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R-SETS AND CATEGORY
BY
RANA BARUA

ABSTRACT. We prove some category theoretic results for R-sets much in the spirit of
Vaught and Burgess. Since the proofs entail many results on R-sets and the
R-operator, we have studied them in some detail and have formulated many results
appropriate for our purpose in, perhaps, a more unified manner than is available in
the literature. Our main theorem is the following: Any R-set in the product of two
Polish spaces can be approximated, in category, uniformly over all sections, by sets
generated by rectangles with one side an R-set and the other a Borel set. In fact, we
prove a levelwise version of this result. For C-sets, this has been proved by V. V.
Srivatsa.

1. Introduction and preliminaries. The theory of R-sets and the R-operator,
introduced by Kolmogorov almost half a century ago, has been studied extensively
by Russian mathematicians [10, 12, 13] and most of the basic properties have been
deduced by them. However, it is only very recently that interest in the theory has
been revived due mainly to the work of Hinman [7, 9] who developed the effective
counterpart and showed that the effective hierarchies have deep interconnections
with recursion-theoretic hierarchies. The introduction of Borel-programmable (BP)
sets by Blackwell added a new dimension to the theory, and since then it has been
shown by Burgess and Lockhart that the hierarchy obtained from BP-sets by
iteration gives precisely the R-sets [6]. That two seemingly different definitions yield
the same class of sets suggests that the R-sets form a natural class of subsets of the
reals. Burgess has also obtained a different characterization for R-sets. He has
proved that the entire hierarchy of R-sets can be obtained by applying the game
quantifier to the “difference hierarchy” (of A%) obtained from sequences of Gj-sets
[3]. Hinman (and also independently Aczel and Vaught, for the first level) first
observed that the theory of inductive definability and games can be effectively used
to study the hierarchy of R-sets [8, 1, 19]. These are the major tools employed by
Burgess to prove most of his results on R-sets [3, 4]. In this paper, to obtain our
main result, viz. the approximation theorem, we have taken recourse to these
methods.

R-sets in X X Y, the product of two Polish spaces, are in general complicated sets
and cannot be related to any reasonable product o-field. For instance, as observed
by B. V. Rao [16], C-sets in R X R need not belong to Z(R) ® #(R), the product of
the o-fields of Lebesgue measurable sets. However, as shown by V. V. Srivatsa [17],
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C-sets in X X Y can be “approximated” sectionwise, in the sense of measure and
category, by sets in product o-fields. His methods do not seem to generalize to
R-sets. In this paper, we have shown that R-sets can be similarly approximated, in
category, by sets in product o-fields. This incidentally gives the selection theorem of
Burgess (cf. [3]).

To obtain the approximation theorem, it is necessary to reprove some of Burgess’
results in a more rigorous, accessible and, perhaps, transparent style. Our paper,
therefore, serves a two-fold purpose.

The paper is organized as follows. Positive analytical operations and 8 — s
operations are introduced in §2, and some of their elementary properties are
discussed there. The papers of Kantorovitch and Livenson [10] give a detailed
exposition of these operations. In §3, we have studied the operator R of Kolmogorov
and the more general operator # ,. In this section, we have also shown how
inductive definability and games arise in the context of these operations. The theory
of R-sets, studied in great detail by Lyapunov [12, 13], is treated in §4. In this
section, we have given a proof of the pre-well-ordering property enjoyed by the
classes c#? (p < w,) via the comparison of indices lemma. The proof of this lemma
is much along the lines of the Kunen-Aczel theorem (cf. [14]). The comparison of
indices lemma is crucial for our purpose since it helps in computing the complexity
of the winning strategy for the existential player in the game associated with the
operator R. This is done in §5. Here we have also obtained a decomposition of
E* = {x: E* is comeager} for sets E € 2", analogous to the one obtained by
Vaught for analytic sets [19] and for #'-sets obtained by Burgess and Miller [5]. This
immediately gives us the transfer theorem (cf. 5.4), which essentially computes E*
when E is computed by R®,, whenever the computation for F* for sets F computed
by ®, is known. §6 deals with a few applications of the transfer theorem, viz. the
computation of E* for R-sets E. It is worth mentioning here that although our
methods for computing E* are implicit in Burgess’ proof for the same (cf. [5}), he
computes E* only for #'-sets E, as any computation for higher levels using his
methods will involve great notational complexities. By restricting ourselves to certain
games of length w and isolating the “core” of his proof (viz. the transfer theorem) we
have been able to compute E* for all levels of the hierarchy of R-sets by a simple
inductive argument. These computations yield sets in product o-fields which “ap-
proximate” sectionwise (in the sense of category) R-sets in two dimensions. This is
done in §7. Incidentally, in this section, we have proved a slightly stronger version of
the Game Formula of Kechris (cf. [11]) needed for our purpose.

For our notation and terminology we shall mainly follow Moschovakis [15]. The
letter w will denote the set of natural numbers and w* the set of all sequences of
natural numbers equipped with the product of discrete topologies. Letters a, B, v,
d,... will serve as variables over w* and 7, £,... as variables over 2¢. Seq will denote
the set of sequence numbers of all finite sequences of natural numbers. We will
mainly use s, 7, u, v to denote sequence numbers. We fix a base =(s) for the
topology of w*, where

2(s)={a€cw: allh(s))=s}.
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If s and ¢ are sequence numbers, we write s < ¢t if s = ¢ [ i for some i < lh(s); s * ¢
or st is the catenation of s and . If s = (ay,..., a,_,). then(s), = a,fori < k. e or
{ » will denote the empty sequence as well as its code.

If #1is a collection of subsets of X, then o(.# ) denotes the o-field generated by %
If # and ¥ are o-fields on T and X, respectively, # ® % denotes the product o-field.
For X a separable metric, 4 denotes its Borel o-field.

Given a monotone set relation I'(w, x, 4), where w varies over W and A varies
over subsets of W, I, denotes the induced set operation

I (A4)={we W:T(w,x, 4)}; x € X.
I'* denotes the pth iterate, viz.
r-r(ur).
v<p
We define
rr=ury
n

and put
wel o 3v<p)|well].
The fixed point of T is
= {_(w,x):werlx)

and is called the relation built up by I'. We shall use elementary facts on inductive
definability and games as found in [15]. Note that all unexplained notation and
terminology i1s from Moschovakis [15].

The author wishes to express his gratitude to Professor Ashok Maitra for introduc-
ing R-sets to him and for general guidance at every stage in the preparation of this
paper. He is also grateful to V. V. Srivatsa for innumerable discussions. The
influence of J. P. Burgess is evident on every page.

2. Positive analytical operations. In this section, we shall discuss positive analytical
operations and some of their properties needed for our purpose.

Let X be a nonempty set and N C w®. Let { E,: n € w) be a sequence of subsets
of X.

DEFINITION 2.1. The 8 — s operation with base N is defined by

<

¢ ((E,snew))=U OEa(A)'

a€N k=

In most cases we shall take the base set N € 2“ so that

o, ((E,;new))=U ME,.

neEN n€en

To avoid trivialities, we shall always assume @ &€ Nand N # &.
EXAMPLES. If N = { Ana&(n): a € w*), then &, = operation.«/. If

N = { a € w*|Range(a) is infinite} .
then ®, = limsup. If N = {( n, n,... )|n € w), then ®, = U (countable).
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An operation over X is a function ® : #(x)“ — P(x).

DEFINITION 2.2. An operation over X is said to be a positive analytical operation
if

(a) @ is nonconstant and

b)xeP(E,:n€w) &y EP(F,:n€w) >Anlx<€ E, &y ¢ F)).
Clearly, U, &/, limsup are positive analytical operations. A positive analytical
operation on constant sequences takes on the constant value and is isotone i.e. for
any families{ F,: n € w) and{ G,: n € w), if (Vn)(F, € G,), then ®({ F,: n € w})
CO(G,:nE w).

Given a positive analytical operation ® over X, one can define a positive
analytical operation ®’ over any set Y as follows. For any family { F,: n € w} of
subsets of Yand y € Y, put

y € ®({ F,: n€w))othereisafamily { E,: n € w} of subsets of X
and x € Xsuchthatx € ®({ E,:n€ w))
and (Vn)(x €E, >y € F)).

It is easy to check that @’ is positive analytical and " = ® when Y = X. The
operation ®’ is called the extension of @ over Y. Henceforth we shall use the same
symbol @ to denote a positive analytical operation together with all its extensions.

Notice that a & — s operation is a positive analytical operation (over any set X).
The converse is true and follows from the following.

PROPOSITION. Let @ be a positive analytical operation over X. Then ® = ® for
some N C 2° (N C w®).

PROOF. Let
D,={n€2ien}, o,
= { a € w*|i € Range(a)), i € w.
Put N = ®({ D,: i € w)). It is easy to check that ® = ®,. The set N obtained above
is called the canonical base for ®.
DEFINITION 2.3. A base N C w* is complete if N = ®,({ D,: n € w}), when D, is
defined as in the Proposition. Thus the canonical base for a positive analytical

operation is complete.
Equivalently, a base N C 2“ is complete if

nEN&NC W Cw—>7nEN.

If N=®,({D,:n € w)), then N is complete (called the completion of N) and,
moreover, ®; = @,
DEFINITION 2.4. For any operation @, the dual ®° is defined by

P Enecw)) =[Oy E:new))]

eg. U%= N, (limsup)® = liminf,&° = T, where
T{E, n€w))={x:(Va)3n)(x € Eg,)} -



R-SETS AND CATEGORY 129

If ®, is a § — s operation with base N C 2“, then the canonical base N° of its
dual is given by

(1) Nl={(ne2°:qnn + @ foreveryn € N)
={ne2“:n°¢& N), if Niscomplete.

Plainly, N is always complete. Thus, for any family{ E, : n € w),

(2) (A3neN°)(Vnen)[x€E,]Jo (YneN)3Anen)|x€E,]

If N is complete, N® = N and hence
(3) (Ve N®)3nen)[xeE] e 3neN)(Vnen)|xeL,].

3. The R-operator. Although the R-operator was first introduced by Kolmogorov,
the first published account of the theory appeared in [10] and further results
obtained in [12, 13]. Lyapunov also studied the hierarchies of R-sets (cf. §4) and
obtained most of their properties. The interconnection between R-operators and
games was first noticed by Hinman [8] (and also independently by Aczel [1]).
Hinman also developed the effective theory and did most of the groundwork. Much
of the material in this section is adapted from these sources.

DEFINITION 3.1. Let A'= (N, C 2“: p € w} be a sequence of nonempty bases.
0 C wis called an A~chain if

(a)e €0,

(bysefandt<s -t €4,

(c)s€fd - (n:s(n)€f) eN.

Put ®,.= { 6: 6 is an Achain).
A ,- is the set operation defined by

‘%./V((En:new>)= U 053
08, sl
Clearly, #Z ,- is a 8 — s operation with base © ,-.

If N, =N for each p, then £, is denoted by R®, and its base by RN. An
A~chain will then be called an N-chain.

EXAMPLES. Let N = {{ n} : n € w} so that &, = U and put /"= { N}. Clearly,
an -chain is any set of the form {a(n): n € w). Thus RU = R®, = If
N = { w), then ®,, = M (countable) and the only A#~chainisw,s0 R N = M.

DEFINITION 3.2. Let ®, and ®,, be two 6 — s operations with bases N, M C 2.
The composed operation ¥ is given by

\I'((F,,:nEw})=@N((Q)M({F(pm:new}):pEw}),

¥ is sometimes denoted by ®,®,,. By the characterization lemma, ¥ is a § — s
operation whose canonical base we shall denote by NM. Thus ¥ = ¢, ¢, = ®,,,
and

nE€NM o (3n, € N)(Vn, € m)(3¢, € M)(Ym, € §)[(n,,m) €1].

Henceforth, for simplicity, we shall take X = w* or (w*)* X «', although most of the
results hold for a general Polish space.
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DEerFINITION 3.3. For any operation ®, let Z be the class of relations of the form
O(( F,: n € w)) with all F, clopen, II{ the class of complements of such relations,
and A? = 2% N II?. Then 2= =) and =¥ = 2.

If ® = ®,, then define ®* = RO, 0.

The next two lemmas show a close connection between R-operators, inductive
definability and games.

LEMMA 3.4. (a) Suppose F = R®,({ F,: n € w)). Then
x€F e (Ange N)(Vny €ng)(3n, € N)(Vny €my) -

(*) ...(Vk)[xef},,o.,,l, .‘nkl)]'

(D)IfE = ®¥(E,: n € w)), then
x € Eo (3ny € N)(Vny € ny) (V€ € N)(3m, € §,)(3n, € N)(Vn, € 7))

(V6 eN)Emy €§)--- -+ (Vk)[x € E((n(,.moﬂ,..(n,,_l.m,,_l))]'
(The right-hand side of each equivalence is interpreted in terms of games between two
players ¥ and 3.)

Proor. Clearly (b) follows from (a) and the fact that
7€ NN° & (3n, € N)(Vn, € n)(V§, € N)(3m, € §,)[(n,, m) € n].

To prove the first assertion, fix x and suppose x € F. Get an N-chain § € RN such
that (Vs € 8)[x € F,]. Now, consider the following strategy for 3. As his first move
3 playsn, = { n:(n) € 0} which is clearly in N. Any response n, € 1, by V gives a
set n, ={n:{ny, ny € ) € N and 3 should play », as his next move. If ¥ then
plays n, € n,, we still have (ny, n,) € 6 and 3 responds with n, = {n:{ny, ny, n)
€ ). If 3 follows this strategy, then clearly for any k, (ngy, n,,....n, ;) € 6 and
sox € F,, ., - Henceitisa winning strategy for 3 in the game (*).

For the converse implication suppose o is a winning strategy for 3. Let @ be the set
of sequences (n,..., n, ) of first k possible moves of player V when 3 follows this
strategy o. Clearly 8 is an N-chain and since o is a winning strategy for 3,

(Vk)[<n0,...,nk_l>EO*XEFO'O',” ..... nA,I)]’

Hence x € R®y(( F,:n € w)) = F.

REMARK. It follows from Lemma 3.4 that our definition of ®* is equivalent (cf.
Definition 3.9) to that introduced in [8, V. 4].

The next result is due to Hinman [8].

THEOREM 3.5. For any positive analytical operation ® and any E C («*)* X &' in
II?", there exists a (monotone) inductive operator T such that for all x

E(x)eoeeTl.
PROOF. Let { E, : s € w) be a family of clopen subsets of (w“)* X «' such that
XEEoxe®*({E :s€w)).
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Let N C 2“ be the canonical base for ®. Then ®* = R®, .. Define a set relation
operative on w as follows:

(4)
seT(A)oxeE Vv (YVneN)Inen)(3te N)(Vme ¢)[s((n, m)) € 4].

Clearly, I'(s, x, A) is a monotone set relation. Put E* = ®*( E_,,: t € w)}). One
can easily see that E€ = E€and E* C E,. We claim that for all s,

(5) xgE'osel®

and the result follows by putting s = ( ). We shall prove the implication (<) by
induction. If s € T?, then x & E, D E*. Now suppose s € T'*, u > 0. Then

x&€E V(VneN)Anen)(3EeN)Vmeg)[s*((n,m)) e T[]

If x € E,, we are done; otherwise by induction hypothesis
(VnEN)3nen)(IE € N)Vme §)[x g E*= )]
which by Lemma 3.4 (and determinacy) implies
(Vn e N)3ne€n)3EeN)(Vme §){(Vn, € N)(3n €ny)

(3, e N)(Ym, €£) - (3k)[x & Ex~((n.m>>'((nl.m|>.....<nk.mk>>]}'

This clearly implies
(Vg € N)(3n, € n) (3§ € N)(Ym, € §,)(Yn, € N)(3n, € ny)

(agl € N)(le S £l) e (Bk)[x & ES‘((HQ.MQ).»««K”/,,l.m/\vl)>]

and thus x € RO, o({ E;. ;1 € w})) = E*, by Lemma 3.4 again.
Conversely, let s € I'°. We shall show that x € E* i,

(**) (3no € N)(Vn, € ny) (V€ € N)(3Im, € §,)(3n, € N)(Vn, € 1)
(V§1 € N)(aml € gl) T (Vk)[x € ES‘<<"0~’"0>v-»v("A-1""A— l))]'

Since s & T' ('), by definition of I, x € E, and moreover,
(3no € N)(Yng € mg)(Vé, € N)(3mg € &)[s#((ng, my)) & IT].
Now, 3 can win the game (* *) by adopting the following strategy. He picks n, € N

such that for any choice of n, € 5, and £, € N, there is an m, € §; such that
s*({ng,myy) &€ I'? = T(IF). Thus x € E;, (0 m,yy and
(3n, € N)(Vn, €m,)(VE € N)3m, € §)[5*((ng, mg),(n, m)) & T¥].
3 then picks 7, € N such that for any choice of n, € 1, and £, € N made by V,
there is an m, € £, (and 3 plays such an m,) such that s * ({(ny, my),(ny.m)) &
I'®. Proceeding this way, 3 has a strategy which ensures that for all k, x €
E . ((ng.moy.. <ni_,.m,_>y and so 3 wins the game (* *). Consequently, x € E*.
REMARK. If E is such that x € E © x € ROy ({ E;: s € w)), then the inductive
operator takes a simpler form, viz.,

(6) seT(A)oxeE v (Yne N)3nen)|s*(n) € A].
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More generally, if /"= { N,: p € w} is a sequence of bases and
E‘=2,(E:s€w)),
then we take the following inductive operator
(7) sel(A)ex&E VvV (VneN,)3nen)[s*(n) € A].
and the conclusion of the above theorem still holds.
The inductive operator (4) (or (6) or (7)) is called the canonical inductive operator
associated with { £, : s € w) and N (or A").
The above characterization theorem yields a decomposition of sets in II?"(ZP")
into simpler sets as is evident from the next theorem.
DEFINITION 3.6. For any operation ®, v(®) is the smallest class of relations
containing clopen relations and closed under ¢ and ®°.
Thus v(VU) = v(N) = A,.
Let E € 2" and suppose E = ®*({ E,: s € w})). Let N and T be as above. Then
by 35, E(x) e e & I'”. Set
Et={(x:s&T").
Then £ = N, El' Now define
T =U (E - EY).

SEw

It is easy to prove by induction on u that for all p < w,, s € w, E* and T* are in
V(®). Then we have

THEOREM 3.7. E = U EX—-TH)y=nN E!

we ( wew Ee-

PROOF. Let x € E. Define
least ordinal p such that x & E? if (3p)(x & E’),
B(s) = ) ’
0 otherwise.
Let w, > p, > B(s), Vs. Then (Vs)[x € EP* & x € EPo*!]. Consequently, x & T*0
and thus x € Efo — T*o,
Conversely, suppose for some p, < w,, x € Ef* — T*.Then
(Vs)[x € EP0 o x € EP0*1].
One can check by induction that
(¥ > po)(Vs)[x € Efv o x € EP].
So in particular, x € N E;=nN,, El=E.

p>py € pw

Standard arguments using the above decomposition and the countable chain
condition yield the following (cf. [8]).

THEOREM 3.8. If ® preserves measurability ( preserves the Baire property), then so
does ®*.

DEFINITION 3.9. For any two operations ® and ¥, @ subsumes ¥ (® > ¥) if there
is a function f: w — w such that for any family{ F,: n € w),

‘I'((F,,:nEw})=(I)((F/m:n€w}).
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® and V¥ are said to be equivalent (® ~ V) if ® > ¥ and ¥ > ®. For example, &/
subsumes both U and N.

DEFINITION 3.10. A positive analytical operation @ is said to be normal if there is
a function g such that for any family { F,: n € w),

q)({‘p(( F‘(p,q):qew>):pew})= Q(( Fg(n):n € w))'
We shall omit the proof of the next lemma which can be found in [7, 9].

LEMMA 3.11. For any operations ® and ¥
(a) % = @;

b)d>¥ - 00> ¥,

()P0 > d PO,

(d) R® > &;

(e)® > ¥ - RP = RY,

() R® > ¥ and R® > ¥° > R® > ¥ ¥
(g) R® ~ RR?;

(h) R® is normal.

4. The R-sets. We shall first construct a sequence { R,: p < w;} of positive
analytical operations by induction as follows. Put R, = & and having defined R,
put

R,., = R:.

If A is the limit, choose a sequence p,; T A and set, for any family{ £,: n € w),
o
q)(( En: ne w)) = Q q)N‘,INp‘:(( E(l.m) -me w) )’

where N, is the canonical base for R, . Then define
R, = ®*.
Note that any other sequence p; T A gives rise to an equivalent operation by Lemma
3.11. Also, it is easy to check that R, > R if p > p’.
For each p < w,, let #° = Zf and BR® = A%, Let B#* be the least class
containing clopen relations and closed under R, and complementation. Thus, for
instance, #° = 2}, B#° = A, and #2° = C-sets of Selivanovskii. Finally, set

2= U 2*.

p<w

Members of % are known classically as the R-sets. It is not difficult to see that for
each p,

RPC BR” C BRP C AP

In fact, the inclusions can be shown to be strict (cf. [12, 13]).
The following is immediate.

LEMMA 4.1. For every p, R, is normal and RR, ~ R,
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For each p, the class Z%#* can be decomposed into a hierarchy just as in the case
of the Borel class. Suppose R* = ®*. We set Z§ = #£° and take

R0 = R"[( U #| } BR? = (E: E.E € A!).
v<p

R is the smallest class containing %/ and closed under ® and complementation.

It is immediate that these classes are included in Z%#* and indeed that Z#° =

U <., & As above we have, for each p, p < w,,

p<
A G BR G BRL A G Rl
We shall now show that each class c#° = I1F- has the pre-well-ordering property.
The key to this is the following lemma.
IfE=%,(E,:n€ w)), where #'={N,: p € w} and T the canonical induc-
tive operator asociated with { E,} and A", then we have x € E & e € I'*. Put

(5. )lr = {

Thus (e, x)lf < w, © x € E.

least p such that s € T'?  if such p exists,
w, otherwise.

LEMMA 4.2 (COMPARISON OF INDICES). Let§={( E,: n € w) and F= { F,: n € w)
be two families of subsets of X and further assume that ¥ is regular, i.e., F, C F, if
s<tLatA'={N,:p€w) #M={M, p€E w) betwosequences of bases. Define a
sequence of bases { K : s € w) as follows. If s = ({(ny, my),..., (n,,m.)), then K,
is the canonical base for the positive analytical operation ® defined by

o((Gineo)) =0 ({ O, (Gumince))imea))
Otherwise, K. = { w}. Let
X={K :s€w),

Enii ny Y Fomy my ifs=<{{nog.mg)..... (R my))y.

X otherwise.

H, =

Suppose T is the canonical inductive operator associated with & and A", A the inductive
operator associated with % and # . Then,

{x:l(e,x)lr < (e x)a) =Ry ({ H:s € w)).

PROOF. First note that
N E Kitnympy. . (n, vom, 1))
o (an' e M;’,,,O‘,_.va))(Vm en)3In €N, . o )(VnEn)[(n.m)em].
The operators I" and A are as follows.

sel (A) o x&E VvV (Yne€N)3n<n)[s*(n) € A],
s€d(A)oxeF Vv (Vne M)3nen)s+(n) < 4],
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To obtain the result look at the canonical inductive operator associated with " and
H={H s € w)
se€AN(A)eoxe H Vv (VneK,)3nen)s*(n) € 4].
We claim that for all x € Xand ny, my,...,n,_,,m,_,
(8) I({noseees ) X)e < Hmgyeeym_y), x)la
< ((ng.mg),....{n,_y,m_y)) €AY
and the result follows by taking i = 0.

We shall prove the implication (—) by induction on |({ng,..., n,_;), x)|r. Sup-
pose

p=1((ngseosm_) X)p <My, m, 1), x)|5
and assume, to the contrary, ({ng, my),..., {(n,_;, m,_,)) &€ A%. Then
(1) x € E<n0 ..... n,_1 U F%Cmo.m,m,-\)&(an € K(("o-mo)»-~~~<"z»1~"l.»1>>)
(Vs € ) [((no. Moo (myoromi 1)) * (s) & A%].
Now, (m,..., m,_;) & A and so
XEFpp o y&@ANEM, . NVmen)[(my.....m,_ . .m)e&A].
This implies
(i) xe Fomyo om, &

(30 € Mipy o, )(Ym e m)[p < (Mmoo mi_y m). x)la]-

Clearly from (i) and (ii), x € E,,  , andsince (ng,...,n,_,) € I'?,

(Vn” € Neng.. ... n,,,))(an € n")[(ngse.on_y ) € T7P]
which gives

(iii) (V0" € Ny wy)@n € n)((ngseenvm_yn), x)ip <

p=1ng,....n,_1), x)|r]-
Fix 1 € K () moy. (n, ,.m, ,y O satisfy (i). Getn’ € M{,, . such that

(iv) (Vmen)(3n" €N, . ,)(Vneq)[(n. m)enq).
Clearly, (ii) and (1) of §2 yield m* € 7’ such that

p<I((mo,...om_y,m*), x)ly.
By (iv) corresponding to m* getn” € N, ., such that (Vn € ”)[(n, m*) € 7].
By (iii) get n* € 0 such that ((n,,..., n,_,, n*), x)|pr < p. Clearly, (n*, m*) € g
and
((ngsees s n*y, X)p < p < (Moo m,_y,m*y, X))y

and by the induction hypothesis this implies

((nog.mg).....{n,_y,m_y), (n*, m*)) € A%.
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This clearly contradicts our choice of n. Hence ((ny, mgy),..., (n,_;, m; ) € A=,
To prove the other implication, set

*={{(ng,mg),...., (ni_y,m_)):
I((nives ), Xl < ({mgseny myy ), X)]a)

U { t: tis not of the form {((ny, my),..., {(m,_;, m,_)>}.

We shall show that A, (A4*) € A*, from which it will follow that AZ C A4*.
So let

(v) ((nog.mgy,....{n,_y,m,_1)) € A (A4%).
We will have to show that
I({ngseees o)y X < |(<’"0»---~ m,_y), x)la-

Assume to the contrary that

I({mgsesmi_ 1)y x)|a < (Moo o)y Xl
From (v) we have
x € E<c"0v Y] N F('"o- Samy) v (Vn € K(("o""o)vw(",‘l-'", |>>)(35 € n)

[((ng.mo)s..n(noyom,_y).s) € A*].
IEx€EL a0 Fomy  m s then|({ng,...,n,_), x)r = 0 and

({mg,....m, 1), x)|y >0

and we are done. So assume

(Vl) X € (E<n0.. N,y v F(Cmo.v. .m,,l))&(vn € K((no.mo).u.xn,.l.m, l>>)(35 € n)
[((ng.mg),.... (n, .y m,_y).5) € A4*].

If xeF,, ., , then by regularity x & F¢, . for all m, and hence
Vm)({mg,..., m,_,, m), x)|, = 0]. But this is not possible by (vi). Therefore,

(Vll) x € (E<"u- S n F('"o‘ Sm, 1))
& (YN E Kitnymyy. tn yom, 1)) (B35 €M)
[((ng.mo).... (n,_1.m,_y).5) € A4*].
Case 1.|({(ng,..., n,_1), x)|r = w;. In this case (n,,..., n,_;) & I’ and hence

(371" € N<n(,,,.._n,_v,>)(vn e n)Ing. - moysny, X)le = @]

Fixsuchan®” € N, ~, . Pickanyn' € M, . andput
"={({(n,my:nen"&men}.
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Clearly n* € K, myy. (n_,.m >y, @nd, moreover,

(V(n,my € n*)[I({mose..om,_,my, x)a < @ = ({ng,. oy m,_yon), X)Ie].
This contradicts (vii).
Case 2. |({ng,...,n,_1), X)lr = p < w,. Here we have, by our assumption,

(mg.....,m,_,) € A andsincex € F,, . .,

(VTI' € M(mo‘...‘m,_l))(am e n)IKmg,.... m,_y,m)y, x)|y < p]

which implies by (2) that

(31 € M )0 € )< o )l < o] hence
(3,"/ e M<0m0.“,.m‘7l))(vm c n/)[<n0“”’ n'_1> & F‘l((Q"'”’*'~--'"r*|'m>;XHA],

Consequently,

(30 € M, )(YmEem)(30 €N, (VR E )
[(Cmgesm, oy m) s < I((Rgavevomy gy my, )i

This clearly contradicts (vii). Thus in either case we have a contradiction and so
A%(A*) € A*. Thus A% C A*. This proves the other implication of (8).
The following trick is due to Lyapunov.

LEMMA 4.3 (INCREASING THE INDEX BY 1). Let I be the canonical inductive operator
associated with& = { E,: p € w) and A= { N, : k € w). Define
* = X
O ’
Ex — {E(nl.u.‘n,\) ifs=(Ln,....n),

5
& otherwise.

Put
NE = ({1} )
{N<nl..,,‘n‘) ifs= <ls nl,...,n,‘),

{{n):new) otherwise.

* —
5

If/™* ={N}¥: k € w), then
Ry (Eris€w)) =R ((E:s€w))

and (e, x)|r- = |(e, x)|p + 1, where I'* is the inductive operator associated with
&*={(Ef:s€ w)and /*.

PrROOF. We shall prove by induction on p that
A,ny,....n ) €T¥ o (n,....n ) €T’
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Now,

ony,...onyelFoxeEy, .,V

(Ve N, ay)@nen)(ln,... 0, n)y € TF]

o x € E(nl.....n‘) v

(Vn € Ny, . "k>)(3n S n)[(nl,..., n,,ny € I‘:"]
o (ny,...,n.)y €T’
ce €Tt o (Yn e N)(3n € q)[(n) € Y]
ey ey
oec?r.
Hence # ,.{ E¥:s € w)) = R, E;:s € w)) and|(e, x)|r« = |(e, X)Ir + 1.

The following lemma follows from above. One has only to observe that for any
positive analytical operation ®, R® is normal, R®°® ~ R®P° and if

N'={(N,:5s €w)
is a family of bases such that ® > @, for each s, then R® > Z ..

LEMMA 4.4. Let ® > U be a positive analytical operation and /"= {N,:s5s € w},
M = {M;:s € w} be two families of bases such that for each s, ®* subsumes ® and
®,s0. Suppose { E;: s € w} is a family of sets in 2P and { F,: s € w)} a regular family
in II?". Let T be the canonical inductive operator associated with & = {E,: s € w} and
A", and A that associated with F= {F,:s € w} and M. Put B,(x) = |(e, x)|r and
B,(x) = e, x)|,. Then

(@) {x: By(x) < By(x)) € TIT",

(b) { x: By(x) < 0 &By(x) < By(x)) € TP

PROOF. The first assertion follows from the comparison of indices lemma and the
observations made above. The second assertion follows from the first by increasing
the index of A by 1.

By slightly modifying the inductive operator A in the proof of Lemma 4.2, one
can obtain the following

COROLLARY 4.5. Let T, A, ® be as in 4.4. Then

{(S» L, X) Z|(S, x)'l‘ < '(t’ x)‘A} € H;p‘
THEOREM 4.6. For any positive analytical operation ® > U, I} has the pre-well-
ordering property.
PROOF. Let E € II}" and suppose
E‘=®*({ A,:s€w)) with{ A4,) clopen and regular.

Let B(x) be the norm on E induced by the canonical inductive operator. Let N be
the canonical base for ® and put #"= { NN®), # = ( NN®). For each s, set

E,=A, XX, F.=XXxA,
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and let B,(x, y), B,(x, y) be the norms induced by the inductive operators associ-
ated with { E,: 5 € w), A and { F;: s € w}, A. Since all the hypotheses of Lemma
4.4 are satisfied, the sets {( x, y): By(x, y) < B,(x, y)} and

{(x,y):Bi(x,y) < 0 &By(x, ) < By(x, y))

are in II}". But

{(x,y):B(x, ) < By(x, )} ={(x,y):B(x) <B(y))

and
{((x,¥):Bi(x,y) <w &By(x, y) < By(x, )}
={(x,»):B(x) <w &B(x) < B(y)}.

Consequently, IT" is normed.
COROLLARY 4.7. For each p < w,, c®* has the pre-well-ordering property.
5. Complexity of winning strategies and the transfer property of the R-operator.

THEOREM 5.1. Let ® be a positive analytical operation which subsumes both
(countable) U and M. Let ¥ be the o-field generated by =¢°. Let E € =" be such
that

(i) x€E < (Ing€ NN°)(Vny € m)(Im, € NN)(Vn, €my) - --
(Vk)[x € E(n().v...n,_,)]’

N being the canonical base for ®. Then, there is a ¥ -measurable function x — o, such
that o, is a winning strategy for the player 3, whenever x € E.

PROOF. Let ' be the canonical inductive operator associated with NN° and
(E,:s € w) and put NN° = M. Define

s - |

least p such thats € T?  ifs € '™,
w, otherwise.

Now suppose x € E. So 3 wins the game (i).

If ng, mys---s My @and ng, ny,..., n,_, are the first k relevant moves of 3 and v,
notice that 3 goes on to win the game (i), i.e., he is in a winning position iff
(ng,....n,_,y & T= ie, iff B((ng,...,n; ), x)= w,. In such a case, 3 has to
play an 7 € M such that (Vn € 0)[B({(ng,..., ny_, n), x) = w,]. We, therefore,
define for each x, the strategy o, for 3 as follows:

p €o.(s) e B(s,x)<B(s*(p). x).
Clearly by 4.5, the map x — o, is V-measurable. We shall now show that if x € E,
then o, is a winning strategy for 3 in the game (i). Suppose 1o, 7o, My, Ppoe s My 1
n, _, are the first kK moves of 3 and V and assume that 3 has not yet lost the game i.e.
he is in a winning position. Consequently, we have (B({ng, Ny...., N, 1), X) = @,
and hence (n,,..., n,_;) & I'". Therefore,

(ii) (3n € M)(Vn € n)[B((ng, nyseevv mp o m) x) = @]
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By definition,
0. ((ngv- oo m1)) = (P2 By 1), X) < B((mgeemyoy p). X))
={p:B((ng,....nm_y, p).x) = w,).
Hence, by (ii) and the completeness of M,
o, ((ngs-..,n_1d))=meM,

and moreover, Vp € 1, B({ngy,..., ny_,, p), X) = w,, so that 3 is still in a winning
position.

REMARK. Notice that
(iii)

x & E o (Yny€ M)3n,€ny)(Vn, € M)(3In, €ny)--- (Bk)[x EE,. .Qn‘,,>]

« (3"10 € MO)(V"O €mng) - (3k)[x E€E,. . n,_|>]‘

Here also we can have a definable winning strategy for 3 whenever x ¢ E. Unlike
the game (i), here 3 has to play such that at each stage the value of B is decreased.
The following will give a V-measurable winning strategy for 3 in the game (iii)
whenever x € E:

pEol(s)ox&E V (B(s*{p). x)<pB(s, x)).
DEFINITION 5.2. A set EC X X Y is said to be normal if for each x € X,

E*={y:(x, y) € E} has the Baire property. If E is normal and U C Y is open,
then define

E’V={x€ X: E*iscomeagerin U} .

If U =Y, we write E* instead of E*Y.

LEMMA 5.3. Let ® be a positive analytical operation which preserves the Baire
property and let E = ®*({ E,: s € w)), with each E; C w* X w* normal. Define E!
and T" as in 3.6. Then for any s € w,

E*2() = m [E:]d(x) — U [E[,‘ _ T,‘]'Em.
p<w; p<w;

PROOF. As in Theorem 3.8, one can easily check that E* and T* are normal for
each p. Since E = M _ E}, it follows that
(1) E.E(J)g m [E:]‘E(S).

p<wy
Next, suppose x € [EF]**® for all p < w,. For each p € w, (( E})*:p < w,} isa
decreasing sequence of sets with Baire property. Hence by the countable chain
condition, 38( p) < w, such that

(Vp > ,B(p))[(Ef"” - E;)x is meagcr].

Choose p, such that B(p) < p, < w,, for all p. Then (Vp)[(Ef° — Ef**')* is
meager] and hence (T*°)* is meager. Since x € [Ef¢]* =), (Ef?)* is comeager in
2(s). Therefore, (Ef°)* — (T*0)* is comeager in 2(s) and so x € [Ef° — T*] *2(s),
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Thus,
(ii) N [E]* ¢ U [E— T+
p<w) p<w
Finally, since (E¥ — T*) C E for each ,
(iii) U [Ef - 1] c E*3,
p<wp

The result now follows from (i)~(iii).

TRANSFER THEOREM 5.4. Let ® and ¥ be two positive analytical operations such that
® preserves the Baire property and ¥ is normal and subsumes both (countable) U and
M . Suppose, moreover, that there are functions f and g such that for any normal family
(E,: p € w) of subsets of o X w“ withE = ®({ E,: p € w}),

EtZ(s) - \I,({ Ef:f)(SAg(P)): pE w} )

Then for any normal family { F,: p € w} of subsets of w* X w,
(@) F = ®°( F,: p € w)) implies that

F*20) = \PO({ Fy(‘pz)(;ﬁ(p));p c w} )’
for suitable functions y and & (independent of the family { F,}).
(b) F= <I>-(I>°({I';,: p € w}) implies
F36) = w¥O({ Fi30P0; pe ) ),

where

a(s)={<f(”)’Y(m)> ifs = (n,m),

arbitrary otherwise;

Bs) - {g(n)‘a(m) ifs = (n.m),

arbitrary otherwise.
(c) F= ®*({ Fp: P € w)) implies
«3(s) — S5 E(p)) .
F*26) = q,*({ Ei 2680 pe w} )’
where

oo — (a(ng)s...saln_y)y ifs=(ng,...,m_y),
fs) = {arbitrary otherwise;

g(s) = {B("O)AB("l)A"'AB("k—l) ifs=(ngy...,ng_1>,

arbitrary otherwise.

PROOF. Let N and M be the canonical bases for ® and ¥, respectively.
(a) Set G = F° and G, = F; for each p.
Then G = ®({G,: p € w}); and since P preserves the Baire property, each G* has
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the Baire property. Therefore,
G* is nonmeager in Z(s)
o (3u)[G* is comeager in E(shu)]
o (3u)(3ne M)(Vme n)[Gf’;m) is comeager in E(SAuAg(m))] by hypothesis
o Au)(3Ane M) (Vme n)(Vv)[G/’im, is nonmeager in E(SAuAg(m)Av)]
o (Ane M)(Vme n)[GY"(,,,) is nonmeager in 2(sﬂ6(m))].
for some functions y and §, as ®,, > M, U and is normal. Hence,
F*is comeager in Z(s) < G* is meager in 2(s)
o (Vne M)3me T))[ny(m) is meager in Z(SAb‘(m))]
o (Vne M)3Ame n)[Fy’;m) is comeager in 2(sﬂ8(m))]
o (Ane M) (vme n)[Fij, is comeager in E(sAS(m))].

This proves (a).
To prove (b), observe that

F* is comeager in =(s)
- [‘D({ ®O0({ F . q€w) ):p € w) )]Y is comeager in Z(s)
o (3ne M)(Vne n)[(d)o(( Fojnygy: 4 € @) ))x is comeager in Z(S‘g(n))]
(by hypothesis),
o (Ane M)(Vhneq)(3te M) (YVme¢)
[F{}(,,),y(,,,,) is comeager in E(skg(n)aé‘(m))] (by (a)).

Setting a({n, m)) = { f(n), y(m)), B((n, m)) = g(n)8(m), we get (b).
(c) Since F = ®*({ F,: p € w})), the canonical inductive operator I is given by

peET.(A)oz& F,v(Vne N)3nen)(3teN)(Vme{)
[p*((n,m)) € Al;z € w* X w.

Definez € F} < p & I'*. Then by Lemma 5.3,

(1) F*3 = N [1‘;“].2“)~

Bn<w
Define a set relation A operative on w as follows:
1 € A,(A) < F;, is not comeager in Z((1),) V
(Vne M)3nen)(3te M)(Vme )
[(()e((1(n). ¥(m))). (1) g(n)8(m)) € 4].
We shall show that
(ii) x & F**9 o (e 5) € A,
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To prove (i1) we shall show by induction on p that
x &[] o (1) € A,
This is clearly true for p = 0, so assume pu > 0. Now,

x & [F*]"* & (F*)"is not comeager in =(s)

ol Qs pea )|

is not comeager in =(s)
< F¥isnot comeagerin Z(s) V (Vne M)(3Anen)(3¢ e M)(Vm € §)

< F*is not comeager in =(s) V

[( AO# Ff‘( CJmy. vim) >) is not comeager in E(sng(n)AS(m))J (by (b))
© FXisnot comeagerin=(s) vV (Vne M)3Anen)(3t e MH(Vm e §)
(3 < p)[(ﬁ>1<<f(")‘y(m)>>) is not comeager in Z(SAg(n)A8(m))]
< FYisnot comeagerin Z(s) V(Vne M)(3nen)(3te M) (Vm e ¢)
AN < WS (n), v(m))). sg(n)8(m)) € &\]
by the induction hypothesis
o (t,5) € A+,
Hence, putting r = ( ) and using (i), we obtain (ii). Therefore,
F*is comeagerin 2(s) & x € F**®) o {e,s) & A° by (ii)
o (3Any € M)(Vn, € ny)(Véy € M)(3Amy € &) -
(Vk)[FX<<f(no).v(mo>>--~-'<f<nk».)~an)>> is comeager in

2(SAg("o)A‘()\(mo)A‘ : 'Ag("k -1 )A‘S(’"/w ! ))]
Define f and g as follows:

f"(s)={<a("0)*"""("k~l)> if s = (ny,.... n,1)s

arbitrary otherwise;

B(no)kﬁ(nl)A---AB(n,\.‘l) ifs = (ny..... ne_ ),

arbitrary otherwise.

g<s>={

The result now follows immediately.

REMARK 5.4.1. The import of the Transfer Theorem is that if a set E computed by
® is such that E * =) is computed by ¥, then for any set F computed by ®*, F * =
is computed by ¥*

REMARK 5.4.2. It is clear from the proof of 5.4(c) that, under the hypothesis of the
theorem, for any normal family { F,) of subsets of w* X w* with F = R®({ F,}),

F-E(s) - Rq)M({ I:f:z-:;g’(p)): pE w} )’
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where
[ (ngoeooyng 1)) = {f(ng),.. f("k 1))
g'((ngsecimy_y)) = ("o)g(”l) glni_y).
Here, normality of ¥ = ®,, is not required.

6. Applications. We shall now apply the Transfer Theorem to deduce Vaught's
Formula for E* (cf. [19, Theorem 1.6]) and the Category Formula of Burgess [3).

THEOREM 6.1 (VAUGHT). Assume E = S ({ E,: n € w)), with each E, C w* X
normal. Then x € E *=©) if and only if

(Vu, € Seq)(Jv, € Seq)(Ik,)(Vu, € Seq)(Iv, € Seq)(3k,) - -

(Vi)| EX is comeager in =(sugvy -+ u_ v, )|
(ko K, 1) 00 i—1Yi-1

vvvvv

PROOF. Let N = {{ n} : n € w) so that ®,, = U. Suppose F = ®,({ F,: n € w})
= U e, F,. where each F, is a normal subset of w* X «*. Then,

F*is comeager in £(s) « (Vu € Seq)[ F* is nonmeager in Z(su)]

o (Vue Seq)(Bk)[F,j‘ is nonmeager in E(sﬂu)]

o (Vu € Seq)(3k)(3v € Seq)[F,;,‘ is comeager in E(SAu‘v)].
Let ®,, be a § — s operation such that for any family { 4,),

oy({d,inew))= N U U Ao

uESeq r€Seq k€ w
Hence,
F* is comeager in =(s)
o (Ane M)(Vne TI)[ (n,, IS comeager in E(SA(n)[)(n),_,)]
o (Ane M)(vne n)[Ff(,,) is comeager in E(SAg(n))],
where f(n) = (n),,and g(n) = (n);,(n)“. Since
E=a((E,;:n€w))=ROy((E,))
the Transfer Theorem immediately gives
E*S() = Rq)M({ E/.;?)(;E(p)): pE w} )’
where
gng,.inpy)) = g(”o)Ag(”l)a ot 'Ag(nk—l)
and f((ngs.... ng_1)) = (f(ng).... f(n,_,)>. Therefore,
E* is comeager in Z(s)
< (3n, € M)(Vny € 1)(3n, € M)(Vn, €my) -+
(Vi)[ Snoy. (n, )y IS COMeager in S(sg(ng) - ‘g(n,,,,l))]

(Vuy € Seq)(3v, € Seq)(3k,)(Vu, € Seq)(Iv, € Seq)(3k,) - -

Vi)l EY ' is comeager in (s ugvy -+ u,_ v, ).
(koo ko)) 8 oY -1V
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DEFINITION 6.2. Define an operation ¥~ as follows.
xe€V({E,:n€w))
© (Vu, € Seq)(3v, € Seq)(Ik,)(Vu, € Seq)(Iv, € Seq)(3k,)

(Vi)[x € E(uy thyrnyye . Cu ok, 1, ,>>>]'
Clearly ¥~ is positive analytical and "~ &/. Call ¥ the Vaught operation.
Define a sequence of positive analytical operations { S,: p < w,} by the induction
So =7, S1=S.
If A is limit, choose p, T A and set for any family { E,,},
Y(E)) =N (I)MDIM;’,(< Eimy:m€ w) ).

1EW

where M, is the canonical base for S, . Then define S, = ¥*. It is easy to check by
induction that for each p, R, ~ S, and hence #° = Zf» = Zj.

We shall now deduce the Category Formula of Burgess by showing that if E is in
Z*, then E* is computed by S,.

THEOREM 6.3. Let E C w* X w* be a set in R°. Then E *=*) = { x: E* is comeager
in 2(s)) is also in R*.

PrOOF. We shall prove the theorem by induction. Let N, and M, denote the
canonical bases for R, and S,, respectively.
Assume that for all » < p there are functions f, and g, such that if

F=R,({F:new)),

with each F, C w* X w* normal, then
Fe*26) = S,({ F2estmine w} )

We shall then show that if E = R ({ E,}), then E =) is similarly computed by S,.
The result then follows by observing that for each clopen E,, E¥ is also clopen.

Case 1. p = v + 1. In this case, E = R¥({ E,: n € w}). Hence by the Transfer
Theorem,

E*is comeagerin £(s) « (I, € M,)(Vn, € ny)(VE, € My)(3Amy € &) -+~
(Vi)[Ef{((<,,0‘,,,0>w‘<,,lil,mﬂ>>)is comeager in
=(sg,({({ng.mg).....{n,_\, m,,,>>))]
where f, and £, are related to £, and g, as in 5.4. Setting f, = f, and g, = &, we get
E3 = s ({ E3yemine o) ).

Case 2. p is limit. Choose a sequence p, T p and for any normal family { H,,: n € w)
set

H=0((H,))= (P n({Hyp:n€w})

1€Ew
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Then,

H* is comeager in Z(s) < (Vi)[(d)NplN:’(( H, yimE w) )) Cis comeager in E(s)]
o (Vi)(Ane M, )(Vnen)(VE € M, )(Am € §)

[H{",‘GM,,.M),) is comeager in =(s 8,((n. m)))]
(by the Transfer Theorem),
where «, and f, are obtained as in 5.4(b). Therefore,
H*S0 = ¥({ HpZeem:me o) ).

where ¥ is the operation in 6.2 and
f((omy) = ive(n))y,  g((ion)) = B,(n).
Since E = ®*({ E,)), by applying the Transfer Theorem again we obtain the result

as in Case 1.
As the R-sets have the Baire property the next result follows immediately.

COROLLARY 6.4. If E € cR*, then E "' is also in cR*.

By repeatedly applying the Transfer Theorem and 6.3 to every level of the
hierarchy of #%#*-sets one obtains

COROLLARY 6.5. It E € BR® (pn,p < w,). then E "> is also in BRY,.
In particular, putting p = 0, one has for any C-set E. E* is also a C-set.

7. The approximation theorem.

LEMMA 7.1. For p < w,, let R, = ®y = R®y\o. As in the proof of 6.3 there are
functions f and g such that for any normal family { E,} withE = R,({ E,}),

E " is comeager < (In € K)(Vn € n)[Ef‘(,,) is comeager in Z(g(n))]
< (In, € M)(Vn, €ng) - -+
(Vk)[E“<a(<"‘m>)wm<"‘ Lm, )y IS comeager in
2(B((ng.me)) - B({my y.m,. 1>)]

where f. g and a. B are related as in 5.4(c) and b, ~ ., and K = RMM".

Then, one can choose K such that for any n € K, U nen 2(g8(n)) is dense in w*.

In fact, K may be taken to be the canonical base for S, with the property that for any
n € K and s € Seq there is an n € m such that g(n) extends s.

PROOF. We shall prove this by induction on p. For p = 0. ®; is the Vaught
operation ¥~. Taking K to be the canonical base for ¥ it is easy to check the
assertion of the above theorem.

So assume p > 0 and the assertion holds for all » < p.

Case 1. p=v + 1. Then &, = R,. Let 7 € K= RMM", where M has been
chosen to satisfy the assertion of the theorem for the operation R,.



R-SETS AND CATEGORY 147

Fix a basic clopen set (). We have to show that there is n € 5 such that g(n) is
consistent with 7 (in fact, extends ).
Sincen € RMM°,

(3o € M)(Vn, € )(VE € M)Amy € &) -+
(V) [((ngy mgy - (g my 1)) €.
Fix n, € M such that for each n, € 7,
(V& € M)(3m, € §)(3n, € M)(Vn, € n,)(VE, € M)(3m, €¢) -+
(VE)[{({ng, mg)...., (My_1omy_y)) €]

By the induction hypothesis, there is an n} € n, such that g(n}) extends z. Now pick
a ¢, € M such that for some m§ € £,

(3ny € M)(Vny € )(VE € M)Amy€§,) -+

...(Vk)[<<n0,m0>"' <nk_’,m,‘_l>>€ T’]'

Clearly, n = ((n%, m3)) € nand g(n) = g(n%)8(m3) (cf. 5.4). Thus g(n) extends r.
Case 2. p is limit. Let p, 1 p. Then R, = ®% = R®,0, where @, is the operation
given by

(I)’V({ 1:;1>) = m (I)N‘,INDOI(< F(I.m): me& O))) and (I)N‘,l = Rp,'

€w
In this case, if E = ®,({ E,}), then
E* is comeager © (In € N)(Vn € n)[Ef:,,) is comeager in E(g‘(n))]
o (Vi)3ne M, )(Vnen)(It e M2 )(Vm e £)
[E"<,‘al(<,,.m>)> is comeager in =( 8,({n, m)))]
(cf. 6.3, Case 2).

In view of Case 1, it suffices to show that for any n € N and for any (), there is
an n € q such that g(n) extends .
Now, N may be chosen such that

n€N o (Vi)3n e M, )(Vneq)(3¢ € MP)(Vm € £)[(i.(n.m)) € 7],

where each M, has been chosen to satisfy the assertion of the theorem.
Letn € N and fix any i* € w. Getn* € M, such that for eachn € n*

(3¢’ € M0 )(Vm € £)[(i*.(n, m)) € 7).

Since n* € M, , by the induction hypothesis, there is an n* € n* such that g.(n*)
extends 1. Get ¢ € M) and m* € ¢ such that (i* (n* m*)) € n. Take n =
(i*,{(n*, m*)). Then

g(n) = Bl'(<n*’ m*>) = gi‘(n*)Aal'(m*)
(cf. 6.3) and hence g(n) extends ¢.
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LEMMA 7.2. Let & be a o-field closed under operation <7 and let %8 . denote the Borel
o-field on w*. Let E C w* X w“. Suppose there is a family { A,} such that

(a)4 = ( 4,)),

(b4 C E,

(c)eachA, € F® X,

(d) A" is comeager whenever E~ is comeager.
Then there is a set B € #® % . such that B C E and B* is comeager whenever E* is
comeager.

PROOF. Let [: w®” — w* be the characteristic function of a generator for a
countably generated sub-o-field %, of #such that each 4, € %, ® # .. Let [(w*) =
D. Then, as is well known, / is a bimeasurable function between %, and %,,. the
Borel o—field on D. Set

= {(I(a).B): (a,B)€4,}, A={(I(a),B):(a.B) < 4}.

Clearly, A,, € #,® B, and 4* = F/({ A,}). Hence 4 is an analytic set in D X «*.
Get an analytic set C C w® X w* such that

A=CnN (DX w*).

Then by 1.6 of (17], get Be @® B, where d is the analytic o-field on w“, such
that B € C and B~ is comeager whenever C* is comeager. Put

B={(a,B):(I(a).B)E B).

Since #is closed under operation &, clearly B € #® #%,. and moreover, B C E and
B is comeager whenever E* is comeager.
We have adapted the proof of the Category Formula (2] in the next lemma.

LEMMA 7.3. Suppose we have
(Vs0)(315)(¥s,)(31,) - - - {(Va,)(3by)(Va,)(3by) - -+ P(a.B))
© (¥s9)(Vag)(310)(3bo) (Vs )(Va, )(31,)(3by) - - Pla, B),
where & = (ay, by, @y, by.... ). a, b, € w,and B = sgtys;t, -5, I, € Seq.
If 3 wins the second game, then he may do so by means of a strategy o* such that, to

every complete play s, ag, ty. by, ... consistent with o*, there corresponds a complete
play si. 1, s|. t{.... consistent with a winning strategy for 1 in the first game such that

SolgSity - =50 th s 1) e

PROOF. Let w_;,wy, w;, w,,... be an enumeration of w™“ such that w_, is the
empty sequence and if w, is an initial segment of w,, then i <j. For s € w™*, its
code, denoted by |s|, is its position in the enumeration.

Suppose 3 wins the second game with strategy o. We shall now construct a
winning strategy 7 for player Il in the first (Banach-Mazur) game. 7 will be defined
(by induction) in such a way that every partial play consistent with 7 corresponds to a
partial play consistent with o.

Suppose 5. Ly, - - - 5, 1. I, have been defined consistent with T and

T(Sgs Lgseees Sp1aly_125)
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has not been defined. Let n be the code of (ay,..., a,,_,.a)and let |(a,,....a,,_,)

n*. Clearly, n* < n. Let the partial play (consistent with o) corresponding to

(Sgs Lgse-es Spes L) b (@g, Ugy. .y 1y Upy_ 1y By 13 U, 1) SUCh that 552 - ¢ 5,el e
= Ugly * -+ U, U, Put

U= Speirlyeir " SpoilnyS.
Let

o(ao, uO; b ’UO; c ;b

—1s U1, @ 4) = (b, v).
Then

T(Sgs Lgsevvs Sp1sln_1sS) = U,
and the partial play associated with

SO’ [0,..., S"_l, t"_ls S,U
1s

ag, ug; by, gy ooy by 1y Uy @, us by v,

We shall now show that 7 is a winning strategy for player Il in the Banach-Mazur
game. Let

Sy Loy S1s 11y 8595 15,
be a complete play consistent with 7. We shall have to show that

(Vay)(3bo)(Va,)(3b,) -+ P(a, B),
where

a=(ag. by, ay,by,...) and B =sy1p5,1, -
So let V play a,. Suppose |(a,)| = n,. By definition of 7, the partial play (consistent
with o) corresponding to s, Zo,. - -, S, Ly, 1

a, s(;t(; .. ~As,,0; by, 1,
for some b, € w. 3 replies with b,. Next suppose V plays a, and let |(a,. a,)| = n,.
By definition of 7, the partial play (consistent with o) corresponding to

S50+ L0+ Sngr Lngr= -+ Sys I,

1S
ag, Soly "8, 5 bgyt

————

up

ne = UVos dy» Sng+1lng+1 """ a5 by. I, =0
—_—
L3t

3 replies with b, and the play proceeds as described. Since the play aj,. v, b,. vy;
ay, uy; by, vy ... is consistent with o, we have

P(a. ugvguyvy -+ ).
But 8 = u,v, u;v; -. Hence P(a, B8). Consequently, 7 is a winning strategy for 11
in the Banach-Mazur game.

We shall now modify o to o* such that any complete play consistent with o*
corresponds to a complete play consistent with 7.
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DEFINITION OF o*. Let V play a,, s and suppose [(a,)| = ny. Simulate the
following partial play in the Banach-Mazur game, where II plays with strategy 7, e*
being a fixed sequence number:

SO )'s’ = e ’sz = ¥ e e e e e e e no =g
4 s
4 s
4 s
\ , \ ) \ \
ll to Il t2 ........ tno

According to the definition of 7, o(ao,so tos1 1y - 5q,) = (bg, 1,,), for some
by € w. Define 0*(ag, s3) = (by 155, 1, - Snyln,)- Next suppose V plays a,, s{ and

let |(a,, a,)] = n,. Consider the following partial play consistent with 7

1 sg s, = P Sno = o* ,,3’1 = Suge ’sno+2 —e* ... 5n = o*
\ /f \ /i‘ /// \ /// \ \
// // \ e //
11 to R "‘/0 tn0+1 ............ )

e 0 " . : - "y =
By definition of 7, a(ag, Sg fy = S, bos 1,0 @1y Spciluyer 7 Sny) = (b1,
b, € w. Define

* 0. AP, . ) = ) - ...
o (ao’ 505 bos 195y Snolngs A1s 51) = (bls Lny+15n,+2 snltn,)

and so on. We shall show that o* is a winning strategy for 3 in the second game.
First observe that any complete play

ag, Uy, by, vy, ay, uy, by, vq,. ..
consistent with o* corresponds to a complete play
50+ 1gs Spsfyse-s
consistent with 7 such that

A A A A A A A A

Solosity -+ = UgLouy vy - =B,

say. To prove that o* is a winning strategy, we have to show P(a, B), where

a = (ay, by, a;, b,,... ). Next observe that any play consistent with ¢* is of the form
(W1 agy, s ay, S] = Spoa1

ENN Bos toS1ty "+ Syt brs tyyar ™ Suln,

such that

- - N -

o -
(M1 ag,s0 1y =+ Sy, ay,Spoirlmgsr " Sm,
(311 by, 1y, by, t

is consistent with 0. Consequently, we have

n

0~ B
P(a9SO o - snotnosn0+ltn0+l )

and hence P(a, B).
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REMARK 7.3.1. The definition of o* is highly constructive and can be effected by a
Borel function from the space of strategies to the space of strategies i.e., the map
o — o* is Borel.

Using the above result, one immediately has the following.

COROLLARY 7.4. If the second game in 7.3 is determined, then
(35)(V1o) (35, )(Vey) - -+ {(3a0)(Vby)(3a,)(Vh,) - -+ — P(a, B))
< (350)(3ag ) (V1,)(Vbo)(35,)(3a) ) (V1) (VD) - - - = P(a, B),

and the conclusion of 1.3 also holds here.

REMARK. Lemma 7.3 and Corollary 7.4 yield a constructive proof of a particular
case of the Game Formula of Kechris [11].

LEMMA 7.5. Suppose E C w* be a set in #°, p < w, and let R, = R®,. Assume
E = R, ({ E,)), where each E,, is clopen. Then,
E is comeager <> (3n, € M )(Vny, € n9)(An, € M)(Vn, €y) - --

(Vk)[E<f(n0),.“,[(n,‘_l)> is comeager in 2(8("0)‘8("1)A Tt Ag("k~1))]

where f and g are some suitable functions and ®,, ~ ®,. Moreover, f and g can be
chosen such that, with any winning strategy o for 3 one can associate a winning strategy
o* such that for any run my, ng, my, ny,... consistent with o*, the sequence B =
g(no)g(ny) ---isin E.

PrROOF. The first assertion follows immediately from the proof of Theorem 6.3.
Moreover, by Lemma 7.1, M may be chosen such that for any n € M and s there is
n € 7 such that g(n) extends s. Therefore, we have

(An, € M)(VnyEn,) - (‘v’k)[Em,,o,p__‘ﬂ,,“)> is comeager in
2(g(noVg(m) -~ g(ne))]
o (Anye M)(Vny€ng) - - (Vk)[B € E(/(no),..,,f(nAAl))]
where 8 = g(no)kg(nl)‘. ... Hence,
(i) E is comeager « (3n, € M )(Vn, € n9)(3n, € M)(VYn, €n)) -+~
(Vk)[g(”o)ﬂg(”l)a € E oy fin,. ,;)]-

We shall prove the second assertion only for p = 1, since for higher levels the proof
involves similar ideas, although notationally cumbersome.

First observe that if F =/({ F,)), with each F, clopen, then by the Category
Formula [2], we have

Fis meager © (Vko)(Vso)(310) (VK )(Vs,)(3ty) - -

e (3i)[F< ko. .k, ) iS meagerin S(soty - ~s,_1t,,1)].
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Therefore, whenever G = I'({ G, }), where I’ = &/,

G is comeager « (Vk)(Vsy)(3to)(Vk,)(Vs)(3ty) - - -
(EIi)[G<k0 ’’’’’ x,.,» is comeager in 2 ()7, ~--As;,1t,._1)].
Since E = RI'({ E,}), by 5.4.2 we have
(ii) E is comeager © (VK )(Vsd)(323)(VA?)(Vs?)(32?) - -+ (Fiy)
(vkb)(¥s5)(310) (Vki) (Vi) (3eh) -+ (30y)
(VK3 )(¥s5)(3e5) (k7 ) (V5P )(3ef) -+ Qi) -+ (V)
[E<<k8,k?,..<,k?0_.> .... <k{)~71w’k{jill_,>>iscomeagerin
(8000 s s i 1)]
Now, E is comeager 1—>AI{ wins the game G**(E°) < (Vsy)(31,)(Vs))@3t,) - -+
[B € E], where B = sy1,s,t, .... Hence (using (i), the equivalence in (ii) reduces to

(iif)  (V50)(310)(V51)(31,) - { (Vay)(@no)(Ver,)3n,) - -

(Vf)['B € Ezotny, 6,4(n,_1>>]}
© (VAQ)(Vs0)(310) (VAL ) (vs?) (3e0) - - - (3dp)
(VKo )(Vs)(3e5) (VA1) (Vst)(3d) - - (31) -+ (V)

0%,0 ,, . 0" 0% 171 "1t At
[So ty Sis—1ti,—150 o Si—1li, -1

€ kg k) (kb 1y [

’ -1
As in [3, §11], we shall define a game G’ of length w such that 3 wins G’ iff 3 wins
the second game in (iii). The game G’ is as follows. Though its total length is & we
think of it as consisting of potentially infinite sequence of subgames each consisting
of potentially infinite sequence of rounds. If in any play of G’ the jth subgame
actually goes through infinitely many rounds, then the (j + 1)th subgame never gets
started. This keeps the total length within bounds.

In the jth subgame the two players play the rounds of that subgame. The /th such
round opens with 3 signalling (by a choice of 0 or 1) either a challenge or a pass. If
he challenges, the whole jth subgame ends at once and the players proceed to the
(J + Dth subgame; in this case we record u; = (k§,..., k{_,) and

=i ti G
v =S 1o s/t

formed from the moves. If 3 passes, V chooses k{ € w and a sequence number s/
and 3 replies with ¢/ € Seq; then the players proceed to the (/ + 1)th round.

If some jth subgame goes on forever because 3 fails to challenge on any round, 3
forfeits the game. If this provision does not apply, then a sequence (u, vy;
Uy, vy,... ) will have been generated. 3 wins iff for all j

A A A

Doy ~ -+ = B € E(Mo»lﬁ ~~~~~ uji—1)°
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Thus the game G’ is essentially of the form

(Vso)(Vag)(315)(3by ) (Vs )(Va, )(31,)(3by) - - - M(a, B),

where the condition M is Borel (in fact G, cf. [3, §11]). We shall now make a few
observations. First, observe that each subgame in the second game of (i) is a
Banach-Mazur game interlaced with operation I' (which may be looked upon as a
game'). Secondly, the condition within [ ] is the same as the condition in the first
game. Consequently, any reduction of the second game of (iii) involves the interlac-
ing of a Banach-Mazur game with an ordinary game of length w which is obtained
by the corresponding reduction of the operation R,. Therefore, reducing the R,
operation within { } in the first game of (iil) as above, we observe that the
equivalence (ii1) is equivalent to the following:

(iv)  (Vso)(31)(Vs))(31) - -+ {(Vag)(3by) - -+ M(a. B))
o (Vsg)(Va,)(31,)(3b,) - - M(a. B).

Now, if 3 wins the second game in (iii), he also wins G’, the second game in (iv). By
Lemma 7.3, 3 wins with a strategy o such that for any complete play s, a,. t,. by.. ..
consistent with o, 8 = s(; t(; -+ corresponds to a complete play of the Banach-Mazur
game in (iv). Moreover, the strategy ¢ gives rise to a strategy ¢* in the second game
of (i) such that, if 0. ¢5, kO.....ig Sbsth. kb...., 02+ is a complete run
consistent with o*, then the sequence B =s§ ) ---'s*" ;10" sh7eh - is also
produced by a complete run of the game G’, when 3 plays with o. Consequently. 8
satisfies the condition within { } in (iv) and as observed above, 8 € E.

REMARK. For sets E at the higher level we have an equivalence similar to (iii). On
the left side of the equivalence we have a Banach-Mazur game followed by the
corresponding R-operation, and on the right side we have Banach-Mazur games
“interlaced” with the operation (regarded as a game played on w) with dummy
moves, if necessary. As in the proof above, the second game can be reduced to a
game of length w (see [3]) and the proof proceeds exactly as above.

REMARKS 7.6 (ON THE A - TRANSFORM). We shall now look at the dual of the
*-transform and obtain some analogous results. The proofs being very similar to
what we have already done, we shall omit the details.

Foraset EC X X Yand U C Y, put EAY = (x € X: E¥is nonmeager in U).

Note that A is the dual of the *-transform in the sense that E3U = [(E€)"Y]". The
A-transform behaves very much like the *-transform and we have the counterpart of
Lemma 5.3:

With notation as in Lemma 5.3, we have

EA}‘_(S) _ m [E#]A.‘:(s) — U [Ee# _ T“]AE(\).

p<w ¢ p<w
This decomposition of the set E* suggests, as in the case of £*, that (E=)¢ may be
obtained as a fixed point of an inductive operator. Indeed we have the following
counterpart of Theorem 5.4,



154 RANA BARUA

THEOREM. Let @, and ®,, be two § — s operations such that ® ., preserves the Baire
property and ®,, is normal and subsumes both (countable) \U and (. Suppose there
are functions f, and g, such that for any normal family { E,} of subsets of w* X w* with
E=®,(E,)

EAZ() = @M({ Ef‘?(zp(i;gl(p)): pe w} )
Then for any regular normal family { F,), if F = R®y({ F,)) then
F* is nonmeager in Z(s)
< (An, € M)(Vn, € ny)(3n, € M) (Vn €y) - -
(‘v’k)[Fg,xno)'_“_f,(,,A )y is nonmeager in 2(sg'(ny) -+ g'(n, ))]
where [’ and g’ are suitable functions (independent of { F,})) and ®,, = ®,, U M.

PRrOOF. First observe that for any regular family { F,}, F! C F if 1 <s. As in
Theorem 5.4(c) we define a set relation operative on w as follows:

t € I,(A) & F; is meagerin 2((r),) v

(V0 € M)(3n € )(¥u)@30)[(()a (£1(m). (D)1 gi(nVu0) € 4].
To obtain the result, one then shows that x € FA%¢) & (e, s) & I'”. Asin 6.3, this
theorem immediately implies that for a set E € #°., if E = R®,({ E,)). then

(9) x€E* o (3ng € M)(Vny€ny)(3n, € M)(Vn, €9,) ---
(Vk)[E{/'(nn).v--./‘<nk".>> is nonmeager in =(g’(n,) - -Ag’(nk_l))].
for suitable M, f’, g’. Moreover, one can choose M such that
n€ M°&s € Seq — (3In € n)(g'(n) extends s).
Finally, observe that by (9) we have for £ C w*
(v) Eismeager « (3n, € M°)(Vn, € ny)(3In, € M°)(Vn, € my) - --
(36)[ g (no) g (M) & Ecpng yin, ).

Arguing as in Lemma 7.5 and invoking Corollary 7.4, we may show that 3 can win
the game (v) (if he does so) by a strategy o** such that if 9y, ny, m, ny,... 1s a
complete play consistent with o**, then 8 = g'(n,)g'(n, ) --- isnotin E.

The next theorem is the first step towards our approximation theorem.

THEOREM 7.7. Let E C w* X w* be a set in #°(p > 0). Then there is a set
B € BRE ® B, such that B C E and B~ is comeager on E*.

PROOF. Let R, = R®, and assume E = R®,({ E,}), with each E, clopen. As in
6.3, there are functions f and g such that

(i) x€E*o (3n,€ M)(Vn, €ny)(3n, € M)(Vn, €7,) -

(VK[ Effinyy. g, 1y 15 comeager in =(g(n) - g(m, 1))
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where M is such that ®,, ~ ®,. Further, by Theorem 5.1, there is a #%§-measur-
able function x — 7, such that whenever x € E*, 7, is a winning strategy for the
player 3 in the game (i). Moreover, by Lemma 7.5 and Remark 7.3.1, we may assume
that the function x — 7, is such that for any complete play 7, ny, 1y, #5,- ..
agreeing with 7, the sequence 8 = g(nO)Ag(nl)Ag(nz)A- -+ isin E£*, and that the base
M has been chosen as in Lemma 7.1. Define for each k > 1,

W (s, x) © Seq(s) &1h(s) = k& (Vi < In(s))[(s), € 7.(s 1 i)];

i.e., W[ consists of the codes of the first k possible moves of V when the existential
player plays according to the strategy 7,. Clearly, W, € #%§. Define
C(x, y) © (Fa)(Vk)[W(a(k), x) &y € Z(g(a(0)) -~ ‘g(a(k — 1)))] &x € E*.
Plainly, C is the result of operation &/ on sets in Z%§ ® %,,.. We shall show that
(a) C C E and (b) C* is comeager on E*.

If (x, y) € C then x € E* and 3 wins the game (i). Further, there is a sequence
{n,:k € w) such that n,, n,, n,,... are the moves of V when 3 plays according to

T.and y = g(no)kg(nl)k' --. Consequently, y € E*. To prove (b), fix an x such that
E* is comeager. Then

C* = { yI@a)(VK)[ W, (a(k), x) &y € Z(g(a(0)) - - g(a(k = 1)))]}.
Define

A ={2(8(”0)Ag(”1)A'"Ag(”k—l)) if W, ((ng,...s ni-1), x),

(Mot @ otherwise.

Then, C* = /({ A;)). Hence to show C* is comeager, it is enough to show (by
Vaught’s Formula) that

(Vs0)(3ko) (31 )(Vs,)(3k,)(31y) - -
(‘v’i)[A<k0 ..... k,_,y 18 comeager in E(S(;t(; ---As:_lt,._l)].

So let V play s,. By Lemma 7.1, pick k, € 7,({ )) such that g(k,) extends s,.
Then 3 replies with k, and a sequence number ¢, such that 5,7, = g(k,). Next when
V plays s;, 3 plays k; € 7.((k)) such that g(k,) extends s, and then plays ¢, such
that s; t; = g(k,), and so on. By adopting this strategy, 3 ensures that for each i,

Ako. . 4.,y is comeager in Z(soly -+ 8;_11,_1).
Thus, C* is comeager. An application of Lemma 7.2 gives the required set B.

The next lemma is the counterpart of Theorem 7.7.

LEMMA 7.8. Let E C w* X w* be a set in R*. Let E* = { x: E* is meager). Then
E* € ¢R* and there is a set C € BRE ® B . (in fact, in 6(R°) ® B,.) such that
E C C and C* is meager on E¥.

PROOF. Plainly, E* € c%2°, by Corollary 6.4. Let f, g, N, M,{ E,} be as in
Remark 7.6 with { E,} regular. Then, by (v) of Remark 7.6,

(i) E*ismeager & (I, € M°)(Vn, € 1y)(3n, € MO)(Vn, € ) - -

@) 8(n)8(m) -+ & . sine ).
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Further, by Remark 5.1.1 there is a 6( %£*)-measurable function x — 7, such that 7,
is a winning strategy for 3 in the above game whenever x € E®. Moreover, 7, can be
chosen as in Remark 7.6. Call u = {(n,,..., n,_,) good with respect to 7, and 8 if 8
extends g(nO)A~-“g(nk_,) and ng,..., n,_, are the first k possible moves of V
when 3 plays with strategy 7,. Define

T(u. x.B) < Seq(u) &(Vi < Ih(u))[(u), € 7 (u 1 i)]
& B e 2(8((“)0)‘8((“)1)A'"Ag((“)lh(u)—l))
&(Vner(u)[Be=(g((u)) g((u);) g((u)) - &(()me-1)g(n))].

In other words, for each x, B, the section T, 4 consists of all maximal good sequences
with respect to 7, and B. Clearly, T € o(#*) ® # . and, moreover, T*“* is closed
nowhere-dense for each good sequence u and x. Now define

C'(x,B)eox€ E*&(3u)T(u, x,B).
Set

C=C"U(E*) X 0.

Since E¥ € ¢#*, C € 0(#*) ® %,,.; and to conclude the proof we shall show that
EcCC. So let (x,B)e E. If x¢& E*, then we are done. So assume x € E*.
Therefore, 3 wins the game (i) with strategy 7,. Now, suppose when 3 plays the game
(1) according to 7., V is able to play n, n,, n,,... such that foreach k, (ng,..., n,_,)
is a good sequence with respect to 7, and . Then

B=g(ny)g(ny) ---
and hence, by Remark 7.6, 8 ¢ E*. Consequently, since we have 8 € E*, V 1s able
to play n, n,,... ‘consistent’ with 8 only up to a finite stage. Let u be the code of
the maximal sequence. Then T(u, x, B) and hence (x, 8) € C.
The following gives the approximation at the first level.

LEMMA 7.9. Let E C w® X w* be a set in #* (p > 0). Then there are sets B, C in
BRE ® B such that B C E C C and C* — B* is meager for each x.

PROOE. Let T, = E “*); s € Seq. As E * satisfies the Baire property for each x,
UT, = { x: E*is nonmeager) .
Since each Z(s) 1s a (recursive) homeomorphic copy of w*, we can apply Theorem
7.7 to get B, as in the theorem. Put
B=UB, N(T, X w*).

Clearly, BC E, B € ##§ ® #,,. and for each x, E* — B* is meager.

To get the set C, work with £ and argue as above using Lemma 7.8.

REMARK. Lemmas 7.7-7.9 are the analogues of Lemmas 1.3, 1.5 and 1.6 of
Srivatsa for C-sets [17]. Naturally, from now on it is going to be a repetition of
Srivatsa’s techniques.
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APPROXIMATION THEOREM 7.10. Let A be an R[ subset of w* X w* (p > 0,
p. 1 < wy). Then there are sets B and C in BR; ® B, such that BC A C C and
C* — B*" is meager for each x.

Moreover, if A € BR.. then one can find B, C in BR; ® %
properties.

. with the above

w

PROOF. We shall prove this by induction on u. When p = 0, this is just Lemma
7.9. So suppose p > 0 and that the result is true for all » < p. Let A € #¢ and let
R, = R®,. Then A is the result of operation R, on a family { 4,) of sets from
Y ,., #0]. By the induction hypothesis, for each n we have B, and C, both in
U, , BR) ® B,.suchthat B, C A4, C C and ;7 — B, is meager for each x. Let

B=R,((B,)) and C=R,({C}).

Then, B € A C C and for each x, C* = B < U (G — B}), and hence meager. To
complete the proof it is enough to get B € B and C 2 C such that B and C are in
BRL ® B, B* — B~ is meager and C* — C* is meager for each x. We will show
how to obtain B; C can be obtained similarly.

Let # be the o-field generated by U, B2#?. Then B=R ,({ B,}) with each B,
in #® %,.. Thus, one can obtain a countably generated sub-o-field & of #such that
each B, € 9® % .. Fix a countable generator of ¢ and let f: (w“, %) — w* be its
characteristic function. Put M = f(w*). Then (w“, %) and (M, %,,) are Borel
isomorphic. For each n, let B, = {(f(x), y):(x, y) € B,}. Then B, € %,,, ., for
eachn. Let D = {(f(x), y):(x, y) € B}. Then D = R ({ B, }). Hence, there is a set
E C w® X «* in #° such that E N (M X «*) = D. Apply 7.9 and get £ C E such
that £ € BRE ® B, and E* — (E)~ is meager for each x. Let f: w* X w* — w* X
w* be the map

fx.p)=(/(x). »).
Put B = (f)“(E). Note that since f is a bimeasurable map of (w”, ) and (M, %,,),
SR w*) € { A C w: Ais the result of operation R, on setsin 4} C #?.

Consequently, f (#RE 1 w*) C BRL. Thus B € BAL ® B, and clearly. B* — B~
is meager for each x.

The second assertion follows from the first by observing that the class of all sets
for which the result holds is closed under @, and complementation.

The next proposition is quite well known and follows from the Von Neumann
selection theorem.

PROPOSITION. Let (T, #) be a measurable space, # being a o-field closed under
operation &, and let Y be a Polish space. Let B € # ® %, have nonempty vertical
sections. Then B has an A#M-measurable selection.

As a consequence of the approximation theorem we have the following

THEOREM 7.11. Suppose A C w* X & is a BR} set (p > 0) such that A" is
nonmeager for each x. Then A has a BR;-measurable selection.
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PrROOF. By Theorem 7.10, get B € ##; ® %, such that B C A and 4" — B is
meager for each x. B* is then nonempty for each x, and the above proposition yields
the result.

The next selection theorem is due to Burgess [3].

THEOREM 7.12. Let F: w* — w* be a multifunction such that F(x) is nonmeager in
its closure cl( F(x)). If F is BR°-measurable and its graph Gr(F) € ZX*, then F has
a BRP-measurable selection.

PROOF. Define G by G(x) = cl( F(x)). Then G is a closed-valued, Z#*-measura-
ble multifunction. Hence there is a map g: w” X w* — «* such that g is Z%° ®
% ,.-measurable and g(x, -) is continuous, open and onto G(x), for each x (cf. [18]).
Define G’ C w* X w* by

G ={(x,y):8(x,y) € F(x)}.
As Gi(F) € #%° and g is BR°® ® & .-measurable, G’ is in BX*. Also, as the
inverse image of a nonmeager set under a continuous open map is nonmeager, G’
has nonmeager sections. By Theorem 7.11, G’ has a #%"-measurable selection g’.
Then f(x) = g(x, g'(x)) is a ZA*-measurable selection for F.
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