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1. INTRODUCTION

Mazur-Ulam’s classical theorem states that any isometric onto map between normed spaces is
linear. This result has been generalized by T. Figiel [F] who showed that if ® is an isometric embedding
from a Banach space X to a Banach space Y such that ®(0) = 0 and vect[¢p(X)] = Y, there exists a
linear quotient map Q such that |Q|| =1 and Q o ® = Idy. The third chapter of this short story is [GK]
where it is shown that if a quotient map Q from a Banach space Y onto a separable Banach space
X has a Lipschitz lifting, then it actually has a continuous linear lifting. Combining this statement
with Figiel’'s theorem provides another result from [GK] : if a separable Banach space X isometrically
embeds into a Banach space Y, there exists an isometric linear embedding from X into Y.

Nigel Kalton had an outstanding ability to set theorems and proofs in their proper frame. His
articles are therefore fountains of ideas, irrigating each of the many fields to which he contributed :
a non exhaustive survey on these contributions is [G]. The paper [GK] is no exception to this rule,
and among other things it prepared the ground for far-reaching extensions, where e.g. the Lipschitz
assumption is weakened to the Holder condition, leading to very different conclusions ( [K1], [K2],
[K3] ). However, some readers could find daunting some arguments from [GK], which would probably
turn down undergraduate students.

Since the extension from [GK] of Mazur-Ulam’s theorem which is recalled above has a statement
which is understandable to any student in mathematics, it seems appropriate to provide an elemen-
tary proof. This is the purpose of the present short note, where only basic functional analysis (elemen-
tary duality theory) and calculus (culminating at Fubini’s theorem for continuous functions on R")
are used. Moreover this note is fully self-contained : even the generic smoothness of convex fuctions
on R” is shown, and a detailed proof of Figiel’s theorem is provided (following [BL], although Lemma
2 is not stated there). The main result of the note is Theorem 5, whose proof follows the strategy of the
proof of ( [GK], Corollary 3.2) but in such an elementary way that diagrams, free spaces and infinite-
dimensional integration or differentiation arguments are avoided. Thus our approach makes it clear
that the core of the proof consists of finite-dimensional considerations. We can therefore teach at an
undergraduate level Mazur-Ulam’s theorem and its natural extensions from [F] and [GK].

2. RESULTS

We begin with a classical application of Baire category theorem.

Proposition 1 :Let g : R” — R be a convex function. The function g is continuous on R" and it is
differentiable at every point of a dense subset of R".

Proof: Pick x = (x;)1<i<n € R" and a > 0.
If {e1, ey, ..., €5} denotes the canonical basis of R”, convexity shows that
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Moreover if C is a non-empty convex subset R” such that (-x) € C forall xe C,and F: C — Ris a
convex function such that F(0) = 0 and F is bounded above on C, then



sup F(x) =sup|F(x)|.

xeC xeC

Thus we have
sup glx+h)—gl= _max gx+eae)—g). (n)
Ikl <a 1<i<n,le|=1

It thus follows from the one-dimensional case that g is continuous at every point x of R”.

ForkeN*,1<i<mnandt>0,let

Op,i(1) ={x€R"; glr+re) +g(x—re)—28(x) _ 1}
: ; :
and
Vk,i = U Oky,'(t).

t>0

The sets Vj; are open (as union of open sets).
Observe now that if f : R — R is a convex function, and if for a given x € R we define 7 : R* — R by

(O =[fx+)+flx—0-2fx)]/t.

then f est differentiable at x if and only if
lim 7(¢) =0.
t—0*

It follows that if we let
Ai =[] Vi,
k>1
then A; = {xeR"; g—i(x) exists}.
Since every convex function of one real variable is differentiable outside a countable set, the sets
A; are dense in R”.

Since every set A; is a countable intersection of open sets, it follows from Baire category theorem
that the set

Qg = ﬂ Aj
1<i<n

is dense in R".

& 0
Pick x € Q. We define a function G by G(y) = g(y) — g(x) - Z (yi — xi)a—g(x).
i=1 Xi

Applying (1) to this function G shows that for any & € R",

|IG(x+h)|< max G(x+el|hlie;).

Iisn lel=

It follows that Qg is the set of points in R"” where the function g is differentiable. This concludes
the proof of Proposition 1.

Let || . || be a norm on R". We denote Q _ the set of points where this norm is differentiable. If
x€Qy ., we denote by {V| . [l}(x) the differential of the norm at x.

It is easily seen that [|{V] . [}(x)|| =< {VI . [} (x), ”—jg” >=1.

Moreover if z € R" and (x)),>1 is a sequence in Q | which converge to z, then



’}ijlgo< VI 13 (xp), z>= |l zll. 2

Lemma 2 :Let E be a finite-dimensional normed space, with norm | . ||. Pick x € E a point of
differentiability of the norm | . || with || x|| = 1. Then {V| . [|}(x) is the only 1-Lipschitz map ¢ : E — R
such that ¢(tx) =t forall t e R.

Proof: Let ¢ : E — Ra 1-Lipschitz map such that ¢(tx) = ¢ for all r € R. Pick y e E.
For all £ #0, one has

1=1tp(y) - to((p(y) +1/D)x)| < llx— t(y — () )|l

Therefore the right-hand side function attains its minimum at ¢ = 0. Differentiation gives

<{VI. I3, y—p()x>=0
and thus {V] . [}(x) = ¢.

Lemma 3([F]) : Let E be a normed space of finite dimension n, let F be a normed space and let
¢ : E — F be an isometry such that ¢(0) = 0. We assume that vect[¢p(E)] = F. Then there exists a
unique continuous linear map T : F — E such that T o ¢ = Idg, and moreover | T| = 1.

Proof: We first consider the one-dimensional case. Let j : R — F be an isometry such that j(0) = 0.
For all k € N. there exists x,’; € F* with norm 1 such that < xz, jk) — j(—k) >=2k. It is easily seen that
< x;, j(1) >= tforall 1 € [k, k]. It follows by weak* compactness that there exists x* € F* with norm
1 such that < x*, j(f) >= ¢ for all ¢ € R, and this linear form x* does the job.

Take now ¢ : E — F as above. Pick any x € E where the norm || . || is differentiable. By the one-
dimensional case, there exists f;’ € F* with norm 1 such that < f,¢(tx) >= ¢ for all # € R. Lemma 2
shows that fo¢p={V]| . [} (x).

It follows from Proposition 1 and (2) that for any z € E\{0}, thereis x’ € Q | such that {V|| . [}(x")(2) # 0.

It follows that we can find points x;, X, ..., X, in Q) . such that the set of linear forms ({V . (xi))lgign
is a basis of E*.

We denote by (z;)1<j<n the dual basis in E, such that

VI I} (xi) (25) = 63, 5.

For all 1 < i < n, there exists f; € F* such that
VI ) = f 0.

We define T': F — E by

n
T =) fr(azi.
i=1

The map T is linear and continuous, and T o¢ = Idg.
Uniqueness of such a map T follows immediately from vect[¢(E)] = F.
Moreover, for all x’ € Q) |, one has



o= 1&xNeT 3

since these continuous linear forms coincide on the dense set vect[¢(E)]. If we pick any y € F and
we apply (2) to z = T(y), it follows from (3) that || y|| < ||z|| and thus || T'|| = 1.

Theorem 4 ([F]) : Let X be a separable infinite-dimensional Banach space. Let F be a normed
space and let ¢ : X — F be an isometry such that ¢(0) = 0. We assume that vect[¢p(X)] = F. Then there

exists a unique continuous linear map T : F — X such that T o ¢ = Idx, and moreover || T| = 1.

Proof: We write

X=J Ex
k>1
where (Ey)>1 is an increasing sequence of finite-dimensional subspaces. We let Fy = vect[®(Ey)].
By Lemma 3, there exists a unique continuous linear map T} : Fx — Ej such that Ty (®(x)) = x for all
x € Ey, and moreover || Ti| = 1.

Uniqueness implies that we can consistently define T : Ui Fx — X by T(y) = Ti(y) if y € Fy,
and | T| = 1 since || Tx|l = 1 for all k. Finally our assumption implies that F = Ui>1 Fx and T can be
extended to F since it takes values in the complete space X.

Remarks : 1) Assuming X separable in Theorem 4 is a matter of convenience. The same argu-
ment works for any Banach space X, written as the union of the directed set of its finite-dimensional
subspaces.

2) Theorem 4 immediately implies Mazur-Ulam’s theorem : every onto isometry ® : X — Y bet-
ween Banach spaces such that ®(0) = 0 is linear.

Theorem 5 ([GK]) : Let X be a separable Banach space. Let Y be a Banach space, andletQ:Y — X
a continuous linear map, such that there exists an M -Lipschitzmap £ : X — Y such that Qo % = Idy.
Then there exists a continuous linear map S : X — Y such that Qo S = Idx and ||S|| < M.

Proof: Let Lipy(X) be the space of Lipschitz functions f from X to R such that f(0) = 0, equipped
with its natural norm

Lf(x) = fF()I
IflL= sup{M (x5, ) € X2 x# y}.
lx—yl
The dual space X* is a subspace of Lipy(X) and || x*| = || x* || pour tout x* € X*.

Let (x;);>1 be a linearly independent sequence of vectors in X such that vect[(x;);>1] = X and
llx;ll =27 forall i.

We let Ex. = vect[{x;; 1 <i <k}l

We denote Ry : Ex — Lipo(X)* the unique linear map which satisfies for all 1 < n < k et all
feLipy(X)

Rk(xn)(f)zf [fxn+ Y. tixp)—fC )., tixp]dtdt..dtp1dty...dt. (4)
(0,171 j=1,j#n j=1,j#n

Pick f € Lipo(X). Let fi be the restriction of f to Ej. If the function fi est continuously differen-
tiable, Fubini’s theorem shows that for all x € E}

k
Rr(x)(f) = f[o " < {ka}(z tixj),x>dtdt..dty. (5)
)y ]:1

4



Thus |Rx(x) ()] < IIxll.Ifliz if fi is continuously differentiable on Ej. But classically, convolu-
tions with a sequence of smooth functions on Ej shows that any f € Lipy(X) is a uniform limit of
a sequence f; of functions whose restrictions to Ej are continuously differentiable, and such that
I fill < fllz. Hence (5) shows that

IRkl < 1

Observe now that (4) shows thatif 1 < n < k, then

I Rie+1(xn) = R () | < 2 X1 [l

It follows that for all x € Ej, the sequence (R;(x));> converges in the Banach space Lipo(X)*.

We let C = ] Ej and we define forall x€ C
k>1

R(x) = llim R;(x).

Clearly R is a linear map from C to Lipy(X)* such that ||R|| = 1. Moreover Ry (x,)(x*) = x* (x,) for
all x* € X*, and thus R(x)(x*) = x*(x) forall xe Cand all x* € X*.

Since C is dense in X, it follows that there exists a linear map R:X—Li po(X)* such that IRl =1
and R(x)(x*) = x*(x) for all x € X and all x* € X*.

In the notation of the theorem, we may and do assume that £ (0) = 0. We now define a linear map
S: X — Y** by the equation

<S),y* >=<R(x),y 0 £ > 6)

Since weak* convergence in By~ implies uniform convergence on compact sets, (6) shows that S(x) is
weak* continuous on By- and thus S takes its values into Y. Moreover, for any x* € X*,

< x*,Q8(x) >=< S(x),Q* (x*) >=< R(x),x* 0 Qo £ >=< R(x),x* >=< x*, x>

and thus Qo S = Idy. Finally, IRl = 1 shows that ||S|| < M.

Theorem 6 ([GK]) : Let X be a separable Banach space. If there exists an isometry ® from X into a
Banach space Y, then Y contains a closed linear subspace which is linearly isometric to X.

Proof: We may and do assume that ®(0) = 0 and that vecf[®(X)] = Y. By Lemma 3 and Theorem
4, there is a quotient map Q: Y — X of norm 1 such that Qo® = Idx. We can therefore apply Theorem
5 with £ = ¢, and this shows the existence of S: X — Y with ||S|| =1 and Qo S = Idy. It is now clear
that S is a linear isometry from X into Y.

Remark : In sharp contrast with what happens in Theorem 4, the separability of X is crucially
important in Theorems 5 and 6, which both fail for instance when X is a non-separable Hilbert space
([GK], Theorem 4.3).
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