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CHAPTER 1

Notation

Let A be a non empty set. By AN we denote the infinite sequences and by A<N
the finite sequences in A. If s = (1, 82,...5,) € AN, m is called the length of s and
denoted by |s|. If s € AN we write |s| = co. If m,n € N and s = (s1,...5,) € AN,
with n = |s| > m or s = (s;) € AN we set s|,, = (51,82, ... Sm)-

Let s = (s1,82,...5,) € AN and t = (t1,ty,...t,) € AN or t = (t;) € AV
We say that t is an estension of s and write ¢ > s if [t| > |s|, and t[ = s. We
write t = s if t = s or t = s. The concatenation of s and t is the element (s,t) =
(51,89, Smsti, . tn) € AN or (s,t) = (81, 892, ... Sm, t1,ta,...) € AV, respectively.

For a set A and a cardinal number a [A]*, [A]=%, [A]<® denotes the set of all
subsets of cardinality «, at most a and strictly smaller than «, respectively and [A]
denotes the set of all subsets of A.

Convention: We identify the elements [N]<N and [N]V, with increasing sequences
in NN and NY in the obvious way.

If Ac[A], A,, A, and As denotes the set of all countable unions of elements
of A, countable disjoint unions of elements of A, and all countable intersections of
elements of A, respectively.

Let (X,7) be a topological space. For A C X ZT, or A, if there is no confusion,
denotes the the closed hull of A € X and A%7, respectively A°, denote the open
kernel of A. Following general convention we write Gs instead of 7; = {(\U,, : U, €
7 for n € N} and F, for {F C X : F closed},.

Let (X, d) be a metric space. For € > 0 and for any non empty A C X we write

A ={z :d(z,A) < e}, where d(z, A) = im}f1 d(z,y).
ye

If A= {z}, x € X, we also write B.(z) ={z}. = {y € X : d(z,y) < e}.
We denote the topology generated by d by 7y, i.e.

To={U:UcC X VeeU3I>0 B.(z)CU}.

We will only use countable ordinals which can be easily introduced as follows using
Zorn’s Wellordering Lemma: Take an uncountable set, say the real number line R
and well order R. We denote this ordering by <. We then define

0« = min Rwith respect to < wp = min {r : {s: s < r} is finite}
Wi = min {r {s:s<r}is countable}

5



6 1. NOTATION

A countable ordinal is then the element of the set [0,w;) = {a : @ < wi1}. A more
detailed introduction to ordianals and a proof of Zorn’s Lemma using the Axiom of
Choice can be found in the appendix



CHAPTER 2

Polish spaces

1. Introduction

A topological space (X,7) is called completely metrizable if the topology 7 is
generated by a metric for which X is complete, for which every Cauchy sequence
converges. A Polish space is a separable completely metrizable space. Note that a
Polish space has a countable basis.

ExAMPLES 1.1. The following are Polish spaces.

(i) Every countable set with its discrete topology.
(ii) R, R", C, C", [0, 1] with their usual topologies.

(iii) Closed subspaces of Polish spaces.

(iv) Countable products of Polish spaces. Indeed, assume that for i € N, d; is a

metric which turns X; into a separable, complete metric space. For T = (x;)
and 7 = (y;) in [[ X; define

d(z,y) = Z 27 max (1, d;(z,4:)).

i=1
Then d(-,-) turns [[ X; into a complete metric space. If D; = {{(i,j) : j €
N} C X; is dense in X, then

D={(&)ien:& €Diand #{i e N: & # (i, 1)} < o0}

is countable and dense in (X, d). Important examples of such products are:
o A ={0,1} Cantor space
o H = [0, 1] Hilbert cube
o N =NV
(v) Countable sums of Polish spaces.

THEOREM 1.2. [Alexandrov| Every Gs set G in a completely metrizable, or Polish,
space X 1s completely metrizable, or Polish, respectively.

PROOF. Let d be a complete metric generating the topology on X. Assume first
that G C X is open, then

f:G— X xR, xH<x,m),

is injective, continuous, f~!: f(G) — X is continuous, and f(G) is closed in X x R
(indeed, if f(z,) converges, in X x R, to (x,r), then lim, .z, = z in X, thus

7



8 2. POLISH SPACES

lim,, o d(z,, X \ G) = d(z, X \ G) and since lim,, o, 1/d(x,, X \ G) = r it follows
that d(x, X \ G) > 0 and, thus, z € G).

So, we deduce that GG is homeomorphic to a closed subset of X x R, and thus
completely metrizable, respectively Polish.

In the general case, we write G as G = (G, G,, C X open and consider the map

1 1
o N
F:G—-XxR", x+— <x7d(x,X\G1)’d(x,X\Gg)"”)

We can argue as before and deduce that f embeds G onto a closed subspace of
X x RN, 0J

PROPOSITION 1.3. Let f : A — Z be a continuous map from a subset A of a
metrizable space W into a completely metrizable space Z. Then f can be continuously
extended to a Gs set containing A.

PROOF. Let d be a complete metric generating the topology on Z. For x € A
define the oscillation of f at x by

Oy(z) = inf{d — diam(f(ANV)) : V C X open and z € V}.

Since f is continuous on A it follows that Of(x) = 0, for x € A. Secondly we claim
that the set B = {z € W : Of(x) = 0} is a Gs-set by observing that for any ¢ > 0
the set

BE:{xEW:Of(x)<€}:U{VﬂA: V open and d — diam(f(ANV)) < e}

is open in A, and that A is a Gs set in W.

Finally we want to extend f continuously onto B. If x € B there is a sequence
() C A converging to x. Since Of(x) = 0, the sequence f(x,) must be Cauchy, and
thus convergent in Z. We put g(x) := lim,_, f(z,) and we observe that g(z) is well
defined. Indeed, if (Z,) is another sequence converging to x we consider the sequence
(zn) with 29,1 = x, and z9, = Z,. Moreover g extends f (by considering constant
sequences), and is continuous (using a straightforward diagonalization argument). [

THEOREM 1.4. [Lauvrentiev]

Let X, Y be completely metrizable spaces, let A C X and BCY andlet f: A— B
be a homeomorphism.

Then f can be extended to a homeomorphism between two Gs-sets containing A
and B, respectively.

ProOOF. By Proposition 1.3 we can choose a Gs set A’ C X, containing A and a
Gs set B’ C Y, containing B. And extensions f': A’ — Y of f and ¢ : B — X of
f~1, respectively. Put
H = Graph(f') = {(z,y) € A'xY :y = f'(2)}
and K = Graph(¢') = {(x,y) € XxB' :x = g(x)}
and let A* = m(H N K) and B* = my(H N K), where m; : X XY is the ith coordinate
projection for ¢ = 1, 2.



2. TRANSFER THEOREMS 9

Since K is closed in X x B, K is a Gg-set in X xY. Indeed, write B’ = (U,
U, C Y open (n € N), K = FNXxDB for some F C XxY and F = NV,
U, C XxY open for n € N, and thus K = NV, N (X xB") =NV, NN(Xx U,).
Since A* = {x € A" : (z, f'(x)) € K} = A* = (Id, f')""(K), where (Id, f') : A’ —
XxY,z— (x, f'(x)), is also Gs. Similarly it follows that B* is a Gs set.

Note that

KNH={(z,y)€e A*xB* : y=f'(z) and x=¢'(y)} = Graph(f’|a-) = Graph(¢'|a-),
which implies that f’: A* — B* is continuous and bijective, with f'~! = g. O

THEOREM 1.5. Let X be a completely metrizable space and Y C X a completely
metrizable subspace. Then'Y is a Gs-set in X.

PROOF. let f:Y — Y be the identity map. By Theorem 1.4 it can be extended
to a homeomorphism [’ : A” — Y where A’ C X is a Gs-set in X. But there is no
other possibility than A’ = Y, which implies that Y had to be already a Gs-set in
X. O

2. Transfer Theorems

DEFINITION 2.1. Let X be a Polish space, d a complete metric which generates
the topology on X and let A be a non empty set.

A Souslin scheme on X is a family {F, : s € A<N} of subsets of X so that F, C Fj,
whenever ¢ is a (strict) extension of s, and lim,_.., d — diam(F,),) = 0 for all « € A"

A Souslin scheme {F, : s € A<V} is called a Lusin scheme if F,N F; = () whenever
s and t are incomparable.

A Cantor scheme is a Lusin scheme if A = {0,1} and if F, # () for all s € A<N

REMARK. The Souslin operation is closely related to Souslin schemes and will be
introduced in subsection 4.

The following Proposition collects some easy properties.

PROPOSITION 2.2. Let {F, : s € AN} be a Souslin scheme. We equip A<N with
the product of the discrete topology.

1) D={ae€ AN : VneN F,, # 0} is closed. Note that for o ¢ D there
exists an n € N so that Fy, =0 and thus {t € A : t = a|,} C D"

2) For a € AN, every sequence (x,) with x,, € Fa‘n, n € N, must be a Cauchy
sequence, and thus convergent to some x, € X. It follows that (\Fyj, =
{za}.

Moreover the map D — X, f: D — X, a— x, 15 continuous. Indeed,

choose for e > 0 and o € D n € N large enough so that d — diam(F),) < €

then if 3 € {y € D : v = al,} it follows that x5 € Nyey Foy C Fap, and
thus d(zq,18) < €.
We call f : D — X the map associated to {F,:s & AN},
3) Assume that Fy = X and that for all s € A<N and all n > |s| it follows that
F, = Ut>5,|t\:n F,. Then the associated map s onto.
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4) If {F,: s € AN} is a Lusin scheme the associated map is injective.

PROPOSITION 2.3. Every dense-in-itself Polish space X (i.e. X does not have
any isolated point) contains a homeomorph of A

PROOF. We will show that there is a family {U, : s € {0,1}<N in X consisting
of non empty open sets so that, d — diam(U,) < 2!, for s € {0,1}N U, NU, =
whenever s,t € A<N are incomparable and U, C U, if t > s.

But this can be done easily by induction on the length of s € A<N. Then, our
claim follows from aforementioned remark. 0

PROPOSITION 2.4. [Cantor Bendixson Theorem]
Every separable metric space X can be written as X =Y U Z where Z is countable,
Y is closed and has no isolated points.

PROOF. Let {V,, : n € N} be a basis of the topology of X. For each isolated point
x we can choose n, € N so that {z} = V,,_. This implies that the set Z of isolated
points must be countable and that Y = X \ Z = (,., V¢ is closed. O

Propositions 2.3 and 2.4 yield the following Corollary.

COROLLARY 2.5. Every uncountable Polish space contains a homeomorph of A,
and hence is of cardinality c.

PROPOSITION 2.6. A contains a subspace homeomorphic to NY. More precisely
NY is homeomorphic to the following Gs set of A:

A ={(e) € {0, 1N : #{i ;=0 =#{i:e; =1} = o0}

PROOF. (by Alejandro Chavez Dominguez) We define the following map between
Ny x N¥ (which is clearly homeomorphic to NV) and A,

6 :Ngx N¥ = A,
(k,n1,n2,n3,...) — (0,0,...0,1,1...1,0,0,...0...).
——
k ni ng
It is then easy to verify that ¢ is a bijection which is continuous and has a continuous
inverse. U

Combining Propositions 2.4 and 2.6 we deduce the following result.

COROLLARY 2.7. Every uncountable Polish contains a subspace homeomorphic to
NN,

The following result generalizes Corollary 2.5.

THEOREM 2.8. Let X be Polish and E C X XX be a closed equivalence relation
(i.e. E as subset of XxX is closed) with uncountably many equivalence classes. Then

there is a homeomorph D of A in X consisting of pairwise not equivalent elements.
In particular there are exactly ¢ equivalence classes.
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PRrOOF. Let {V}, : n € N} be a basis of the topology of X and put
Z = U{V (V,,xV,) N E has countable many equivalence classes}.

Then Z x Z N E has only countable equivalence classes.

Y = X\ Z is closed, thus, Polish and for all open nonempty sets U C Y, UxUNE
has uncountable equivalence classes (otherwise choose m so that ) # V,, NY C U,
since V,, = (ZNV,)U (Y NU) , V,, xV,, has only countable equivalence classes).

W.lo.g. X =Y and d is a complete metric on X with d — diam(X) = 1.

We construct now a Cantor scheme {U, : s € {0,1}} | of non empty open sets,
so that (U0 X Uis1)) N E = 0 (since E contains the diagonal {(z,z) : # € X}, this
condition is stronger than only assuming that U o) N Us1) = 0) and d — diam(U;) <
2715 for s € {0,1}N. Secondly note that for a # 3 in {0,1}" we choose n € Ny so
that a|, = (|, and a(n+ 1) # B(n +1).

It follows then from Proposition 2.2 (4) that the map associated to {Fs : s €
{0,1}<N} is an homeomorphic embedding of A into X.

By induction we choose for each n € Ny the sets Uy for all s € {0,1}". Put
Up = X. Assuming for some n € Ny and s € {0,1}" Uy has been chosen. Then, since
U, is open we can choose two non equivalent yo and y; in Us. Then we choose two
neighborhoods Uy, gy and U, 1y of yo and y;, respectively, so that m,m c U,
Us0)xUs.1) N E = ( (this is possible since (yo,y1) & E and E is closed in X xX) and
d — diam(Us ), d — diam(Us 1)) < 2771 O

THEOREM 2.9. Ewvery Polish space X is the image of a closed subset of NN under
a continuous injection.

PROOF. Let d be a complete metric which generates the topology of X and for
which d — diam(X) < 1. We will define a Lusin scheme {F; : s € N<N} consisting
of F, sets, such that Fj = X, d — diam(F,) < 278171 and F, = (J;oy Fls,). for all
s € NN, The claim will then follow from Proposition 2.2 (4) if we put D = {a €
NY:VneN F,, #0}.

We choose by induction for each n € Ny F} for all s € N*. Put Fjy = X and assume
for n € Ny and for s € N* F, has been chosen. We can write Fy as Iy = |J,,cny Cn
where C,, C X is closed and moreover d — diam(C,,) < 277!, for n € N, then we put
Flomy = Cy \ U?:_ll C;. Since F{, ) is open in the closed set C,, it is F, in X. d

THEOREM 2.10. Fvery compact metric space is the continuous image of a zero
dimensional space (a topological space with a basis consisting of clopen sets).

PROOF. Let d be a metric generating the topology on X so that d—diam(X) < 1.
By induction we will choose for every k € Ny, n; € N, and nonempty closed Fy, C X
for s € Hf oi1,2,...,n;} or s =0, and k > 0, so that Fy = X, d — diam(F;) < 27*
and Fs = U, <, Fls.)-

Assume that for £ € Ny and all s € H§:1{1,2, ...,n;} has been chosen (Fj =
X). Since all the Fy, s € H§:0{172=~--”k} we find an ng1; € N and for each

s € Hle{l, 2,...ng} an open cover (U, )n<n, of Fy of sets having diameter at most
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27"=1 After possibly taking away some of the (Us,)n<n,’s and possibly repeating
some of them we can assume that for all n < ny the set F,,) = Fy N Uy is not
empty. This finishes the choice of the F{,,) and the induction step.

Define Z = [[,2 {1, 2, ...ny} (which is zero dimensional and compact with respect
to the product of the discrete topology) and define for o = (o) € Z f(«) to be the
unique element z, so that (), .y Fa, = {Za}. Then it is easy to verify that f is
continuous and onto. 0]

In in the proof of Theorem 2.10 we could have assured that the numbers n; are
powers of 2 (by increasing them if necessary). In that case the constructed space Z
is hoemorphic to A and we obtain.

THEOREM 2.11. Every compact metrizable space is the continuous image of the
Cantor space A.

PROPOSITION 2.12. Let X = AN, where A is a non empty set with the discrete
topology. Then every closed subset C' of X is a retract to X, i.e there is a continuous
map f: X — C, so that f|c is the identity.

PROOF. For s € A<N put F; = {a € A" : o = s} and note that F} is clopen
in AN, For every s € A<N for which C'N F, # 0, pick an element v(s) € C N F,. If
a & C it follows from the assumption that C'is closed, and, thus, X \ C'is open, that
there is an n € N so that Fy;, C X \ C. Choose n(a) to be the minimum of such n’s
in N (since C' is not empty n = 0 is not possible). Then define

Q if € C,

f:AN S Ca— .
Y(aln@-1) ifagC.

In order to verify that f is continuous one needs to observe that if (a® : k € N)

is a sequence in X \ C which converges to some o € C that then v(a(k)|n(a(k>)_1)

converges to a. But this follows from the fact that since a € C it follows that

limy,_, o n(a®) — 1 = oo and thus

lim o® = a.

- k—o0

lim ’Y(a(k) |n(a(k>)—1)

k—o0

COROLLARY 2.13. Every Polish space X is the continuous image of NN

PROOF. By Theorem 2.9 X is a continuous image of a closed subset of NN, which
by Proposition 2.12 is a retract of NV, O

REMARK. More precisely, the proofs of Theorem 2.9 and Proposition 2.12 (or an
easy direct argument) show that there is a Souslin scheme (U, : s € N<V) of open sets
so that Up = X and Uy = J,,cy Us,n) for s € N<N. Moreover, given any null sequence
(2n) C (0,00), we can assume that d — diam(U;) < |5 whenever s € N<N.
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3. Spaces of compact sets

DEFINITION 3.1. Let X be a topological space and K(X) the family of nonempty
compact subsets of X. On (X)), the topology generated by the family
Vi) = {{K e K(X): K CUy, KNU; # 0} :n € N, Uy, Us,...,U, C X open},

is called Vietoris topology on KC(X). Since Vi(x) is closed under finite intersections it
is a basis of it. For n € N and Uy, Uy, ...U, C X open, we denote:

V(UO,UI,...Un):{KGIC(X):KCUO}ﬂﬁ{KEIC(X):KﬂUi%@}.

From now on we consider /(X)) with the Vietoris topology.

ProPOSITION 3.2. If D C X is dense, then the set all finite non empty subsets
of D is dense in K(X). In particular, if X is separable so is K(X).

PROOF. Let Uy, Uy,...U, C X be open so that V(Uy,Uy,...U,) # 0. This
implies that U; N Uy # 0, for i« = 1,2...n, and, thus, we can pick z; € D N U; N Uy,
for i = 1,...n, and note that F' = {z,...,z,} € V(Uy,Uy,...U,). Since the sets
V(Uy, Uy, ...Uy,), with n € N, and Uy, Uy,...U, C X open, form a basis we deduce
our claim. ]

PROPOSITION 3.3. If (X,d) is a metric space we define for K, L € K(X)
o (K, L) = max (rilez%d(a:, L),rilggid(y, K)).
Then 6y is a metric on (X)) which induces the Vietoris topology on K(X). We call
du the Hausdorff metric on IC(X).
REMARK. Note that for K, L € K(X) and ¢ > 0,
(1) op(K,L)<e <= K CL.and L C K..

PROOF OF PROPOSITION 3.3. Clearly dy is symmetric. If K, L € K(X) and
du(K,L) =0, and let z € K. Since d(x, L) = 0 and since L is closed it follows that
x € L. Thus we showed that K C L. By symmetry L C K.

If K,L,M € K(X). For z € K choose y, € L so that max,cx d(x, L) = d(x,y,).

L M) = L M
max d(z, L) + max d(y, M) = maxmaxd(z, L) + d(y, M)

= d(z, ys) + d(y, M
max max d(, y») + d(y, M)

> > .
> maxd(w, y;) + d(yz, M) > maxd(z, M)
By the same argument we can show that
d(x, L dly, K) > d(z, K).
max d(z, L) + max d(y, K) > max d(z, K)
Assume K € K(X) and € > 0. We first show that there are finitely many open
sets Uy, Uy, ...U, C X so that
K C V(Uo, Ul, c Un> C B((;H?g)(K).
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Choose a finite £/2-net (z;);-, in K and put Uy = K. and U; = B s4(;) for
i=1,2,...n. Clearly K € V(Uy,Uy,...U,). Secondly, if L € V(Uy,Uy,...U,), then
L C Uy = K. and for every x € K thereisani € {1,2...n} with d(z,x;) < /2, and
since K NU; # () there is a z € L, so that d(z;,2) < /2. Thus, d(z,z) < €, So we
proved that K C L., which together with L C K implies by (1) that oy (K, L) < e.

Conversely if open sets Uy, Uy, ... U, C X are given, and K € V(Uy, Uy,...U,).
Choose ¢ so that K., C Uy and ¢; > 0, for ¢« = 1,2,...,n so that there is an
r; € Uy N K with B, (x;) C U;. For ¢ = ming<ij<p,&; we claim that B, o (K) C
V(Uo, Uy, ...Uy,). Indeed, if L € K(X), with ég(L, K) < ¢, it follows by (1) that
L C K., and, thus L C U, and that K C L., and, thus, B (x;) N L # 0, which
implies that U; N L D Bay,)(z;) N L D Bge(x;) N L = (. Therefore we verified that
L € V(Up,Uy,...U,), and, thus, that B, - (K) C V (U, Us,...Up). 0

ProposITION 3.4. If (X,d) is a complete metric space and (K,) C K(X) a
Cauchy sequence with respect to 0y, then |J K, is compact in X.

PROOF. Since X is complete it is enough to show that K = [J K, is totally
bounded. Let € > 0. Since (K,) is Cauchy there is an ng so that K, C [K,,]./2 for all
n > ng. Thus if (z;)¥, is an £/2-net of |J!°, K,,, then it is an e-net of (J7~, K,,. O

PROPOSITION 3.5. If (X, d) is a complete metric space then (K(X),dy) is also a
complete metric space and for a Cauchy sequence (K,,)

o — lim K, = () | K.
e neENm=n
PROOF. Let (K,) C K(X) be a Cauchy sequence, put K = [, .yUn_, Km
and let ¢ > 0. Choose ng so that 6y (kK,, K,) < €/2 and, thus, [K,| C [Ky]c)2

and [Ky,] C [Ky]e/2, whenever m,n > ng. This implies K C U, C [Kny]., for
n > ng. Secondly it follows for all n and all n > ng K, C [K,]./2 and thus, for
T € ()enHKmle/2 there is a sequence (2,), d(zm, ) < /2 and z,, € U;’;m K;, for

m € N. By Proposition 3.4 |J K, is compact and, thus, (z,) has an accumulation
point say z. it follows that z € K, and d(z,x) < £/2 and thus x € K.. Therefore we
proved that K, C K.. By Proposition 1 it follows 0y (K, K,) < ¢ for all n > ng. O

Propositions 3.4 and 3.5 yield the following Corollary.
COROLLARY 3.6. If X is a Polish space, so is K(X).
PROPOSITION 3.7. If X is compact and metrizable, so is K(X).

PROOF. It is enough to show that (K(X),dy) is totally bounded. Let ¢ > 0 and
let D finite e-net of X. Then, using (1), it is easy to verify that {A C D : A # 0} is
an e-net of I(X). O

PROPOSITION 3.8. If X is compact and metrizable, then the Borel sets By(x) are
generated by

V={{KeKkX):KnNU; #0} : neN and Uy, Us,...U, C X open}.
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PROOF. Let ¥ be the o-algebra generated by V'. It is enough to show that for
any U C X open the set {K € K(X): K C U} € 3. But this is equivalent with
{KeK(X): KNU®#0} € X. But U° is an Gs set. Thus, write U¢ = (V,,, where
V, C X is open. and note that

{KeK(X):KnNU #0} = {KeK(X): KNV, #0} €X
neN
Indeed, for “C” is trivial and for K € (), {K € K(X) : KNV, # 0} choose

zn € KNV, for n € N, and an accumulation point z of (z,). It follows that
z € KNU® and, thus, K N U¢ # 0. O

4. The Baire Category Theorem and Applications

THEOREM 4.1. (Baire Category Theorem)
Let X be a completely metrizable space. The intersections of countably many dense
open sets in X s dense.

COROLLARY 4.2. Let X be a completely metrizable space. If F,, C X is closed for
n €N, and X = JF, then there is an n € N so that F° # ().

PRrROOF. Consider U,, = X \ F,. Since (U, = 0, there must be an n € N for
which U, is not dense in X.
O

DEFINITION 4.3. Let (X,7) be a topoligical space and d(-,-) a metric on X (not
necessariy a metric which generates the topology on X).

We say that (X,7) is d-fragmentable if for all closed sets FF C X and all ¢ > 0
there is an open set U C X so that F N U # ) so that d — diam(U N F) < .

THEOREM 4.4. Let (X,T) be a Polish space, and let d be a metric on X so that

all closed d-balls, B(&d)(x)d ={y € X : d(z,y) < e}, withe >0 and x € X, are
closed in X (with respect to T ).
Then X is d-fragmentable if and only if (X, d) is separable.

PrROOF. “=" Let F' C X be closed and choose D C F dense in (X,d) and
countable, and then note that since ' = |J ., F'N B(e, d)(a) there must be an a € D

with B(e, d)(a)d has a non empty 7 -interior.

“<”(Alejandro Chavez Dominguez)

Assume that (X, d) is not separable. We need to find ¢ > 0 and a 7-closed set F
in X which has the property that d — diam(U N F') > ¢ for all T-open U C X with
UNF #10.

Since (X, d) is not separable we find an uncountable A C X and an ¢ > 0 so
that d(z,z) > ¢ for all  # z in A. By the Cantor Bendixson Theorem, Proposition
2.4, we can assume, after possibly taking away countably many points, that A has no
isolated points with respect to 7.

We claim that F = A" has the wanted property. For 7-open set U C X for which
FNU# (it follows that ANU # 0 (U is open!) since A has no isolated points with
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respect to 7, AN U contains two different points x, z for which, by choice of A it
follows that d(x, z) > e. O

REMARK. (We are following the argument in [Boss1])
Let X be a Polish space, and let V = {V}, : n € N} be a basis of the topology of X.
Assume that d(-,-) is a metric on X and that all closed d-balls are closed in the
Polish topology of X.
For F € F(X), the set of all non empty closed subsets of X (see Section 3),

and € > 0 we define by transfinite induction the following closed subsets Fg(a’"), with
a<w;andneN.

We put FE(070) = F. Assuming that Fe(ﬁ’n) has been defined for some # < w; and
some n € Ny , we let

FBntl)

£

) if d — diam(V,sy N FP™) > ¢
FOMA\V, iffd— diam(Vq N FPY) < e
Once F%™ is defined for all n € N we put
FBH1L0) = ﬂ FE(’G’").
neN

If a is a limit ordinal and F{*? has been defined for all 0 < a we put
F0 = (\FPO.
B

it follows then

(2) F is d-fragmentable <= Ja<w, F*Y =4,

£

In this case put
Od—frag(F7 5) = min{a <wip F(a,O) = @} and

€

Odffrag<F) = sup Odffrag(Fu 6)'
e>0



CHAPTER 3

Trees

1. Introduction

In this subsection we introduce trees and prove some basic results.
A tree is a non empty partially ordered set (T, <) which has the property that
for any x € T the set of predecessors of x in T

Pred(T,z) ={y €T :y <z}

(where we write y < x if # < y and x # y) is finite and linearly ordered. The elements
of a tree are called nodes, minimal elements of T" are called initial nodes , maximal
elements are called terminal nodes and for x € T', which is not an initial node, we call
the maximal element of Pred(T, z) the immediate predecessor of x. Note that every
non minimal element in a tree has an immediate predecessor and it is unique.

Let X be a set and note that

<N _ U Xn:{<x1’x2,“,’:€n)Z?’LEN,?&,{EQ,...,Z’”EX}U{@}

n€Np

is with respect to the order given by extensions “succ” (see Chapter 1) is a tree. We
identify X with the 1-tuples in X, and, thus, consider X to be a subset of X<V,

For a node = in a tree X we call y € T" a successor of x if y > x and immediate
successor of x if it is a minimal element of the set of all successors of x. Note that
non terminal nodes in a tree have immediate successors but they may not be unique.
We denote the set of all successors of z by Suce(T, z). If T = X<N for some set X we
write Succx (s) instead of Succ(X <N, s), for an s € X <N or simply Succ(s) if there is
no confusion. We also put

Succao x () = Succ(s) = {a € X" 1 a > s}.

A maximal linearly ordered subset of a tree is called a branch. A tree (T,<) is
called well-founded if T' does not have any infinite branch. A tree T is called a pruned
tree if T' does not have any maximal elements. An interval of T is a set of the form
I={reT:a<zx<b}witha<binT.

A nonempty subset S of X<V is called a tree on X if it is closed under taking
restrictions, i.e. if s = (z1,22...2,) € S and 0 < m < n then (z1,25...2,) € S. In
particular () € S for trees on X. If X is a topological space we call S a closed tree on
X if for all n € N the set X" NS is closed with respect to the product topology.

Assume that T is a tree on some cartesian product X xY and let a = (q;) € XV
we call the set

Tla] = {teY" : (a|y,t) €T},
17
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the section of T' at . Note that T[] is a tree on Y.

2. Well founded trees and ordinal index

If T is a tree on a well ordered set (A, <) we define the Kleene - Brower ordering
<kp on T as follows. For s = (s;)*, and (t;)7-, we write s <kp t if either s is an
extension of ¢ (note that this is opposite to the order <) , or s;, < t;, for g = min{1 <
i <min(m,n) : s; # t;}. Clearly <kp is a linear order on 7.

PROPOSITION 2.1. A tree T on a well ordered set A is well founded if and only if
<xp 18 a well-order on T'.

PRrROOF. If T is not well founded then there is a sequence (s;) with s1 < $3 < s3.. ..
and thus s; >kp S >kp .... which means that (s;) has no miminum in <kg, and
therefore cannot be well ordered.

Conversely, assume that 7" is not well ordered with respect to <xp and let (s,),
sp = (a(n,1),a(n,2),...a(n,k,)) be a strictly decreasing sequence in (T, <kp). This
implies that a(1,1) > a(2,1) > a(3,1)... in A, and thus, since A is well ordered,
the sequence (a(n,1)),en has to be eventually stationary, say a(n,1) = a; € A for
al n > n;. Then we consider the sequence (a(n,2) : n > n;) and again we find
an ms > ny so that a(n,2) = ay for some as € A. Note also that (a1) and (aq,as)
are in 7" and we can continue and find a sequence (a;) C A, so that for all k € N
(ay,as,...a;) € T, which means that T is not well founded. O

Let (7, <) be a tree. The derived tree of T' is the subtree
D(T) = {a: €T : xis not terminal} = {:v el :dyel y> :v}
By transfinite induction we define for a € ON T as follows

™ =T
if o is a successor ordinal, say aw = 3 + 1, and if 7% has been defined, we put
T° = D(T?)

and if «/ is a limit ordinal, we put,

T = ﬂTﬂ.

B<a

If (T, <) is a tree it follows that there is an @ € ON (actually @ < min{® : X €
CARD, R > card(X) V w) so that (T%”)ss, is stationary. Note that in this case

T ={seT: 3(s;)CT s=s5 <82<853...}

and that 7% is pruned.
We say that a tree T' has countable indez if for some a < w; we have T* = (). In
that case we call

o(T) =min{a <w; : T* =0}
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the ordinal index of T. If T does not have a countable index we write o(T) = w;.
Trees are by definition non empty, but we extend the definition of o(T") to () by letting
o(0) =0.
We put
[T]={a € X" :VkeN al, €T},
and call [T] the body of T.

From our recent observations we deduce easily the following equivalences

PROPOSITION 2.2. (Wellfoundedness Principle for countable sets)
For a tree T' on N the following are equivalent.

1) T is well founded,
2) [T =19,

3) T has countable index.

PROPOSITION 2.3. Let AN be endowed with the product of the discrete topology,
then C' C AN is closed if and only if it is the body of some tree T on A.
Moreover in the case that C C AN is closed it follows that C' = [T] with

T:{SEA<N:EIa€C a>—s}.
PRrROOF. “«” Assume
C=[T={aecA":¥neN a|, €T}

if 3 & C then there is an n € N so that 3|, ¢ T, and, thus, {y € AY: v = 3|,} C C°,
which proves that C° is open and, thus, that C' is closed.
“=7" Assume that C' C AN is closed. Then define

T:{SEA<N:EIQEC’ a>—3}.

Clearly T is a tree and it is also easy to see that C' C [T]. If « € [T] and thus a,, € T
for all n € N, then, by definition of T, there is for every n € N a 8 € C so that
B = al,. Since C is closed it follows that a € C', which finishes the proof.

O

In the following Proposition we list some easy properties of trees.

PROPOSITION 2.4. Let (T,<) be a tree and o < wy.
a) If o(T) = a and we define T" = {xo} UT where xy ¢ T and we put xy < x
forallz € T. Then T'® = {20} UT? for 3 < a and, thus, o(T') = a + 1.
b) If x € T then o(Succ(T, z)) > «.
c) o(T) = a+1 if and only if T* is a nonempty subset of the initial nodes of
T and o(Succ(T, z)) = « for any x € T*.
d) If (T3)ier is a disjoint family of trees and we put
T=T.
icl
and do not add any relation to the existing ones, i.e.

r<y < dZieclzxyeTl andz <y inT
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then
o(T) = supo(T;).
i€l
e) If « < wy is a limit ordinal then o(T) = « if and only the set I of initial
nodes is infinite, and sup,; o(Succ(T,x)) = a.

PROOF. (a) follows easily by transfinite induction on g < a.
(b) We show our claim by transfinite induction for all @ < wy. If & = §+ 1, and
the claim is true for 3, we proceed as follows. For z € T%*! we choose y € T% so
that y > x, deduce form the induction hypothesis that o(Succ(T,y)) > (3, and since
{y}USucc(T,y) C Suce(T) it follows from part (a) that o(Succ(7T, z)) > S+1. Now let
« be limit ordinal and assume the claim to be true for § < a. For x € T* = ﬂ5<a T,
it follows then from the induction hypothesis that o(Succ(T, z)) > supg.,, 8 = .
(c) Note that o(T) = a + 1 if and only if T® # () and T = (.
(d) For any i € I it follows o(T') > o(7;) and thus o(T") > supo(7;). On the other
hand it follows by transfinite induction on a that

T — U zvioz
el
and, thus, if a > sup o(7;) then T* = (), which implies o(T') < sup o(T;).
(e) Let I be the set of infinite nodes of 7" and let & be a limit ordinal.

If o(T) = « then for all x € I o(Succ(T,x)) < a. If I were finite then a =
max,es o(Suce(T, z)) + 1 which is a contradiction to the assumption that « is a limit
ordinal. Secondly, For any < « such that 7% # () there is an x € I N TF*!,
thus, we deduce that a < sup,.;o(Succ(T,z)) + 1. Trivially we have o = o(T) >
sup,c; o(Succ(T, z) + 1 which implies a = sup,; o(Suce(T, z).

Conversely, if v = sup,; o(Succ(7T, z)) + 1 and [ is infinite, it is clear that o(7") >
a, and it is not possible that o(T") > « since otherwise there is an x € I N T and,
thus, o(Succ(T,x)) > «, O

PROPOSITION 2.5. Let T be a tree on a set X with countable index. For x € X
define

{0} U{se XN:(x,8) € Suce(T,z)} ifzeT

T(x)z{sexm:(x,s)eT}:{@ fodT.

a) The ordinal o(T(x)) is a successor ordinal.
b) Ifx € X, and a < wy, then T?(z) = (T”)(x)
¢) For a < wy we have
(3) o(T)=a+1 < supo(T(x)) = .
zeX
PROOF. (a) Assume that o < w; is a limit ordinal and that o(7") > a we need to

show that T # () and thus o(T) > «a. From o(T) > «a it follows that for all 5 < «
7% # 0 and thus ) € Ny, 77 = T which implies our claim.
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(b) We prove our claim by transfinite induction for all § < o(T), for § = 0 the
claim is trivial. Assuming the claim is true for all v < 3 we deduce it in the case that
£ is a limit ordinal

seTP(z) < (x,5) T’
— Vy<pf (x,85)€T”
= (2,8) € TP = sec (T%(x).
and if 6=~v+1
scT’(z) <= (z,5)cT”’
— JzeX (z,s,2)€T”
— BeX (s5,2)€T(x) <= s (T(x))".

which implies our claim.
(c) Assume that o(T) = a+ 1. For any = € X it follows that (7'(z))* = ), and
thus o(T'(x)) < «a. Indeed, otherwise, by part (b), § € (T'(x))* = T%(x) and, thus,
o(T) > a+ 2. On the other hand if there where an x € X so that o(T(z)) > « it
would follow that ) € (T'(z))* = T*(x) and, thus,

€T =0 eT* = o(T)>a+2,

which is a contradiction.

Conversely, assume that sup,.y o(7'(z)) = «. This implies that for any g < «,
there is an x € X so that ) € TP(x) = (T())°. If « = B+ 1 for some § < w;. it
follows that for some x € X z € T” and, thus, o(T) > a+ 1. If a is a limit ordinal it
follows also that o(T") > a + 1. On the other hand, if o(T") > « + 2 we could choose
an z € X so that x € T* and thus ) € T*(z) = (T'(z))* and, thus, o(T'(z)) > a+1
which is a contradiction and finishes the proof of (c).

O

EXAMPLE 2.6. [Fine Schreier sets]
For a < wy we define F, C [N]<N (recall that we identified [N]<N with the subset of
finite increasing sequences in N) by transfinite induction.

Fr={{n}:neN}uU{d}
If F5 has been defined for some 3 < w; put
fg+1:{AU{n}:A€f/5&RGN,H<A}U{@}

For a limit ordinal o we first choose a sequence («,) C [1,«) which increases to «
and then put

Fo={A€|N":IneNminA>nand A€ F, }.
EXERCISE 2.7. Show that o(F,) = a + 1.

The following result will be needed later (see Section 6) to show that the ordinal
index o(+) is co-analytic rank.
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PROPOSITION 2.8. Let S, T C N<N be two subtrees. Then o(S) < o(T) if and only
if there is a map f : S — T so that

a) f(0) =10

b) If s < 5 are in S then f(s) < f(3).

c) Ift € f(S), and t <t then there are § < s in S so that f(3) < f(s).
Secondly, o(S) < o(T), if and only if there is an n € N so that there is a map
f S — T(n) which satisfies (a), (b) and (c) with T replaced by T'(n). As in
Proposition 2.5, we mean by T'(n)

T(n)={se NN:(n,s) €T}

J{oru{se XN: (2,5) € Succ(T,n)} ifneT
0 ifnéeT.

ProoF. We will prove our claim by transfinite induction that for each a and any
two trees S, T with o(S) < « it follows that o(S) < o(T') if and only if there is a map
f S — T satisfying (a), (b) and (c).

Assume the equivalence to be true for all § < a, and a < w; (the case a = w;
will be handled later).

“=" Assume 0(S) < « and define for n € N the S(n) as in Proposition 2.5

S(n)={se NN:(n,s) €S}

JH{oru{s e XN: (a,s) € Succ(S,n)} ifnes
RN ifnégs.

If T is a subtree of NN with o(T') > o(S) then by Proposition 2.5

ilég o(S(n)) < ilelg o(T(n)) and ilelg(S(n)) < a.

For each n € N either n ¢ S or there is a k(n) € N so that o(S(n)) < o(T'(k(n))). By
induction hypothesis we can find for n € NNS a map f, : S(n) — T(k(n)) satisfying
(a), (b) and (c) for S(n) and T'(k(n)). For s = (sy1,...s,) € S we put

0 if s =10
f(s) =< k(s1) ife=1
(k(Sl),fsl(Sz,Sg,Sg)) if £ >1.
it is then easy to check that f(-) satisfies (a), (b) and (c).

“<” Assume that o(S) < a and that f : S — T satisfies (a), (b) and (c). First
note that (a) and (c¢) imply that f is length preserving, i.e. that |f(s)| = |s| for s € N
(by induction on length of s. For n € S NN it follows that k(n) = f(n) € N, and
that the map

fn 2 8(n) = T(k(n)),
(S1,...8¢0) — (t1,t9... ts), so that f(n,sy,...s0) = (k(n),t1,ta..., 1)
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(note that by (b) f(n,s1,...s0) = f(n) = k(n) if £ > 1) satisfies (a), (b) and (c).
By Proposition 2.5 (c) it follows for all n € S NN that o(S((n)) < «, and since f,
satisfies (a), (b) and (c) for the trees S(n) and T'(k(n)), we deduce from the induction
hypothesis and again from Proposition 2.5 (¢) that for some § < «

o(S) =B +1 <= supo(S(n)) = = supo(T'(k(n))) = B = o(T) = S+ 1,

neN neN

which finishes the proof.

If o(S) = wy, then S is not well founded by Propostion 2.2 and we find a sequence
(m;)ien C N so that (my,ma...,my) € S for all £. So if there is amap f: S — T
satisfying (a), (b) and (c). it follows that for some sequence (n;);eny C Nand any
¢ € N we have f(my,mg...,my) = (ny,ny...,ng), thus, T is not well founded either.

Conversely if w; = o(T) > o(S5), and if (n;);ey € N is a sequence such that
(n1,n2...,mg) € T, then the map f : S — T, s — (n1,...,ny) (with f(0) = 0)
satsifies (a), (b), and (c).

In order to verify the second part of our claim we observe that

0(S) <o(T) < o(S)+1<0o(T)

= o(9) < Sup o(T'(n))

[By Proposition 2.5 (c)]

<= dneN o(S) <o(T(n))
[By Propsoition 2.5 (a) o(S) is a successor ordinall

<= dneNdf:S —T(n) f satisfies (a), (b) and (c)
[First part of Proposition].

O

REMARK 2.9. Let X be a topological space whose topology we denote by 7 (X).
We can then consider on X <N the topology 7 (X <) defined by

T(XN)={UcX":¥neN UNX"isopenin X"}

(where X™ is endowed with the product topology). Then it follows that A ¢ X<V is
closed with respect to 7 (X<N) if and only if AN X" is closed in X™ for all n € N.
We also deduce that X< is separable if and only if X has that property and that
S<N'is dense in X<V if and only if S is dense in X.

Moreover, if X is a metrizable with a metric d then we can define for x =
(21,...7p) and y = (y1,...y,) in XN

1 else

d(z,y) = {Z?ﬂ d(z;,y;)) ifn=m
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Then d(-,-) is a metric on X <N which generates 7 (X <N) and it is easy to see that for
(z™) c X<Nifn e Nand x € X<N
d— lim ™ =2 < IneeNVn>ny [z|=|z™)| = |z| and

lim 2™ =z in X
n—oo,n>ngo
THEOREM 2.10. If T is a well-founded closed tree on a Polish space X (separable
and completely metrizable) then o(T) < wy.

For the proof of Theorem 2.10 we will need the following lemma.

LEMMA 2.11. Assume T is a well founded and closed tree on a Polish space X.
Then
D(T)=T < D(T)=T.

PROOF. <= is trivial. Assume that D(T) # T but D(T) = T. By induction we
will choose for n € N z(n,1),z(n,2),...,2z(n,{,) in X so that
a) ly, > l,_1 forn e N ({, =0),
b) 2™ = (33(71, 1),%(”, 2)7 <. >x(n7€n)) er \ D(T)a
¢) d((z(n—1,1),2(n—1,2), .,z(n—1,0,1)), (z(n, 1), 2(n,2), .., x(n, {,_1))) <
27"ifn > 2.
For n = 1 we simply choose an (V) = (z(1,1),2(1,2),...,2(1,¢;)) € T\ D(T).

If we assume (™ € T\ D(T) has been chosen, we can first choose y™+!) =
(z(n+1,1),2(n+ 1,2),...,z(n + 1,£,)) € D(T) with d(z™,y™+)) < 271 (since
2™ € D(T)) and then (since T is well-founded) extend y™*" to a maximal element
) = (z(n+1,1),2(n+1,2),...,2(n+1,4,41)) in T (and thus "+ & D(T)).

This finishes the choice of £, and 2™ = (z(n,1),2(n,2),...2(n,£,)).

From (c) and the completeness of X we deduce that for each i € N the sequence
(x(n,7))nen converges to some z; in X. Since T is closed it follows that for any

n € N (z1,29,...1x,) is in T which is a contradiction to the assumption that 7' is
well-founded. O

PROOF OF THEOREM 2.10. By Remark 2.9 X<V is separable and metrizable
and therefore a Lindelof space, meaning that every open cover of has a countable
sub cover. Since every subset of X<N is also separable and metrizable, and, thus,
Lindel6f, we deduce that every decreasing family (Ag)a<w, Of closed subsets of X has
to be eventually stationary. We apply this observation to A, = T, if a < w.

From Lemma 2.11 we deduce that the family of closed sets (T) is decreasing and,
if a < 8 < w; with T® # ) then it follows that T8 C Te.

We therefore deduce from the Lindelof property that 7% = () for some o < w;. [

ExAMPLE 2.12. The following example shows that in Theorem 2.10 we need some
assumption on the topology of X.

Take X = [0,w;] with its order topology (compact but not second countable) and
define
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T = {(041,042, Q) A > ag > ...an} C [0, wi <N,

Since [0,w;] does not contain any infinite strictly decreasing sequences, we deduce
that T is well founded. On the other hand we easily prove by transfinite induction
that for o < wy

T = {(0417012,~--Ozn) o> Qe >y 2 a}
which implies that o(T) > w;.

A map f: T — T’ between two trees T and T” is called a tree isomorphism if f is
one to one, onto, and an order isomorphism (if z,y € 7" with = < y then f(x) < f(y)).

3. Addition of trees

PROPOSITION 3.1. (Tree addition)
Assume that S and T are trees, and that o(S) < wy. We define:

SeT:=SU{(s,t):s mazimal in S, t € T}
and add to relations in S @ T the following additional ones.
s < (s,t) < (s,t"), whenever s € S, t,t' € T, witht <t
Then S & T s a tree with
o(S®T)=0o(T) + o(S).

PROOF. It is clear that S @ T is a tree and since T is isomorphic to a subtree of
S @ T it follows that o(S @& T) = w; if o(T) = wy.

Assume therefore that 5 = o(T') < w;.

First note that (S®T)? ¢ S® TP = S, which implies (S & T)?+* C S* =), and,
thus, o(S @ T) < 5+ a.

We will show by transfinite induction on o = o(S) that o(S & T) > 8+ «a. If
a = 1 this follows from Proposition 2.4 (a)

Assume that the claim is true for all v < a. If a = v+ 1 there is an initial node
sp of S so that o(Succ(S, sg)) = 7 (recall that Succ(S, sg) denotes the successors of sg

in S). Since ({so} ® Succ(S,s9) DT = {so} ® (Succ(S, so) ®T') and since {so} D S(s0)
is tree isomorphic to {so} U Succ(S, sp), it follows from Proposition 2.4 (a)

o(SOT)>o0({so} ®(S(s0) ®T) > +7v+1=F+a.

If o = sup,,_, 7 it follows from Proposition 2.4 (e) and our induction hypothesis that
(denote the initial elements of S by I)

o(SeT)= 0([ U{x} U Suce(z, S)] @ T) < Supo({x} US(z)® T) < B+ a.

el zel
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4. Souslin Operation

DEFINITION 4.1. (Souslin Operation)
Let A, X be sets (A is usually either N or a finite subset of it). A family G = (G, :
s € AN is called regular if Gy C G whenever ¢ = s.

Let G = (G, : s € A<N) be a family of subsets of X We define

440) = | ) G

ac AN neNp

We view A4(+) as an operation (or map) on [[X]] = {F : F C [X]},

Aa() AF  FC[X]} = {F: FC[X]}, with
AsF)={ | [ Gap : (Gs:s€AY) c F}.

acAN neNg

The operation Ay(-) : [X]N™" — [X] is called the Souslin Operation.
PROPOSITION 4.2. Let G = (G, : s € AN) be a family of subsets of X and put

B:ﬂ U Gox{ae€ A :a = s}.

k€No seN<N |s|=k
Then AA(G) = mx(B), where mx : X xNN — X is the projection onto X.
Proor. Note that
r€nx(A) <= JacN' (z,0)€c A
— JaeN"VkeN3IseN s <a ze€G,and a>s
< JaeN"VEENz € Gop <= € A4(G).

PROPOSITION 4.3. If F is a family of of subsets of X then
F, Fp, Fs C AA(F) = {A4(G) : G = (G, : s € ANy e FNT}

PRrROOF. For F and A € F simply choose G, = A for all s € A<N,
Let (A,) C F. Put for s = (s1,...5,) € AN put G, = A,,. Then it follows that

AA((GS)) = UneNO An-
Letting for n € Ng G(1,2,.n) = A, and G, = ), whenever s & {(1,2,...,n) :n €
No} we deduce A4((Gs)) = N,en, An- O
=0

LEMMA 4.4. Assume that G = (G, : s € A<N) has the property that A, N A,
whenever s,t € AN are incomparable.

Then
Aa(G) = ﬂ U G.

keNp seNk

)
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PROOF. Note that
r€ ANG) <= JaecNY z¢ ﬂ Gal,

keNp
<« VkeN, IseNt e G,

“=7  Choose s, = a| for k € Ny

“<7"  Let s, € NV g0 that z € G,, for k € Ny
then it follows s1 < s9 < s3..., since
G, NG, =0, if s and t incomparable

<:>x€ﬂUGS.

keNp scNk

]
LEMMA 4.5. Assume that A is finite and that G = (G, : s € AN) is reqular.

Then
-NUe

keNp scNk

Proor. Note that by the proof of Lemma 4.4 it always follows that

c () Ueé.

keNo seNk
Let 2 € (Men, Usen Gs and consider

T:{SEN<N:JZ€GS}.

since G is regular it follows that T is a tree and by assumption the set S = {s €

N<Nz € G,} is infinite. Since A is finite we can choose by induction a;, as, ... in A
so that S, = {s € Succ(al, ... ay) &x € Gy} is infinite for every n € Ny. Thus, it
follows that = € ﬂneN (a1,as...a,) Which implies our claim. O

THEOREM 4.6. The operation Ay(-) is idempotent, this means that if F C [X]
then AN(AN(f)) :AN(JT)

PRrROOF. By Proposition 4.3 An(F) C An(An(F)). Conversely, assume
A=]J () Aaj and A, = | () B(s, Bl¢), where (B(s,t): s,t € N*") C F.
ol keNg BENN £eNg

First we note that

@ A= N U N Beks= U () Blalk, 89]).

a€NN keNp BeNN £eNg aeNN (3(P))e(NN)No k,£€Ng

Advice to the reader: He or she might first think about how to continue on his or her
own. The problem will be to choose to each pair u € N<N a set C(u) € F so that

U ) ctla) = U N Blalk, 5%1).

~ENN deNy (a,B(P)) ENNx(NNYNo k,£€No
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Let (I,)52, be a partition of 2N+ 1 into infinitely many sets of infinite cardinality.

Write I, = {ig-p) :j e N}, with i < i) < ... Foru = (uy,...u,) and I =
{i1,72,...} C N, with i1 <iy <..., we put ul; = (u;;, : j € N&i; <n). If £ <n we

put (ulr]e) = (u;; 1 j < £,i; < n). Similarly we define v|; and ||, if v € NV,
We define an injection from NY x (NM)N and NN by

@(a,(ﬁ(p))peNo) =, where for i € N

) G2 ifi e 2N
vi ﬁj(.p bt = z ) for some (unique) p € N and j € N.

Secondly, let
(k(-),A\(-)) : N = NxN
be map so that for each k, ¢ € N the set {d : (k(d), A(d)) = (k,¢)} is infinite, and so
that d > max(x(d), A\(d), for d € N. Finally for u € N<N put
C(u) = B(u‘2N|H(IUI)’ u|[%(|u|)’)‘(|“|)>)'

Note that if (a, (8%)per,) € NV x (NV)N and v = & (o, (B%))en, ), and any k, ¢ € N
by choosing d with (k(d), A(d)) = (k,{), and d large enough so that the length of
v|alz, is at least ¢, then

C(vla) = B(Ylalanlw@ys Vlal 1w Ir@) = Blalx), B @) = Blalk, 8%],).
On the other hand for any d € N, C(7v]q) = B(x@a), 8D |x)), and thus

() C(ld) = () Bajkso,-

deNo (av(ﬁ(m)pENo)eNNX(NN)NO k,£eNg

Since the map @ is a bijection we deduce our claim. O

5. A combinatorial Lemma for trees.
Let T ¢ A<N a tree on the set A.

LEMMA 5.1. Let T C A<N a tree on the set A and let (s,) C T. Then there exists
an infinite subsequence (t,) of (s,) so that one of the following three cases holds:
Case 1: Fither there is a finite sequence (a;)_, in A (¢ could be 0) so that t, =
(a1,...,a;) for allm € N.

Case 2 Or there is a finite sequence (az) _y in A ( could be 0) and an infinite
sequence (t,), say t, = (a(n,1),a(n,2),...,a(n,¢,)), forn € N, so that for alln € N

a) tn = (&1, c ,EL@,IEJ,
b) a(i, 1) # a(j, 1) whenever i # j.
Case 3: Or there is an infinite sequence (a(i)) C A, an infinite sequence (t,) c A<N,
say t, = (a(n,1),a(n,2),...a(n,t,)), forn €N, (md an increasing sequence m, C N
so that
()fn—(a(l)a() sa(my), & )
(i) a(n, 1) # alm, + 1), if £,
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PrOOF. Write s, = (s(n,1),s(n,2),...,s(n,k,)). Inductively we proceed for
¢=1,2,... as follows:

For ¢ = 1: Either there is an infinite subsequence (¢;) of (s;) for which ¢; = 0, if
t € N. Then we are in case 1 and finished.

Or there is an infinite subsequence N; C N so that a(m, 1) # a(n,1) whenever
m,n € N. Then we choose (a(i)) = 0 and (t;) = (£;) = (s4,) with Ny = {uy,ug,...}
and u; < uy < .... We are therfore in Case 2 and would be done.

Otherwise there is an a(1) € A so that Ny = {n € N: s(n,1) = a(1)} is infinite.
We then choose Ny € [N1] so that either k, = 1 (and thus s, = a(1)) for all n € Ny
which would imply that we are in Case 1), or k, > 2, for all n € Ny, and s(i,2) #
s(4,2), for all © # j in N, which would imply that we are in Case 2, or there is an
a(2) € A so that for all © € Ny s(i,2) = a(2). We continue this way until we either
arrive to one of the first two cases (i.e. there is an £ € N and an infinite N, C N, so
that s, = (a(1),a(2)...a(f)) for all n € Ny, or k; > ¢+ 1 and s(i, £+ 1) # s(5,£ + 1)
for i # j in N;) or we obtain infinite sets N D N; D N,... an infinite sequence
a(1),a(2),a(3)... in A so that for any £ € N and any n € Ny, s(n,j) = a(j) for
j=1,2,...1.

In the later case we proceed as follows: choose ny = min N; put

my =max {m : a(1) = s(n1,1),a(2) = s(n1,2),...a(m) = s(n1,m)}

(note that m; > 1) and write t; = s,,, = (a(1),a(2),...,a(m),t;) where t; € A<N is
either empty or starts with an element different from a(m;+1). Then we choose ny =
min N,,, 11 and put again my = max{m : a(1) = s(ns, 1),a(2) = s(ng,2),...a(m) =
s(n2,m) (note that my > my) and write t» = s,, = (a(1),a(2),...a(ms),1>) where
where £ € A<V is either empty or starts with an element different from a(msq+1). We
proceede in this manner and obtain a subsequence (t;) of (s;), a strictly increasing
sequence (m;) C N and a sequence(t;) C A<N satisfying the properties of Case 3. [






CHAPTER 4

Standard Borel spaces

1. Preliminaries

DEFINITION 1.1. Let (X, d) be a metric space. The o-algebra generated by the
open sets of X is called the Borel o algebra and denoted by B(x q), or, if there is no
confusion, by Bx.

A standard Borel space is a a measurable space (X, Y) which is Borel-isomorphic

to a Borel subset of a Polish space Y, i.e. there is an A € By and a bimeasurable
bijection f: X — A.

We first recall several results on families which generate Bx.

PROPOSITION 1.2. Let (X, d) be a metric space. Then By is the smallest family of
subsets of X which contains all open sets and is closed under countable intersections
and unions.

Bx s also the smallest family of subsets of X which contains all closed sets and
15 closed under countable intersections and unions.

PROOF. Let B be the smallest family of subsets of X which contains all open sets
and is closed under countable intersections and unions. Clearly B C By.
In order to show the converse we need to verify that B C D, with

D={A:AecBand A° € B}.

Since every closed set F' is G5 (note that F' = (1, .y U,ep Bi/n(x)) it follows that
Ty C D. Secondly, D is closed under countable intersections and unions. Indeed, if
A; € D, for i € N, it follows that Af € D C B, for i € N, and since B is closed under
countable intersections and unions we deduce that

(NAieBand ((A4) ' =JAreB |JAieBand (| JA) =[)AeB

which implies that () A; and |J A; are in D.
The second part of the claim follows like the proof of the first since closed sets in
X are F,. O

PROPOSITION 1.3. Let (X, d) be a metric space. Then Bx is the smallest family of
subsets of X which contains all open sets and is closed under countable intersections
and countable disjoint unions.

PROOF. Let B be the smallest family of subsets of X which contains all open sets
and is closed under countable intersections and countable disjoint unions. Since every

31
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closed set is a Gs set, the family
D={A:AecBand A € B},

contains all open sets. It is left to show that D is closed under countable intersections
and countable disjoint unions, which would imply that B C D and, thus, that B is
closed under taking complements. .

If A; € D and thus AS € D, for i € N, it follows for i € N that B; = A;N(,Z; AS €
B and Bf = ASU U;;ll A; € B and thus B; € D. Thus, |J;2, 4 = U2, B; € B and
(U, 4)° = N2, AS € B, which yields that |J;2, A; € D. Similarly we show that
ﬂ;)il A; € D.

It follows that B C D. O

An analogous result for closed instead of open sets is harder to show.

PROPOSITION 1.4. [Sierpinski] Let (X,d) be a metric space. Then By is the
smallest family of subsets of X which contains all closed sets and is closed under
countable intersections and countable disjoint unions.

Before proving Proposition 1.4, we will need the following lemma.
LEMMA 1.5. Let F be the set of closed subsets of R then (0,1] € ((F4)s)+-

PROOF. Let A the Cantor set in [0,1] and D the endpoints of the middle third
intervals which one removes to obtain A. More precisely:

A= ﬂ A,, where Ay = [0, 1]

n=0

2n
and assuming that for n €Ny, An:U[al(”)7 bz(,”)}7 0 — agn) <b§n) <aén) <. bgz) 1
i=1
on b(n) (n) b(n) (n)
we put Ay, = U[a“ bi] \ (al(.n) e —— ) St S
i=1
121278 }

D:{al(n),bgn)nEN,l§Z§2”}\{0,1}:{5,5,5,5,5,5,

Then put

E=DuU{0} and P=A\ E.
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It follows that
(0,1] = A \ {0}

- fozsgaes) el feal vl

oo 2n1

=ru U U [b;lzl’ag?)]

n=1 i=1

[1 Z}U[l 2}U[7 8}

33 9’9 9’9l "

Therefore it is enough to show that P € (F,)s. Since A is zero dimensional (toology
is generated by clopen sets) for each x € E the set A\ {x} (which is open in A) is

a countable union of clopen pairwise disjoint sets in A. Indeed for every open set
U C A there is a countable sequence (V},) of clopen set so that:

n—1
v=Jv.=U [VH\UVQ},
neN neN i=1

and note that the last union is a disjoint union of clopen sets.
Since clopen subsets of A are closed in R it follows that A\ {z} € F,. and thus
since E is countable
P = ﬂ A\ {z} € (Fy)s.
z€E

O

PROOF OF PROPOSITION 1.4. We need to show that an open set U C X isin B,
the smallest family of subsets of X which contains all closed sets and is closed under
countable intersections and countable disjoint unions. The rest of the proof would
then be similar to the proof of Proposition 1.3.

Solet U C X beopen. W.lo.g. X\U # (. By Urysohn’s Lemma (cf.[Querl][Satz
7.]) there is a continuous map f : X — [0,1] so that f~*({0}) = X \ U and thus
f71(0,1]) = U. With Lemma 1.5 this implies that U is in F,s,, and thus in B, and
B, € T' for n € N. O

2. Borel-Generated Topologies

The following two lemmas help reduce problems about measurability to topological
problems.

LEMMA 2.1. Let (X,T) be a metrizable space and (B,) C Bx1). Then there
is a metrizable topology T' such that T C T' C Bix,) and (B,) C T' and (thus
Bx,1)y = Bx,1y). If (X, T) is zero dimensional, or second countable, (X,T") can be
chosen to have the same property.
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PROOF. Define
f:XHXXAa xH(xv(XBz(x)))a
and let 7/ = {f~}(U) : U C X xA open}, i.e. the coarsest topology on X for which
f is continuous. Since f is injective (X,7") is homeomorphic to a subset of X x A
and thus metrizable and zero dimensional or second countable if X has this property.
Since
B,=f"Xx{g=(E)€eA:¢e,=1}),

it follows that B,, € 7' for all n € N. O

LEMMA 2.2. Let (X,d) be a metrizable space, Y be a non empty Polish space,
AC X and f: A—Y Borel measurable.
1) There is a finer metrizable topology T' on X, which generates the same
Borel o-algebra, such that f is continuous.
2) The map f: A —Y admits a Borel measurable extension g : X — Y.

PROOF. Let (U,) be a basis for the toplogy on Y.
(1) Since f is Borel there is for n € N a Borel set B,, C X so that B,NA = f~}(U,).
Then apply Lemma. 2.1 to the sequence (B,,).
(2) By Proposition 1.3 f can be extended to 7’-continuous map f': A” — Y, where
A" C X is a Gs-set with respect to 7’. Thus A’ is in B(x,7,). Therefore we can define
(let yo € Y)
/ : !/
g: X =Y, :U'—>{f(x) %fxEA .
Yo if e & A

O

THEOREM 2.3. Let (X,T) be a Polish space and let B C X be Borel. Then there
is a finer Polish topology Tg on X such that B is clopen with respect to Tg and

Bx.r) = Bx,1p)-

ProOF. Claim 1: If B C X is closed there is a finer Polish topology 7 on X

such that B is clopen with respect to 7p and Bix 1) = Bx,13)-
Indeed, (F, 7 N F) as well as (X \ F,7 N (X \ F) are Polish (by Theorem 1.2).
By Example 1.1 (5)

(F,TNF) & (X\F,TN(X\F)) = (X,T), with
T' ={UUV:UeTNFandV e F,TNF}

is a Polish space which generates the same Borel sets as 7 and F'is clopen in (X, 7).
Claim 2. Let 7,,, n € N be topologies on X such that N7, is separating points. Then
the topology 7., generated by | J, oy Z» is Polish. Indeed, consider

fX—->XN 20 (z,z,2,..).

Then f is an embedding from (X, 7,,) into (X~,[]7,) and f has a closed image (for
(x;) € f(X), let m,n € N, such that z,, # x,, choose U,,, U, € N7; disjoint, with
Ty € Uy, and z,, € U, finally note that 7, ' (U,,) N7, }(U,) is a neighborhood of (z;)
which is disjoint from range(f).
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In order to show the claim of our theorem we will show that the family B of sets
B C X, for which there is a finer Polish topology 75 on X such that B is clopen with
respect to 7p and Bx 1) = B(x,13), is a 0 algebra which contains the closed sets.

By Claim 1 B contains the closed sets. Secondly B is clearly closed under com-
plementation. Finally, if B, € B, for n € N we apply Claim 2 to the sequence 7g_,
to obtain 7. Since B¢ is clopen in 7% (|J B,,)¢ = [ B¢ is closed in 7. Applying
Claim 1 again to 7, we obtain a Polish topology 7\;p, on X, which is finer than 7,
generates the same Borel o-algebra and in which | J B,, is clopen. 0

Using Claim 2 in the proof of Theorem 2.3 we obtain the following result.

COROLLARY 2.4. Suppose (X, T) is Polish and (B,,) is a sequence of Borel sets

in X. Then there is a finer Polish topology T' on X generating the same Borel sets
as (X,T) so that all B, are clopen in T".

COROLLARY 2.5. Suppose (X,T) is Polish, Y a separable metric space and f :
X — Y a Borel map. Then there is a finer Polish topology T' on X generating the
same Borel sets so that f is contiunous.

PROOF. Let (V) a countable basis of the topology generated by the metric on Y,
and apply Corollary 2.4 to (B,,) with B, = f~}(V,,). O

THEOREM 2.6. Every uncountable Borel subset of a Polish space X contains a
homeomorph of the Cantor set. In particular, it is of cardinality c.

We first need the following lemma.

LEMMA 2.7. If X is non empty, and if T, T’ are two topologies , so that T C T,
(X,7") is compact and (X,T) is metrizable, then T =T".

PrOOF. Consider the identity [ on X. I is (7, 7) continuous, which implies that
(X, 7) is also compact. Since I(C') is compact for any C' C X, which is compact in
(X, 7") it follows that I is also (7, 7")-continuous because compact subsets of (X, 7)
are closed ((X,7) is Haudorff). Thus 7 = 7. O

PROOF OF THEOREM 2.6. Let B C X be uncountable and Borel. Let 7" a finer
topology as in Theorem 2.3, so that B is 7’ closed. Then (B,7") is closed and Polish,
and, thus, contains by Corollary 2.5 a homeomorphic copy of A, say K. By Lemma
2.7 (K, TNK)= (K, 7'N K), which implies our claim. O

3. The Effros-Borel Space

DEFINITION 3.1. Let X be a Polish space and F(X) the set of all non empty closed
subsets of X. The Effros Borel space of X is the measurable space (F(X),E(X)),
where £(X) is generated by the family

{{FeFX):FNU#0}:U C X open }.
THEOREM 3.2. (F(X),E(X)) is a standard Borel space.
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PRrROOF. Every second countable metrizable space can be embedded into the Hilbertli
cube [0, 1] we can therefore view X as a dense subset of a compact metrizable space
Y. By Theorem 1.5, X is a Gs set in Y, and we can therefore write X as X = (1, . Un,
with U, C Y open for n € N.

Define

z={F :FeF(X)})
Note that Z C F(Y) = K(Y) (compact subsets of Y) and that

(5) KeZ < KnNX isdense in K.

By Proposition 3.8 the Effros Borel space IC(Y') coincides with the Borel o-algebra
on K(Y') (with respect to the Vietoris topology which by Corollary 3.6 is a Polish
space).

Therefore it is enough to show that the map

d:F(X)—Z, FwF,

is a Borel isomorphism, and that Z is a G set in K(X).

If Fl,FQ € f(X), and Fl = Fz, then Fl =X ﬂfl =X QFQ = FQ. In order to
show that ® is measurable, by Proposition 3.8 we only need to show that for U C Y
open ®1(K € Z: KNU # () is measurable. Since by (5)

Fed W (KeZ:KNU#D) — FNU#D <= (FNX)N({UNX) #0,

and F = FNX is F € Z it follows that YK € Z: KNU #0) = {F € F :
FN(UNX)#0} € £(X). Since the sets of the form {F e F: FNV #0}, VC X
open, generate £(X), and since every for every open V' C X there is an open U C Y
so that UNY =V, it follows similarly that ®~! is measurable.

By (5) and the Baire Category Theorem it follows that (U,, as above and let V,
be a countable base of topology of Y)

KeZ «— KnNnJXisdensein K
<= KﬁﬂUnisdenseinK

neN
<— VYneN U,NK is dense in K

<~ Vm,neN (KNV,#0=KnV,NnU, #0
= Ke[{KekY):KnV,=0or KNV, NU, # 0}

Our claim follows therefore from that fact that {K € K(Y): KNV,,NU, # 0} is
open in K(X), and that

{KeK(Y): KNVy=0} ={Kek(Y): K CVi}= {KeK(Y): KC (V)i
leN

O
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The next two propositions prove the measurability of several sets and maps, in-
volving the Effros-Borel space

PROPOSITION 3.3. Let X and Y be Polish spaces.
1) {(F, F) € F(X)xF(X) : Fy C Fy} is Borel.
2) The map F(X)xF(X) — F(X), (F\, Fy) — Fy U Fy is Borel measurable.
3) The map F(X)xF(Y) — F(Y xX), (F1, Fy) — Fy xFy is Borel.
4) The set {K € F(X) : K compact} is Borel.
5) If g: X — Y is continuous, then F(X) — F(Y), F s g(F) is measumble
6) For Fy C X closed the sets {F € F : F C Fy} and {F € F:FyCF} are
Effros Borel measurable.

PrOOF. Let {U, : n € N} and {V}, : n € N} be bases of X and Y, respectively.
(1) follows from

{(F,F) eF(X)xF(X): F, C Fy}
= ﬂ{(pl,FQ) EF(X)XF(X): hnU,=0= FNU, =0}

neN

_ﬂ (Fi, Fy) € F(X)xF(X): F,nU, # 0}
neN

U{(F, ) € F(X)xF(X): FLNU, = 0}]

(2) Let U C X be open

{(Fi,Fy) : (FiUF,)NU # 0}

=[{R e FX )R NU #0xFX)| U [FX)x{F e F(X): iNU # 0}].
(3) Since {U,, xV,, : m,n € N} is a basis for the topology on X xY we need to show
that for m,n € N the set

{(F1, ) € F(X)XF(Y) : (FixFy) N (U x Vy,) # 0}
is in Br(x) ® Br(y). Since
{(F1, ) e F(X)xF(Y) : (Fix Fy) N Uy xV3,) # 0}
={ReFX): ANU,#0} x{F,eFY): LNV, #0}

this follows easily.
(4) Since in Polish spaces the compact subsets are the closed and totally bounded
sets we can choose a a countable dense set D C X and write

{F € F(X) : F compact} = ﬂ U {FeF(X):FcC U Bij(a)}
(eN A€[X]<N a€A
and for A € [X]<N
{F e F(X): Fc | Bl/g(a)} = F(X)\ {F € F(X): Fn [X\ U Bw(a)] £ (2)}.

a€A acA
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(5) If g : X — Y is continuous, and V' C Y open
{FeF(X): g(F)nV #0}
={FeF(X):g7 (9(F)nV) £0}
={FeF(X):g7"(g(F) ng (V) # 0}
={FeF(X):Fng ' (V ;é(b}
[Since g~*(V) is open in X for V C Y open)].

(6) For the first set note that
(FEF:FCRYy=F\{FeF:FnF+0}.
Let {z; :€ N} be dense in Fy, then the claim follows from the fact that
{(FeFRcFt= () ({FeF:FnB.(x;) #0}

e>0,e€Q neN

PROPOSITION 3.4. Let X be a Polish space.
Then

{(z,F) e XxF(X): z € F}
is measurable with respect to the product o-algebra of Bx and the Effros-Borel space
on F(X).
PrOOF. Let D C X be dense and countable. Note that
{(z.F)eXxF(X):zeF}= () |JB&)x{FeF(X):BANF #0}.
e>0,e€eQeeD
O

PROPOSITION 3.5. Put Fo(X) = F(X) U {0} and endow it with the o-algebra
generated by

50:5U{®}:{{F6.7:0(X):FﬂU;ﬁ@}: UCX}.
Then
FX)xF(X) — Fo(X), (F,G)— FNQG,
1s Borel measurable.

DEFINITION 3.6. Let X be a set and A C [X]\ {0}, a map f: A — X with the
property that f(A) € A is called a selector.

THEOREM 3.7. (Selection Theorem of Kuratowski-Ryll-Nerdewiski)
Let X be Polish. Then there exists for each n € N a Borel measurable selector
d, : F(X) — X, such that for each F € F(X) the sequence (d,(F) : n € N) is dense
i F.
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PROOF. Let §(-,-) be a complete metric on X which generates the topology of X
and for which § — diam(X) = 1. By the remark after Corollary 2.13 there is a Souslin
scheme (U, : s € N<N) consisting of open sets in X. For ' € F(X) note that the tree
Tr = {s €e NN : U, N F # (0} is a pruned tree (i.e. has no maximal elements). For

F e F(X)let of) = (OCSLF) :n € N) be the leftmost branch of Tr, i.e. by induction
o) = min{k € N: FOU ) 0 # 0},
We claim that the map
g: F(X)-»NY  Falf)
is Borel. Indeed, for s = (s;)f_; € N<N
gF)e{aeN"a = s} < UNF£0 & Vn<|s|Vk<spi1 FNUs, s snk) = 0.

If f: NN — X denotes the associated map (which by Proposition 2.2 is continuous),
we deduce that fog is measurable and since {fog(F)} = (,cy Uatr), it follows that
fog(F)eF.

Let V,, be a basis of the topology of X, and define

fog(FNV,) ifFNV,#0

dn,: F(X) — X, FH{fog(F) if FNV, = 0.

Since
F(X)— [FVo)u{}] x F(X), Fr (FNV,,F)
is measurable (indeed {F' € F(X) : FNV,NU # 0} = Npen{F € F(X) : FN(Va)1eN
U #(}), since {F € F(X): FNV, =} is measurable, and since d is measurable it

follows that d,, is measurable. Secondly it is easy to see that (d,(F) : n € N) is dense
in F for every F € F(X). O

4. The Borel Isomorphism Theorem

DEFINITION 4.1. Assume (X, .A) and (Y, B) are two measurable spaces. A map f :
X — Y is called (A, B)-bimeasurable, or, if there is no confusion, simply bimeasurable
if it is (A, B)-measurable, and if f(A) € B for all A € A. If f is furthermore bijective
we call f an (A, B)-isomorphism. If X and Y are topological spaces, and if A = By
and B = By we call an (A, B)-isomorphism between X and Y a Borel-isomorphism,
and we call two topological spaces X and Y Borel isomorphic if there exists a Borel-
isomorphism between X and Y.

EXAMPLE 4.2. [0, 1] and the Cantor space A are Borel isomorphic.

PRrROOF. Let D C [0, 1] be the dyadic rationals, i.e.

k
D:{ZQ*’”:kandn1<n2...<nkinN}.
i=1
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And E C A = {0, 1}, the set of sequences which are eventually constant. Define

FAANE—[0,1\D, (s)— > Y 27
€N
f is a bijection, and using the fact that By ;) is generated by the dyadic intervals it
is easy to show that f is a Borel-isomorphism between A\ E and [0, 1] \ D.
Since E and D are both countable and infinite we can extend f to a Borel iso-
morphism between A and [0, 1]. O

PROPOSITION 4.3. Assume that (X,.A) is a countably generated measurable space.

Then there is a subset Z of A and a bimeasurable map g : X — Z forallz,y € X,
g(x) = g(y) if and only if x and y belong to the same atom of A (A € A\ {0} is
called an atom in A if A has no proper non empty measurable subset).

In particular if the atoms of A are all singletons, we deduce that (X, A) is iso-
morphic to a subspace of A.

PRrOOF. Let {4, : n € N} be a countable generator of A and define
f:X = A, 2 (X, )nen)-

f is measurable, since for all n € N the map 7, o f : X — R is measurable, where
T, : RY — R is the n-th coordinate projection. The atoms of A are exactly the non
empty sets of the form Az = (1), oy A(Ei) with € = (g;) € A, and A(Ei) =Aifeg; =1
and A(El) A¢ if e; = 0. Therefore it follows that for z,y € X we have f(z) = f(y)
if and only if x and y belong to the same atom of A.

Let Z = f(X). The family B = {B € A : f(A) € Ba N Z} is a o-algebra (it
is closed under taking complements because f as function defined on the quotient
defined by the atoms of A is injective) and contains all A,’s. Thus, B = A, which
implies that f is bimeasurable. 0

PROPOSITION 4.4. Let (X, A) be a measurable space, Y a Polish space and f :
A =Y, measurable with A C X. Then f admits a measurable extension to all of X.

PrROOF. Let (U,) be a countable base of the topology on Y and note that it is
also a generator of By. Choose for n € N B,, € A so that f~!(U,,) = B,NA. Without
loss of generality, we may assume that A is generated by {B, : n € N}.

Now we can apply Proposition 4.3 in order to find Z C A and a bimeasurable
map g : X — Z such that g(x) = g(2/) for z,2’ € X if and only if x and 2" belong
to the same atom of A. For z,2’ € A this implies that g(z) = g(z’) if and only if

fx) = f(a').
Let B = g(A) and define h : B — Z by h(z) = f(x) where z € A is such that
g(x) = z (if g(z) = g(z') = z the x and 2’ belong to the same atom in 4 and

f(:B):f( ’)). Since for n € N
hY(U,) ={z€ B:h(z) €U,} = g(B,) N B,

it follows that h is Borel measurable and, hence by Proposition 1.3 it has a Borel
extension h : Z — Y. It follows for = € A that hog(x) = h(g(x)) = f(x). Thus, hog
is the wanted measurable extension of f. O



4. THE BOREL ISOMORPHISM THEOREM 41

THEOREM 4.5. [The Borel Isomorphism Theorem)]
Any two uncountable standard Borel spaces are Borel isomorphic.

We will need some auxiliary results first.

LEMMA 4.6. Every standard Borel space is isomorphic to a subset of the Cantor
space A.

Proor. A C X Borel measurable and X Polish. Since every second countable
metrizable space can be embedded into the Hilbert cube H, X embeds in H. By
Example 4.2 [0, 1] and A are Borel isomorphic, thus H and AN are Borel isomorphic.
Since AY and A are homeomorphic we deduce our claim. O

PROPOSITION 4.7. For every Borel subset B of a Polish space X, there is a Polish
space Z and a continuous bijection from Z to B.

PROOF. Let B be the set of all subsets B of X so that there is a Polish space
Z and a continuous bijection from Z to B. By Theorem 1.2 all open sets are in B.
By Proposition 1.4 we need to show that B is closed under countable intersections
and countable disjoint unions. By Example 2 (V) It is clear that B is closed under
taking countable disjoint unions. In order to show that it is closed under countable
interesctions let B; € B, Z; be Polish and g; : Z; — B; be a continuous bijection for
i € N . Then the countable product [ [,  Z; is Polish and, thus,

Z ={(z) € HZ" : gi(z:) = q1(z1) for i € N}
ieN
is also Polish, and the map Z — [ B;, z — ¢1(21) is a continuous bijection. O

We also need a proof of the Schroder Bernstein Theorem which applies to mea-
surable functions.

PROPOSITION 4.8. [Schroder Bernstein)]
If X and Y are sets and there exists injections f: X —Y and g:Y — X. Then X
and Y have the same cardinality. More precisely there is a bijection h : X — 'Y so
that

(6) Graph(h) C Graph(f)U Graph(g™") = {(z, f(2)) : = € Y}U{(g(y),y) 1y € Y}
Moreover assume M is a o-algebra on X and N is a o-algebra on'Y and if [ is an

(M, N)-isomorphism onto a measurable subset of Y, and vice versa g is an (N, M)-

isomorphism onto a measurable subset of X. Then there is an (M, N)-isomorphism
between X and Y .

Proor. We will only show the second part, involving measurability. The first
part can then be deduced from the second taking for M and N the power sets.
Consider the map

H:M—=N, A X\gY\ f(4)).

By assumption H is well defined, monotone (A C B implies H(A) C H(B)), and
H(UAn) =UH(Ay) if (A4, ¢ M)
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By induction we define a sequence (4,) C M as follows: Ay = () and, assuming
A, has been chosen, we put A,,1 = H(A,). Let E=J " A,. Then E =~ A, =
Uiy H(A,) = H(E), ie. E = E\g(Y \ f(E)), thus X \ = g(V \ f(E)), which
yields

(7) g (X\E) =Y\ f(E).

Therefore we can define

) fle) ifrekE,
W) = {g_l(x) ifrg E.

Note that, by injectivity X \ £ = ¢g(Y" \ f(E)) C range(g), thus h is well defined.
The map h is measurable since E € M, f|p is measurable, and since g~ '|x\g is
measurable. & is injective since, by (7) f(E)Ng ' (X \ E) = 0, and since f and
g are injective. Again by (7), h is surjective. Finally A™! is also measurable since,
f(E) € N and since f~!¢g) and g|y\ (p) are measurable O

PROOF OF THEOREM 4.5. Assume that B is an uncountable standard Borel space.|j
By Lemma 4.6 we may assume that B is a Borel subset of A. On the other hand by
Theorem 2.6 B contains a homeomorph of A.Thus, our claim follows from Proposition
4.8 O

COROLLARY 4.9. Two standard Borel spaces of the same cardinality are Borel
isomorphic.

PROOF. Let A and B be two standard Borel spaces of the same cardinality. Either
they are countable, in which case both Borel o-algebras are discrete. Or the claim
follows from Theorem 4.5. U

COROLLARY 4.10. Every Borel subset B of a Polish space (thus every standard

Borel space) is the continuous image of NY and an injective continuous image of a
closed subset of NV,

PRrROOF. By Proposition 4.7 B is the continuous image of a Polish space Z which
by Theorem 2.9 is the injective and continuous image of a closed subset D of NY or
by Corollary 2.13 is the continuous image of NY. 0

5. Borel Point classes

DEFINITION 5.1. A collection of pointsets, subsets of metrizable spaces , is called
a pointclass. More, precisely a pointclass is a Functor (“function” on classes) :

I': MS — All Sets, X — I'(X)

with I'(X) C [X]. Here MS denotes the class of metric spaces. For example closed
sets, open sets, Borel sets, Gs, F, sets are Pointclasses.
If T is a point class the complement class of I is defined by

[ MS —Sets, X—{X\A:AcT(X)}.
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Let T be a point class. A relation R C X x X is clalled a I'-relation if R C
['(X x X).

DEFINITION 5.2. Let X be metrizable. By transfinite induction we define for
1 < a < w; the following pointclasses Eg))(-), H((IO)(-) and Ag))(-).

250)()() ={U C X : U open} and Hﬁo)(X) ={F C X : F closed}.
If1 <a<w and if E(BO) (X) and H(ﬁo) (X) has been defined for all § < a we put

E&O)(X):<UH(50)(X> and IO (X (Uz )
B<a B<a
We put for a < wy
AD(X) = BP(X) NI (X).
The families S (X), ITY(X) and AY(X) are called additive, multiplicative and
ambiguous classes, respectively.

The following Proposition collects some easy facts.

PROPOSITION 5.3. Let X be a metrizable space.
1) Fora < (< w

2O(X) ¢ 2P(x), IO(X) ¢ TP (X) and AL (X) c AP(X).

2) Additive classes are closed under taking countable unions, and multiplicative
classes are closed under taking countable intersections.

3) All three classes are closed under taking finite unions and intersections
(proof by transfinite induction).

4) For a < w;

BP(X) = -IP(X) = {X\A: Ae TP (X))}

(67

NO(X)=-20(Xx)={Xx\4: 4e30(x)

«

(proof by transfinite induction,).
5) A (X) is an algebra.
PROPOSITION 5.4. Let X be a metrizable space and o < wy
1) 567 (0, (X)) € AL (X).
2) If a > 1 then
E(X) = (AD(X))y and TP (X) = (AP(X))s.

«

(if X is zero dimensional that is also true for o =1).
3) If a is a limit ordinal and (ovw,) C [1, ) such that o = sup,,ey @, then

200 = (JIx) and 1900 = (Jz0) .

[

1) Bx = Upeo, ZV(X) = Uy, IV (X) = Uy, AV (X).
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5) If a« > 1, then every element of Z&O)(X) is a disjoint union of elements in

Uﬁ<aHB(X)7 i.e.

OX) = (| ma(x

[B<a

6) If « > 1 every element of E((lo)(X) is the disjoint union of elements in
AL (X)),

PROOF. (1) Since every closed set in X is a Gs set and since every open set is an
F, set (1) follows for v = 1. Assume our claim is true for all 5 < «, then

2 y 1 (UH ) u(UZgD( ) UAgﬁl c A” (x).
7 B<a
(2) Let o > 1. From (1) it follows that

(2900) > (U@fhe) > (JmPx)) =s0w).

7 B<a B<a

Since A&O)(X ) C n) (X) and since n (X) is closed under countable unions it follows
that (AY(X)), = =V(X).
Using similar arguments we show that (AL (X)); = I (X).

( ) and IIY (X ) with respect

fo>

(3) follows from the monotonicity of the families X
to a < wjq.
(4) By transfinite induction it follows that S (X) C By for all & < w;. The family

Uacw, »O (X) is closed under countable unions (since for very countable subset C' of
[1,wy) it follows that sup, - a < w), it is closed under taking complements (since by

(1) and (2) Upeo, SX) = Uper, AY(X) = Upeo, IP(X)), and it contains the
open subsets of X.

(5) Let A = U, ey An, with 4, € Us, Hg))(X) for n € N. By Proposition 5.3 (3)
and (4) it follows that B, = (U, A:)" € Zp,(X) for some 3, < a. By (2) and
Proposition 5.3 (3) and (4), and since o > 1 we can write B, = |J,cy Bn,k) Where

(Bnky) is in Us, A/(GO)(X ) and is pairwise disjoint. Thus we write

A=AU(ANB)U(A3N By) ... = A U | J(Anii N Biugy),

neN

which implies the claim.
(6) Follows from (2) and the fact that A (X) is an algebra. O

PROPOSITION 5.5. Let X and Y be metrizable spaces and o < wy.
1) If f: X =Y is continuous then

FEP)) € BP(X) and fHAD(Y)) € AD(X).

«
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2) If Y C X then

Q) =3SP(X)ly = {ANY : A€ 50(X)} and
IPY) = P (X)ly = {ANY : A€ TP (X)}

N IfA e SOXxY) (orin IPV(X xY)) then A, € SO(Y) (respectively
A, e IV(Y)) forx € X.

PRroOF. By transfinite induction. 0

THEOREM 5.6. Let 1 < a < wy and Y second countable an metrizable. Then there
exists a U € Z((lo)(NNXY) (or in H&O)(NNXY)) so that for all ACY

AeXOY) = JzeN' A=7,
(or AcTIO(Y) < JzeNY A=1U,, respectively)
We call U universal for 280)(1/) respectively 1Y (Y).

ProoFr. We prove the claim by transfinite induction for all @ < wy.
For a =1, let (V) a basis of the topology on Y and put

U={((ny),y) e NxY : yeUVnk}
keN
Note that V' C Y is open if and only if V' = (J, oy Va, for some sequence (n;) in N
which means that V' = Ul,,). U is open. Indeed, if ((ng),y) € U, thus y € V,, for
some ko € N, which implies that:

{(mk> e N': Mgy = nkO}XVnko CcU,

and proves our claim that U is open. Since A(lo) = ﬁzﬁ‘” the set N¥xY\ U is universal
for for Ago)
Now suppose that the claim of our Theorem is true for all § < o, @ < wy.

Case 1: a = [+ 1. Let (NV;);en be a partition of N into infinitely many sets of
infinite cardinality. If nY = (n(i,5) : 7 € N;) € NV for i € N, we mean by |Jn®
the sequence (n;) with n; = n(i,j) if j € N; and for m € NV we denote by 7|y,
the subsequence (n;);en,. Let V; € Hg)) (NYi xY) be a universal element for Héo)(Y),
(using that NN and NV are homeomorphic via a bijection between N and N;) and

define
U= UH.9): o) € Vb= U
€N ieN
where 7; : N¥xY — NV xY is the i-th projection, for i € N. Since 7;, i € N,
is continuous U is in SU(NVxY). And if A = |JA;, with 4; = V;[n® for some
7 = (n(i,5): j € N) € NN and i € N, it follows that

|U on® = Uﬂ_l |U ) = U7T |U ) = U Vil = UAu

€N €N €N

which proves that U is universal for »®
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The argument to find a universal element for H&O)(Y) is similar.
Case 2: « is a Limit ordinal. Using Propostion 5.4 (3) we can choose a,, /" « so
that Z&O)(Y) = (Unen H((IOQ(Y))J, which means that every A € ) can be written
as A = Umm Amny With Ag, ) € H&O,Z,(Y)) for m,n € N. Partitioning N into
a family (N(mn) @ m,n € N) of infinite subsets and choosing for each m € N a

Vimn) € H&OTZL(NNW") xY) which is universal for e (Y'), we can proceed as in the

n

proof of Case 1. O

THEOREM 5.7. Let X be an uncountable Polish space and o < wy. Then E&O)(Xx
X) and e (X x X) contain an element which is universal for »P (X) or H&O)(X),

respectively, meaning that for A € » ¥ (X), or A € 1 (X), respectively, there is a
an x € X so that U|, = A.

PRroOF. By Corollary 2.7 X contains a subspace Y homeomorphic to NN, There-
fore, by Theorem 5.6 we can choose a universal element V for ¥,(X), respectively

e (X), in E&O)(YXX) or Hgo)(YXX) respectively. By Proposition 5.5 (2) there is a
U in (X x X), respectively e (X xX), so that V =U N (Y xX). This set U is
universal for £ (X), respectively Y (X).

UJ

COROLLARY 5.8. Let X be an uncountable Polish space and o < wy then there is
an A € sV (x)\ IV (X).
PROOF. Let U € ¥,(X x X) be universal and
A={ze X :(z,2) e U}
Since the map X 3 z +— (z,2) € X x X is continuous it follows from Proposition 5.5

(1) that A € E&O)(X ). We claim that A & ITY (X). Indeed, if this were true it follows
that 4° € B (X) and, thus, that there is an zy € X so that A € U,, . Therefore

xg € A° <= (x0,70) €U <= x9 € A,
which is a contradiction. O

The proof of Corollary 5.8 can be generalized as follows.

PROPOSITION 5.9. Let I' be a point class on Polish spaces which is closed under
complementation and continuous preimages. This T'(X) is a set of subsets of X for
each Polish space X and and for any two Polish spaces X andY and any continuous

f: X =Y it follows that f~(T(Y)) C T(X).
Then for no Polish space X there is a universal element U € T'(X x X)
PROOF. Assume U € I'(X x X) is universal for I'(X). Then put
A={x:(z,z) e U}.

Since I' is closed under continuous preimages and complements A and A¢ are in I
Thus there is an zy € X so that A° = U|,, which as before gives raise to the following
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contradiction:
Xy €A <— (ZL’Q,$0) celU << ux9 e A°
O

THEOREM 5.10. [Reduction Theorem for additive classes| Let X be metrizable
and 1 < a < wy. If A, € E(O)(a) for n € N, then there exist pairwise disjoint sets
B, € ¥9(a) (n € N) so that, B, C A,, n € N and J_, B, = U2, A,

PROOF. By Propososition 5.4 (2) we can write for m € N A,,, as A,,, = Uy, A
with Agyn) € A (X) for m,n € N.

Reorder (Agnn) @ m,n € N) into (C; : j € N) and let Dy, = C, \ U,_,, Cj- Since
A (X) is an algebra we have D,, € AD(X). Finally we let

By, =|J{Di: Di C A, and D; ¢ A; for j=1,2,...m — 1}.
Since for all m,n € N it follows that D,,N A, # ( = D,, C A,, our claim follows, [

THEOREM 5.11. [Separation Theorem for multiplicative classes] Let X be metriz-
able and 1 < o < wy. For every sequence (A,) C I (X)) for which (YA, = 0 there
is a sequence (B,) C AY(X) so that By, D A,, for n € N, and Moen Bn = 0. In
particular, if A, B € H&O)(X) are disjoint, there is a C € AY (X) so that A C C and
BNC=19.

PROOF. By Theorem 5.10 there exists a pairwise disjoint sequence (D,,) C T (X)
so that D,, C A5, n € N, and U,y Dn = U,,en 45 = X. Thus, letting B,, = Dy, for
n € N, yields our claim. O






CHAPTER 5

Analytic sets

1. Projective Sets

DEFINITION 1.1. Let X,Y be sets and B C X xY.
The projection of B to X is defined by

IB=rx(B)={x € X :(r,y) € B for some y € Y}
and the coprojection of B to X is defined by
V'B={re€ X :(z,y) € Bforally €Y}
Clearly
V'B = (3'B°)° and 3'B = (V'B°)".
For any pointclass I' and any Polish space Y
IT ={3FB: Be(XxY), X is Polish space} and
VI ={¥'B: BeT(XxY), X is Polish space}.
Let X be a Polish space. A C X is called analytic if it is the projection of a Borel
subset of X x X. C' C Xis called co-analytic if X \ C' is analytic.
We denote by Egl) the pointclass of analytic sets and by Hgl) the pointclass of

co-analytic sets and we put Agl) = Zgl) N Hgl). Clearly Agl) contains the Borel sets.
Later (Subsection 4) we will show that, conversely, every element of Agl) is Borel.

PROPOSITION 1.2. Let X be a Polish space. For A C X the following statements
are equivalent.
1) A is analytic
2) There is a Polish space Y and a Borel set B C Y xX whose projection is A.
3) There is a continuous map f: NN — X whose range is A.
4) There is a closed subset C' of NN x X whose projection is A.
5) For every uncountable Polish space Y there is Gs-set B in X XY whose
projection is A.

REMARK. Note that the equivalence between (2) and (4) implies that the following
conditions are equivalent to A C X being analytic:
6) There is a Borel set B C X x NN whose projection is A.
7) There is a G5 set B C X x NY whose projection is A.
8) There is a Polish space Y and a closed set C' C Y x X whose projection is
A.

49
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REMARK. Note if Y is a compact space and C' C Y xX is closed then its projection
onto X is also closed. Indeed if (z,) C mx(C) converges to some z € X. We can
choose y,, € Y so that (y,,x,) € C. Since Y is compact there is a subsequence (y,, )
converging to some y € Y, and thus (y,z) € C, which implies that z € mx(C).

PROOF. (1)=(2) is clear.
(2)=(3) Let Y be a Polish space and B C X xY whose projection is A. Then by
Corollary 4.10 B is the image of some continuous function ¢ : N¥ — X xY, we can
therefore choose f = mx og.
(3)=(4) let f: NN — X continuous with range A. Let

C' = Graph(f) = {(z, f(2)) : = € N}

then C' is closed and mx(C) = A.

(4)=(5) If Y is an uncountable Polish space it contains a homeomorphic copy of N
by Corollary 2.7 which by Theorem 1.5 must be a G5 set in Y.

(5)= (1) trivial. O

PROPOSITION 1.3. For a Polish space the point classes. Egl)(X) and Hgl)(X) are
closed under countable intersections and unions, and under taking inverse images of
Borel functions.

PRrOOF. Let A; C X be analytic for i € N. By (6) <= (1) in Proposition 1.2 we
can choose B; C X x NY Borel so that 7y (B;) = A;, for i € N. Choose B = |J B;,
then B is Borel and mx(B) = J 4;.

Let (N;);en be a partition of N into infinitely many sets of infinite cardinality. and
let B; € X x N Borel so that wx(B;) = A;, for i € N. Choose

D = {(z,n) € XxN": VieN (z,7|y,) € B}

(recall if (7 = (n;)jen then |y = (n;);en for N C N). It follows 7x (D) = (o 4i-
If f:Z — X is Borel and A C X analytic, say A = m(B) B C X x X Borel.
Then

(A = Wz({(Z,ZE) €ZxX:(f(2),x) € B})
(e f4) = f) €A — f(z) €ma(B) > y.x)ema(B) f(2) = y)
Since

{(z,2) € ZxX : (f(2),2) € B} = (f,Idx)""(B)

it follows that {(z,2) € ZxX : (f(z),z) € B} is Borel in Zx X and, thus, f~(A) is
analytic.
The properties for Hgl) follow from the fact that H(ll) = —Egl). 0

PROPOSITION 1.4. 251) 15 closed under taking images under Borel maps.
Secondly, 251) is closed under taking 3 and Hgl) is closed under taking V¥ . Le.

FPEM(XxY) = {34 AexiV (X xY)}
= {{zeX : (z,y) € A for someyeY}: AGE&D(XXY)} c oV(x),
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and
VI (X xY) = {v'B: Bell{’(X xY)}
= {{zeX : (z,y) € A forallyeY}: Ae V(X xY)} c .

ProoF. Let X and Y be Polish spaces, A C X be analytic and g : A — Y Borel.
By Lemma 2.2 we can extend g to a measurable map on all of X which we still denote
by g. By Corollary 2.5 there is a finer Polish Topology on 7’ on X which generates the
same Borel sets (and thus also the same analytic sets) so that ¢ is continuous. Since
A is also analytic in (X, 7") there is by Proposition 1.2 a continuous (with respect to
7' on X) map f: NN — X whose range is A, and, thus, since g(A) is the range of
go f it follows, again using the equivalences in Proposition 1.2, that g(A) = g(f(NY)
is analytic in Y.

For the second claim, let A C X xY analytic, thus, A = mxyy (B) for some Borel
set B C X xYNY. Then

FA={x:yecY (v,y) € A} ={z:3IyecY IneN(z,y,n) € B} = 7x(B)

which by Proposition 1.2, implies that 3¥4 is analyitc in X. A similar argument
works for the pointclass TI(). O]

THEOREM 1.5. For every Polish space X, there is an analytic set U C NN x X
such that A C X is analytic if and only if there is an m € NN so that A = Uy. Thus

U is uniwersal for Egl)(X).

PROOF. By Theorem 5.6 there is a closed (i.e. I\ set C' € N¥x (X xNV) which
is universal for the closed sets in X x NY. Choose

U={(mz) e N"xX : ImeN" (m,z,m) € C}.

Let A C X analytic, by Proposition 1.2 there is a closed set D C X xNY so that
A = mx(D). Since C is universal in for the closed sets in X x NN we can write it as
D = Cp, for some 1y € N¥ and thus

A=7x(D)
= mx(Cry)
= 7x{(z,m)X xN" : (g, z,m) € C}
= {r:ImeNY (ng,r,m) € C}
={z: (ng,z,m) € U} = Up,.

which proves our claim that U is universal for 251). O

THEOREM 1.6. Let X be an uncountable Polish space. Then

1) There is an analytic set U C X X X which is universal for all analytic sets
n X.
2) There is a subset of X which is analytic but not Borel.
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PROOF. (1) By Corollary 2.7 X contains a subset, say Y, homomorphic to N¥
which by Theorem 1.5 is a G5 set in X. By Theorem 1.5 we find a analytic set U C Y%
which is universal for all the analytic sets in X. Since analytic sets are closed under
taking continuous images it follows that U is also analytic in t X x Y.

(2) Let U € X xX asin part (1) and define

A={x:(z,z) e U}.
Then A, being a continuous image of an analytic set is also analytic. If A where

Borel its complement A¢ would also be Borel and, thus, analytic. Therfore there is
an o € X with A = U],,, and we deduce the following contradiction:

xoeA <~ (.’L’o,iL‘o)GU S xer‘xO:Ac.
0]

The Borel Isomorphism Theorem 4.5 and Theorem 1.6 yield the following corol-
lary.

COROLLARY 1.7. Every uncountable standard Borel space contains an analytic set
that is not Borel.

DEFINITION 1.8. Let X be a Polish space. By induction we define 29)()(),
Hg)(X ) and A,(X), for all n € N. For n = 1 these point classes were already
defined.

Assuming Z(l)(X) i (x ( ) and A, (X) has been defined we put

M (X) =31 (X><X {rx(B): Be IV (XxX)}
I, (X) = il (X)={x\A:Aex),(X)}
AnlJ)rl = Egzlll(X) HSJ)rl(X>

The point sets 245 (X), IIYY(X) and A,(X), are called projective sets.

PROPOSITION 1.9. Let n € N.

1) The pointclasses Z;l)(X) and H%l)(X) are closed under countable unions and
interesections, under Borel preimages, and under restrictions to Gs sets (i.e.

if Z C X is Gs then ©(2) ¢ (X)) and IY(Z) € H(“(X) ).
2) The following are equivalent for A C X andn € N (replace H by the Borel
sets)
(i) AexP(x)
(ii) There ezists a Polish space Y and B € Hfll_)l(X xY) such that A =
mx(B).
(iii) There exists a C € 11, W (X XY) such that A = Wx(C)
(iv) For all uncountable Polish spaces Y there is a B € H (X xY') such
that A = wx(B).
3) AV is a o-algebra.
4) ZS) is closed under 3¥ and Hg) is closed under VY, Y being a Polish space.
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Proor. W.l.o.g. we assume that X is uncountable.

We will show (1), (2), (3) and (4) simlutanuously by induction for every n € N.
Note that for n = 1 Proposition 1.3 implies (1) Proposition 1.2 implies (2), (3) follows
from (1) and the fact that Agl) is closed under taking complements, and Proposition
1.4 implies (4).

Assume we showed our claim for n — 1, n > 1. We first show that if Z7 C X is Gs
then $9(2) ¢ SP(X) and I (2) ¢ I (X). From (1) and(2) for n— 1 we deduce
that

20(2) = 0 (Z2x X) € I (X xX) = 50(X),

and, thus, since Z € G,
MV(Z)={Z\A: AcsW(Z) c{X\A:AcM(X)} =TV(X).

n

Secondly, we verify the equivalences in (2).
(i)=(ii) clear.
(ii)=-(iii) Assume that Y is Polish and that B € HSL(XXY) and A = 7x(B) By
Corollary 2.13, Y is image of NY under some continuous map g : NY¥ — Y. Therefore,
the set
C = (Id,g)(B) = {(z,7) : (x,9(m)) € B},
¢9)

e = {z:3meN" (zm)eC}={z:3yeY (z,y)€B}=F"B=A.

(iii)=-(iv) Let Y be an uncountable Polish space. By Corollary 2.7 Y contains a
subset Z which is homeomorphic to NV, and by Theorem 1.5 Z is a Gs-set in Y.
Assuming (iii) there is a C € I (X% Z) so that A = 7x(C). Since we have already

is by our induction hypothesis in II,” (X x NV) and since ¢ is surjective

shown that I (X x Z) ¢ IV (X x X) it follows that C' € I (X x X)) and, thus,
we deduce (iv).
(iv)=-(i) clear.

Thirdly we verify that 2 (X) and ) (X) are closed under countable unions and
interesections. Let A; € 27(11)()( ). By the already verified equivalences in (2) we can
choose B; € Hgll_)l(X x NN) Borel so that mx(B;) = A;, for i € N. Choose B = | B;,
then, by our induction hypothesis, B € 2%, (X xNV) and 7x(B) = | 4.

Let (N;)ien be a partition of N into infinitely many sets of infinite cardinality. and
let B; € HSZI(XXNNZ‘) Borel so that mx(B;) = A;, for i € N. Choose

D = {(z,n) € XxNV: VieN (z,7|y,) € B}
(recall if (W = (n;)jen then 1|y = (n;);en for N C N). Since
D = mﬁi_léi, with m; : NV — NV 7 7|y,
ieN

It follows from our induction hypothesis that D & H(l_)l (XxNY) and 7x (D) = ;e Ai-

n
The fact that T1Y" is closed under taking countable unions and interesections
follows easily.
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Finally we show that 2 and 1Y are closed under taking inverse images of Borel
maps. If f: Z — X is Borel and A C X is in Egll)(X), say A = m(B), with
B e (X xX). Then

1A = WZ({(z,ac) €ZxX:(f(z2),x) € B})

(e ) = f) €A — f(z) €ma(B) > y.x)ema(B) f(2) = y)
Since
{(z,2) € ZxX : (f(2),2) € B} = (f,Idx) " (B) e 1Y, (Zx X),

by the induction hypothesis, it follows from above equivalences that

fH(A) = 7z((f,1dx) " (B))

is in 27(11)(2).

The fact that Hg) is closed under taking preimages with respect to Borel maps
follows easily.
(3) follows from (1) and the fact that A(M(X) is closed under taking complements.

(4) Follows easily from the equivalences in (2). O
THEOREM 1.10. Let X be Polish and n € N. Then
BP0 UL (X) € AL (X),

PROOF. We prove the claim by induction on n € N. As By C Agl)(X) - Hgl)(X)

it follows that Egl)(X) C E;l)(X). Let A € X be analytic, then C' = A x X is analytic
in X x xX (by Proposition 1.9 analytic sets are closed under contininuos preimages)

and thus A = V*C is in Hgl)(X). It follows that A € Hél)(X) N Egl)(X) = Agl).
If Ae Hgl)(X) - Hél)(X) then, similarly A = ¥ (X x A) € Egl)(X), and thus,
Ae AP (X)

The induction steps works similarly. O

2. Analytic Sets and the Souslin operation

THEOREM 2.1. Let X be a Polish space, and let d be a metric generating the
topology on X. For A C X the following statements are equivalent.

1) A is analytic.
2) There exists a Souslin scheme F = (F, : s € N<N) of closed subsets of X
such that

A=AF) = ) Fal-
aceNNneN

3) There exists a family F = (Fy : s € NY) of closed subsets of X such that
A= A(F).
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PROOF. (1)= (2) By Proposition 1.2 there is a continuous map f : NY¥ — X
whose range is A. For s = (sy,s2,...5,) € NN choose

Fy=f{ae NV :a > s}).

If o € NY¥ and € > 0, it follows from the continuity of f that there is an ¢ so that
d(a, 3) < €/2 whenever al, = |;, which implies that d — diam(F,|,) < e. Thus,
F ={F,:s € N} is a Souslin scheme.

We need to show that A = A(F). If z € A = f(NV), say x = f(«), for some
o« € N¥. Thus z € F,, for all £ € N, and thus z € A(F), conversely if = € A(F),
there is an o € NN so that z € N,y f({6 € NV: 3] = a|,}). Thus there exist a
sequence (3 € NN so that al, = (], so that d(f(3),x) < 27*. this implies that

Tr = Zlir& f(ﬁf) = f(a)v

which implies that z € f(NVY) = A.
(2)=-(3) obvious.
(3)=>(1) Assume that F = {F; : s € NN} is given and A = A(F),.i.e

reA < Jae NWeN ze€F,

le-
Define
C={(z,a) e XxN":VneNz € F,, } = ﬂ U Fox{aeN":«a > s}.

neN seN”

It is easy to see that C is closed and that A = IN'C, which implies that A is
analytic. ([l

THEOREM 2.2. For A C NN the following are equivalent.
1) A is co-analytic.
2) There is a tree T on NxN such that
a € A <= Tla] is well founded <= T[a] is well ordered with respect to <kp

(second equivalence was shown in Proposition 2.1).

PROOF. (1)=>(2) Assume that A C NV is co-analytic. By Proposition 1.2 there
is a closed set C'in NY¥x NN such that A¢ = 7,(C). By Proposition 2.3 C is the body
[T] of a tree T on NxN. Now note that

ac A° < FpeNY (a,p) e C
«— IpeNY (o, B) € [T]
— FBeNVEeN (aly,Blk) € T <= T[a] not well founded.
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(2)<=(1) Let A C NN satisfy (2) and let T be a tree on Nx N such that above
equivalence holds. But this means that A° = m([T]). Indeed,

acm(T]) < IBeN (a,p) € [T]
«— 3BcNVVEeN (al, Olx) € [T]
<= 3B eNVVkeN g € Ta]
<= Tla] is not well founded <= « € A°.

By Proposition 2.2 [T] is closed, thus A€ is analytic, which means that A is co-
analytic. ([l

3. XM and II® complete sets

DEFINITION 3.1. Let X be Polish and A C X.

We say A is Zgl)—complete or Hgl)—complete if A is analytic, respectively co-analytic
and for every Polish space Y and every analytic, respectively co-analytic, set B C Y,
there is a Borel map f:Y — X, such that f~}(4) = B.

PROPOSITION 3.2. Let X be Polish.

1) A completely analytic or co-analytic set is not Borel.

2) If f : X — Z , Z Polish, is Borel measurable, C' C Z analytic or co-analytic,
and f~Y(C) is completely (co-)analytic, then C is completely (co-)analytic.

3) In order to show that a set A in Zgl)(X) or in Hgl)(X) is Egl)—complete, or
Hgl)—complete, respectively, it is enough show that for any set B in 2§”(NN)
or in Hgl)(NN) there is a Borel function f: NN — X so that f~'(A) = B.

PrOOF. (1) By Corollary 1.7 there exists an analytic set B which are not Borel
in an uncountable Polish space Y. If A C X is completely analytic it follws that
for some Borel measurable f : Y — X we have f~'(A) = B. Thus, B would be
measurable if A had this property. The argumentation for co-analytic sets is the
same.

(2) If Y is Polish space and B C Y is (co-)analytic, then there exists a Borel measur-
able g: Y — X, so that g7 (f71(C)) = (fog)™! = B.

(3) For general Y, we first can assume w.l.o.g. that Y is uncountable (otherwise, for
any C' C Y there is easily a Borel function ¢ : Y — X so that g7 '(A) = C). If Y is
uncountable we find a Borel isomorphism ¢ between NY and Y by Theorem 4.5. [

DEFINITION 3.3. Let X and Y be Polish spaces, and A C X and B C Y. We say
that A is Borel reducible to B if there is a Borel map f : X — Y, so that f~1(B) = A.
Thus, if B is Borel then also A is. Note also that if A is Borel reducible to B and A

is Egl)—complete or Hgl)—complete, and B € Egl) or B € Hgl), respectively, then B is

Zgl)—complete or Hgl)—complete,

EXAMPLE 3.4. Let Tr be the set of all trees on N, since every tree on N is a
subset of NN Tr is a subset of [N<N] which we can identify with the set {0, 1IN (via
mapping each A C N<N onto its characteristic function).
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The set {0, 1}N<N together with its product topology is a Polish space, and since
TeTr < Vs,tcNVN s <t (tgT)V(seT&teT),

it follows that Tr is a Gs-set in [N<N] and thus, a standard Borel space.

Let WF be the set of well founded elements of Tr. We claim that WF' is Hgl)—
complete.
We first claim that the set

E={(T,p) e [N|xN": T e Tr&aneNT n{t e N : ¢ > g[,} =0},
is Borel. Indeed, note that

E = U {(TeTr:s¢ Ty x{BeNV: 3> s}
seN<N

Since WF = VN(E) it follows that WF is co-analytic.

Now let C' be any co-analytic set in NY. By Theorem 2.2 there is a tree on NxN
so that

a € C <= Tlais well founded,
and define
fNY—=Tr, aw Tl
The map is continuous, indeed for any s € N<N (recall that we identified [N<V] with
{0, 1}N<N endowed with its product topology)
F(@)(s) = xria(s) =1 <= s € Ta] = (alyys) € T,

which easily implies that for fixed s the map a — f(«)(s) is continuous and, thus,
that f is continuous.

We showed that for any co-analytic set C' in NV there is a Borel map f so that

f~YWF) = C, which implies by the Remark after Definition 3.1 that WF is Hgl)—
complete.

PROPOSITION 3.5. For oo < wy the set
Tr, ={T €Tr:o(T) < a}
is Borel measurable in {0, 1}N°"

ProoF. We prove our claim by transfinite induction for all @ < w;. For a = 0
we have Trp = {0} and our claim is trivial.

Assume the claim is proved for all < a. If « is a limit ordinal we deduce
from Proposition 2.5 (a) (which says that o(7) is allways a successor ordinal) that
Tr, = Ug <o Trg, which implies our claim for a. If & = 3+ 1 we deduce from
Proposition 2.5 (c¢) that

Tr, ={T € Tr: sgg o(T'(n)) < B} = m{T € Tr:T(n) € Trs}

where T'(n) = {s € NV : (n,s) € T'}. Consider now for n € N the map
F,:Tr—Tr, T~ T(n).
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Since for a fixed s € N<N we have
Er{TeTr:seT})={T €Tr:(n,s) €T}

it follows that F}, is Borel measurable, and, thus, that Tr, is measurable. 0

ExAMPLE 3.6. We consider the strict linear orderings LO on N as a subset of
[NxN] = {0, 1} and claim that they are closed in [NxN]. Indeed,

LO = ﬂ [{RC[NXN]:(m,n)GRor (n,m) € R}\

(m,n)ENXN,m#n
{R C [NxN]: (m,n) € R and (n,m) € R}
N ﬂ {R C [NxN]: (k,m) € R or (m,n) € R or (k,n) € R}

N(){R C [NxN]: (n,n) ¢ R}.

neN

We will show that the set of all well orderings is co-analytic, similarly as in previous
example. We define:

G={(R,a) e LOXN":3neN (ay:+1,0,) € R}
= |J {ReLO: (s 50-1) € R} x {BeN": 8- s}

seN<N

and observe that WO = VNG,

Using Example 3.4 it is left to show that WF is Borel reducible to WO and that
there is a Borel measurable map F : Tr — LO, so that F~!(WO) = WF.

We identify LO with the linear orderings of N<N (via a bijection between N and
N<N)| and fix a well ordering <, on N<N. We define F' : Tr — LO with F(T) € LO
is defined as a follows

ifs,tZT and s <, t
(s,t) € F(T) <~ ifseTandt T ,
if s,t e T and s <KB(T)t

where <gpr) is the Kleene - Brower ordering associated to the tree T'. which by
Proposition 2.1 on T is well ordered if and only if T' is well founded. Thus, F~1(WO) =
WEF (since F/(T) on T coincides <gp).
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It is left to show that F' is continuous. Fix s # t in NY. We need to show that
the set {T" € Tr(s,t) € F(T)} is open. But since

{TETr(S,t) EF(T)}: {{TGTr: 8,t¢T} if s <ot

0 if8>0t
U {T €eTrs,t T} ifs<gpt
0 if8>KBt

U{T €Tr:seTandt ¢ T}
this follows easily.
The following examples are variant of Example 3.6.

EXAMPLE 3.7. Let LO™ be the set of all (strict) linear orderings on a subset of
N and let LO7J be the set of all (strict) linear orderings on a subset of N whose least
element is 1. Thus

LO* ={R € [NxN]: R is a linear ordering on dom(R)}

1 € dom(R) and R is a linear ordering on dom(R),}

LOr = {R € [NxNJ: with 1 being the smallest element

where
dom(R)={m e N:3IneN (m,n)or (n,m) € N}

As in the previous example it is easy to see that LO* and LO] are closed in [NxN]
and thus Polish. We put

G*={(R,a) e LO*XN": IneN (o, ant1) € R} and

G* = {(R,a) € LOjxN": 3neN (o, ani1) € R}
and observe that WO* = VN'G* WO? = VWG consists of all the well orderings on
subsets of N, and is therefore co-analytic.

In order to show that WO and WO are completely co-analytic we first note that
with the same prove as in Example 3.7 we could have shown that

WO; = {R € [N x N] : R is well order on N with min(R) = 1}
is completely analytic in
LO; ={Re€LO:¥neN(n,1) ¢ R}

and then note that the embedding of LO; into LO7 is Borel and thus that WO, Borel
reduces to WO]. Since LO embeds into LO* it also follows that WO Borel reduces
to WO*
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4. The first Separation Theorem for Analytic sets

THEOREM 4.1. Let A and B two disjoint analytic sets in a Polish space X. Then
there is a Borel set C C X so that

AcCC and BNC = 0.
(we say C separates A from B).

Since for A € A(X) A as well as A¢ are analytic we deduce the following
Corollary.

COROLLARY 4.2. (Theorem of Souslin) For a Polish space X the system A (X)
coincides with the Borel sets on X.

In order to prove Theorem 4.1 we first need the following Lemma.

LEMMA 4.3. Suppose that E = |J,cy En € X cannot be separated from F =
UneN F, C X by a Borel set. Then there are m,n € N so that. FE,, and F,, cannot be
separated by a Borel set.

PROOF. Assume that for m,n € N there is a Borel set C(,, ,)) which separates
E,, from F,,. We claim that
C = U m C’(m,n)a

meN neN

separates E from F. Indeed, Since FE,, =C UneN Cimn it follows that £ C C.
Secondly, F' = U, ey Fr € U,en €y » for all m € N, and, thus,

Fc(Ucq.,=c

meNneN

O

PROOF OF THEOREM 4.1. Let A and B two disjoint analytic sets. By Proposi-
tion 1.2 there are continuous maps f,g : NN — X with f(NY) = A and ¢(NY) = B.
Now assume that A and B cannot be separated by a Borel set.

Claim. There are a, 3 € NY so that for all n € N f(Succe(al,)) and g(Succs(8],))
cannot be separated by a Borel set.

In order to show the claim we choose by induction for each k£ aj and §; in N, so
that f(Succeo (|1, ..., ax)) and g(Succe (51, F2 - - ., B|k)) cannot be separated by a
Borel set. We do so by applying at the k-th step, k € Ny Lemma 4.3 to the sets

E, = f(Succoo(ozl, g, ... ,ak,m)) and

Fn = g(SuCCoo(ﬁbBQa cee 7ﬂ’k>n))

Let a = f(«) and b = g(/3). Since a # b there are disjoint neighborhoods U and V' of
a and b, respectively, Since f and g are continuous and since the sets {Succo () :
n € N} and {Succs(5]n) : n € N} are neighborhood bases for a and (3, respectively,
we can find an n so that f(Succe(al,)) C U and g(Succeo(5]n)) C V, which is a
contradiction to the conclusion of our claim above. 0J
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The following result states a “countable infinite” version of Theorem 4.1

COROLLARY 4.4. Assume (A,) is a sequence of pairwise disjoint analytic subsets
of a Polish space X. Then there exists a sequence of pairwise disjoint Borel sets (By,)
with A, C B—n forn € N.

PROOF. By Proposition 1.3 A/ = |Jn # mA, is analytic for any m € N, and
by Theorem 4.1 we can therefore choose a Borel set C,, C X so that A,, C C,, and
Cm N A =10. Finally choose for m € N

By =Cnn (] X\C,.

n#m

5. One-to-One Borel Functions

DEFINITION 5.1. If X and Y are Polish spaces A C X analytic, we call a map
f A=Y Borel measurable, if it is (A N Bx, By )-measurable, i.e. if for any Borel
set B C Y there is a Borel set C' C Y so that CN A= f~(B).

REMARK. Let A be an analytic subset of a Polish space X. thus A = m(C)
where C' C X x X is Borel and m : X XX — A, (x1,29) — xy. If f: A=Y
is Borel measurable then for any Borel set B C Y there is a Borel set B’ C X so
that f~1(B) = B'N A and thus m|;'(f~4(B)) = 7|,/ (BN A) = BNC. Thus
fomlc: C — Y is measurable and, thus, by Proposition 1.3 f(A) = f o m(C) is
analytic in Y. More generally this argument implies that the image of any analytic
A’ C A under f is analytic in Y.

PROPOSITION 5.2. Let X andY be Polish spaces. Let A C X be analytic f : A —
Y injective and Borel mesurable.
Then f: A — f(A) is a Borel isomorphism.

PROOF. Let B C A Borel (i.e. there is a Borel set C' C X so that B = CNA). We
need to show that f(B) is Borel. Since B and A\ B are both analytic and f is one to
one, it follows that f(B) and f(A\ B) are disjoint and both analytic. Thus Theorem
4.1 yields that there is a Borel set D C Y so that f(B) C D and f(A\ B) C Y \ D.
Since f(B) = DN f(A) we deduce the claim. O

THEOREM 5.3. Let X and Y be Polish spaces, A C X analytic, and f : A —Y
any map. Then the following are equivalent.

a) f is Borel..
b) Graph(f) is Borel in AxX.
c) Graph(f) is analytic.

PROOF. (c)=(a). Let U C Y be open. Since
f7HU) = m (Graph(f) N (X xU)),
is analytic, and since

FHXNU) = m (Graph(f) N (X x (Y \ 1)),
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is also analytic, Theorem 4.1 yields that there is a Borel set B C X such that
7Y U) Cc Band fFYY \U) C X\ B. It follows that f~'(U) = AN B, and, since
U C Y was an arbitrary open set, our claim follows.

O

THEOREM 5.4. Let X and Y be Polish spaces, A C X Borel and A —Y a onoe-
to-one Borel map. Then f(A) is Borel. In particular, if f : X — Y is Borel and one
to one f(B) is Borel for any Borel set B C X.

PRrROOF. We can replace X by X xY A by Graph(f) and f by 7y |Grapn(s) (note
that 7y |Grapn(s)(Graph(f)) = f(A)) and therefroe assume f continuous. Since by
Corollary 4.10 every Borel set is the one-to-one continuous image of a closed subset
of NV we can assume that X = N and that A is closed.

We first claim that for any s € N<N we can choose a Borel subset B, of Y such
that for any s,t € N<N

(a) f(Succoo(s) NA) C By C f(Succ(s) N A)

(Recall that Succy(s) = {a € NV : a = s})

(b) t=s= B, C B, and
(c) s#tand |s|=|t| = BsN B, =10

Indeed, choose By = f(A), and assume that B, has been defined for some s € N<V.
We need to choose By, C B, pairwise disjoint. Since f is Borel and injective
it follows that the sets in (f(Succeo(s,n) N A) : n € N) are pairwise disjoint and
analytic. By Corollary 4.4 we can therefore choose a sequence of pairswise disjoint
Borel subsets (B,) of Y so that f(Succy(s,n) N A) C B],. We can take therefore for
neN

Bsny = Bs N B, N f(Succes(s,n) N A)
and deduce that (a), (b) and (c) are satisfied.

Secondly we claim that
fA)=p:=J B.

neN |s|=n

which would imply that f(A) is Borel measurable.

If « € Aand n € N, then by (a) f(a) € By),, which implies that f(A) C D.
Conversely, if y € D we deduce from (b) and (c) that there is an o € N so that
y € By, for all n € N. Since B, C f(Succs(a],) N A), there is an a;, € Succo(aly)
such that d(y, f(a,)) < 27" (d(-,-) being a metric generating the topology on NY).
Since «,, converges to o and since f was assumed to be continuous, it follows that

y = f(a) € f(A) O

We are now in the position to strengthen the Schréoder Bernstein Theorem (Propo-
sition 4.8) as follows.
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COROLLARY 5.5. Assume that X and Y are Polish spaces and that there are
one-to-one Borel functions

f:X—=Yandg:Y — X.
Then there exists a Borel isomorphism h : X — 'Y so that

Graph(h) C Graph(f) U Graph™'(g).

6. Ranks of Pointclasses

DEFINITION 6.1. A relation “<”, on a set S is called pre-wellordering if it is
reflexive, transitive connected (i.e. <y or y < z for any x,y € S) and if there is no
strictly decreasing sequence (z,). Here we mean by = < y, that = < y but not y > z.

DEFINITION 6.2. A rank or a norm on a set S is a map ¢ : S — Ord, if ¢(95) is
an ordinal (i.e. if ¢ is a surjection onto [0, sup,cg ¢(s) + 1)) we call ¢ a regular rank.

REMARK. Note that a pre-wellordering does not need to be anti symmetric, and,
thus, it does not need to be a wellordering. Nevertheless, if we consider the equivalence
relation on S defined by

r~y <= r<yandy <z,

then < becomes a wellordering, which is order isomorphic to some ordinal «, i.e.
there is a reqular rank function ¢ : S — «, such that ¢(z) < ¢(y) if and only if z < y.
Conversely, if ¢ : S — Ord is a rank, then <4 defined by

s <yt <= ¢(s) < ¢(t), whenever s,t € 5,
is a pre-wellordering.

DEFINITION 6.3. Let I' be a Pointclass, [ its complement class (see Definition
5.1) and put A =T NT. Let X be a Polish space, and A C X. We say that a rank
¢: A — Ord is a I'-rank if there are two relations on X x X, <} and <}, so that

a) <j is a I-relation, and SZ is a D-relation (see Definition 5.1)
b) For all y € A:

o) < )] == z€ A& () < (y)]
—= z<ly
< gg Y.
REMARK. Note that (b) implies that

c) for any x € A and any y € X \ A it follows that x <g y and z <£ Y.

Indeed, assume for example that y Sg x and © € A. Then (b) would imply that
y € A.
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PROPOSITION 6.4. Assume that I' is closed under taking continuous preimages,
and under taking finitely many intersections and unions. Let X be a Polish space,
AeT(X) and let ¢ : A — Ord be a rank and denote the corresponding strict order

by <4 (i.e. x <4y if and only if p(z) < ¢(y)).
Extend ¢ to all of X by putting for v € X\ A ¢(x) := min{aw € Ord : Vye A o >
o(y)}, and define for z,y € X

r<'y <= reAkd(z) < o(y)| = zcA&ly g Aor(ycA&d(x) < ¢(y))]]
and

r<'y <= xe€ A& p(x) < d(y).
Then the following are equivalent:
a) ¢ is a I'-rank, ]
b) there is a I'-relation <g and a I'-relation <g on X so that for x € X and
yeA
T <4y = xeA&x<gy — xeA&:x<gy,
c) g(*;, and <j;, are both T'-relations,

d) there is a relation Sg, so that Sg, as well as its strict form <£ are T-
relations, and so that fory € A

o(x) < oy)| == 7€ A& o(x) < oly)] < <)y

and
9(x) < $(y)[ <= 2 € A& d(z) < 9(y)] = z <Ly
PROOF. (a)=>(b) define <}, and <}, by
:r;<gy = —|(:U¢Aory§£x), andx<gy = ﬂ(azg_onrygl;X)

Since I' (and thus also T') are closed under taking inverse images of continuous function
(we will apply this assumption to the permutation (z,y) — (y,z)), we deduce that

<g is a I'- and <£ is a T-relation. Moreover, for y € A
¢(z) <oy) <= v € A&k d(z) < d(y)
— 1€ Ak~ (d(y) < o(x)))
> (g Aor ¢(y) < ¢(z))
— “(zgAor(zeAko(y) < ¢(z))
= ﬂ(ngoryng) = x<£y.
Similarly we show for y € A that ¢(z) < ¢(y) = <£ Y.
(b)=(a) Assume we are given relations <j and <} satisfying (b).
First we note that if t € A and y € A then x <g y. Indeed, assume that x € A,
y & A, and =(z <}, y). Then the equivalences in (b) yield that (¢(z) < ¢(y), which
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contradicts the definition of ¢(-) in that case. Simliarly we show that if z € A and
y¢Athenx<gy.
Define <} and <j by
xggy = —|(y<gx) andxggy = ﬂ(y<gx)

Since I" and IT" are closed under inverse images of continuous functions Sg and Sg are

I'- respectively T relations. Moreover for y € A
¢(z) < ¢(y) <= z € Aand ~(¢(y) < ¢(z))
= xEAand—l(y<gx)
< —(y <} z) (By above observation)
= gi Yy
and similarly
P(x) < ¢ly) < z€Aandz <} y.
(a) =(c) Note that
r<ty = v Akg(r) < o(y))
— (reA&ygAor(reA&kye A&o(r) < d(y))
— (1,y) e AxX &z <y
(By (b) of Definition 6.3 and remark thereafter)
which shows by the assumpiton that A € I" that <* is a I'-relation. Secondly, we have
x<y <= xe€A&p(x) < d(y)
— (reA&ygA) o (zeA&ycA&kd(z) <dy))
— (reA&(@@<gy))or (reAd&ycA&k(dy) <
(By remark after Definition 6.3)

é(x)))

which shows that <* is a I'-relation.
(c)=(d) define <}, and <4 by

q:ggy = re€A&k(y <j ) andx<gy — re A& -(y <M o).
(d)=(a) define < by
r<py = -(y <)
O
ExXAMPLE 6.5. In Example 3.4 it was shown that the set WF of wellfounded trees

on N is Hgl)—complete in the set of all trees Tr C [N<N} = {0, 1}N<N. Recall that by

Example 3.4 Tr is a Gs-set in [N <N} and thus a Polish space itself by Theorem 1.2.

We claim that the ordinal tree o(-), as introduced in Subsection 2) is a Hgl)—rank.
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PrOOF. Recall (Proposition 2.8) that for two trees S and T’
0(S) <o(T) <= thereisamap f:S — T so that
a) f(0) =10
b)s,5€ 5, &s<5= f(s) < f(5)
c)tef(S)&t<t=3s,5€S F<sandt=f(s),t=f(3).

(we extend f : S — T as in Proposition 2.8) arbitrary to a map on all of N<N by
putting f(s) = 0 if s € N<N\ 9).
We define

C={(f,5T):8T¢€Trand f: N — N<" satisfies (a),(b),(c)}
S, T € Tr and f: NN — N<N_ 50 that

s &S or
ﬂN UN AU 8.1 seS, te T, f(s) =
SEN<N teN<N | 3<s f<t f(@) =0 and f(5) = f(t)
S,TETI' andf;N<N—>N<N, so that
s &S or
nAU§&SD): [ses,te T,f(S)Zt} |
e 8= f(0) =0 and f(3) = f(D)

which implies that C' is a Borel set in [N<N} N x Tr x Tr. Therefore we conclude
that the relation on Tr defined by

S<P T e 3re [N (8T eC
is a Xq-relation, and for T € WEF, it follows from Proposition 2.8 that
S e WP&o(S) < o(T) «= 3fe N (1,87 eC = <1

From the second part of Proposition 2.8 we deduce that for two trees S and T" we
have o(S) < o(T) if and only if there is an n € N and a map f : N<¥ — N<N 50 that
(a), (b) and (c) holds with T" replaced by T'(n). We let

C'={(f,8,7): S, T €Tr,f: NV = N 3Ine N(f,5,T(n)) satisfies (a),(b),(c)}
S, T € Tr and f: NN — N<N_ 50 that
s¢& S or
:TEJN th DSU (f,5,T) {SES, (n,1) € T,f(s):f(rf,t)}
e = f(0) =0 and f(5) = f(n,?)

S, T € Tr and f: NN — N<N 50 that
s &S or
AU GsT): {seS,te T,f(s)zf(n,t)} ’

f(0) =0 and f(3) = f(n,?)
As before we conclude that the relation on Tr defined by

S<T « 3fe [N (f.8T)ec

f<t §=<s
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is a Zgl)—relation and by the second part of Proposition 2.8 for T" € WF
N 1
S e WF&o(S) < o(T) = 3fe [N<N}N< (f,S,T)e " < §<="T,

Now it follows from Proposition 6.4 (a) <= (d) that o(-) is a II{"-rank. O

COROLLARY 6.6. For any co-analytic set in a Polish space X there is a Hgl)—mnk

with values in w;.

PRroOF. Let B C X be co-analytic. By Example 3.4 WF is Hgl)—complete, and,
thus there is a Borel function F': X — Tr so that B = f~!'(WF). Define

¢:B—wy, b—o(F(b)).

We claim that ¢ is a Hgl)—rank on B.

251) E(ll) . Zgl)
Let <;* and <;* be defined as in the proof of Example 6.5 and define <,

DI
and <j' by

1)

<)y = Fla) <3 F(y)

(1) )
v <y = Flz) <3 F(y).

o

: : : DI s (1) :
Since F' is Borel it follows that < ¢1 and < ¢1 are X7 '-relations.

Secondly it follows for b,b € B, b € B,

o(b) < p(b)&be B <= o(F(b)) < o(F (b)) & f(b) € WF
— FO) < F() = bv< b

Similary,
- (1) -
o(b) < p(b)&be B = b<;' b,
which proves, again by using Proposition (a) <= (d), that ¢ is a Hgl)—rank on B. O

EXAMPLE 6.7. As in the Examples 3.6 and 3.7 let LO be the set of all linear
orderings on N, LO; the set of all linear orderings on N, for which 1 is the minimal
element, LO™ he set of all linear orderings on subsets of N, and LO™ he set of all linear
orderings on subsets of N; which contain 1 and for which 1 is the least element. As it
was shown in Subsection 3 this are closed sets of [Nx N] and the corresponding well
orderings WO, WO, WO™ and WO7 are completely conalytic.

We now claim that the map which assigns to each element in WO, WO;, WO*
and WOj the ordinal @ < w; which is order isomorphic to it, is a rank function for

WO, WO;, WO* and WO], respectively.

PRrRoOOF. Let
[ : WO™ — [0,w1)
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be the map assigning to each element of WO™ the (uniquely existing) countable ordinal
to which it is order ismorphic. We only need to show that || - || is a conalytic rank for
WO in LO*. Indeed, the restrictions of || - || to WO, WO;, and WO7 can be seen as
compositions of || - || and the embeddings of LO, LO; and LO7 into LO*. Thus, we can
follow the argument of the proof of Corollary 6.6 (replacing F' by these embeddings)
to show that the restrictions of || - || to WO, WO;, and WO7 are also co-analytic rank
functions.

For a linear order R C [N x N] we put ||R|| = w; if R is not a well order, or
equivalently, if there is a subset without any minimal elements.

Let Ry and Ry be linear orderings on a subset of N we note that || R;| < || Rzl
if and only if there is map f : dom(R;) — dom(Ry) which is order preserving, and
|R1|| < ||Rz2] if and only there is an ng € dom(Ry) and an order preseriving map
f:dom(Ry) — dom(R2) \ {n € N: (ng,n) € Ry}.

From this point on the proof is similar to the proof in 6.5.

O

THEOREM 6.8. Let B a co-analytic set in a Polish space X, and let ¢ : B — [0,w;)
be a co-analtyic rank for B. As in Proposition we put ¢(r) = wy if v € X \ B.
Then
a) For all o« < wyq, the set B, = {x € B : ¢(x) < a} is Borel for all o < w
b) If B is not anlyitic and if A C B is analytic, then A C B, for some a < wy.
c) fv: B — [0,w) is another co-analtyic rank for B, then there is a map
7 :[0,w1) — [0,w1) so that Y(x) < 7(Pp(x)) for all x € B.

&) )
PROOF. Assume that the relations ggl and gjl on X xX are given as required

by Defintion 6.3.
(a) Let o < wy. First assume that a = by for some by € B. Then

(1)
{beX:b<) by} el (X)

B,={be B:¢(b) < ¢(by)} = sV (1)
{beX:b§¢1 bo} € ¥y7(X)

and thus B, € Agl)(X) = Bx by Theorem 4.1. If o & ¢(B) then we can conclude our
claim since Bo = s, seg(m) Bo-
(b) Assume that A C B is analytic. Assume our claim is false and for any o < wy
there is an a € A for which ¢(a) > a.

Then

beB < JacA ¢b) < la)

e
— dac A b§¢1 a

<~ be Wl({(x,y) [T Sigl) y} ﬁXxA),

Thus, B is analytic which is a contradiction.
(c) follows from (a) and (b). O
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7. Derivatives and Ranks

The following notion generalizes the definition of the derivation of trees as intro-
duced in Subsection 2.

DEFINITION 7.1. Let X be a set and let D C [X] be closed under non empy
intersections, a derivative on D is a map D : D — D such that D(A) C A if A € D.

If X is a Polish space and if D C F(X) is Borel (with respect to the Effros-Borel
o-algebra) we call D a Borel derivative if D : D — D is Borel measurable.

We can iterate and define for A € D the set D(®(A) by transfinite induction:

DOA) = A

and, assuming that D (A) has been defined for all § < a,
D@ (A)=D(DW(A)) if a = 3+1, and
D@(A) = ﬂ DB (A) if @, is a limit ordinal

B<a

There must be some a < card(X) so that D(®)(A) = D@+Y(A) and we define
|A|lp = min{a < card(X) : D@(A) = DD (A),

and write
Doo(A) = D(A), where a > |A|p.

THEOREM 7.2. [Kechl][Theorem 34.10, page 272]
Let either X be a a general Polish space and D = K(X)U {0} or assume that X is a
Polish space which is a countable union of compact sets, and D = F(X) U {0}. Let
D : D — D be a Borel derivative and put

Qp ={F €D : Dy(F) = 0}.
Then Qp is co-analyitc and the map F +— |F|p is a co-analytic rank on Qp.

We first observe the following
LEMMA 7.3. In either of the two cases of Theorem 7.2 the map

: D" —D,(F)— | JF
i=1
1s Borel measurable.

PRrROOF. O






CHAPTER 6

The standard Borel space of separable Banach spaces

1. Introduction

Most of this subsection comes from [Boss2, Section 2|. We first introduce the
following notations:

If X and Y are two Banach spaces and C > 1 we write X ~¢ Y if there is an
isomorphism 7 : X — Y so that |T]| - ||T7!|| < C and we write X ~ Y if there is a
C > 1so that X ~¢ Y. We write X —¢ Y if X there is an isomorphic embedding
T:X — Y sothat [|T] - |77 < C.

If (x;) and (y;) are two basic sequences we say (z;) c-dominates (y;) or (y;) is
c-dominated by (z;), and write (z;) =. (y;) or (y;) = (z;) if for all (a;) € cgo.

H Z ;T ! Z QaiYi

> =
c

We say that (z;) and (y;) are c-equivalent and write (x;) ~ (y;) if (x;) = (y;) and
(yi) =¢ (y;). We say that (z;) and (y;) are equivalent and write (z;) ~ (y;) if for some
c < oo (x;) ~e (Ys)-
Note: (z;) ~ (y;) implies span(z;) ~ span(y;) but the converse is not true.

The notation ~ can be extended for all sequences: Let (z;) be any sequence in a
Banach space X and (y;) a sequence in a Banach space Y. We say that (z;) and (y;)
are c-equivalent and write (z;) ~. (y;) if for all (a;) € coo

% Z a;y;|| < H Z a;T; Z a;Y;

DEFINITION 1.1. Let X be a separable (real) Banach space (thus X is a Polish
space). We put

Subs(X) :={Y C X : Y is closed linear subspace of X}.

<c

ProOPOSITION 1.2. If X is a Banach space then Subs(X) is a Borel subset in
F(X).

PROOF. Let (d,) be a sequence of selectors satifying the Selection Theorem of
Kuratowski-Ryll-Nerdewiski (Theorem 3.7).
First note that for F' € F(X) it follows that

F € Subs(X) <= Vm,neNVp,qeQ [pdn(F)—i-qdm(F) EF].

Since for fixed m,n €N and p,¢€Q the map F — X, F — pd,,(F)+ qd,,(F) is Borel
measurable our claim follows from Proposition 3.4. U

71
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DEFINITION 1.3. We abbreviate
SB = Subs(C(A)).

COROLLARY 1.4. By the Selection Theorem of Kuratowski-Ryll- Nerdewiski we
can choose a sequence of measurable selectors d,, d, : SB — C(A), so that (d,(X) is

dense in X for all X € SB\ {{0}}.
Replacing d,, by

() if dy(X) 0}
dn(X> - {dmin{meN:dm(X)fo)}(X) Zf dn<X> = 0}’

we can assume that d,(X) # 0 and thus the sequence (s,) = (d,(X)/||d.(X)|| : » € N)
s dense in Sx for each X € Subs.

In the following Propositions and Lemmas we collect some elementary results
about the measurability of certain subsets of Subs(X), SB, XY and C(A)N.

PROPOSITION 1.5. If X € SB then Subs(X) is a Borel subset of SB and the
relation {(Y,X) € SBxSB:Y C X} is Borel in SBx SB.

PRroOF. First claim follows from Proposition 5.4 (6) the second one from (1). O

PROPOSITION 1.6. The finite dimensional subspaces of Subsy(X) of a Banach
space are measurable in Subs(X).
Thus the following sets are also measurable

SBo, = {X € SB: dim(X) = o0}
Subs. (X) ={Y € Subs(X) : dim(Y) = oo}
PRroOOF. Note that Let D C Bx be dense and countable
{F € Subs(X) : dim(F') < oo} = {F € Subs(X) : Br is totally bounded}
= () U {Fesubs(X):FnB% cD.}.

£>0,e€Q D'CD finite
Since for ¢ > 0, € Q and D’ C D, finite
{F € Subs(X) : FNB% C D.} = Subs(X)\ {Y € Subs(X) : Y N By N (X\D.) £ 0},
our claim follows. O
LEMMA 1.7. Let X be a Banach space, (w;);en a basic sequence and ¢ > 1. The

following sets are closed in the Polish space S%.
a) {(z,) C SY : (x,) is basic with basis-constant < c},
) {(zn) : (2) is basic and (x,) ~. (w;)}.
) {(z,) C S : (zn) is c1 basic and (x,) =, (wi)}.
) {(ea) © S : () wb.

) -
Xyn) 18 ¢ basic and (1,) =<, (
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PROOF. First note that for @ = (a;) € cyo then the map
Ja: S)N< - R, (z;) — H Zaz’xz‘

is continuous. In order to verify (a) we write

Y

{(z,) € SY : (z,) is basic with basis-constant < ¢}

= ﬂ ﬂ{xn )y C SN qu"x’

(q1,---qn)|€Q<N m=n

<c

Z ¢

i

and (b) follows from

{(z,) C S¥ : (2,) is basic and c—equlvalent to (w;)}

(Q17~--Qn)eQ<N
The claims (c) and (d) can be verified similarly. O

LEMMA 1.8. Let X be a Banach space. The map:
U XY — Subs(X),  (z,) — span(z, :€ N)
s Borel measurable.
PrROOF. Note that for an open set U C X it follows that
T{Y €Subs(X) : Y NU #0}) = {(yx) € X" : span(y, :n e N)NU # 0}

= U e

(q1,92,---gn)€Q<N

with

f(th,...qn) XN — X, (xz) = Z%CL'Z

=1

LEMMA 1.9. Let X be a separable Banach space.
) {(Y,y) € Subs(X)x X : y € Y} is Borel in Subs(X)x X.
b) {(Y,( ) € Subs(X)xX" : span(y; : i € N) =Y} is Borel in Subs(X)xX™.
¢) {((zn), (yn)) € XNx XN ¢ (2,) ~ (yn)} is Borel in X" x XN
) {w, ) € Subs(X) xSubs(X) : W C Z} is Borel in Subs(X) x Subs(X).

PROOF. (a)and (d) follows from the corresponding observations for general Effros-
Borel spaces (Propositions 3.4 and 3.3 (1)).
(b) We let ¥ : XN — Subs(X) be defined as in Lemma 1.8 and note that

{(Y, (yn)) € Subs(X)x X" : span(y;:i€eN) = Y}
= (Id,¥)"'({(Y, Z) € Subs(X) xSubs(X) : Y = Z}.
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(c) Note that
{((@n)s(yn)) € XXM ¢ (20) ~ (yn)}
U N {() ) e xtxxtig < |||| 2 lzﬂ’;‘\‘\ A
k€N (q1,92,...qn) Q<N i=1 42 Yi

(0/0 := 1 in above quotient). and note that for (g1, qa, ... ¢,) € Q<N the map

Y

9(q1,92,-qn) * XN — X, (xn) = H Z%l’i
i=1

1S continuous.

LEMMA 1.10. Let X be a Banach space Then the set

B = {(?, € X"x X" : span(y) and span(z) form a complemented sum}

is Borel in XNx XN We say two subspaces Y and Z of X form a complemented sum
if Y + Z is closed and Y N Z = {0}.

PRrROOF. (by Francisco Torres-Ayala)
First we claim that two closed subspaces Y and Z form a complemented sum if
and only if there is a ¢ > 1 so that for any y € Y and and z € Z

(8) ly + 2l < llyll + llzll < elly + =]

Indeed, assume (8) for all y € Y and z € Z. In order to show that Y + Z is closed
assume that (y,) C and (z,) C Z and assume that w = lim,, ., y, + 2, exists. Since
for m,n € N

Hym - ynH + ||Zm - an < CHym + Zm — (yn + Zn)”
(ym) and (z,) converge, say to y and z, respectively. It folllows that w =y + 2, and
thus that w e Y + Z. If w € Y N Z then
2f|lw]] < ¢llw —w]] = 0,

thus, w = 0.

Conversely if Y+ 7 is closed and Y NZ = {0} we define the Banach space Y ®Z to
be the complemented sum of Y and Z, i.e. Y& Z =Y x Z with ||(y, 2)|| = ||yl +||z]|-
Then the mapping

Y®Z> (y,2)—y+zeY+7Z,
is bounded (triangle inequality) linear, injective (Y N Z = {0}) and is surjective.

Since its range is a Banach space it follows from the Closed Graph Theorem that it
is an isomorphism, which implies (8) for some ¢ > 1 and all y € Y and z € Z.
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Hence it follows that (define 0/0 = 0)

B={(77) € X"xX":3¢>0 (8) holds for Y = span((y) and Z = span((z) }

S Z’Zl aiyiH + H Z@ZI bizi“
= 7.7) € X x5 i < kY.
lg\f al,aD.am {< ) || 21:1 aly’b + ZZZ]_ b'LZZH
bl,bz,..‘bnGQ

Since for aq, as, ... ay,, b1, be, ... b, € Q the maps

n
XN SR, EHH E a;x;||, and
i=1

XV XN SR, (3,7) — H D awyi+ Y bz
=1

i=1
are continuous, our claim follows. 0

LEMMA 1.11. If X is a Banach space, then the set of reflexive subspaces Ref(X)
is co analytic in Subs(X)

Before proving Lemma 1.11 we need to recall the following fact

REMARK. Note that a Banach space X is not reflexive if and only its unit ball
By is not weakly compact, which is equivalent of Bx not being weakly sequentially
compact.

So a space X is not reflexive if and only if there is a sequence (x,,) in the sphere
Sx which does not have any weakly convergent sub sequence. By Rosenthal’s ¢;
Theorem this implies that (z,) either has a subsequence which is equivalent to the
(1-basis, or it has a non-trivial (i.e not weakly converging) weak Cauchy subsequence.
In the second case this implies (see cf. [AGR, Proposition II.1.5]) that it has an
s-subsequence, which implies that it dominates the summing basis of ¢y. Thus in
both cases we obtain from the non reflexivity of X a normalized basic sequence which
dominates the summing basis of ¢y. Conversely, if X contains a normalized basic
sequence (x,) which dominates the summing basis of ¢y, then no convex block of
(x,) is norm convergent, and thus (z,) has no subsequence converging weakly to
0. But this means (since (z,) is basic) that (z,,) cannot have any weak converging
subsequence, which implies that X cannot be reflexive.

PrROOF OF LEMMA 1.11. We will show that the set NRef(X) of nonreflexive sub-
spaces of X is analytic. Note that Y € Subs(X) is non reflexive if and only if there
is a normalized basic sequence (y,) which dominates the summing basis (s,) of ¢.

Let A be the subset of SY consisting of all basic sequences which dominates the
summing basis. By Lemma 1.7 A is an Gs-set in S and, thus Polish. Let D C Sy
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be countable and dense in Sx. We first note that the set
{((yn),Y) € AxSubs(X) : (y,) C Y}

= ﬂ U {(yn) € A |lyn — du]| <€, if n<m}
meN  drdmeD
e>0,e€Q

x{Y €Subs(X) : B:(d;) N Y 0, for i < m}
is Borel in A x Subs(X), then observe that
NRef(X) = 3 ((yn),Y) € AxSubs(X) : (y,) C Y}

2. Universal spaces with bases

The following Theorem is due to Petczynski, the much shorter proof to Schecht-
man.

THEOREM 2.1. [Pelc] and [Schech]

1) There exists a separable Banach space U, with a normalized 1-unconditional
basis (u;) so that for every normalized unconditional basic sequence (x;) and
e > 0 there is a subsequence (u,,;) of (u;) which is (1 + ) K-equivalent to
(x;), where K is the unconditionality constant of (x;).
2) There exists a separable Banach space U, with a monotone basis (v;) so that
for every normalized basic sequence (x;) and € > 0 there is a subsequence
(un,) of (u;) which is (14-¢) K -equivalent to (x;), where K is the monotonicity
constant of (x;). Moreover the closed linear span of (uy,) is 1-complemented
m U,.
Moreover the spaces U, and U, are determined uniquely (up to isomorphism) by the
properties (1) and (2) respectively. In (2) we can replace monotone by bimonotone.

PROOF. We choose a dense countable sequence (d,) in Sc(a)-
(1) We define for (a;) € coo

Z a;u;|| = sup { Z o;a;d;

Clearly, (u;) is an unconditional basis for the completion of ¢y under || - ||..

If (z;) is any normalized unconditional basic sequence of a Banach space X, we
can assume w.l.o.g. that X is a subspace. of C(A) and therefore we can choose a
subsequence (d,,) of (d,) so that ||z; — dy,|lc(a) < €277, it follows that for (a;) €

Coo N SUu that
“ZE:(Q$i 25:(&&#&

:al-:ilforz'EN}.

< sup <e+ H > ovaid,,

o==+1

Y
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and
H Z QiT;

which implies our claim.
(2) We define on cyo(N<N) (where the usual basis is denoted by (e, : s € N<V)) For
(a(s) : s € N<N) we put

Hg a(ag,ag, ...« )eal
:max{H E alaq, ag, ... q;)d,,
- o)
1=

If we want to achieve a bimonotne basis we put for (a(s) 1S € N<N) we put

> %[—5—1— HZ 0:a;dy,

2 — Sup H Zala z;

U—il

2 — sup H Zala x;

U—il

:a:(ai)ENN,jEN}.

Z alaq, ag, ... q;)dy,

Co = ieNN,'<'eN}.
e @ () g1 < Jja

Then we order (e; : s € N<V) linearly in a way compatible with < and define
(v;) to be the basis (e, : s € N<N) in this linear ordering. Similar arguments as in
the proof of (1) show that (vs) is a (bi)monotone basis that for every normalized
(bi)monotnone basic sequence (x;) and € > 0 there is a subsequence (v,,) of (v;)
which is (1 4 ¢)K-equivalent to (x;), where K is the monotonicity constant of (z;).
An important point is that in this case every subsequence v,, appears as a branch of
(es : s € N<N) in its linear span is thus complemented.

In order to show the statement starting with “moreover” we use Pelczynski’s
decomposition method. We first observe that that for two spaces U and V which
both satisfy (1) or (2) respectively, it follows that for some Banach space X, Y and
A

U~VaX, V~UsYandU~UasUSG...),dZ,
and, thus,
UepU~UGUSU..),dZ~U.
Similarly we show that V &V ~ V| and, thus,

U~rVeX~rVaeVaoX~VaeU~YaoUaU~YoaU~V.
O

Let w = (w;) be a normalized basic sequence. To each tree 7" on N we assign
Banach spaces X 1), 1 < p < 00, in the following way. We call two intervals I, J in
T are called incomparable if for any s € [ and any ¢t € J s and t are not comparable
(i.e. extensions of one another).
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For (as)ser € coo(T) we put for 1 < p < oo

9) HZCLSGS B :max{<zn:HZasw|s|
seT @T'p) =1 scJ;

and

(10)

H g Q€ = max H g AW
(w,T,00)
seT sedJ

We denote the completion of cyg with respect to || - ||@,rp) by X@,rp) respectively. It
is easy to see that if (e; : s € T') is linear ordered in a compatible way to >, it is a
monotone basis of these spaces.

pym.neN“hk,”%CT}

incomparable intervals

JCT interval}

PROPOSITION 2.2. If T is a well founded tree then the basis (es: s € T)) (ordered
compatibly with > ) is
a) boundedly complete in X r1).
b) boundedly complete and shrinking in X rp, 1 <p < oco.
c) shrinking in X (@ 1,00)-
If W is the universal basis (u;) or (v;) constructed in Theorem 2.1 and if T is not
well founded then X1y is isomorphic to U, or U., respectively.

Proor. We will only show (a) of the first part of our claim, (b) and (c) can be
shown similarly.

We will show (a) by tranfinite induction on @ = o(T'). For a = 1 (and thus
T ={0}) our claim is trivially true.

Assume that the claim is true for all 8 < a and that o(T") < a. If (as)ser € coo(T)
and ag = 0 we observe that (recall that by Proposition 2.5 it follows for £ € N and
T(k)={s € NN: (k,s) € T} hat o(T(k)) < )

DT {Z |5 o
seT i=1 s€J;
=5 max {Z H D A Wik
keN

i=1 seJ;

= Z H Z Q(k,s)€s

keN  seT(k)

incomparable intervals

neN”h&,”%CT}

"neN”hb,”%CT%%

incomparable intervals

— o0
B where W' = (w;41):2,
@', T(n),1)

which implies that Xz 71y is a 1-dimensional extension of the space

( Dren X(w/,T(k),l))elv

From our induction hypothesis it follows that for each k € N the basis (es : s € T'(k))
is boundedly complete in X 7x),1). From this it is easy to see that any compatible
reordering of {ep} Uyeni€k,s) : 5 € T(k)} is a boundedly complete basis for X 1)
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If T € Tr is not well founded then the body [T'] of T" is not empty, and thus 7'
contains a branch (a/|,),en which implies that in X 7,), (€a),:men is isometric to U,
and furthermore its span is complemented. By Theorem 2.1 it follows that X 7, is
isomorphic to X..

3. Isomorphism classes of Banach spaces and their complexity

PROPOSITION 3.1. Let w = (w;), be a basic sequence 1 < p < oo. For a tree
T C NN we consider the space Xz ryp) to be a subspace of Xwn<vpy - The map

®:Tr — SB, T+ X1y,
1s Borel measurable.

PROOF. LetU C X g <y be open. We need to show that {T° € Tr : (T)NU #0}
is Borel measurable in Tr. Note that

C={TeT:o(T)NU + 0}
={TeTr:UnNXary # 0}

={T € Tr: IneN sy, 89,...5,€T3q1,G2, ... ¢ € Q Zqiesi e U}
i=1

[Since U is open]

:U U U ﬂ{TETT:siGT},

neN q, 7q27---qn€(@ 817 . Sn 6 N<N i=1
so that > | qies, € U

which implies our claim. O

Using now Proposition 3.2 (2), Lemma 1.11 and Proposition 3.1 we deduce the
following Corollary.

COROLLARY 3.2. Ref is completely co-analytic in SB.

PROPOSITION 3.3. Let U, be the Banach space defined (up to isomorphism uniquely )}
wn Theorem 2.1. Then

Zs(U.) ={X € SB: X is isomorphic to U.}
15 analytic but not a Borel set.
PROOF. Let © = (v;) be the universal basis of Theorem 2.1 and
U:Tr— SB, T Xgrg).

By Proposition 3.1, ¥ is measurable and t ®~(Zs(U.)) = Tr \ WF. It follows that
Zs(U.) cannot be Borel since WF is not Borel (Example 3.4).
On the other hand, let (u;) be the universal basis of U.. Then the set

A ={(wa) € CA: () ~ (un)}
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is by Lemma 1.7 closed in C(A)N, and Zs(U,) is image of A under the Borel measurable
map ¥ defined in Lemma 1.8. O

THEOREM 3.4. [Boss2, Theorem 2.3] The isomorphism relation ~ is analytic but
not Borel, i.e. the set SpEq = {(X,Y) : X, Y € SB, X ~ Y} is analytic in SBxSB
but not Borel.

Moreover, the isomorphism relation has no analytic section.

Recall that a section of an equivalence relation ~ on a set A is a subset S C A
which meets every equivalence class exactly once.

PROOF. Let 7, m5 : SBXSB — SB, be the projection on the first coordinate and
second coordinate respectively.
From Lemma 1.9 we know that the set

SeqBq = {((n), (4n)) € C(A)XC(A) : (z0) ~ (yn) },
is Borel in C'(A)NxC(A)N. Note that SpEq is the image of SeqEq under the map

(U, 0) : C(AN X (AN — SBx SB,  ((2), (n)) — (Span(fcn), Span(yn)>,

which by Lemma 1.8 is measurable.This implies the claim since images of Borel sets
under Borel measurable maps are analytic.

On the other hand SpEq cannot be Borel in SB x SB since by Proposition Zs(U..)
is not Borel. Indeed

Ts(U,) = my) (squ M (SB x {Uc})>.

In order to show the second part assume that S C SB is an analytic section of the
equivalence relation. Let U’ the unique element in Zs(U.) NS. Then also S\ {U'} is
analytic, so is the set

{(X,Y)€eSBxSB:Y € 5, X ~Y, X ¢Zs(U.)}
= {(X,Y)eSBxSB:Y e S\{U'}, X ~Y}
= (¥, ®){((zn), (yn)) € C(A)"XC(A)": U((yn)) € S\AU'}, (n) ~ (yn)}-

Thus the m-image of that set should also be analytic. However that image is the

set SB\ Zs(U,), which by Proposition 3.3 co-analytic but not Borel, and thus by the
Separation Theorem 4.1 not analytic. U

THEOREM 3.5. [Boss2, Theorem 2.3]
The following relations are analytic but not Borel in their respective Polish spaces:
a) Emb = {(X,Y) €e SBxSB: X — Y},
b) CompEmb = {(X,Y)€SBxSB:3Z7€SB X ~ZagY}
¢) CompEq ={(X,Y,Z) e SBxSBxSB: Z~XagY}

REMARK. Theorem 3.5 implies that the following sets are analytic:
a) Emb(X) = {Y € Subs(X) : Y — X}
a) CompEmb(X) ={Y € Subs(X) : Y — X complemented}
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PrROOF OF THEOREM 3.5. We first show that all three relations are not Borel..
For (a) consider the the equivalence relation ~g,, on SB given by

X ~gmp Y <—= X —>YandVY — X.

If Emb where Borel measurable, then also B = {(X,Y) € SBxSB : X ~g, Y}
would be Borel measurable. Let © = (v;) be the universal basis of Theorem 2.1 and

U Tr — SB, T — X(f),T,2)-

By Proposition 3.1, ¥ is measurable and ®~'({X € SB : X ~gy, U.}) = Tr \ WF.
Which implies that {X € SB : X ~gn, U.} is not Borel, and thus Emb cannot be
Borel either.

Replacing above introduced equivalence relation ~ on SB given, by

X ~comp Y = X — Ycomplemented, and ¥ — X complemented.

we can argue similarly as in part (a) to deduce that CompEmb is not Borel.
In order to show that CompEq is not Borel we consider the map

$:Tr* - SB?, (S, 1)~ (¥(X),¥(Y),U,)
where W is defined as above and note that
&' (CompEq N (SB? x {U.}) = Tr* \ WF?,

(note that for two well founded trees S and T" the space X(5,52) ® X(5,7,2) cannot be
isomorphic to U,) which implies that CompEmb cannot be Borel.

We now prove that the sets Emb, CompEmb, CompEq are analytic.
(a) (by Alejandro Chavez Dominguez)

By Lemma 1.9 (d) the set

B={(X,Y)eSB*: X CY}
is Borel in SB?. Using Theorem 3.4 we deduce that
A={(X,Y,2) € SB’X ~Y,Y C Z} = (SpEq x SB) N (SB x B)

is analytic. Since Emb is the projection of A onto the first and third coordinate we
deduce the claim.
(¢) (by Francisco Torres-Ayala) First note that the map

C(A)NXC(A)N = (E7y) = T*y = (Ilayly'x%y?a o ) € C(A)N

is continuous and thus Borel measurable. This, together with Lemma 1.10 yields that

B ={(7.7.7) € (C’( A)N>3 _span(z) and span(y) form a complemented sum
N Y ’ and Z=Tx7y ’
is Borel in (C’(A)N)s.
Secondly, consider the map

(U, U, ) : (C(A)N>3 — SB*, (7,7,%2) — (span(f),span(@),span(?)),
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which is by Lemma 1.8 Borel measurable. Since images of Borel sets under Borel
measurable maps are analytc we deduce that the set

A={(X,Y,Z2)e SB* . XNY ={0}, X +Y = 7}
analytic. Further more the following sets are analytic by Theorem 3.4
L={(X,Y,Z,UV,W)eSB®: X ~U}
L={(X,Y,Z,UV,W)eSB*:Y ~V}
L={(X,Y,Z,UV,W) €SB : Z ~ W}

are analytic. Finally note that our set is the projection of
(AXSBS) N ]1 N _[2 N 13

on the last three coordinates.
(b) follows from (c) by projection onto the first and third coordinate. O

COROLLARY 3.6. Assume A C SB analytic. Then the isomorphic hull of A,
defined by
A={V €SB:3XcAY ~ X}

15 also analyitc in SB.

PROOF. Note that
A= wl(Squﬂ SB x A).

4. Universality Theorems

DEFINITION 4.1. Let A C Subs and X a separable Banach space. We say X is
A-universal or universal for A if every Y € A (isomorphically) embeds into X.
If A = Subs we simply say that X is universal if it is Subs-universal.

THEOREM 4.2. [Boss2] If A C SB is analytic and contains all separable reflexive
spaces, it must contain a universal element.

PROOF. Let A C SB, so that Ref C A. Since Ref is completely co-analytic (by
Corollary 3.2) and, thus, it cannot be analytic.

Let ® : Tr — SB the map defined in Proposition 3.1 for p = 2 and w = (u;), the
basis of the universal space U, defined in Theorem 2.1. Since ® is measurable ®~1(A)
is analytic in Tr and contains by Proposition 2.2 the set WF. Since WF is completely
co-analytic, and thus not analytic ®(A) \ WF cannot be empty.

By Proposition 2.2, second part, it follows now for any 7' € ® (. A) \ WF that
o(T) = U.. O

COROLLARY 4.3. [Bour| Every separable space which is universal for the class of
separable reflexive spaces is universal.
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Proor. Let X € SB be universal for Ref. By Theorem 3.5 and the remark
following Theorem 3.5 the set

Emb(X)={Y €SB:Y — X}
is analytic, and thus, must contain a universal element. 0

COROLLARY 4.4. [Sz] There is no separable reflexive space which contains iso-
morphically all separable reflexive spaces.

5. A Problem

DEFINITION 5.1. Let X be a Banach space. We call a family (z; : t € N<Y) q tree
in X. If (zy : t € N7V) is a tree in X we call sequences of the form (z(,) : n € N)
nodes of (x;:t € N<N), and we call sequence (y; : k € Np), where yx, = Ty .n9....01)
k € Ny, for some sequence (n;) C N, a branch of (z; : t € N<V).

A normalized weakly null tree in X is a tree (z; : t € NV) so that [|a¢]| = 1, and
the node (Z(;n))nen is weakly null, for all ¢ € N<N,

We say X has the C'-£,,-tree property, for some C' > 1, if every normalized weakly
null tree has a branch which is equivalent to the £,-unit vector basis.

REMARK. As shown in [OS3] if every normalized weakly null tree in X has a
branch equivalent to the ¢, unit vector basis, then there is a C' so that X has the
C-l,-tree property (i.e. one can find a uniform C' which “works” for all normalized
weakly null trees).

In [OS1] the following result was shown.

THEOREM 5.2. [OS3]
If X s separable, reflexive and has the {,-tree property, then there is a sequence of
finite dimensional spaces (F,) so that X embeds (isomorphically) into (®F,)y, .

An easy Corollary to that result is the following

COROLLARY 5.3. Among the separable reflexive Banach spaces which have the
(,-tree property, there are universal ones.

PROOF. Recall that for n € N the set of all finite-dimensional Banach spaces,
with the Banach Mazur distance dgys is separable.

dpys is the metric on {(R™, ]| - ||) : || - || is norm on R™} defined by

dpar (R™ ]| - 1), @™, - 1)
B {1 if n#£m
-~ oginf {71 - |77 =T (B - 1) — (R -] dsom.} if n=m

(We identify spaces which are isometric images of each other).
Choose a dense sequence (F3,) of finite dimensional spaces and take U = (©F,)e, .
O

Theorem 3.5 and the Remark following that theorem yield:
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COROLLARY 5.4. The set of of all reflexive spaces (as subset of SB) which have
the £,-tree property are analytic.

PROBLEMS 5.5. Assume 1 < p < o0.

a) Is there a direct proof of Corollary 5.4 ¢

b) Is it true that the set of all spaces with separable dual having the (,-tree
property are analytic?

c) Is it true that the set of all separable spaces having the £,-tree property is
analytic.

Maybe the following result (which is part of the proof of Theorem 5.2) might help:

Let X be a space with separable dual. By a theorem of Zippin (seeChapter 8) X
embeds into a space Z with a shrinking bases (z;) (i.e. the coordinate functionals of
that basis are a basis of Z*). Z can be chosen to be reflexive if X is reflexive.

Let us define for m < n in N the following projection:

P i 4 — Z, Zaizi — Zn:aizi.

~ Let 0 = (&;) be a null sequence in (0,1). We call a normalized sequence (y;) in Z
a 0-skipped block sequence in Z, if there are 1 < m; < n; < mg < ny...in N so that

1 P10 (93) — will < 6.

(i.e. (y;) is close to a skipped block sequence, a block sequence in which at least one
coordinate is skipped in between the vectors).

Let K = (k;) be strictly increasing. We call a normalized sequence (y;) in Z a
(6, K)-skipped block sequence in Z, if there are 1 < m; < n; < mg < nsy...1in K so
that

HP[mi-i-l,m} (yz) — yz|| < 0;.

Using now a game interpretation of the tree conditions we can show the following
equivalence:

PROPOSITION 5.6. Let &; = 27° (or your favored summable sequence in (0,1).
The following are equivalent.

a) X has the {, tree property.

b) There exists a C > 1 and a strictly increasing sequence K = (k;) in N so
that every (8, K)-skipped block (z,) which is in X is C equivalent to the
,-unit vector basis.

(Note that (b)=(a) is easy since every weakly null sequence has a subsequence which
is a (9, K)-skipped block)

REMARK. In general, i.e. if the super space Z has not a shrinking basis, (a)
and (b) in Proposition 5.6 might not be equivalent. Note that ¢; satisfiesthe ¢,-tree
condition because of trivial reasons. But the following question makes sense.
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PROBLEM 5.7. Assume that Z is a Banach space with a normalized basis (z;) (for
example Z = C(A)). ~
Is the following set analytic in Subs(Z) (6 = (§;) C (0,1) is a fixred summable
sequence):
‘ 4K CN infinite, so that all
{X € Subs(Z) : (6, K)-skipped blocks are equivalent to £,-unit basis} '






CHAPTER 7

Amalgamations of Schauder trees

This section presents part of the paper [AD)]

DEFINITION 0.8. Let " be a set. We call a set T C TN\ {#} an unrooted subtree
on T if TU{0} is a tree on I' and in this section notion “tree” will also include unrooted
trees.

A family (z;)ier in a Banach space X indexed over a tree T on a countable set T'
(i.e. either I' is finite or I' = N) called Schauder tree in X if there is a ¢ > 0 so that
for every o € [T] (%4, Jnen, respectively (2., Jneny, if T is rooted, is a basic sequence
whose basis constant does not exceed c.

In that smallest ¢ so that so that above condition holds the Schauder tree constant
of T. We call a Schauder tree monotone if ¢ = 1, and we call it bimonotone, if for all
o € [T] (%4), )nen is bimonotone.

An amalgamation of a Schauder tree (x;)ier is a completion X of ¢y under some
norm ||-|| so that the family (e;):er constitutes a basis of X, when ordered compatibly
with the order on T', an so that for all branches o in T" the closed subspace X, spanned
by (es : s € o) is complemented and isomorphic to (zs: s € 7).

1. The /,-Baire sum of Schauder tree bases

DEFINITION 1.1. If T = (24) is a Schauder tree and 1 < p < oo we can define
the following two norms on coo(7"). For z = (2;)ier € coo(T') we define in case that
1<p<
1/p

¢ eN,S; C T incomparable

segments for i =1,.../

— , »

lllezp = sup 3 | >

i=1

E 2Tt

tes;

Y

X
4
p /P

y4
Velory = sup 4 | S5 2
tesS;

=1

e N, S; CT disjoint
“segments for i =1,.../¢

Y

X

and if p = oo, we define ||z||z 1.0. We denote the completion of coo(7") under || - ||z.1,
by Xz r,p) and the completion of coo(T") under || - |lz.1p by Yz 1p)-

A sequence (z,) in coo(T) is called block sequence if for all m < n in N and any
choice of s € supp(x,,) and t € supp(z,), either s < ¢ or s and t are not comparable.

Note that the spaces X1y as defined in Subsection 2 are special examples of
the spaces Xz r,) introduced in Definition 1.1.
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PROPOSITION 1.2. A sequence (x,) in coo(T) are a block sequence if and only
if there is a linear order < on T which is compatible with the order on T and with
respect to which (z,,) is a block sequence of (e;).

PROPOSITION 1.3. Every sequence (x,,) in cog which is coordinate wise null (i.e.
lim,, . €f(z,) =0 fort € T) has subsequence which is a block sequence (yi) in.

PROOF. Note that for any x € ¢oo {s € T': Ftesupp(z) s <t} is finite. O

PROPOSITION 1.4. Let T be a tree on I', T' countable, 1 < p < oo, and let
T = (x;:t€T) be a Schauder tree in a Banach space X .

a) Any reordering of the unit basis (e;)ier which is compatible with the order on
T, is a basis of Xz rp) and of Y1), whose basis constant does not exceed
the Schauder tree constant ¢ of .

b) Let o be a branch of T. This means that ¢ = (0;)ien or 0 = (0;)5_, is
a mazimal linear ordered sequence in T o = (t1,...t;) : i = 1,...¢, i.e.
ti = (v1,...7v) for some sequence (v;) C T’ which is either inifinte or of
length €. Let Xo = Xz 1) be the closed linear subspace of Xz 1) which
is spanned by (e; : t € o).

Then X, is isometric to span(z; :t € o), via the canonical map and 1—
complemented in Xz, via the canonincal projection

Py - X(T»T,p) - X(O@T,p)v Z ai€y — Z a¢Cy.

teT teo

For Yz 1) the analogous statement is true, up to a constant ¢ > 1 if (z; :
t € o) c-dominates the {,-unit vector basis.

PROPOSITION 1.5. Let T be a tree on I', T' countable, 1 < p < o0, and let
T = (x;:t€T) be a Schauder tree in a Banach space X.
Assume that T has the following property:
(*) There exists a sequences (Ni) C N, with Ny, / 0o, fork /" 0o, and for each
oo /4
n= (nl,ng...nk) S UH{]_,Q,NZ},
=1 i=1
there is a t(m) € T, so that the map m — t(m) is strictly order preserving,
i.€.
t(my, ma,...my) < t(ny,ng,...ny) <= k<landm; =n; fori=1,2...k.
Then X(z,T,p) contains copies of cg

PrROOF. W.l.o.g. can we assume that for a given sequence (gx) C (0, 1), with
Ek \ 0 it follows that Nk-l—l > iNl : NQ, R Nk
for £ € N choose
1

(Nl . N2 R Nk)l/p Z €t(n1,n2,..nx)"
(77«17n2,~..nk)€Hf:1{1,2,...Ni}

T —
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Then |lz|| = 1 for £ € N (one segement in 7' can not contain ¢(m) and t(7) with
m#min [[_{1,2,...N;}).

Since an segement going an element of the support of x; can only contain at most
one element of the support of xy,q, for k& € N, the sequence (xy) will be equivalent

the co-unit vectro basis if (g5) decreases fast enough to 0.
O

DEFINITION 1.6. Let T" be a tree on I', " countable, 1 < p < oo, and let T = (x; :
teT) be a Schauder tree in a Banach space X.

For a closed linear and infinite dimensional subspace Y of Xz 7,y we say that Y is
X-singular or X-compact if for all o € [T'] the map P, |y : Y — X571, is strictly
singular or compact, respectively.

THEOREM 1.7. Let T = (4)ier be a bimonotone Schauder tree in a separable
Banach space X and let 1 < p < co. Then there is a separable Banach space Z and
a ¢ > 1 with the following property.

a) Z is the completion of some norm on coo(T) and the unit vector basis (e4)ier
forms a basis of Z if one linearly orders by T in a way which is compatible
with the order < on T (i.e s <t = e5 < €;).

b) For every o € [T'] the space Z, = [e,), : n € N| is, via the mapping ey, —
Zo|, /%o, ||, c-isomorphic to the space X, = (24, : n € N].

c) For every o € [T] the space Z, is c-complemented in Z. We denote the
projection by P,.

d) For every infinite dimensional subspace Y at least one of the following cases
holds true
Case 1: FEither Y contains an infinite dimensional subspace W so that for
every o € [T'] P, |y is strictly singular. Then W contains ,,.

Case 2: Or'Y does not contain an infinite dimensional subspace W so that
for every o € [T| P,|y is strictly singular. Then there is a finite set A C [T
so that the map

Py:Y —les:s<0,0 € Al Zasst Z Qs

seT s€{o|n:neN,c€A}

s an isomorphic embedding.






CHAPTER 8

Zippin’s Theorem on embedding separable spaces into spaces
with bases

1. The Davis, Figiel, Johnson and Pelczynski Factorization

We want to recall the crucial Lemma in [DFJP]. We need the following notations:

Let X be a Banach space and W C X convex, symmetric, and bounded. For
n € N define U,, = 2"W +2"Bx and for z € X

|||, = inf {r : L € Un} = inf{r cdweW,zeBx = =r2"w —1—7’2_"2}
r
1/2
ol = (- l=12)
neN

Put

Y={zeX: |z <o}

Z = (@nen (X, [+ I0)),,

oY —-Z y— (y,y,y...). and
7:Y — X, formal identity.

NoTATION. For a vector space V' and a set L of linear functionals on V', we denote
the topology on V' generated by L by o(V, L).

DEFINITION 1.1. We call a sequence (S,,) of projections on a Banach space V' a
Schauder decomposition of V', if Sy, 0 S, = Shin(mn), for all m,n € N and if for all
veV

v=lim S,(v) =Y (Sp = Suz1)(v) with Sy = 0.
n=1

Note that in this case the representation of V as v = >~ (S, — S,_1)(v) is the
unique representation of v as a sum of z,’s with x,, € (S, — S,,_1)(V), for n € N.

The (complemented) subspaces (S, — S,,—1)(V) are called the summands of the
decomposition.

A Schauder decomposition (S,,) is called shrinking if (S)) is a Schauder decom-
position of V*, or, equivalently, if for all z** € V** w* — lim,, o, S&*(2*™) = z**. It
is called boundedly complete if any bounded sequence (z,) which has the property
that 2, = Sp(z,) = Su(zne1) (and thus S, (2x) = S, 0 Sp_1(2k) = Sp 0 2k_1 + ... 2,
whenever k£ > n) it follows that (z,) converges.
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REMARK. If (S,,) is a Schauder decomposition of a Banach space V', and dim((S,,—
Sp—1)(V)) =1 for all n € N, then any sequence (v,,) with v, € (S, — S,—1)(V) \ {0},
for n € N, is a basis of V.

If dim((S, —S,—1)(V)) < oo, then the sequence (F,,) = ((S, —Sn—_1)(V)) is called
finite dimensional decomposition of V' (FDD).
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LeEMMA 1.2. [DFJP, Lemma 1]
1) W C By.
2) Y is, via the isometric embedding ¢, isometric to a closed subspace of Z,
thus, in particular a Banach space, and j 1Y — Xis continuous.
3) J* Y™ — X** s injective and (j7*)7H(X) =Y.
4) Y is reflexive if and only if W is weakly relatively compact.
5) If T' C X* separates the points in X then

— — [
By (o0 C span(W (X’F)) .

6) IfT' C X* norms X and W is o(X,T')-compact so is By.

7) The topologies o(X**, X*) and o(Y**,Y*) coincide on B_yU(X X

8) If S: X — X is linear and S(W) C aW for some a € R, then S(j(W)) C
J(W), then S(j(Y)) C j(Y) and

177" 0 S0 jll < max(||S]], |al).

9) If (Sn)nen is a Schauder decomposition for X with S,(W) C aW, for some
a € R, for alln € N then (7' 0 S, 0 j)nen 8 a Schauder decomposition of
Y.

10) If (x,) is an unconditional basis for X with Py (W) C aW, for some a € R,
for all finite I C N ((P; denotes the canonical projection onto the subspace
spanned by (z; 1 i € I), then {x; : i € N&z; € Y} is an unconditional basis
of Y.

2. Slicings and Selections

This section follows very closely the beginning of a paper by Ghousoub, Maurey,
and Schachermayer [GMS], which leads to an alternate proof of Zippin’s theorem
[Z], that reflexive spaces, or spaces whith separable duals, embed into reflexive space
or spaces whith separable duals, respectively, with a basis (see Subsection 3).

THEOREM 2.1. “The Dessert Selection” [GMS, Theorem A| Assume that X is
a topological space that is fragmentable by a metric d(-,-) (see Definition 4.3) Then
there is a mapping S : K(X) — X (recall that IC(X) denotes the set of non empty
compact subsets of X ) so that
a) S is a selection, i.e. S(K) € K, for K € K(X).
b) If K C K are in K and if S(K) € K, then S(K) = S(K)
c) If (K;) is a decreasing net in K(X) and if K =, K; then

lim d(S(K:), S(K)) = 0.
d) If ' : (Z,dz) — K(X) is a slice-upper-semi-continuous multivalued map-

ping from a metric space (Z,dz) into K(X), then the map Sol' : Z — X
is a Baire-1 function from Z into (X, A).

The notions necessary to understand above statements will be introduced in the
following definitions.
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DEFINITION 2.2. Let X be a topological space:
A map f: X — A, where A is totally ordered is called a slicing if the sets

Xo={zeX: f(x)>a}, foracA
are closed. A slicing is called a discrete slicing if for all a € A the set
Xoy ={x e X : f(z) >a}

is also closed.
We say that a slicing is well ordered if A is well ordered.

PROPOSITION 2.3. Assume X is a topological space, A is a well ordered set and
f: X — A s a slicing.
a) Either (,cfx) Xa =0 or f(X) has a mazimal element.
b) If K C X is non empty and compact then f(K) has a mazimal element.

PROOF. (a) If 2€(,c (x) Xa then it follows that f(z)=max f(X). On the other
hand if M, x) Xoa = 0 and if f(z) € f(X), then there is an a € f(X) so that
f(z) € X, and thus f(z) < a. Thus, f(x) is not maximal in f(X).

(b) The set
{KNX,:a€ f(K)}

is a nested collection of compact sets which enjoys the finite intersection property (if
ar < g <...<ayarein f(K) then _, KNX,, = KNX,, #0). Thus

Ko=(UENXo:ac f(K)}+#0
and, as observed in (a), for every x € Ky, f(z) is the maximum of f(K). O

DEFINITION 2.4. A class C of subsets of a topological space X is called slice
generating if for every non empty closed set F' C X there exists a closed subset

G C X so that F'\ G isin C.

PROPOSITION 2.5. For a hereditary class C of subsets of X the following are
equivalent.

a) C is slice generating.
b) There is a well ordered slicing f : X — «, a € ON, so that the difference
sets (Dy)<a belong to C.

PRrROOF. “(a)=-(b)” By transfinite induction we choose for & € ON a closed set
X, C X, so that X, \ X,y is in C and not empty if X,, is not empty in the following
way:



2. SLICINGS AND SELECTIONS 95

§<
I
S

Xo=0,ifa=pF+1,and Xz=10
Xo=G, fa=F+1, and X5 # 0 and G C X closed is chosen such that
X3\ G €C\ {0} (such a G exists by assumption),

Xo = ) X, if a is limit ordinal.

B<a

There is an o € ON so that X, = 0.

We can define f : X — « as follows: For x € X let f(z) = min{f < a : = & Xz}
Note that, from the definition of the X,’s we deduce that §(z) cannot be a limit
ordinal. Thus B(x) = v(z) + 1, and we put f(z) = v(x).

“(b)=-(a)” Let f: X — a, a € ON, be a slicing with D, = X, \ X,11 € C, and let
F C X be closed and not empty. Choose 7y = min f(F') and let G = X, 41, then
F\ G # 0 (since there is an x € F so that f(z) = ) and F\ G C X, \ X411 =
D, €C. O

PROPOSITION 2.6. Assume that X is a topological space and that f : X — «a,
«a € ON, is a well ordered slicing. For K € K(X) = {F C X, F is compact} \ {0}
we define (using Proposition 2.3 (b))

o(K) =o(K, f) =max f(K) and L(K) = K N Xyx).

We deduce the following properties:

a) For K € K(X) the set L(K) is a non empty subset of K and L(K) N
Xo(K)+1 = 0. Thus, L(K) =Kn (Xo(K) \ XO(K)+1).

b) If Ky C Ky are in K(X) then o(K;) < o(K3).

¢) If K1 C Ky are in K(X) and L(Ksy) N Ky # 0, then o(K;) = o(Ks) and
L(EKy) C L(K>).

d) If (K; : i € I) is a decreasing net in K(X) with K = (,c; K; then o(kK;)
becomes eventually constant and there exists an ip € I so that L((,c; K;) =
ﬂzzzo L(KZ)

ProOOF. (a) Note that for + € K such that f(zr) = max f(K) it follows that
z € K N Xyk), but that K N X,x)41 =0 thus € L(K) = ﬁ( oK) \ Xo(K)+1)-

(b) obv10us
(c) Assume K7 C Ky and L(K3) N Ky # 0, Then

O(Kl) 2 O(Kl N L(Kg)) = max f(Kl N L(KQ)) = max f(Kg)

(d) Assume (K; : i € I) is a decreasing net in K(X) with K = ﬂzelK Define
a; = o(K;) for i € I then («;) is a decreasing net, and, thus, there is an iy € I so that
Q;, = miner ; = ay for all j > ig. It follows that L(K;) = K; N Xy, # (), whenever
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1 > 19, and thus for all j > iy we have

max f(K;) = maxf( ﬂ Kj), and, thus,

Jj=>t0

(LK) = (| KinXa, = L([) K)-

12149 1210 1>14g

O

PROOF OF THEOREM 2.1 (A),(B) AND (C). For n € N let C,, be the subsets of
X whose d-diameter is not larger than 27".

By assumption C, is slice generating and, thus, by Proposition 2.5, we can choose
for every n € N a well ordered slicing f, : X — «, with o, € ON and Dén) =
Xé") \X[(_;:L)l € C,, where X/én) ={rxe X: f,(x) >} for f <a, and n € N.

For n € N, we define L,, : £(X) — K(X) as in Proposition 2.6. Then we define
by induction S, : K(X) — K(X) as follows:

So(K) =K for K € K(X)
and, assuming S,, has been defined,

St (K) = Lo (Su(K)) for K € K(X).

Note that for K € K(X) and n € N, S,,11(K) € Cy41 and S,,1(K) C S,(K). Thus
Mhen Sn(K) has a unique element. We define S(K) to be this unique element and
verify (a), (b) and (c).
(a) obvious.
(b) Assume K C K and S(K) € K. We claim that S, (K ) C Sn(K {), for all n €
Ng. For n = 0 this is obvious, and assuming S,(K) C S,(K) we observe that
S(K) € Sp(K) N Lyy1(S,(K)) (thus in particular S,(K) N Lyy1(S,(K)) # 0), which
implies by Proposition 2.6 (¢) Sps1(K) = Lyt (Sn(K)) C Lyy1(Sn(K)) = Spit (K),
which finishes the induction step. Condition (b) follows now from the uniqueness of
S(K) € NS, (K) and S(K) € NS, (K).
(c) Assume that (K;)es is a decreasing net in K£(X) and let K = ,.; K;

By induction on n € Ny we prove, using Proposition 2.6 (d), that there is an
in € I, and an B, < ay, so that o(S,_1(K;), fn) = 0(Sp_1(K), fn) = By for all i > i,
and ﬂpln W(K;) = S, (K). This 1mphes that for ¢ > i,

and since d — diam(L,,(S,-1(K;))) < 27" it follows that d(S(K), S(K;)) < 27" for all
P>, 0

DEFINITION 2.7. I' : Z — [X] is called upper/lower semi-continuous if for all
closed F C X theset {z € Z :T'(2) N F # (0} respectively the set {z € Z:T'(z) C F'}
is closed.
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A map I' : Z,— [X] is called slice-upper semi-continuous or slice-lower semi-
continuous if there exists a discrete slicing g : Z — A such that for all @ € A the
restriction I'|z, ,\z, — [X] is upper, respectively lower semi-continuous.

3. Ghoussoub, Maurey, and Schachermayer’s proof of Zippin’s Theorem

For o = (01,09,...,00) € U,—,{0,1}", put
A, ={(a;) € A: o; = 0y, whenever 1 <i < /(}.
Since for ¢ € N
T = (A : 0 € {0, 1}8),
is a partition of A it follows that the map
(11) Fp: A—m, with Fy(t) = A <= te A, for A € ny,

is well defined.
Note that the set V = {A, : 0 € |~ ,{0,1}"} is a basis of the topology on A
and consists of clopen sets and that therefore by the Stone Weierstral Theorem

C(A) =span(ly : V € V).
Let us order the set V linearly:
Ag, Ao, A1, Ago, Ao - - -

and denote this ordering by (A4,)5,. Note that A, is the disjoint union of As, and
A2n+1, for n € N.

Let S : U2y me — A, be aselector (i.e. S(A) € A) sothat if t < s and S(4,;) € A,
then S(As) = S(A;). Such a selection is easily obtainable, without using Theorem
2.1. Later we will require more properties of S (which will require the use of at least
part of that theorem).

For each n € N we choose t, = S(A,).

Finally we choose a subsequence (B,,) of (4,) in the following way:

a) Bl = Al = A.

b) If n > 1, then there is a maximal m < n for which 4, € A,, (meaning
n=2morn=2m+1). Ift, € A, (thus t, = t,,) then A, will not be
element of the sequence (B;), otherwise it will.

By induction on the length of o € [ J - ,{0,1}", it is now easy to observe that
(12)  Voe| J{0.1}" Apg €{B.:neN} <= Ay € {B,:neN}
n=0

and, thus, {1g, : n € N} is a linear independent set whose closed linear span is all of
c(A).

For n € N there is a unique k € N, so that B,, = Ay, define s,, := ty = S(Ax) € B,.
Note also that if n > 1 there is a maximal m € {1,2,...n} so that B, C B,, and
define s/, := s, (by the way we have chosen B, it follows that s/, # s,).
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We claim that (1g, : n € Np) is a monotone basic sequence and, thus, a monotone
basis of C'(A). Moreover we claim that for every f € C(A)

(13) f= Z — f(s},)) - 1, where we put f(s}) := 0.

n=1

First we note that for ¢ € N and f € C(A)

(14) P(f):=") F(S(A)1a

= Z f(tn)lA
neN, A, emy
—Z[ S fa)ta - > flta)la,

j=0 neNApem; nEN,An€mj_1
[where 7_1 := (]

-1
= f(t)la, + Z [ Z f(tan)ag, + ftont1)1ag,yy — f(n)1a,

7j=1 nEN,AnEﬂ']’,1

)4
= ft)1s, + Y Y [fsn) = f(sh)]s,
Jj=2 neN,Bpem;

my

= [f(sn) = F(s)] L,

n=1

where m, € N is chosen so that {B; :i=1,2,...,my} ={B; : 1 € N} N Uﬁ:o .
The uniform continuity of f € C(A) yields

(15 F =1+l ti PP
e = T 0 (s0) — £,
n=1
”oo_nll_rgoz sn) = f(sp)]1B,-

Moreover if n € N, and m < n maximal so that B, C B,, we deduce for (a;)"; C R

n

max E a;1p,(t)| = max ‘ E a;1p,(t ‘
tEA\B,, | 4 1 teA\Bm -
1= =1
n n—1

max E a;1p,(t)| = max ‘ a;lp, (t)‘
t€Bm\Bn | “— t€Bm | —
1= 1=
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and thus

[y

n—

> ailp,(6)] = max| lailgxt)\,

1= K3

1 ,t)>
x| ot 2

which implies that (15,) is a monotone basis for C(A) and (ds, — 0, ) is the sequence
of coordinate functionals.
Let W C C(A) be a bounded, closed, convex and symmetric set and define

WO = U QH(W)v

neN

where @, is the canonical projection onto span(lg, : ¢ < n), i.e.

Q. :C(A) = C(A),z = inlgi — zn:a:ilBi.

€N =1

PROPOSITION 3.1. Define the following metric on A

dw (&,m) = sup |£(§) — f(n)| whenever §,m € A,

and assume that for all t € A

lim dy (S(Fk(t)),t) = 0.

k—o0

For all p € M(A) = C*(A) we have

(16) lim sup ((/d — Qr)(w), ) = 0.

k—oo weWy
Moreover if W 1s relatively weakly compact so is Wj.

REMARK. Note that the assumption of Proposition 3.1 is satisfied if A is dy-
fragmentable and S is chosen like in Theorem 2.1.

PRrROOF OF PROPOSITION 3.1. For k,n € N and w € W it follows that

0 itfn<k

(Id — Qk)(@n(w)) = {(Qn —Qn)(w) = (Id — Qp)(w) — (Id — Q) (w) if n >k,
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and thus
Sup [((Id — Q) (w), )| < Qwesv}/ligk ((Id — Qn)(w), )|
=2sup | 3 [ w(t) = w(S(E)dn

[Recall (11) for definition of Fy|

<2sup 3 [ fult) - w(S(EO))d)

weW Aermy,

< / duw (t, S(FL(8)))dl]

— 0if k — oo.

[Using assumption and Dominated Convergence Theorem]|
Now assume that W is relatively weakly compact let @y, (wx) € Wy with wy, € W
and n, € N, for £ € N. W.l.o.g we can assume that n; " oo and that w, converges

weakly to some w € W.
It follows from the first part of our claim, that for any u € M(A)

[{w = @nywi, )| < [{w —wi, | + [{((Td = Q) (wy), )| = 0if k7 00

which implies that @, (wy) converges weakly to w. O

Now we apply the interpolation scheme of [DFJP].
For n € N, let U, = 2"Wy + 27" Bg(a) and

. x
[l CA) = [0.00). [l = inf {r: T € U,}.

Then define 12
10 Ca) = [0,00), el i= (3" llall?)

neN

and
Y ={yeCA):|lyll <oo}.

ProrosITION 3.2. [DFJP] o
Y with || - || is a Banach space and Wy C By
If Wy is relatively weakly compact, then Y is reflexive.

PROPOSITION 3.3. [GMS]

Assume that W contains the constant function 1 and a point separating function
fo- Then (1p,) C Y and (y,) with y, = 1, /|ynll, for n € N, is a normalized basis
forY.

If the conclusion (16) of Proposition 3.1 is satisfied then (y,) is a shrinking basis.

PROOF. First note that for w € Wy and n € N Q,,(w) € Wy and by (15) fy =

2 ien(fo(si) = fo(s)1p,; and thus (Qi — Qi1)(fo) = (folsi) = fo(si))1s € ¥ \ {0}
for i > 1, and 1p, = Ql(l) S Y\{O}
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In order to show that (y,) is a normalized basis of Y we will show that @), : Y — Y,
is well defined and ||@Q,| = 1.

Let y € Y, k,n € N, and n > 0 arbitrary then there are wy € W, and z, € Bea)
so that y = (|yllx + n27%)(2%wy, + 27%24), and thus

Qn(y) = (lylls + 727" (2" Qu(wr) + 27" Qu(ar)) € ([yllx +n27%) (2"Wo + 27" Boay),
which implies, since n > 0 was arbitrary, that [|Q,(y)|. < ||y|l» and thus ||Q,(y)| <

lyll-
Now assume that for all u € C*(A)

lim sup ((Id — Qx)(w), 1) = 0.

k—o0 weWy

We need to show that for any y* € Y*

(17) lim [|(1 = @n)"(y")|| = lim sup |(y", (I —Qn)(y))| = 0.

Let j : Y — C(A) be the formal identity. Lemma 1.2 (3) implies that j* :
C*(A) — Y™ has dense range. Indeed, if this were wrong we could choose (by the
Theorem of Hahn Banach) y** € Sy.. so that (y**, j*(1)) = 0 for all p € C*(A), but
this would yield (7**(y**), u) = 0 for all p € C*(A), and thus y** = 0, by injectivity
of j**.

Thus, we only need to verify (17) for y* = j*(u*) for some u € C(A). However
for any 1 > 0, we can choose k € N so that 2'7% < n and for any y € By there is a
w € Wy so that y — 28w € 2177 B (a) and thus, by our assumption,

lim sup |{5%(), (I = @u)(y))| = lim sup |{u, (I' = Qn)(y))|

n—oo yGBY

< 2nlpll + lim - sup (u, (1= Qn) ()| = 2n]ul);

we2kWy

which implies the claim since n > 0 was arbitrary. 0






CHAPTER 9

Coding separable Banach spaces as quotients of /;

1. Introduction

This section is based in parts on [Bossl].
Since every separable Banach space X is a quotient of ¢; we can think of it being
coded by linear closed subspaces H of ¢;. This might be important if we also want
to consider the dual X* of X. Note that if X = ¢;/H, for some H C {1, the map

Iy (G/H)* > H- = {¢ €l : VREH (£,h) =0} — Ly

where for z* € (¢1/H)* Iy(x*) € ls = {7 is defined by

Iy(x*) 6y = R, a— (2", Qg(a)), where Qp : {1 — {1/H is the quotient map,
is an isometric isomorphism onto H+. Moreover, since Iz is the adjoint of the quotient
map @y, it is as operator from (¢1/H)* into {+, also w* continuous.

We introduce the following notations and conventions. We denote the unit ball of
l+ endowed with the o({y, 1) topology by B... Note that B, is a compact metric

space and, thus, Polish. The set K(B,) of all non empty compact subsets is equipped
with the Vietoris topology (see Definition 3.1).

PROPOSITION 1.1. The Borel sets of K(Bw) are the same as the Borel sets of
K(Bwo) with respect to the Hausdorff topology Ty on K(Bs) (see Proposition 3.3),
which is generated by the following Basis Hy(p..)-

Hip) = {{K € K: K CU}:U C By open}.
PRroOOF. Let Uy, Uy, ...U, be open subsets of B, then
V (U, U, Us, ... Uy)
={Ke€K(Bx) : KCUy, KNU; #£0, fori=1,2...n}
= {KEIC(BOO) : K C Up}

N (n]IC(BOO) \{K € K(By) : K C Box \ Ui}
= {KZG_K:(BOO) K C Uo}
N [B K € KB+ K © Agn}].

¢eN
where A(; sy C Bw is open for i, £ € N with B \ U; = [ ,2; Agi)- O

103
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PROPOSITION 1.2. The map:
U : Subs(/;) — K(Bs), H+— H*N By,
18 Borel mesurable.

PROOF. First consider the map
U S — K(B), (zn) — m T N By.

neN
Since for a closed F' C By, the set

{(xn ESK ﬂx ﬁF%@}—ﬂ{xz GSK ﬂx OF%Q)}

neN
is closed, it follows that ¥ is measurable. Let
D :Subs(t) — S), Y — (du(X))

be Borel measurable so that for any Y < ¢; the sequence (d,(Y’)) is dense in Sy
(~Selection Theorem 3.7 of Kuratowski, Ryll and Nerdewiski). It follows that ¥ =
Vo D, and thus we deduce the claim. O

PROPOSITION 1.3. For K € K(Bw) the following two conditions are equivalent:

a) There exists an H € Subs({1) so that K = H N Boo = Iy (B, iy )-
b) K is convex, symetric and if ¢ € K and a € R so that ||all,, < 1, then
aé € K.

Moreover the set of all dual balls in £,
DB = {H* N B, : H € Subs({,)} = {K € K(By) : K satisfies (b)}.
is Borel measurable in K(By).
Proor. If
K=H"NBy={¢€ By :YheH (£ h) =0},

then K clearly satisfies (b).
Conversely, if K € K(By) satisfies (b) we define

H="K={hect :VécK (& h)=0}.
It follows that K C H* N B. We need to show that K D H+ N B..
We first note that (b) implies that

K = span(K)U(&X”h) N By,

Indeed if £ = (U, l1) — limes &, with & = Z] ) g)n(z j) € Bw, so that n; € N,

) € R and n(i,7) € K, for i € I, and j < n(i), then by convexity and symmetry of
K we obtain for ¢ € "
~ n; CL i
&= — L)) e K
= )
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(W.lLo.g. we can assume that above fraction is well defined). Since & = §& PR |a§i)|
and ||& .. < 1, it follows from (b) that & € K for all i € I and, thus, since K is
0 (o, t1)-closed, also £ € K.

Assume now that there is a & € H* N B\ span(K) . Then by a Corollary
of the Theorem of Hahn Banach (see [FHHMPZ, Theorem 4.25]) there is an f € ¢4,
so that (f,&) = 0 for all £ € K, but f(§) = 1. The first condition implies that
f € H =1K, which contradicts the assumption that & € H*, since f(&) = 1.

0(loo,l1)

In order to show the “moreover” part we let D C B, be countable and dense.
We observe that

B.(d))NK =0 or Be(ds) N K =0 or }
DB= K e K(By) :
dl,(d]eD { ( ) ||Q1d1 + q2d2||00 >1or B26(Q1d1 + Q2d2) NK # 0

€>0,q1,g2 in QN[—1,1]

Secondly we note that if C' C S, is countable and dense we can write for d € By
and € > 0

{K € K(Bx) : KNB.(d) =0} = {K € K(Bx) : K C By, \ B.(d)}

and

{K € K(Bs) : KN B.(d) # 0}
= [ {KeK(Bx): KN[{€Boo: [(f,6—d)| <&} #0}.

Fe[C]<N feF

0

We denote the unit vector basis of ¢; by (e,). If H € Subs(¢;), we denote the
image of (e,) under the canonical quotient map Qg : £, \, £1/H by (ef), thus

| > ane
neN

PROPOSITION 1.4. The set
B H € Subs(f1), X € SB,Ji = (hy) € 1,7 € C(A)
S=<(H hX,7):
span(z,) = X,span(h,) = H, and (x,) ~1 (e)

— inf |[n wn]| Wh ) € coo.
o inf +n€z;]a en|| whenever (a;) € coo

is Borel measurable in Subs(f;) x ¢} x SB x C(A)N.

PrRoOOF. Usual arguments. 0
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2. Equivalence of Coding of separable Banach spaces via subspaces of
C(A) and quotients of /;

The following result was provided to us by Christian Rosendal.

THEOREM 2.1. [Ro| There is a Borel isomorphism I : SB — Subs(¢1), so that for
any X € SB, X is isometrically isomorphic to {1/1(X), and, thus, for any Y — ¢,
it follows that ¢1/Y is isomorphic to I7'(Y).

PRrROOF. It is enough to construct injective Borel maps
¢ : SB — Subs(¢;), and ¥ : Subs(¢;) — SB,

so that each X «— C(A) is isometrically isomorphic to ¢;/®(X) and so that for any
Y — ¢, ¥(Y) is isometrically isomorphic to ¢1/Y. Indeed, we can then conclude from
Corollary 5.5 that there is a Borel isomorphism I whose graph lies in the union of the
graph of ® and the inverse of the graph of W. Thus, if X € C'(A) then either (X, I(X))
is in the graph of ®, which yields that X is isometrically isomorphic to ¢;/I(X), or
(I(X), X) is in the graph of ¥ which implies that U(I(X)) = I"'(I(X)) = X is also
isometrically isomorphic to ¢;/1(X).
Construction of ® : SB — Subs(¢;):

Let D : SB — SE(A), X — (d,(X)), be Borel measurable and (d,(Y)) be a

dense sequence in Sx for any X — C(A) (Selection Theorem 3.7 of Kuratowski, Ryll
and Nerdewiski). Secondly let

i) : Sg(A) — Subs(ﬁl), T = (Iz) — KGF(QE>7

where for Z = (z,) € Sc(a)
Qb —CA), (&) Zfﬂz

Once we have shown that ® is measurable we put ® = ®o D, and note that ® has
the wanted properties. Indeed, for X — C(A) ®(X) is the Kernel of the normalized
quotient map @Q* : ¢; — X, where T C Sy is dense. Thus, ¢;/®(X) and X are
isometric.

In order to show that ® is measurable we fix € > 0 and y = (n,,) € ¢; and need to
show that the set

A(y,s) = {f € Sév(A) : KeI‘(QE) N Ba(y) 7£ (D}
is Borel in Sg(A).
Note that for 7 = (x,) € S]CV(A) we have
Ker(Q") N B:(y) # 0
<= 36€(0,e)NQ Ker(Q")N Bs(y) #0
= 36€(0,6)NQIz=(¢) €[-1, 1Y lz]le, <5 and Y (1 + Gu)an = 0.

n=1
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Note that
{((@n), (G) € S&ay < [~L 1 [(G)lley < 0& D> (00 + Gu)aa = 0},

is closed and since [—1,1]Y is compact it follows that

{(xn) S S(]j’v(A) : H(Cn) S [_17 1]N H(Cn)”& < 0& Z(nn + Cn)xn = 0}7

is also closed, and we obtain the claim (see Remark after Proposition 1.2).

Construction of ¥ : Subs(¢;) — SB:
Put:
W, : Subs(f1) — K(Bs), Y +— YN By,
which according is to Proposition 1.2 Borel measurable.
Secondly we define a measurable function

H :K(Bs) — C(A, Bx) = Bpgay, K hg

which has the property, that for each K € K(By) the map hg is a surjection onto
K.

By Theorem 2.11 there is a continuous surjection h : A — B.,. For K € K(B)
and o € A we choose 6 € h™}(K) as follows. If h(c) € K then 6 = 0. Otherwise we
choose

n=n(K,0) =max{n e N: A, Nh ' (K)#0}
(Recall A, = {0 € A : 0 = s} for s € {0,1,}<N) Then choose & = G to be the
element in Ay, . N h~'(K) which is minimal with respect to the lexicographical
order on A (i.e. 7 <jex 7' if there is an £ € N, so that 7; = 7/ if i < ¢, 7, = 0 and
7, =0).

Define hi(o) := h(d). Note that hg is a retract on K. In order to show that hg
is continuous let ¢®) — & in A.

If 0¥ ¢ h™'(K), for infinitely many k& € N then also ¢ € h~'(K), and after
passing to a subsequence we assume o®) € h=}(K) for all k € N, and then

hx(o) = h(o) = I}LIEO h(o®)) = khj& hic (™).

If o® ¢ h='(K), for infinitely many k’s, but ¢ € h~'(K), we assume, after passing
to a subsequence that o) ¢ h=!(K) for all k € N and proceed as follows.

Put N, := max{n € N: ¢®|, = o|,}. It follows that N, — oo if k / oo, and
thus limy,_o diam — h({7 : 7|n, = o|n,}) = 0 Since 6|y, = |y, it follows that

lim hi (o™ = lim h(6™) = h(o).
Finally if o ¢ h~'(K) and, thus w.l.o.g c® ¢ h™'(K), for k € N. Let n = n(K

and choose ko large enough so that o®) € A, for k > ko and thus n(K,o®)) =
and 6% = &, which implies our claim.

o)
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Now we need to show that the map H : K(By) — C(A, By) is measurable. We
write H as (H™ : n € N) with

H™ : K(Bs) = C(A,[1,1]) = Soa), K = () :m € N).
In order to do so, it is enough to show that for a < b, m € N and o € A the set

Afapmo) = {K € K(Bx) : B (0) € (a,b)}

is Borel measurable in IC(Bs). First note that for n € N the set

{K €K(By) : n(K,o) =n}
={K € K(Bx) : h(Ay,) N K # 0} N{K € K(Bs) : h(Agjni1) N K = 0},
is Borel. For s € {0,1}<N, with s > n and s = o,
{KeK(Bx) :n(K,0) =n&ad = s} =
{KeK(Bs) :n(K,0)=n& h(A)NK # 0}
a (| {KeK(By):n(K o)=n&h(Ay)NK =0},
§'=0|n,s" <iex$

which implies that map K(Bs) — A, K +— 6k is measurable, and thus that

Afapme) = {K € K(Bx) : h'™(6k) € (a,b)}

is Borel measurable.
The third part and last step towards defining W : Subs(¢;) — SB, is to consider
the map

Uy : C(A,By) =SB, h {zoh=> u,h®:xel}

keN

(note that Wy is well defined since {zohgx =), xnh(Kk) : & € {1} is a linear subspace
of C(A)) and prove that it is Borel measurable.

Let U € C(A) be open. Since every open set is a countable union of countable
intersections of sets of the form

Uary ={f € C(A): f(o) € (a,b)}
with ¢ € A and a < b, we need to show that

{h € C(A,Bx) : Vo NUigap) # 0}
is Borel measurable. But this follows since

{h S O(A7 Boo) :\112 N U(O',a,b) 7é (D}

_U{heCAB th““ ab)}

zeD

where D C cop N 7 is countable and dense in /7.
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Finally we define ¥ : Subs(¢;) — SB to be ¥ = ¥y 0 H o ¥; and note that for
Y < ¢; we have

c(a
X=V0HoWU(Y)=Vs(hyrnp,) ={zohyinp, 1z € b} )

Since (¢,/Y)* = Y+ we deduce that for x € £,

|0 hy1np.lle@a) =sup [z ohyinp (o)l = sup [z(y)] = [zl
cEA yeEYLNBo

This yields that the map
T:{xohyinp, :x€li} —=0/]Y, zohying + T,

is well defined and an isometry. Thus, the linear space {z o hyiqp_ : x € {1} is
closed in C'(A) and coincides with W(Y'). Therefore X is isometrically isomorphic to
0L/Y. OJ

We want to observe a Corollary from Theorem 2.1 and its proof which will be use
later. We will need the following easy observation.

LEMMA 2.2. Assume that K and f( are two compact metrizable spaces, and h :
K — K continuous and onto. Let g : K — R and put f = goh. Then f is continuous
if and only g is continuous.

COROLLARY 2.3. Assume that ® and Pst are defined as in the proof of Theorem
2.1. Let X € SB, let Y = ®(X) € Subs(¢y), and let X = U(Y) = Vo &(Y). By
Theorem 2.1 the space X is a subspace of C(A) which is isometrically isomorphic to
X which has the following suplementary property.

(18) If (z,) C X is a sequence which converges pointwise to a continuous function
f:A—=TR. Then f e X.

PROOF. Assume that (f),cy € W(Y) converges pointwise to f, and assume
that f € C(A). As shown in the proof of Theorem 2.1, there is a surjective and
continuous map h = (h;) : A — Y+ N By, so that

X:{xoh:xeél}C(A) ={zoh:x€l}.

and we can therefore find a sequence (™ = (xE”)) € (1 so that f™ = (z(™ h(.)). for
n € N. ~
The dual space X* can be identified with Y via the pairing

roh,z)= xiz; for v = (x;) €y and y = (y;) € Y+ C ..
( y=> y=(y

Since h is surjective g(z) = lim, . (2™, 2), exists for every z € Y. Secondly g¢
is linear and, since sup.cp | |9(2)] = || fllca) < oo, it follows that g € (YA =X
Since g o h = f it follows from Lemma 2.2 and the continuity of f that the
restriction of g onto By~ = Y+ N By, is w*-continuous. This implies (cf. [FHHMPZ,
Corollary 4.46]) that g € X. O






CHAPTER 10

On the Szlenk index

1. Introduction

As in the previous section we define By to be By endowed with the topology
0(loo, t1). For any K € K(By), K C K and € > 0 define:

K. ={¢ € K : VV C By w*open, diam(V N K) > e}
=K\ U{V C w*-open, diam(V N K) < e}.
Here w*-topology is the w*-topology on /., and “diam” refers to the {,-norm. Nev-
ertheless if K C K = H- N By, € DB then the w*-topology on H+ = (¢;/H)* is the
restriction of the w*-topology on /., thus, the above term “w*-open” can mean both

topologies. Similarly the dual norm on (¢;/H)* = H* coincides with the {,-norm
and, thus the above notion can also refer to the dual norm on (¢;/H)*.

For ¢ > 0 and o < w; define K!*) by transfinite induction.

K9 =K
and if K has been defined for all 3 < a we put

K= (Kf) ifa=p+1
K2 = ﬂKf if o« = supg.

B<a B<a

We define the following fragmentation indez for elements of (B ):

min{a : K* =0} if that exists
w1 if not.

OF(é,K> = {

and
or(K) = supop(e, ).

e>0
We can now define the Szlenk index of a separable Banach space X using its
representation as quotient of /1 and the fragmentation index of its dual ball. Thus,
let X be isometrically isomorphic to ¢;/H with H € Subs(¢;). Put
K = H" N Bo = Iy(By,/my) € DB.
111
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Then put

min{a : K* =0} if that exists

w1 if not.

Sz.(X) =op(e, K) = {

Finally we define the Szlenk index to be
Sz(X) = sup Sz.(X).

e>0

THEOREM 1.1. [Sz] Let X and Y be separable Banach spaces.

a) If X embeds (isomorphically) into Y, then Sz(X) < Sz(Y). In particular, if
X andY are isomorphic it follows that Sz(X) = Sz(Y).

b) X* is separable if and only if Sz(X) < wy and for any a < wy.

¢) For any a < wy there are separable reflexive spaces X for which Sz(X) > a.

PROOF. Assume that X embeds c-isomorphically into Y, ¢ > 1,i .e. There exists
a linear bounded T : X — X, so that

1
llzll < 1T @)} = ell]]-

Write X and X as X = ¢,/G and X = ¢,/H, with G,H C /¢, are closed linear
subspaces. For the adjoint 7™ : Y* \, X* his implies that %BX* C T*(By~) C ¢By+

We first show that for compact sets A C Y* and B C X+ for which B C T*(A),
and £ > 0 it follows that

Bl . CT*(A)).

Indeed if z* € B!, then there is an y* € B with z* = T*(y*). for any w* open U C Y*
with y* € U it follows that z* € T*(U) and thus, since T*(U) is w* open in X* it
follows that diam(7*(U) N B) > ce. But this implies that diam(U* N A) > e, which
means that y* € AL

Applying this observation we can show by transfinite induction, that for all & < w;
(the equality follows from a simple similarity argument)

1 @ 1 @ * «
- [BX*LCQ = [EBX*]EC cT ((BZ*)E))
which implies the claim.

(b) follows from Theorem 4.4 and the remark following that result.

U

In order to show that certain maps defined on K(By) are measurable we define

for K € K(By) finer fragmentations we introduce the following sets K ’"), with
m,n € N and a < w;. We first fix a countable basis U of B, and write it as
U={U,:neN}

We let

KO = K

m
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assuming K™ has been defined for o < w1 and n > 0 we put

Felons1) _ KN\ Uy if diam(U, N KS™) < 2-m
" Ko if diam (U, N K\&™) > 2-m

assuming K™ has been defined for all n € N we put
K(et10) = ﬂ Ko
neN
and assuming (3 is a limit ordinal
ﬁ 0) _ m K a,0)
a<f

REMARK. By transfinite induction we can easily observe that for all K € IC(X)
and o < wy

Ky = K0
LEMMA 1.2. Let m,n € N and o« < wy. Then
D K(Ba) = K(Bx) U0}, K = K,
is Borel measurable. (on K(Bx)U{0} is a disjoint union of Polish spaces also Polish).

Proor. We will show the following two claims:
Claim 1: Assume U C By is open and € > 0. Then the map:

K\U ifdiam(K\U)<e

DU:’C(BW)HK(B“’W{@}’KH{K if diam(K \U) > ¢’

is Borel measurable.
Claim 2: The map

I:K(Bx)Y — K(Bs), (K, HmKna

is Borel measurable.
The claim of the Lemma, the follows easily by tranfinite induction on o < wy and
an induction on n € N. 0

COROLLARY 1.3. For a < w; the set
Ka(Bx) ={K € By : 0p(K) < a}
18 measurable.

PRrROOF. Note that

Ka(Bs) = ({K € B 1 0p(27, K) < a} = () (DL) ' ({0})

meN
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2. The index Sz(X™)

Let us first recall that the Szlenk index of a separable Banach X can be defined
as follows.

We identify X with a quotient space ¢1/Y where Y is a closed linear subspace of
¢, With this identification, its dual (¢;/Y)* is Y+, via the duality (z,Z) = z;z;, for
z=(z)eYtand T € (/Y (being the equivalence class of z = (x;) € £;). Also note
that with this identification and the w*-topology on Y* concides with restriction of
the w*-topology on /.

As in the previous section we define By, to be By endowed with the topology
U(£oo> gl)

For any K € K(Bx), and § > 0 define:

Ds(K)={¢ € K : VV C By w*-open, diam(V N K) > ¢}
=K\ U{V C w*-open, diam(V N K) < d}.
Here the w*-topology is the w*-topology on {, and “diam” refers to the {,-norm.
Nevertheless, if K ¢ K = Y1 N B, then the w*-topology on Y+ = (¢;/Y)* is the
restriction of the w*-topology of /., thus, the above term “w*-open” can refer to both
topologies. Similarly the dual norm on (¢;/Y)* = Y=+ coincides with the £,-norm

and, thus the above notion can also refer to the dual norm on (¢;/Y)*.
For § > 0, K € K(Bs) and o < w; define K® by transfinite induction.

K9 =K

and if K® has been defined for all 8 < a we put
K@ = Ds(K®)ifa=p+1
K@ = ﬂ K® if o = sup 3.

B<a p<a

By the Lindeldf property of K there exists an a < w; so that K(® = K@+ and
we define

05;(K) = min{a : K® = K} and D((soo)(K) = Ks(K)),

We can now define the Szlenk index of a separable Banach space X using its
representation as quotient of /; and the fragmentation index of its dual ball. Thus,
let X be isometrically isomorphic to ¢;/H with H € Subs(¢;). Put

K = H" N Bo = Iy(By,/my) € DB.
Then put
min{o : K =} if that exists (i.e. if D™ (K) = 0)
SZ5(X) = .
w1 if not.

Finally we define the Szlenk index to be
Sz(X) = sup Szs(X).

>0
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Our next step is to introduce a “dual index” for a separable Banach space X which
will turn out to be Sz(X*) in the case that X is reflexive. Let A’ = {¢, : n € N} be
dense in A and consider the isometric embedding

E:C(A) = ly, fr—(f(&):neN).

LEMMA 2.1. The map

0'(&)011)

$:SB — K(Byx), X +— E(Bx)
1s Borel measurable.

PROOF. Let a < b and ng € N and let U = {(y,) € B : @ < ypn, < b}. Not that
such sets U form a sub basis of the w*-topology on B,,. Secondly note that

{X €SB:(X)NU #0}
—{X eSB:EBy) " U £0)
={X eSB: XN{feC(A)f(&,) € (a,b)} #0}
which implies the claim. O]
From the proof of Theorem 2.1 and Corollary 2.3 we deduce the following

COROLLARY 2.2. There is a Borel function © : SB — SB so that

a) For every X — C(A), ©(X) is isometrically isomorphic to X .
b) For every X — C(A) and every bounded sequence (f,) C ©(X) which is
point-wise converging to a continuous function f it follows that f € ©(X).

We now choose a sequence (f,) C Beay which is dense in Beay with respect to
the sup-norm. For § > 0 and n € N we define

Bism = {y € Boo : | E(fn) = ylloe <6}

Since B(; ) compact with respect to o({u, 1) we deduce that the set

(19) Bs ={C € K(Bx):3ne N C C B}
= [J KB\ {C € K(Bx) : €N By, # 00}]
neN

is Borel in K(Bw).
For § > 0, we consider now the derivative with respect to Bs. For F' € K(By,) we
put

Dj(F)={z€F :VUCBy open,zcU UNF ¢ Bs}
= F\|J{U : U C B open, TAF™"™ ¢ B;}.

LEMMA 2.3. (cf. [Exercise 34.12]Kechl)
For 6 > 0 the map D}(-) : K(Bs) — K(Bw), is Borel measurable.
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Proor. Let {U, : n € N} be a countable basis of the w* topology on B,. Let
V' C By be open and write it as V = Ufle A,, where A,, is closed. We note that
(abbreviate F' = D} (F))

{FEK(By): F'NV =0} = | J{F € K(Bx): F'N A, =0}
neN

and compactness yields for n € N and F' € K(By)
F'NA,=0 < VoeecFNnA,I3meN,zclU,, U,NFEFcB;s
= FnA,e |J {Ccek.:Cc|/B}.

B'CBs, finite
Together with the fact that the map K(By) > F — F N A, € K(By) is Borel
measurable this implies the claim. 0

For a < wy, and 6 > 0 we define F(® = F, 5(0‘) by transfinite induction as usual:

FO—F
and if F) has been defined for all v < a we put

F@) = (F(ﬁ))/ ifa=p4+1, and
F@ = ﬂ FP if @ =sup 3

B<a [B<a

There is a least ordinal a < w; so that F(® = F@+) and we put 65(F) = a and
denote D™ (F) = F@(F),
From the fact that the map D}(-) is a Borel measurable map on K(Bx) and from

[Kech1, Proposition 34.8] it follows that D((;*’OO) (F) = 0 if and only if F' is a countable
union of elements of Bs. We can apply [Kechl, Theorem 34.10] to conclude that

O ={F € K(Bx) : Dy (F) =0} = | {F € K(Bx): F =0}

is co-analyitc and that 0s5(-) is a co-analytic rank on Qs. Moreover, by [KechLouv,
Chapetr VI, Section 1, Theorem 4] The set

O = ()9 = ({F € K(Bx) : Dy (F) = 0},
6>0 6>0

is coanalytic and the map

0(-) : K(Bx) — Ord, F —supos(F)= sup 0s(F)
5>0 §>0,0€Q

defines a coanalyitc rank on Q*.

LeEMMA 24. If K € K(By), so that K C E(C(A)), then o(K) = 6(K).



2. THE INDEX Sz(X™) 117

PROOF. Let 6 > 0 and K € K(By) with K C E(C(A)). We first note that for
an open U C By

diam(UNK) < <= diam(UNK) <6
—3feC(A) UNK C E(f)+ 6B
=—3Ine UNK C E(f,) +25Bs
= UNK € Bys = diam(UNK) <46

and, thus,
Dys(K) = K\U {U C By open, and diam(U N K) < 46}
=K\ U {U C By open, and diam(U N K) <44}
C K\U {U C By open, and UNK € Bos} = D35(K)
c K\ |J{U ¢ B open, and diam(U N K) < 6} = Ds(K).

This proves that for K € K(By), with K C E(C(A)), and 6 > 0 it follows that
05(K) > 095(K) > 046(K) and thus o(K) = o(K). O

Combining these results with above Corollary 2.2 we deduce

THEOREM 2.5. For 6 > 0 define:

0 (loo,l1

) N e— )
weos : SB — B, weos(X) 1= {Oé(E(B<I><X>> ) i E(Bax) € 2,

w1 otherwise.

and we call weo(X) = supy., wcos(X) the index of weak completeness of X .

a) X is weakly complete (i.e. every weak Cauchy sequence converges) if and
only if for all 6 > 0.

E—— .
E(B@(X)) - Q(;.

The class of weakly complete Banach spaces is co-analytic and wco(-) is a
co-analytic rank for that class.
b) If X is reflexive then

weo(X) = Sz(X™).

PrOOF. (a) Lemma 2.1, Corollary 2.2 part (a) and the aforementioned results
cited from [Kechl] and [KechLouv| imply that wco is co-analyitc rank for the set

¢ = {X eSB: DL (E(Bare) ") = 0}.

We need to show that C consists of the class of weakly complete separable Banach
spaces. If X is weakly complete, then

— 0 (loo,t1)
E(B@(X)) - E(B@(X))
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Indeed, if y € E(B@(X))U(ew’el) it follows from the fact that B, is metrizable that
Y = 0(log, 1) limy, o0 Yy, With y, = E(x,) € E(Be(x)), for n € N. By Rosenthal’s ¢4
theorem x,, has a subsequence (z,) which is weak Cauchy, and thus, weakly convergent
to some x € X C C(A), or it is equivalent to the unit vector basis in ¢;. The latter
can not happen since then (y,) would not be point wise convergent. We deduce
therefore our claim. Since E(Be(x)) C U, ey Bsn for every 6 > 0 we deduce that
D§°(E(Be(x))) = 0 and thus X € C.

Conversely, if X is not weakly complete there exists an ** € Bx« \ X which is
the the o(X**, X*)- limit of a sequence (z,,) C Bx. Consider (x,) being in O(X).
Corollary 2.2 yields that the sequence (F(z,)) converges pointwise to a y € fo \
E(C(A)). It follows therefore that for some § > 0 dist(y, E(C(A))) > & and, thus,
that

A
y € DL, (E(Beoo) )

which implies that X ¢ C.
(b) Let X € SB be reflexive. Since the map F : C(A) — {4 is weakly coninuous, it
follows that K = E(Bx) is 0({w, {1)-compact subset of By. Secondly, we note that
K satisfies the conditions of Proposition 1.5 (b), and we deduce that there is subspce
Y of ¢; so that K =Y+ N B, = By, v)- and therefore X = (¢;/Y)* . Thus Lemma
2.4 yields

o(K)=0(K)=25Sz({1/Y) = Sz(X™).
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The result of Argyros and Dodos on strongly boundedness

We present a selfcontained proof of Argyros and Dodos [AD] result that the class
of reflexive spaces is strongly bounded. The proof is due to Dan Freeman.

DEFINITION 0.6. A class C C SB is called strongly bounded if forall subsets A C C

which are analyitc in SB there is a space X € C which is (isomorphically) universal
for cA.

We will give a direct proof of a result in [AD] which states that the class of reflexive
spaces with bases, as well as the class of spaces with separable dual with bases, are
strongly bounded. We denote by S B, the subset of SB consisting of Banach spaces
with a basis. From Lemma 1.7 and Lemma 1.8 we deduce that SB; is an analytic in SB.
As in subsection 2 we denote by @ = (u;) the universal bimonotone basis constructed
in Theorem 2.1 and define for ¢ = (ny,ng,...,ny € NN wy := w, 1oy 4p,. Thus
(uy : t € N<N) is a bimonotone Schauder tree and for every e > 0 and any bimonotone
basic sequence (x;) there is a o € NY so that (2;) ~14c (ug,)-

For A C SB we put

A={Y eSB:3XeAdY ~ X}
and recall that by Corollary 3.6 A is analytic provided A is analytic.

THEOREM 0.7. Let A C SBy.
Then A is analytic if and only if there is a pruned tree on N so that

(a) Voe [T] 3X e A span(uy), :ne€N)~X
(b) VXeAJoe[T] span(uq|, :n € N)~X.
PrOOF. “=" We first claim that the set
C:{UGNN: mgfi}

is analytic in NV, Indeed, we first note that
Cr = {(0,7) € N"x Sl (o)) ~ (1)}
= J N {(0:7) € N"xSHa : (o), )iy~ (a:i);“;l}

NeN neN
is Borel in N¥x Sg; ). By Lemma 1.9
Co = {((x),span(z;)) : (z;) € SE(A)}
119
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is Borel in S 5 xSB and
SpEq = {(X,Y) € SB? : X ~}
is analytic in SB? by Theorem 3.4. Finally note that:
C=m{(0,(2;),X,Y) : (0,(x;)) € C1, ((:), X) € C3 and (X,Y) € SpEq}.

By Proposition 1.2 there is a closed set F' C NYxNN so that C' = 7, (F). We identify
NN x NN (canonically) with (NxN)Y and define

To = {t =NxN)":3aeF,t < a}.
By Propostion 2.3 F' = [Ty]. We now let

T:ﬂ'l(To):{t:<m1,m2,...,m4)l(< (ny, ng, ..., ng) € NN }

may, n1)7 (m27 n2)7 o (meu nf)) S TO

We claim that (a) and (b) are satisfied. Indeed, if o = (m;) € [T] then for some
7 = (n;) € NV it follows that (m;,n;)"; € Ty for all n € N and thus (o, 7) € F which
means that ¢ € O, and thus span(u,|, : n € N) € A. Conversely if X € A, and ()
is a normalized basis of X, then there is a o € N" so that (z;) ~ (u,),).

Conversely, assume that there is a pruned tree T satisfying (a) and (b). Since the
maps

d, NV — SE(A), o — (U, : n € N)), and

D, : Sg(A) — SB, (x,) +— span(z, : n € N)
are measurable (for ®; see Lemma 1.8) it follows that
®=dy0®, : N' - SB, o+ span(u,, : n € N),

is measurable, and thus the set B := ®([T7) is analytic. From (a) and (b) it follows
that A = B and thus it follows from Corollary 3.6 that A is analytic. O

Let T'C N< N be a tree and T = (z;);er be a Schauder tree. Recall the following
norm on cy(7") introduced in Subsection 1 For z = (2;)ier € coo(T") we define

E 2Ty

tes;

(eN, S T disjoint }

”‘meToo = sup {I?%X : segments for i = 1,... £

We we denote by Xz 7o the completion of ¢yo(7") with respect to || - ||z 7,00- The unit
vector basis of ¢oo(7), which is a normalized basis of Xz 1 is, as usual denoted by
(e, :t €T). From Lemma 5.1 we deduce

PROPOSITION 0.8. Assume that for all o € [T'] the space X, : span(zy|, : n € N)
1s reflexive. Then
V = U BXU
o€[T]

is relatively weakly compact in Xz o-



11. THE RESULT OF ARGYROS AND DODOS ON STRONGLY BOUNDEDNESS 121

PrROOF. Let (z,) C V. W.lo.g. we can assume that z, € cyp(7T), for n € N.
Thus, for every n € N there is an s(n) = (s(n,1),s(n,2),...,s(n,¢,)) € T so that
T, € span(es(n)|,..m<r,) for n € N. Now we apply Lemma 5.1 to the sequence (s(n) :
n € N) and obtain a subsequence ¢(n) which is either constant, or there is a finite
sequence (a,ap...as) so that t(n) = (a,as,...,ast(n)) where the first elements
of the t,’s are pairwise different, or there is an in finite sequence (a;) in N and an
increasing sequence (m,,) in N, so that t(n) = (a(1),a(2),...,a(m,),t,), where either
t(n) is empty or the first element of ¢, is different form a(m,, + 1).

Let y; = y;, where j; € N is such that ¢(i) = s(j;). In the first case (y;) has clearly
a w-convergent subsequence. In the second case we can write y; as y; = u; + v; with

U; = Papan( . )ngz)( x) € span(€(q, ay,.0;) : ¢ < £) and

e(al ag,...
aé,f(i)|j)j:1727"') (._'L') € Span(e(al’agwa[’g(i)mj = ]_, 2, .. )
Again (u;) has of course a weakly convergent subsequence and the supports of the

v;’s are incomparable and, thus, the v;’s are weakly null.
In the third case we can write y; as y; = u; + v; with

UZ = Pspa’n(e(al,az,...

U; = Pspan(e(al‘a2,mai)2i§mn)(‘,Ll) S Span<e(a1,a2,--~,ai) 11 < mn)’ and

L if £, =0
v = {Pspan(fi(al,ag,mamn,£|j>¢j:172v~) Espan(e(ah%m’amn’g(i)b,) c7=1,2,...) if ¢, # 0.
The sequence (u;) is bounded in X(,,) and has, thus, a convergent subsequence. The
supports of the v; are incomparable, which yields that v; is weakly null. O]






CHAPTER 12

Appendix: Notes on Axioms of set theory Well ordering and
Ordinal Numbers

1. Logic and Notation
Any formula in Mathematics can be stated using the symbols
/\7_'737 SHEH (7)

and the variables
v; © where j is a natural number.

An expression is any finite sequence of symbols and variables. A formula is an ex-
pression constructed by the following rules.
(F1) v; € vj, v; = v; are formulae for any ¢, j € N.
(F2) if ® and ¥ are formulae, then the following expressions are also formulae.
a) (¥) A (D).
b) —(¥).
¢) Ju;(¥) for any i € N.
In order to simplify mathematical statements and to render them better understand-
able we are using abbreviations. Here is a list of some of them.
a) Yu;(P) : <= —(Fu;(—(P))).
(@) V (V) : = =((=(P)) A (=(D))).
= (—(P)) VL.

i)z Cy:<= Vz((zex) — (z€y)).

If v1,v9,...v,, n € N are variables and ® a formula:
V'Ul, Vo, ...Up P <= \V/’Ul(\V/’UQ(. .. (V'Un(q))) .. ))
vy, vg,... v, D<= Fu(Foa(... (Vo,(P))...))

Also, the variables v; can be replaced by other letters (Latin, Greek, or Hebrew, capital
as well as lower cases) with possibly sub and superscripts. Often, if the context is
clear, we suppress parentheses.

From (F1) and (F2) we can deduce that every quantifier (i.e V or 3) is followed in
the non abbreviated form by exactly one variable, say v, we say that this quantifier
acts on v, or that v lies in the scope of the quantifier. A variable in a formula is called

123
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bounded variable if it lies in the scope of a quantifier. Otherwise we call it a free
variable.

ExaMPLE 1.1. In the formula
Jvy(v1 € v9)
v1 is a bound variable while v is free.

NOTATION. If x1,29,...x, are free variable of a formula & we sometimes write
O(xq1,29,...,2,). In this case D(y1,y9,. .., Yy,) is the same formula with y; replacing
x;, fore=1,2,...,n.

With this concept of free variable we can introduce the following abbreviation for
unique existence.
k) Assume that @ is a formula for which z is a free variable, and let ®’ be the

same formula with z replacing = then:
z(®) : = (Fz(P)) A (V2((¥) — (z = 2))).
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2. Some Axioms of Set Theory

We list the axioms of set theory, for the moment without the the Aziom of Reg-
ularity, the Aziom of Choice and the Aziom of Infinity, which will be introduced
later.

e Axiom of Set Existence
(ASE) J(x =1x)

o Axiom of Extensionality

(AE) Ve Vy(Vz(z€x < z€y) <z =1y)

The Axiom of Extensionality states that, in order to show that two sets are equal it
is enough to show that they have the same elements.

o Aziom of Comprehension Scheme
Let @ be a formula for which y is not a free variable.

(ACS) VedyWe(z €y = x € 2\ D)
For given z and ® the set y (which by (AE) must be unique) is denoted by
{z:2e€2zNd}

EXAMPLE 2.1. Assume A, B, F are sets, then the following are also sets:
ANB:={z:(r € A) AN(x € B)}
ﬂf::{x:xez/\Vyef(xEy)

where F # () and z € F
A\B:={z:(x € A)AN(x ¢ B)}

EXERCISE 2.2. Using (AE) and (ASE) show formally that the sets AU B, (| F
and A\ B exist and are unique.

By (ASE) there is a set z. Using (ACS) we can define the empty set by
D={zxe€z:x+#ua}
Using (AE) we can show:
EXERCISE 2.3. There is a unique set, we denote it by ), for which
Va(z & 0).

o Aziom of Unions (Existence of union)

(AU) VFIAVYVz(z €Y AY € F -z € A)
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For given F we can use (AE), (ACS) and (AU) to show that for any set F there is a
unique set, denoted by |JF, for which

Va(z €| JF < IBeF (z € B)).
Indeed let A be a set satisfying (AU). Then put
| JF={reA:3BeF(z € B)}.

o Aziom of Pairing (Existence of pairs)

(PA) VaVy3dz(z € 2 Ay € 2).

Again for given x and y we can deduce from(AE), (ACS) and (AP) that there is a
unique set A, we denote it by {x,y}, for which

Vz(ze A= (z=aVz=y)).
We put {z} = {z,z} and define the ordered pair by
(z,y) = H{a} {=,v}}
The union of two sets A and B can be defined by
AuB = J{A B}.

o Power Set Axiom

(PSA) VedyVz(z € y <> 2z C y).

e Aziom of Replacement Schemes. Assume @ is a formula for which Y is not
a free variable and z and y are free and let A be a set.

(ARS) (Vee Ay ®(z,y)) — (Y Vae ATyeY O(z,y))

Roughly speaking (ARS) means the following: If for each element of a class (see
definition at the end of section) we can choose a unique element out of a set A, then
this class is actually a set.

From (ARS) and (ACS) we deduce the set

{yeY : :JxecA d(x,y)}

exists.
Using (ARS) we can justify the existence the Cartesian product of two sets A and
B

Ax B :={(z,y):x € ANy € B}, i.e. 26 Ax B+ Jac AIeB 2z = (a,b)

First we apply the Axiom of Replacement Schemes to the formula z = (a,b) for a
fixed a € A and note that

Vbe B3z z = (a,b).
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Thus using (ARS) together with (AE) we deduce that there is a (and only one) set,
which we denote by prod(a, B), such that
Vz(z€prod(a, B) <> 3be B z = (a,b)).
Then we consider the formula Z = {a} x B and note that
Vae A3l Z = prod(a, B)
and define
prod'(A,B) = {Z : Ja€ A Z = prod(a, B)} = {prod(a, B) : a € A}.
Finally we use (AU) to define
AX B:= Uprod'(A,B),
and note that
Vz(z € Ax B« JacA zeprod(a, B) <> Jac ATbe Bz = (a,b)).

DEFINITION 2.4. If ® is a formula which might have z as a free variable then the
collection of all x for which ® holds might not be a set. If x is not a free variable of
® this collection is either empty, or all sets. For example the collection of all sets x
for which = = x is not a set. We call these collections classes and we call them proper
classes if they are not sets.

Thus, classes are nothing else but formulae, i.e. to each formula ® there corre-
sponds a class

C—{z: o)},
and vice versa. We define the class of all sets by
V=A{z:z=1x}

REMARK. If A and B are classes so is
A x B:={(a,b)a € A and b € B}

or formally:
Ax B:={z:3acA FeB z=(a,b)}.
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3. Relations

We now want to abandon the somewhat tedious formal language used in the pre-
vious section and return to the “usual language” whenever it seems appropriate. This
might be sloppy from a logician’s point of view, but better to understand. Never-
theless, we would like to point out that every theorem in Mathematics theoretically
could be stated as formula satisfying the rules stated at the beginning of section 2
and can be shown using set theoretic axioms (some of which have yet to be stated).

DEFINITION 3.1. Let A and B classes (or sets). A relation on A and B is a
subclass (or subset) R of A x B . Sometimes we write aRb if (a,b) € R (especially
in the case of equivalence relations and orderings).

For a relation R on A x B we write

dom(R) = {z : Jy (z,y) € R} (domain of R) and
ran(B) = {y : 3z (z,y) € R} (range of R)
R ={(y,7) : (z,y) € R} (inverse of R)
if A" is a subclass of A: Rjar = (A" x B)NR  (restriction of R to A'.)
A relation R on A x B is called
- a function if
Vredom(R) Jlyeran(R) (z,y) € R,

and we write R : A — B if R is a function whose domain is A
- an injective function if R and R™! are functions.

A relation R on A x A is called
- transitive if
Ve,y,z€ A ((z,y) eR A (y,2) R — (z,2) €R).

- reflerive if
VeeA (z,z)eR.
- arreflexive if
VeeA (z,z)¢R.
- trichotomic if
Ve,ye A ((z,y)eRV (y,x) eRVz =y).
- symmetric if
Ve,ye A ((z,y)eR — (y,z) €R).
- anti symmetric if
Ve,ye A ((z,y) eRA (y,2) eR — x =y).
A relation R on A x A is called

- a partial order if it is transitive, reflexive and antisymmetric,
- a linear order if it is transitive, antisymmetric and trichotomic,
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- a strict linear order or total order if it is transitive, irreflexive and tri-
chotomic.

EXERCISE 3.2. Show that a strict linear order is anti symmetric, and thus that a
strict linear order is a linear order.

EXERCISE 3.3. Let R be a linear order. Then there is a reflexive version R,.; of
Riie.
(a,b) € Ryef <= (a=10)V (a,b) € R.
and a strict version Ry, i.e.
(a,b) € Ry <= (a #b) A (a,b) € R.
NOTATION. For strict linear orders we will use the symbols <,>,< and > and for
reflexive linear orders the symbols <, >, <, and *>.

EXAMPLE 3.4. C is a transitive, reflexive, symmetric relation on V| thus it is a
partial order on V.

DEFINITION 3.5. Two total orders (S, <) and (5’, <) are called order isomorphic
if there exists a bijective (1 — 1 and onto) map: ® : S — S’ which is order preserving
l.e.

Va,b€ S (a<b < ¢(a) < ¢(b)).
In that case we call ¢ an order isomorphism between S and S'.

DEFINITION 3.6. A well order on a set S is a relation < on S which has the
following properties.

(WO1) (A, <) is a total order.
(WO2) Every nonempty subset A of S has a minimum, i.e. there is an ay € A so
that for all @ € A either ag < a or ag = a.

In that case the pair (S, <) is called a well ordering of S and we introduce the following
notations:

For a,b € S we write a < bifa < bor a=>.

For a,b € S, with a < b we introduce the following intervals:

[a,b] ={r € S:a<z<b}
la,0) ={z € S:a<z<b}
(a,b] ={r € S:a<x<b}
(a,b) ={r e S:a<z<b}
For a none empty A C S we denote the (by (WO2) existing) minimal element of

A by min(A), and write 0g = min S. If @ € S is not a maximal element then the set
of successors of a, namely the set

Succ(a, S, <) ={zx € S :z > a},

must have a minimal element which we call the direct successor of a and denote it by
a™. The set of predecessors of a is defined by

Pred(a, S, <) ={x € S: 2 <a} =[0s,0a).
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PROPOSITION 3.7. If (S, <) and (S, <) are order isomorphic well orderings, then
the order isomorphism between them is unique.

ProoOF. W.lo.g. 5,5 # (. Let ¥, ® : S — S be two order isomorphisms, and
assuming that U # & we can define:

a=min{z € S: ¥(z) # P(x)}.
Since ¥(a) # ®(a) we may w.lo.g. assume that U(a) < ®(a). But now it follows
that
O(S) C [0s,¥(a)U{z' €S : 2" = ¥(a)}.
Indeed, if z < a, then ®(x) = ¥(x) < ¥(a), and, if z > a then ®(z) = ®(a) = V(a).
This would mean that ¥(a) ¢ ®(S), which contradicts the assumption that @ is
surjective. m

PRroPOSITION 3.8. If (S,<) is a well ordering and a,b € S. Then [0g,a] and
[0g,b] are order isomorph if and only if a = b.

PROOF. Let @ : [0g,a] — [0g,b] be an order isomorphism and consider
A={x€0g,a]: D(x) # x}.

If this set was not empty we could choose zy = min(A), and, using a similar argumen-
tation as in the proof of Proposition 3.7 we would get a contradiction to the assumed
surjectivity of ®. If A is empty, it follows that ® is the identity on [Og, a], and, since
® is supposed to be surjective it follows that a = b. O

COROLLARY 3.9. If (S,<) and (S',<) are two well orderings and there is an
a' € S so that (S, <) is order isomorph to [0g,a’). Then such an o’ € S is unique.

THEOREM 3.10. Let (S, <) and (S, <) be two well orderings. Then one and only
one of the following cases occurs.
Case 1. (S,<) and (S', <) are order isomorphic.
Case 2. There is an a € S so that [0g,a) and S’ are order isomorphic.
Case 3. There is an a’ € S’ so that [0g,a’) and S are order isomorphic.

PROOF. Define:
A={a€eS:3d €S [0s,a] and [0, d’] are order isomorphic}.

Let us first assume that A = S. If S has a maximal element a it follows that there
exists an order isomorphism between S = [0g,a] and some interval [0g/, V'] (which
might or might not be all of S”) which is order isomorphic to S. This means that we
are either in Case 1 or in Case 3 (choose @’ = b'"). If S has not a maximal element
we choose for a € S, an o’ € S’ for which an order isomorphism ®, : [0g,a] — [0g/, d]
exists. Note that by Proposition 3.7 and Corollary 3.9 @’ and ®, are unique for every
a € S. Then choose

¢:5— S5 a— D,(a).
From the uniqueness of the ®,’s it follows for a < b in S that ®,(a) = Py(a).
Moreover, if ®(S) = S’ it follows that ® is an order isomorphism between S and 5,
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and if ®(S5) # 5’ it follows that ® is an order isomorphism between S and (0Og/,a’),
where ¢’ = min{z’ € S : 2’ & ®(95)}.

If A# S weput aqg = minS \ A. For a < ay we choose (the uniquely existing)
a €S and @, : [0g,a] — [0g/,d’], where &, is an order isomorphism and claim that
S"={d : a € S}. Indeed if this where not so, we could put aj, = minS"\ {a’ : a € S}
and define

By, [0,a0] — [0, al)], a — {(I)/a(‘a) if a < ag
ap if a = ay

and deduce from the uniqueness of the o’ and @, for a € S that ®,, is an order
isomorphism between [0, ag] and [0, ag], which contradicts our definition of ay.

Therefore it follows that

A'={d €S :3a€S [0s,a] and [0g/,a’] are order isomorphic} = 5’

and using our previous arguments we can show that we are either in Case 1 or Case
2.

Moreover, only one of the three cases can happen. Indeed, assume Cases 1 and
2 hold. This would imply that for some a € S the sets S and [0g,a) where order
isomorphic. Thus, let ® : S — [0g,a) be an order isomorphism. But this yields that
Pliog,0) : [0g,a)] — [0g, P(a)) is an order isomorphism, which implies by Proposition
3.8 that ®(a) = a which is a contradiction (since [0g,a) C 5).

Similarly we can show that Cases 1 and 3, as well as Cases 2 and 3 cannot hold
at the same time. 0J
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4. Definition of ordinal numbers

Our next step will be, roughly speaking, the following: Call two well orderings
equivalent if they are order isomorphic. We choose out of each equivalence class of
well orderings one representant which we will call ordinal number. Since these classes
are not sets we will not be able to use the Axiom of Choice (which will be introduced
later) to do so.

But we can proceed differently and use the fact that “€” can be thought of a
relation between sets.

DEFINITION 4.1. An ordinal number is a set a which has the following two
properties:

(Orl) Every element of « is also a subset of it (such a set is called transitive).
(Or2) « is well ordered by the relation €, i.e. the relation < on « defined by
<y << pfeyforf,v€x
is a well order on a.

If « is an ordinal we write a € ON. We will show later that ON is actually a proper
class.

PROPOSITION 4.2. Let o« € ON.

a) For all v € a it follows that v € ON and v = [0,,7).
b) If a« # 0 then ) € « and ) = 0, = min . Therefore we will write instead of
Oy from now on simply 0.

PROOF. For v € a it follows from (Or2) that:
0y, 7)={fea:Ber}={B:0e} =1

Since intervals of the form [04,a), for a well ordering (A4, <) and a € A is also a well
ordering it follows that (7, €) = ([0a,7), € ) is a well ordering. For 8 € v = [04,7) C
a it follows that
= 10a:8) € [0a,7) = 7,
thus 7 also satisfies (Orl), which finishes the proof of (a).
If for some o € ON we had 0, # @), we would have some v € 0, and thus v < 0,
and, by (Orl) v € 0, C «, thus v € «, which contradicts the minimality of 0,. O

We want to show now that every ordinal o admits a successor, namely a smallest
ordinal 8 for which av < 3. The way to do that is to define § = a U {a}. It is then
easy to see that a U {a} is also an ordinal, but in order to deduce that o # o U {a}
we will need another axiom.

o Regularity Aziom or Wellfoundedness Axiom

(RA) V:c(a:z@VEly((yE:c)/\Vz(zEyﬁz9?:6)))

The Regularity Axiom states that each non empty set A has at least one
element a (which is a set itself) all of whose elements are not elements of A.
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PROPOSITION 4.3. For every set A it follows that A & A. In particular it follows
for every ordinal o that o # o U {a}.

PROOF. Note that the set { A} (this is a set as shown in Chapter 4) must contain
an element (which can only be A) which is disjoint from {A} thus A ¢ A O

PROPOSITION 4.4. If a € ON then
a+1:=aU{a} € ON.

We call a + 1 the successor of «
Assume that o, 6 € ON, with a < (3, then

min(«, f] = a + 1.

PROOF. It is easy to see that & + 1 = a U {a} satisfies (Orl) and (Or2) and is
therefore an ordinal number.

In order to show our second claim we define o/ = min(«, §]. Since o/ > « it
follows that a € o and, thus, since by Proposition 4.2 o/ € ON, we deduce from
(Orl) that aw C o/. Therefore we have o +1 C .

Assume that a« + 1 # o and, thus, a +1 C o'. Let v € o/ \ @+ 1, and, thus,
a+ 1€ vand (by (Orl)) o C =, which implies o € v € o which is a contradiction
to the assumed minimality of . O

DEFINITION 4.5. An ordinal « is called a Successor Ordinal if it is the successor
of some ordinal (3, i.e if « = 4 1 for some § € a. If a > 0 is not a successor ordinal
it is called a Limit Ordinal. The class of all successor ordinal and the class of all limit
ordinals are denoted by Succ(ON) and Lim(ON), respectively.

THEOREM 4.6. For any two ordinal numbers o, 3 one and only one of the following
statements are true.
a) a €8
b) f€a
c) a=p

PROOF. Let o, 3 € ON. We need to show that either « € g or § € a or a = 3.
By Theorem 3.10 we can w.l.0.g assume that there is an injective and order preserving
embedding map ® : & — [ whose image is [0, B) for some 3 € 3 or 3 = 3. We need
to show that & = 3 and O(y) = v for all v € a. Assuming that this is not true we
could choose

Yo = min{y € a: ®(7) # v},
and put vj = P (7o)
We deduce that

B>~ =10,7%) D 2{v:7v€n})={2() : 7 €%} = -

(here we think of vy being the set of all its elements) Thus, by definition of vy we
deduce that + > 7o, and, thus,

©([0, ) = 2([0,%)) U ([0, @)) = [0,7%0) U [0, ),
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which contradicts the fact that the image of ® is an interval.
Finally the Well Foundedness Principle and Proposition 4.3 yield that only one of
the statements (a) (b) or (¢) can hold. O

EXERCISE 4.7. For « € ON, a > 0
a € Lim(ON) - Vi<a f+1<a.

THEOREM 4.8. The class of ordinals itself is well ordered by €, i.e every non
empty subclass of ON has a minimal element.

PROOF. By Theorem 4.6 it is left to show that a non empty sub class A of ON
has a minimum. Let A C ON. Since we could pass to a subset of A, having the
same minimum, if necessary (for example [0, + 1) N A for some a € A) we can
assume that A is a set. By the Well Foundedness Principle there is an o € A which
is disjoint from A (as sets). Therefore it must follow from Theorem 4.6 that a € 8
for all B € A\ {a}. O

COROLLARY 4.9. If A is a set of ordinals, then
sup(A) = UA = U a
acA
(Note that this set is not equal to A = {a: a € A}) is also an ordinal and it is the
smallest ordinal 5 so that o < 3 for all o € A, 1i.e.
sup(A) = min {y:Va€A v > a}.

PRroOOF. (Orl) is easy to verify for sup(A). From Theorem 4.6 we deduce that €
is a total order on sup(A) and from Theorem 4.8 that it is a well order.

Clearly a C sup(A), for all « € A. If 8 € ON has the property that o < 3 for all
a € A then sup(A) C 3. O

COROLLARY 4.10. For an ordinal o« > 0 it follows that
a € Lim(ON) <= a = sup(a) = sup .
B<a

Proor. If « =+ 1, then

sup(a) = | Jy=puUlJr=8
< <8
thus sups_, 8 # a.

Conversely, assume « # sup(«). (Orl) yields sup(a) C « and from Theorem 4.6
it follows that sup(«) € a. But this can only mean that a = sup(«) U {sup(«)},
because, otherwise, again by Theorem 4.6 sup(a) < sup(a) U {sup(e)} < « which
contradicts the definition of sup(«) in Corollary 4.9. O

COROLLARY 4.11. ON s a proper class.

ProOF. If ON were a set it would have a supremum sup(ON), but this would
imply that sup(ON) = sup(ON) U {sup(ON)} which contradicts the Axiom of Well-
foundedness. O
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THEOREM 4.12. (Principle of transfinite induction, formal statement) Assume
that ¢(«) is a statement and assume that

Va€ON ((V8<a ¢(8)) — é(a))
then ¢(a) for all & € ON.

PROOF. Assume that there are ordinals « for which ¢(«a) is false. By Theorem
4.8 there exists

ap = min{a € ON : =¢(o)}.

But since for all @ < o the statement ¢(«) holds, we are led to a contradiction to
our assumption. 0

THEOREM 4.13. (Principle of transfinite recursion) Let F : V. — V be a function.
Then there is a unique function G : ON — V so that for alla € ON G(«a) = F(G|,).

REMARK. The statement of Theorem 4.13 means the following:

One would like to define a function G : ON — ON. If one has a well defined
procedure to define G(«) assuming one knows G(f3) for all § < a one can define G
as a function on all of ON.

PROOF OF THEOREM 4.13. The uniqueness of G follows from Theorem 4.8. In-
deed assume that Gy as well as Gs, both satisfy the conclusion of our claim, but are
not equal. Let

ap = min{a : Gy (a) # Ga(a)}.
Then our assumption yields that

Gi(ao) = F(Gilay) = F(Galay) = Ga2(a),

which is a contradiction.

Let A be the class of ordinals «, for which there is a function g, : @« — V so that
for all 6 < o ga(B) = F(gals).

Using a the same arguments as above, we can observe that if a € A there is a
unique function g, : @ — V so that for all 8 < a g,(8) = F(ga|s). This implies in
particular that if v < § < « it follows that g,(v) = gg(7y). For each ~ for which there
is an a > 7 so that a € A there is a (unique) g() so that g(v) = gg(y) whenever
G >~isin A.

Finally we claim that A = ON. Indeed, otherwise there would be a minimal
for which g : ap — V does not exist. If ay € Succ(ON), say ag = [y + 1, then define
9(Bo) == F(gls,). If ap € Lim, define g : ag — V by ¢g(5) = gp+1(05). Finally it is not
possible that oy = (), since we can choose gy = (). Thus, we derive a contradiction. [

Let us now write down the first ordinals
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ExAMPLE 4.14. The following are ordinals
0:=10 (Note that the empty set is always well ordered, no matter how you define <)

1:=0" = {0}
2:=1" = {@7{0)}}
3:=2° = {0.(0}.{0.(0}}}

We call the the ordinals 0, 1,2, ... natural numbers. More formally: an ordinal « is
called natural number if every v € « is a successor ordinal. We denote the class
of natural numbers by N (we will need to introduce below an additional axiom to
deduce that N is actually a set).

THEOREM 4.15. (Principle of Induction and Recursion restricted to N)
a) For statement ¢
VneN((Vm<n ¢(m)) — ¢(n)),
then
VneN ¢(n)

b) Let F : V. — V be a function. Then there is a unique function G : N — 'V
so that for all n € N G(n) = F(Glf,.1,.n-1}). (here n — 1 denotes the
predecessor of n)

PROOF. (a) can be obtained by applying Theorem 4.12 to the statement n ¢
NV ¢(n) and (b) follows from Theorem 4.13 by restricting the function G to N. [

REMARK. From now on we will use the principle of induction and recursion on N
in the usual, less formal way: assuming we verified a statement ¢(m) for all m < n,
n € N, or defined an, for all m < n, n € N, we can show ¢(n) respectively define
f(n). Then the statement ¢(n) is true, or f(n) is defined for all n € N, respectively.

We would like to continue and write the next ordinal to be w = sup,, natural 7
w4+ 1 =wU{w} etc. But we need another axiom which postulates the existence of
infinite sets

o Axiom of Infinity
(AI) dB(0 € BA (Vz(z € B— zU{z} € B).

COROLLARY 4.16. The class of natural numbers is a set. In particular w =
SUD,, natural ™ 1S an ordinal.

PROOF. Let B be the set given by (AI). By induction we can prove that for all
n € N it follows that n € B. Thus, N is a subclass of a set B, thus, a set itself. [
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5. Arithmetic of ordinals
We will use the principle of transfinite recursion to define addition on ordinals.
THEOREM 5.1. Let « € ON. Then there is a function
a+-:0N— ON, [g—a+/p,

so that
(20) a+0=a
(21) a+(B+1)=(a+p)+1

(i.e. the sum of a and the successor of (3 is the successor of o+ 3)
(22) a+supy = sup 7,if € Lim(ON).
v<B y<o+pB
Proor. Formally we define F : V. — V| by
F(0) =«
F(g)=min{s : B>~ for all yeran(g)} if g : § — ON is a function on an ordinal 3

F(a) =0, in any other case.

Let G be the function on ON, which uniquely exists by Theorem 4.13 and put
a+ [ =G(F).

First we note that if 3, 5" € ON with § < ' then

G(3) = F(Gls)

=min{n:Vé<p G(§) <n} <min{n:¥o<p G(§) <n}=G(3).
We note that
G(0) =G(0) =F(Glp) =F(0) = o,
and if 7 € ON then
GO+1)=F(Glgs1) =min{d : § > a+v,v < 5} = G(B) + 1.
This verifies (20) and (21), and also proves that G is strictly increasing. Indeed if
G < ' then
G(B) <G(B)+1=G([E+1) < G(H).
If 3 € Lim(ON),

G(iglg ) = G(p)

= F(Gls)
=min{d : 0 > G(n) for all n < B} = sup G(n).
n<p

For the last equality we used the fact that G is strictly increasing, and, thus, that
G(/) is a limit ordinal. O
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REMARK. From now on we are using the Principle of Transfinite Recursion in a
less formal way: We would like to define a function F on ON or on any subinterval
of ON.

We do this by prescribing a procedure to define F'(«), assuming we defined F|( o),
i.e. assuming we defined F(f3) for all 5 < «

EXERCISE 5.2. 0 +a =«

PROPOSITION 5.3. Assume «, 3,7 € ON.
a) (a+p0)+~v=a+ (8+7). Thus, the expression o+ 3+ v is well defined.
b) Ifa < thena+~v<[+7.
c) Ifa< B theny+a<~vy+0.
EXERCISE 5.4. Show that (b) in Proposition 5.3 does not in general hold for <
instead of <.

EXERCISE 5.5. if a + 3 = a+ v then § =~. but if §+ a = v+ « it follows not
necessarily that g = ~.

THEOREM 5.6. If o« € ON and (3 € Lim(ON) then o + € Lim(ON).

PRrROOF. First note that o + 8 > [ > 0 (using Proposition 5.3 and Exercise 5.5.
Now assume that our claim is not true and that for some v € ON a + § = v+ 1.
Since € Lim(ON), we deduce that

a+ f=sup(a+0)= U(a+5).
0<pB 5<p

Thus, there is a § < 3 so that v < « 4+ §, which implies that vy +1 < a+d+1 =
a4+ (0+1) < a+ g, and is a contradiction.
O

EXERCISE 5.7. If a < (3 then there is a unique ~ so that a + v = f3.

DEFINITION 5.8. Using transfinite recursion we define for o, 3 € ON the product
a - [ as follows.

(23) a-0=0
(24) a-f=a-v+a, if §=~4+1 € Succ(ON).
(25) a-f=supa-, if f € Lim(ON).

V<8

EXERCISE 5.9. Using the formal statement of the Principle of transfinite induction
(Theorem 4.13) introduce the multiplication formally.

THEOREM 5.10. If a > 0 and 0 < 3 < v then
a-fB<a-.

PrROOF. We prove the claim by transfinite induction for all v > (.
Assume our claim is true for all § < v/ < ~, for some v > f.
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If v =7"+1, for some v > (it follows from (24) and Proposition 5.3 (b)
ay=ay +a>ay +0>af.
If v = sup.,, 7/, then (3,7) # 0 and by (25) and Proposition 5.3 (b)

ay=supay > a(f+1) > af.
v <y

EXERCISE 5.11. a) If @ >0and 8 >0 then a- 3 > 0.

b) (a-B)-v=a-(8-7)
c) f a-f =a-vthen 8 =~. Butif -« = -« it follows not necessarily that

B=r.

DEFINITION 5.12. Powers of ordinals
For o« € ON we define by transfinite induction for each 3, o so that

(26) a’ =1

(27) o’ =af . a and

(28) o = sup a’if § €Lim(ON)
v<B

EXERCISE 5.13. Do some of the exercises in Suppes’ book, until you feel comfort-
able

DEFINITION 5.14. On ON consider the equivalence following relation
a~fF:<= 3 F:a— 3, Fisa bijection .

By the property of ON every equivalence class {# € ON : § ~ a} has a minimum
We call such an ordinal cardinal number.
We denote

w =min{a € ON : « is infinite} = min{a : a ¢ n for all natural numbersn}.

(first infinite ordinal)
wi =min{a: a € w, o £ w}.
(first uncountable ordinal)
EXERCISE 5.15. (Cantor’s normal form for countable ordinals)

For every v < wy thereisan k € N, ny,no,...ny €wn; >0fori=1,2...k, and
0 < alpha;, < ap_1 < ...aqp in wy, so that

v =N + now™ + ...+ npwk.



140 12. AXIOMS OF SET THEORY, WELL ORDERINGS, AND ORDINAL NUMBERS

6. The Axiom of Choice, the Lemma of Zorn and the Hausdorff Maximal
Principle

DEFINITION 6.1. Let A be a set and P(A) its power set. A function f : P(A) \
{0} — A is called a choice function if for all B C A, with B # 0, f(B) € B.

EXERCISE 6.2. Assume (A, <) is a well ordering. Show that A admits a choice
function.

e Aziom of Choice

(AC) All sets admit a choice function.

Assuming (AC) we can show the converse of Exercise 6.2.

THEOREM 6.3. (Numeration Theorem,)
For any set A there is an ordinal o which admits a bijection b : a« — A. In
particular, every set can be well ordered.

PRrROOF. By (AC) there is a choice function F' : P(A) — A. For 8 € ON and a
set B we define the following statement ¢(3, B).

¢(B,B) <= (a) BCA
(by 3Af:p— B ran(f)=B
f(v) = F(A\ran(f|,)), whenever v < (3.

If (3, B) holds then f : 3 — B satisfying (b) is uniquely determined and injective.
Moreover, if for some B C A ¢(3, B) and ¢(3', B) holds, then 3’ = (3. Indeed, assume
B <@, and let fg: f — B and fg : 3’ — B satisty (b) for 5 and [, respectively.
Then we can deduce by transfinite induction that for all v € 8 fz(y) = fa(v). Thus,
fa[0,8) = f3(0,8) = B, and, since fg is injective it follows that 3’ = 3. By the
axiom of replacement schemes there is a set C' of ordinals so that

BeC«—3IBCA (3, B).

C' must be an interval. Secondly, sup(C) € C. Indeed define f : [0,sup(C)) =
Upec 8 — A by transfinite induction. Assuming f(v) has been chosen for all vy <
a, with a < sup(C), we can put f(a) = F(A \ ran(f|,)), once we observe that
A\ ran(fl,) # 0. For our last claim let § € C so that a € [, then there is an
fs: B — B, with B C A, satistying (b). By transfinite induction we can show that

fa(y) = f(y) for all v € a, and thus f([0,«)) € f3([0,a)) C A.
We finally claim that ran(f) = A. If this was not true we could extend f onto

[0, sup(C)] = [0,sup(C) + 1) by putting f(sup(C)) = F(A\ f([0,sup(C))). O
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