. There ezists cq > 0 depending only on d with the following
property. Let 0 < a < /2, let N be an a-net of Br, and let 0 < ¢ < 1.
Let AC N and f: A — fy be (1 + ¢€)-bilipschitz. There exists an isometry
S i by — Ly with || f(x)—S(x)| < ca\/E forx € A. If f(A) C R?, we can choose
S so that S(RY) C RY. Moreover, f admits a (1 + 6)-bilipschitz extension to
N with § < cg2\/E. If f(A) C R?, then we also have f(N) C R%.

PROOF. The mapping f is an eD(A)-nearisometry, as it is (1 + €)-bilipschitz.
By Theorem 4.1, it can be approximated by an isometry with an error of no
more than ¢gD(A4)/€, and extended to a J-nearisometry with 6 < ¢gD(A)4/c.
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Suppose ¢ < a?/(2c4D(A))%. Then § < a/2 and the §-nearisometry is (1+6')-
bilipschitz on N, where §' = 2§ < 2¢,D(N)/E < c424/, since D(NV) < 2.
Next we will observe that for any 0 < € < 1, the mapping f : A — 2 can be
extended to a 10/a-bilipschitz mapping of N (while preserving f(N) C R? if
f(A) c RY). This will finish the proof, by enlarging c; to max{4cg, 10}.
Indeed, let M and N be two discrete sets of diameters at most o > 0 and
so that the distances between the points in M and the distances between the
points in N are at least a. Then any bijection from M to N is a/a-bilipschitz.
Place a copy N of N at a distance a from f(A) and extend f as a bijection of
Ninto f(A)UN. As D(f(A)UN) < 10, this extension is 10/a-bilipschitz. [

In Proposition 4.5 we will show that if we wish to extend the mapping f
from Corollary 4.2 to a (1 + c,.4+/€)-bilipschitz mapping with range in R,
then ¢4 q really does depend on the dimension, independently of the method
we use to extend f. In other words, the function /€ does not go to zero slowly
enough to extend e-rigid mappings to ¢, +/e-rigid mappings on a-nets (with ¢,
independent of the dimension).

We will approximate e-rigid mappings on nets of S9! by isometries, by
reducing the situation to the following theorem, as was done by Kalton in [K].

Theorem 4.3. [K] There is an absolute constant ¢ with the following property.
Lete >0 and Q : R? — R, d > 2, be a continuous mapping such that

(i) QA\z) = M(x), if A € R and z € R%;
(i) 192z +y) — z) = Yl < e(ll2] + lyll) for z,y € R

Then there is a linear mapping T : R — R with |Q(z) — T(x)|| < ce||z| Ind
for all x € RY.

Theorem 4.4. Let 0 < a < /2, d > 2, let N be an a-net of S4=1 and let
0<e< 1 Letf: N — R?be(1+c¢)-bilipschitz. Then there exists an
isometry T : RY — R? with || f(x) — T(x)|| < c5t=+v/EInd for x € N, where c

2—a?
is an absolute constant.

PROOF. Denote also by f a (1 + ¢)-Lipschitz extension of f to R?. We can
assume that f(0) = 0 (otherwise we add —f(0) to f and at the end f(0) to
the approximating isometry we will find). By Lemma 2.3, Bra(0,b) C conv .\,
where b =1 — %

Claim 1. Let z,y € conv N D Bga(0,b) and let ¢ € [0,1]. Then

[f(tz + (1 =t)y) —tf(z) — (1 =) f(y)]| < 15Ve.
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In particular, || f(tz) — ¢f(x)|| < 15y/¢, and for x € Bga(0,b) we have || f(x) +
f(==z)|] < 304/e. Indeed, since f is (1 + ¢)-bilipschitz on A/, we have by (2)
for every x,y € N that

0<@+e)llz—yll—Ilf(x) = fWI < 3ellz -yl
Hence by Lemma 2.7, if 2,y € conv N/, then
£tz + (1= t)y) = tf(x) = (1= ) f(y)]| < 2V6VEDW) < 15V,

Since f(0) = 0 we get immediately that ||f(tz) — tf(z)| < 15ye. If z €
Bra(0,b), then —x € conv . Hence

sl (@) + f(=a)l = 1£(555) — 3(f(2) + F(—2))l| < 15VE.
Define Q(0) =0 and for x # 0
Qa) = 2 (Fb2r) — F(—brn)).

Claim 2. If © € Bpa(0,b), then |Q(z) — f(x)]|] < 30y/e. If x € convN \
Bga(0,b), then ||Q(z) — f(z)| < 303+/2. Indeed, by the definition of €2,

12(2) = £(@)] = 1%L (F (o) — F(=bpzp)) — F@)])
If x € Bra(0,b), we have by Claim 1 that
19() — f(@)| sén”%:”f(bﬁ)— @)+ I F(o2) = f(=a)l|

s f () + f(=2)|
%(15f+ 15v/Z + 30v/2) = 30v/%.

If z € conv N\ Bga(0,b), then by Claim 1
192) — £ <UL frEn) — 2 f@)l+ ELL ) + F(-brE)]
<115V + 5530y = 301 /.

Let 2,y € R? be such that 3 = (||z||+||y||)/b # 0. Then (z+y)/8, z/B, y/B €
Bgra(0,b), and by Claim 2 and Claim 1 we get that
12z +y) — Q) — Qy)ll = Bl122(5F) — UF) — UY)|
<BIF() = 3(F(5) + F(B)I +4-30VE)
<B(2- 15V +4-30ve) = 150v/e([|z]| + [lyll)/b.
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Therefore, by Theorem 4.3, there exists a linear T : R — R¢ so that
[Q(z) — Ta|| < ev/etllz|Ind for z € R
It remains to replace T' by an isometry. Let ||z| = b. By Claim 2,
1Tz = f(2)l < Q) = Tx| + [Q(z) - f(2)]| < evElnd+30VE < cv/elnd.

By Proposition 3.2, if ||| = b, then 1—c$+/ < | f(2)] < 1+e. Consequently,

1— c%\/glnd < HITIZTI” < 1+c%\/§1nd

and there exists an isometry U so that |U — T < ct+/2Ind. From Claim 2 it
then follows that for € conv N,

Uz = f(@)] < 1 (z) = Q@) + |92(2) = Tz + || Tz~ Uz| < czv/elnd. O

Recall that if d = 2* for some k € N, then R? contains an orthonormal
basis comprising vectors of the form ﬁ Z?Zl +e;. This is the so-called Walsh
basis.

Proposition 4.5. Let 0 < a < /2. Suppose v : N — Rt, v = ~,, has the
following property. If 0 < e < 1,d>2 and N C S is an a-net, A C N
and f: A — R? is (1 +¢)-bilipschitz, then f admits a (14 v(d)\/2)-bilipschitz
extension f : N'— R, Then ~(d) > Cadi In"2 d, where ¢, > 0 depends only
on a.

PROOF. Let d be so that v/2(1 — %) > a. For the finitely many smaller d we

just adjust c¢,. Choose k € N so that 2¥ < d < 2F+1 and put dy = 2*. Let
V1, ..., Vg 2 be the Walsh basis in R%/2. Let

A={Fe1,...,xeq 2, F01,...,FV04,/2},

and let NV be an a-net of S?~! containing A. Define f : A — R? by f(de;) =
+e; and f(£v;) = £e;1q4,2 for i = 1,...,do/2. An elementary computation
shows that fis (14 cd’%)—bilipschitz for some absolute constant ¢ > 0. Sup-
pose f admits a (1 + y(d)d~%)-bilipschitz extension to . By Theorem 4.4,
there exists an isometry T so that ||f(z) — Tz|| < 02—1(127% (d)d=% Ind = §(d).
Let Z = T(R%/2). Then Z is a dy/2-dimensional affine subspace of R
Put Q = {+e1,...,*eq,} C f(N). By [T, p. 237| there exists ¢ € @ so
that dist (Z,q) > 1/v2. Therefore 6(d) > 272 and, consequently, v(d) >
Cad? /In?d. O
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5 Extension to Sparse Nets of the Sphere Is Possible

Let € > 0 be fixed and let A' C Bpa be an a-net with a > 0 small enough (how
small depends only on ¢). In Section 2 we mentioned a simple example of a
(1 + ¢)-bilipschitz mapping of a subset A of A which cannot be extended to a
2-bilipschitz mapping of A into R<.

In this section we will deal with the other extreme case when a is very
close to v/2. Let € > 0 be fixed and let NV be a symmetric a-net of S9-1 with
0 < a < V2 close enough to v/2 (how close depends only on &, but not on the
dimension d). Suppose A C NV, and that f : {0}UA — N is (1+¢)-bilipschitz.
Then f can be extended to N with a bilipschitz constant not much larger. We
prove this assertion in Proposition 5.4 as a simple corollary of an estimate of
the size of N in Lemma 5.3. For an easy reference we include a simple proof
of Lemma 5.3 and the results needed for it.

Lemma 5.1. Let 0 < & < 1 and d € N be given. If Ay C S4=1 then there
ezists A C S?71 so that |AgUA| > e= /2 and |(z,y)| < € for each x € AgUA
andy € A, x #y.

PRrROOF. If u € S9!, then by the concentration of measure on the sphere
P[|(u,x)| > ¢] < 4e=="4/2 If A’ C S9! consists of vectors as required above,
but |A'| < iea2d/2, then P[[(u,z)| < e forallu € A'] > 1 —4e =< /2|A'| > 0
and the set A’ can be enlarged. [l

Theorem 5.2. [Al] Let B = (b; ;) be an n x n matriz with b;; = 1 for all i
and |b; j| < e for all i # j. If the rank of B is d and ﬁ <e< 31, then

Inn

21p L’
e21n =
where ¢ > 0 is an absolute constant.

Using these two results we can easily estimate the size of a symmetric a-net
when a is close to /2.

Lemma 5.3. Let % <a< \/5, let N C S%1 pe a symmetric a-net of Sd-1

and b=1— % Ifﬁ < b, then ecdb? < |N| < eC* g yuhere c,C >0 are

absolute constants.

PROOF. First recall that by Lemma 2.2, N is a symmetric inclusion-maximal
subset of S9~1 such that |(x,y)| < b for all z,3y € N, x # y. Notice that for
the lower estimate we do not have to assume that A is symmetric. Suppose
V| < %eb2d/2. Then by Lemma 5.1 applied to Ag = N and € = b the set N’
can be enlarged, and this contradicts its maximality.



100 Eva MATOUSKOVA

To get the upper estimate, we let Ay be “one half” of the set N (that is,
N = =NoUNy and =Ny NNy = 0) and define the matrix B = ((z,y))z yen, -
Since Ny C R?, the rank of B is at most d. By Lemma 2.2, if z,y € N,
then [(z,y)| < b. Theorem 5.2 then implies that d > cIn |Np|/b*In 7, and the
estimate in the lemma follows. O

Suppose a net A is symmetric and “thin” enough; that is, |[{x,y)| is not
very far from /€ for v # +y e N. f AC N and f: {0} UA — R%is (1 +¢)-
bilipschitz, then f can be extended to A without enlarging the bilipschitz
constant too much. This is trivial if the range-space is £5. We first extend
f symmetrically to —A U A, then choose a large enough orthonormal set @
orthogonal to f(A) and finally map M\ (—AUA) symmetrically and bijectively
into —QU Q. If the range-space is only R%, then the same idea works; we just
have to make sure (using Lemma 5.3) that S?~! accommodates an “almost
orthogonal” set of cardinality at least A/. Here is an example of such an
extension.

Proposition 5.4. Let 0 < ¢ < €1, where €1 > 0 s an absolute constant, and
let a < /2 be such thatb=1— % < \/e. Suppose N C Si-1 s q symmetric
a-net, A C N and f: AU{0} — R? is (1 + ¢)-bilipschitz. Then f admits a
(1+4c(eln %)%)—bilipschitz extension f: N — R%.

PRrROOF. Let €; > 0 be small; just how small can in principle be determined
by an inspection of the estimates below. We can assume that f(0) = 0 which
implies that 1/(14+¢) < ||f(z)|]| < 1+ ¢ for z € A. Let Ay C A be such
that —Ag N Ag = 0 and A C —Ag U Ag. Similarly, let Ny C A be such that
—NoN Ny =0and N = —-Ny UNy. Suppose = # y € A. Then

I8 — el =M£ @) = FW) = (@) — i = 1 () — TR
>a/(1+¢€)—2e=ay.

Let g = /bln? %, where ¢ = /C/c and ¢,C are the absolute constants
from Lemma 5.3. Put az = /2 — 283, a = min{ay,az} and extend the set
A = {f@)/|f@)] : = € Ag} to a symmetric a-net M of S41. Choose
Mg D A so that M = =M U Mg and —Mo N Mg = 0. By Lemma 5.3,

V] < eCl It < eea < ).

Therefore it is possible to extend f as a bijection of N\ Ay into Mo\fl, and for
x € —No\Aput f(x) = —f(—z). Ifbothz € Aand —x € A for some x € N we

have by (3) that |[f(x) + f(=2)|| < ¢V, and, also | f(z)/[|f(2)] + f(=2)| <
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cy/e. This and Lemma 2.2 imply the following estimates for the bilipschitz
constants of f.

ﬁﬁ%gl—i—s ifr=—yorz,ycA
4<ia2 S"f(ﬁ;:;ﬁu)” S \/4;0(2 if ;ﬁ —y and T,y GN\A
a;i\ﬁ S”“ﬁ”ﬁ:iﬁy)” < @“ﬁ ife#—-yandze A, ye N\ A

Since a? > 2—c\/z In? 1anda? >2-2/, an elementairy computation shows
that the bilipschitz constant of f is at most 1 + ¢y/eIn2 % O

Note that we did not assume in Proposition 5.4 that the subset A was
symmetric. We did assume, though, that f was bilipschitz on A U {0}. The
bilipschitz constant of the extension does not increase too much if instead we
assume that for at least one x € A we also have —x € A.

6 How Large Can an Almost-Isometric Image of Bg»
Get?

It is a simple and a well known application of the concentration of measure on
the sphere that S?~! contains a large “almost orthogonal” set. Let A C S9!
be such a set. Namely, let [{(z,y)| < € for all z,y € A, = # y, and let
N=|A]l > %652‘1/2 which is possible by Lemma 5.1. Let f be a bijection of A
and of the set {e1,ez,...,en}. Define f also on —A by f(—z) = —f(z). The
mapping f : —AU A — R¥ is (1 + ¢)-bilipschitz, if 0 < ¢ < 1/2. A natural
question arises, if f can be extended to S?~!, or at least to some a-net of S¢~!
containing —A U A without altering the bilipschitz constant of f too much.

For0 <86 <1,0<a<+2, and d € N, let k(d,a, ) be the largest dimen-
sion k such that there exists an a-net V' of S?~! and a (1+§)-bilipschitz map-
ping f : N' — {3 so that f(N\) contains an orthonormal basis of R* together
with its negative. Does there exist § > 0 so that limg_ k(d,a,d)e 5% = 0
for every € > 07 Suppose that the answer is yes. (We do not know if it
is.) This would mean, that for an arbitrarily small £ > 0 we could find a large
enough dimension d and a (14-¢)-bilipschitz mapping f (the one defined above)
which admits no (1 4 ¢)-bilipschitz extension to an a-net containing —A U A.
In other words, the answer to the question in the introduction, whether one
can have 6 = d(¢) not depending on the dimension, and at the same time,
lim. .o d(e) = 0 would be negative.

In this section we give a lower estimate for k. To do so, we first modify an
example of F. John (see [J], or [BL, p. 352]).
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Lemma 6.1. Let 0 < e < 1. If0 < r < e~ ™% gnd n € N, then there
exists a norm-preserving (1 + €)-bilipschitz mapping H of R™*1 onto itself so
that H(x) = —H(—xz) for x € R""Y H(+ey) = *eo, and H(£r**3eq) =
Frih=dey, fork=1,...,n.

PROOF. We prove the assertion of the lemma for r = e=™/25. If 0 < s < 7,
we simply construct an &’-quasi isometry as below with ¢'lns = —x/2. Let
h : R? — R? be defined in polar coordinates by h(r,¢) = (r,o+elnr) ifr <1
and h(r,@) = (r,p) if + > 1. This is a norm-preserving (1 + ¢)-bilipschitz
mapping of R? onto itself (see [J], or [BL, p. 352]). Let hg, k = 1,...,n, be
the mapping h written in Cartesian coordinates and considered as a mapping
hy : span{eg, e} — span{eg, e;}. Let

Ao = {u: JJull <7 or 1< ull)
A ={u: % < JJuf < 46D},

and define H : R**! — R**+! by

H( ) x if x € Ag
xr) =
hi(zo, k) + Z?:L#k zie; ifx =30 xie; € Ay

s

Fig. 3 illustrates that H rotates the points reg, r’eg, ... by —7% into orthog-
onal directions —rej, —r%ea,.... Notice, that H is well defined as H(z) =
if ||z|| = r**. By the Pythagorean theorem, H is a (1 + ¢)-bilipschitz map-
ping of each of the sets Ay, A1,..., A, onto itself. By Lemma 2 of [IP], H
is a (1 + ¢)-bilipschitz mapping of R"*! onto itself. If ||z|| = r**~3, H acts
on z as a rotation by elnr?*=% = —Z — 2(k — 1)7 in span {zo,z)}. Hence
H(r**=3¢q) = —rth=3¢,. O

Lemma 6.2. Let m,n € N and let d = 2™+t There exist orthonormal
bases Oy, s, . ..,0n 1 i RY so that if u € Oy, then (u,e;) € {0, 42~ 2 (4k=3)1
foralli=1,2,...,d.

ProoOF. Let m € N. We use induction on n. If n = 0, let Oy be the Walsh
basis in R?". (It consists of orthonormal vectors of the form 2-/2 Ef:l +e;.)
Now assume S1, Sa, ..., S,1 are the required orthonormal bases in R%, where
dy = 27Ut | Let d = 2@ n+H)+1) — 94m g, We write R? as a product of
24m copies of R% and for k= 1,...,n+1, j =1,...,2%" denote the basis S}
in the j-th copy of R% by S’i .Fork=1,...,n+11let Oy = Uj: S’Z, and let
Oy 42 be the Walsh basis of R<. O

In the next proposition we strengthen an example from [M]. For a suitable
dimension d we choose n ~ eInd orthonormal bases O, ...,0, in R% as it
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Figure 3: Die Korfsche Uhr [Mo].
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was done in Lemma 6.2. The mapping H from Lemma 6.1 applied to each of
the vectors ey, ..., eq in place of ey produces new n copies Xi,..., X, of R4
and “twists” each Oy, out of R% to become a basis of Xj.

Proposition 6.3. Let € > 0 be given. For every K € N there exists d > K
with the following property. There exists N > cedIlnd and a norm-preserving
(1 + €)-bilipschitz mapping f of RN onto itself such that f(x) = —f(—x) for
r € RY and f(Bga) contains an orthonormal basis of RY.

PROOF. Let 0 < € < 1 be given. Choose the smallest m € N so that 277/2 <
e % that is, m = [ ]. Let ¢’ satisfy 27™/2 = ¢=™/?". Then /2 <&’ < .
Choose n € N so that d = 274+t > K. Write R4"t2) = X, @ X; &
<@ X411, where R? = X} = span{ej1xd, - ., earra} Let Og = {e1,...,eq}
and let Oq,...,0,41 be the orthonormal bases in Xy which exist according
to Lemma 6.2. Let S; be a copy of O in Xi, k = 1,...,n+ 1. Define
f: RA+2) _ RA(n+2) “hlock-wise”; namely let f act on each of the blocks
Y; = span{ejio,€jid,---,€jrm+1)a} as H, where H is the mapping from
Lemma 6.1 (with r = 2-m/2 — 67”/25/). The mapping f is norm-preserving
and (1 4 €)-bilipschitz with f(z) = —f(—=x), since H is such a mapping. It
follows that f =1Id on £0¢ and f(+O) = FSk if k =1,...,n+ 1. Finally,

B Ind
" 4mln?2

!
+£:ﬂ+z>islnd. 0

2
ne 4 4 8

References

[ATV] P. Alestalo, D. A. Trotsenko, J. Vaisald, Isometric approzimation, Is-
rael J. Math., 125 (2001), 61-82.

[Al] N. Alon, On ranks of perturbations of identity matrices, preprint.

[BL] Y. Benyamini, J. Lindenstrauss, Geometric non-linear functional anal-
ysis, Colloquium Publications No. 48, Amer. Math. Soc., Providence,
RI, 2000.

[IP] D. J. Ives, D. Preiss, Not too well differentiable Lipschitz isomorphisms,
Israel J. Math., 115 (2000), 343-353.

[J] F. John, Rotation and strain, Comm. Pure Appl. Math., 14 (1961),
391-413. [Collected papers Volume 2, J. Moser, ed., Birkhauser, (1985),
643-665).

K] N. J. Kalton, A remark on quasi-isometries, Proc. Amer. Math. Soc.,
131 (2003), 1225-1231.



BILIPSCHITZ MAPPINGS OF NETS 105

E. Matouskovd, Almost isometries of balls, J. Funct. Anal., 190 (2002),
507-525.

C. Morgenstern, Palmstrém (in German), Verlag Cassirer, Berlin,
1910.

V. M. Tikhomirov, Some questions of the approximation theory (in
Russian), Moscow Univ. Press, Moscow, 1976.

J. Viisala, Bilipschitz and quasisymmetric extension properties, Ann.

Acad. Scient. Fennicae, Ser. A. I, 11 (1986), 239-274.

E. H. Zarantonello, Projections on convex sets in Hilbert space and
spectral theory, Contributions to nonlinear functional analysis, (Proc.
Sympos., Math. Res. Center, Univ. Wisconsin, Madison, Wis., 1971),
237-341, Academic Press, New York, 1971.



106



