0-1 LAWS FOR REGULAR CONDITIONAL DISTRIBUTIONS

PATRIZIA BERTI AND PIETRO RIGO

ABSTRACT. Let (92,8, P) be a probability space, A C B a sub-o-field, and
1 a regular conditional distribution for P given A. Necessary and sufficient
conditions for p(w)(A) to be 0-1, for all A € A and w € Ag, where Ag € A
and P(Ag) = 1, are given. Such conditions apply, in particular, when A is
a tail sub-o-field. Let H(w) denote the .A-atom including the point w € Q.
Necessary and sufficient conditions for p(w)(H (w)) to be 0-1, for all w € Ag,
are also given. If (€, B) is a standard space, the latter 0-1 law is true for various
classically interesting sub-o-fields A, including tail, symmetric, invariant, as
well as some sub-o-fields connected with continuous time processes.

1. INTRODUCTION AND MOTIVATIONS

Let (€2, B, P) be a probability space and A C B a sub-o-field. A regular condi-
tional distribution (r.c.d.) for P given A is a mapping p : Q@ — P, where P denotes
the set of probability measures on B, such that p(-)(B) is a version of E(Ip | A)
for all B € B. A o-field is countably generated (c.g.) in case it is generated by one
of its countable subclasses. In the sequel, it is assumed that P admits a r.c.d. given
A and

(1) 1 denotes a fized r.c.d., for P given A, and B is c.g..

Moreover,
Hw)= () A
weAcA
is the atom of A including the point w € Q.

Heuristically, conditioning to A should mean conditioning to the atom of A
which actually occurs, say H(w), and the probability of H(w) given H(w) should
be 1. If this interpretation is agreed, p should be everywhere proper, that is,
w(w)(A) = I4(w) for all A € A and w € Q. Though u(-)(A) = I4(-) a.s. for fized
A € A, however, u can behave quite inconsistently with properness.

Say that A is c.g. under P in case the trace o-field ANC ={ANC:Aec A} is
c.g. for some C € A with P(C) = 1. If A is c.g. under P then

(2) ww)(A) =Ia(w) forall Ae Aand we Ay,

where, here and in what follows, Ay designates some set of A with P(Ag) = 1.
In general, the exceptional set A§ can not be removed. Further, (2) implies that
AN Ap is c.g.. See Blackwell (1955), Blackwell and Ryll-Nardzewski (1963) and
Theorem 1 of Blackwell and Dubins (1975). In other terms, not only everywhere
properness is to be weakened into condition (2), but the latter holds if and only if
A is c.g. under P.
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If A fails to be c.g. under P, various weaker notions of r.c.d. have been inves-
tigated. Roughly speaking, in such notions, p is asked to be everywhere proper
but o-additivity and/or measurability are relaxed. See Berti and Rigo (1999) and
references therein. However, not very much is known on r.c.d.’s, regarded in the
usual sense, when A is not c.g. under P (one exception is Seidenfeld et al. (2001)).
In particular, when (2) fails, one question is whether some of its consequences are
still available.

In this paper, among these consequences, we focus on:

(3) pw(w)(H(w)) € {0,1} for all w € A,

(4) uw(w)(A) € {0,1} for all A€ A and w € Ay.

Note that (4) implies (3) in case H(w) € A for all w € Ay, and that, for (3) to make
sense, one needs to assume H(w) € B for all w € A.

Both conditions (3) and (4) worth some attention.

Investigating (3) can be seen as a development of the seminal work of Blackwell
and Dubins (1975). The conjecture that (3) holds (under mild conditions) is sup-
ported by those examples in the literature where B is c.g.. In these examples, in
fact, either p(w)(H(w)) =1 a.s. or p(w)(H(w)) = 0 a.s.. See for instance Seidenfeld
et al. (2001).

Condition (4) seems to have been neglected so far, though it is implicit in some
ideas of Dynkin (1978) and Diaconis and Freedman (1981). In any case, (4) holds
in a number of real situations and can be attached a clear heuristic meaning. As
to the latter, fix wg € Q. Since p(wg) comes out by conditioning on A, one could
expect that p is a r.c.d. for p(wp) given A, too. Condition (4) grants that this is
true, provided wy € Ag. More precisely, letting M = {Q € P : u is a r.c.d. for Q
given A}, condition (4) is equivalent to

uww) e M for all w € Ayp;

see Theorem 12.

Since B is c.g., P(un # v) = 0 for any other r.c.d. v, and this is basic for (3) and
(4). For some time, we guessed that B c.g. is enough for (3) and (4). Instead, as
we now prove, some extra conditions are needed. Let

N ={BeB:P(B)=0}.

Example 1. (A failure of condition (3)) Let 2 = R, B the Borel o-field,
Q@ a probability measure on B vanishing on singletons, and P = %(Q + do). If
A=0c(N), then p = P a.s. and H(w) = {w} for all w, so that H(0) = {0} ¢ A and
n(0){0} = P{0} = 5.

Incidentally, Example 1 exhibits also a couple of (perhaps unexpected) facts.
Unless H(w) € A for all w € Ay, (4) does not imply (3). Further, it may be that
p(w)(H(w)) < 1, for a single point w (w = 0 in Example 1), even though H(w) € B
and p(w)(A) = T4(w) for all A € A.

Example 2. (A failure of condition (4)) Let Q = R?, B the Borel o-field, and
P = QxQ where Q is the N(0,1) law on the real Borel sets. Denoting G the o-field
on § generated by (x,y) — z, a (natural) r.c.d. for P given G is u((z,y)) = 0, x Q.
With such a p, condition (4) fails if A is taken to be A = o (GUN). In fact, p is
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also a r.c.d. for P given A, and for all (x,y) one has {z} x [0,00) € A while

1
(@) ({a} x [0,0)) = 5.
Note also that (3) holds in this example, since H(w) = {w} and p(w){w} = 0 for

all w e Q.

This paper provides necessary and sufficient conditions for (3) and (4). Special
attention is devoted to the particular case where A is a tail sub-o-field, i.e., A is the
intersection of a non increasing sequence of countably generated sub-o-fields. The
main results are Theorems 3, 4, 8 and 15. Theorem 15 states that (4) is always true
whenever A is a tail sub-o-field. Theorems 3, 4 and 8 deal with condition (3). One
consequence of Theorem 4 is that, when (Q, B) is a standard space, (3) holds for
various classically interesting sub-o-fields A, including tail, symmetric, invariant,
as well as some sub-o-fields connected with continuous time processes.

2. WHEN REGULAR CONDITIONAL DISTRIBUTIONS ARE 0-1 ON THE
(APPROPRIATE) ATOMS OF THE CONDITIONING o-FIELD

This section deals with condition (3). It is split into three subsections.

2.1. Basic results. For any map v : Q — P, we write o(v) for the o-field generated
by v(B) for all B € B, where v(B) stands for the real function w — v(w)(B). Since
B is c.g., o(v) is c.g., too. In particular, o(u) is c.g.. Let

AP:{ACQSHA17A2€AWithA1 CACAQ aHdP(Angl):O}
be the completion of A with respect to P|.A. The only probability measure on Ap

agreeing with P on A is still denoted by P. Further, in case H(w) € B for all w,
we let

(W) = pw)(BNH(w)) forweQand B e B,
f="ta, S={f>0}
We are in a position to state our first characterization of (3).

Theorem 3. Suppose (1) holds and H(w) € B for allw. For each U € A such that
the trace o-field ANU is c.g., there is Uy € A with Uy C U, P(U — Uy) = 0 and
fw) =1 for allw € Uy. Moreover, if S € Ap, then condition (3) is equivalent to
each of the following conditions (a)-(b):

(a) fp is Ap-measurable for all B € B;

(b) ANU is c.g. for some U € A withU C S and P(S —U) =0.

Proof. Suppose ANU is c.g. for some U € A and define
Ao={(ANU)UF:Ac A,)F=0or F=U*}.

Let Hp(w) be the Ag-atom including w. Then, Ap is c.g. and Hyp(w) = H(w)
for w € U. A r.cd. for P given Ag is po(w) = Iy(w)pu(w) + Iye(w)a, where
af-) =P(-|U°) if P(U) <1 and « is any fixed element of P if P(U) = 1. Since
Ap is c.g., there is K € Ay with P(K) = 1 and MO(w)(Ho(w)) =1lforallwe K.
Since f(w) = p(w)(H(w)) = po(w)(Ho(w)) = 1 for each w € K NU, it suffices to
let Uy =KnNU.

Next, suppose S € Ap and take C,D € A such that C C S, D C 5S¢ and
P(CuD)=1.
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“B) = (a)”. Let A = Ay N C, where Ag € A is such that P(A4p) = 1 and
f(w) € {0,1} for all w € Ap. Fix B € B. Since fp < f =0o0n D and fp = u(B)
on A, one obtains Iaupfp = [afs = Iau(B). Thus, fp is Ap-measurable.

“(a) = (b)”. Given any o € P, define the map v : Q — P by

fB(w)
V(W)(B) IS(W) f(u))
Then, (a) implies that o(v) C Ap. Fix a countable field By generating B, and,
for each B € By, take a set Ap € A such that P(Ap) = 1 and I4,v(B) is A-
measurable. Define U = (mBeBo Ap) N C and note that U € A, U C S and
P(S —U) = 0. Since Iyv(B) is A-measurable for each B € By, it follows that
o(v)NU C ANU. Since ANU = {v(A) = 1}NU for all A € A, then ANU C o(v)NU.
Hence, ANU =0o(v)NU is c.g..

“(b) = (3)”. By the first assertion of the theorem, since U € A and ANU is c.g.,
there is Uy € A with Uy C U, P(U—-Uy) =0 and f =1 on Uy. Define A9 = UyUD
and note that Ag € A and f € {0,1} on Ag. Since U C S and P(S —U) = 0, one
also obtains P(Ag) = P(Up) + P(D) = P(S) + P(5°¢) = 1. O

+ Ise(w)a(B) we,BeB.

A basic condition for existence of disintegrations is that
G={(z,y) €eQxQ:H(x)=H(y)}

belongs to B ® B; see Berti and Rigo (1999). Such a condition also plays a role in
our main characterization of (3). Let

A* ={B € B: B is a union of A-atoms}.

Theorem 4. If (1) holds and G € B® B, then H(w) € B for allw € Q and fg is
A*-measurable for all B € B. If in addition S € Ap, then each of conditions (3),
(a) and (b) is equivalent to

(c) ANU =A*NU for someU € A withU C S and P(S—-U) =0.

Proof. For C C OxQ,let C, = {u € Q: (w,u) € C} be the w-section of C'. Suppose
(1) holds and G € B® B. Then, H(w) = G,, € B for all w. By a monotone class
argument, the map w — p(w)(C,) is B-measurable whenever C' € B ® B. Letting
C =GN (Q x B), where B € B, implies that fp is B-measurable. Since fg is
constant on each A-atom, it is in fact A*-measurable. (Note that A*-measurability
of fp does not require B c.g.). Next, suppose also that S € Ap. By Theorem 3,
conditions (3), (a) and (b) are equivalent. Suppose (c) holds, and fix B € B and a
Borel set I C R. Since {fp € I} € A*, condition (c) yields {fg € I} NU € A, and
{fpeI}N(S—-U) € Ap due to (S—U) € Ap and P(S—U) = 0. Thus (assuming
0 € I to fix ideas),
{feel}=5U{feel}n(S-U))u({feel}nU)c Ap,
so that (a) holds. Conversely, suppose (a) holds. For each B € B, there is Ag € A
such that P(Ap) =1 and 14, fp is A-measurable. Letting A = [z, Ap, where
By is a countable field generating B, it follows that A € A, P(A) =1 and I4fp is
A-measurable for all B € B. Since S € Ap and P(A) = 1, there is U € A with
Uc ANS and P(S—U) = 0. Given B € A* on noting that fg = Ipf, one
obtains
BNU={Igf>01NU={fp>0}nU=({fp >0}NnA)NU € A

Hence ANU = A*NU, i.e., condition (c) holds. O
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We now state a couple of corollaries to Theorem 4. The first covers in partic-
ular the case where the A-atoms are the singletons, while the second (and more
important) applies to various real situations.

Corollary 5. Suppose (1) holds, S € Ap and A, B have the same atoms. Then,
(3) holds if and only if ANU = BNU for someU € AwithU C S and P(S—U) = 0.

Proof. Since A, B have the same atoms and B is c.g.,
G = {(z,y) : © and y are in the same B-atom} € B® B.
Therefore, it suffices applying Theorem 4 and noting that A* = B. O

Corollary 6. If (1) holds, G € B&B and ANC = A*NC, for some C € A with
P(C) =1, then condition (3) holds.

Proof. Since C € Aand SNC € A*NC = ANC, then SNC € A. Since P(C) =1,
it follows that S € Ap and (c) holds with U = SN C. Thus, (3) follows from
Theorem 4. O

As shown in Blackwell and Dubins (1975), if (2, B) is a standard space (€2 Borel
subset of a Polish space and B the Borel o-field on ), then G € B ® B and
A* = A for various classically interesting sub-o-fields A, including tail, symmetric,
invariant, as well as some sub-o-fields connected with continuous time processes.
In view of Corollary 6, condition (3) holds in case (Q,B) is a standard space and
A is any one of the above-mentioned sub-o-fields.

2.2. Tail sub-o-fields. When condition (3) holds, the next step is determining
those w’s satisfying f(w) = 1. Suppose the assumptions of Corollary 6 are in force
(so that (3) holds and f is Ap-measurable) and define

U={UecA: ANU is c.g.} U{0}.
Since U is closed under countable unions, some A € U meets P(A) = sup{P(U) :
U € U}. By the first assertion in Theorem 3, P(A — {f = 1}) = 0. Taking U
as in condition (b) and noting that U € U, one also obtains P({f = 1} — A) =
P(U — A) = 0. Therefore, A is the set we are looking for, in the sense that
P({f=1}AA) =0.

Incidentally, the above remarks provide also a criterion for deciding whether y is
mazimally improper according to Seidenfeld et al. (2001). Under the assumptions
of Corollary 6, in fact, p is maximally improper precisely when P(S) = 0. Hence,

u is maximally improper < P(U)=0forall U € U.

Some handy description of the members of U, thus, would be useful. Unfortu-
nately, such a description is generally hard to be found. We now discuss a particular
case.

Let A be a tail sub-o-field, that is, A = (), A, where A, is a countably
generated o-field and B D A, D A,; 1 for all n > 1. As already noted, the
assumptions of Corollary 6 hold for such an A if (2, B) is a standard space. More
generally, it is enough that:

Lemma 7. If A is a tail sub-o-field, (1) holds and

for each n, there is a r.c.d. u, for P given Ay,
then G e BB and ANC =A*NC for some C € A with P(C) = 1.
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Proof. Since G, := {(z,y) € 2xQ : z and y are in the same A,-atom} € A4, ® A,,
Proposition 1 of Blackwell and Dubins (1975) implies G = |J,, G, € B®B. For each
n, since A, is c.g., there is C,, € A,, such that P(C,,) =1 and p,(w)(A) = I4(w)
whenever A € A, and w € Cy,. Define C =, ;>, C; and note that C' € A
and P(C) = 1. Fix B € A*. Since B is a union of A,-atoms whatever n is,

lim p, (w)(B) = Ip(w) for allw € C.
Thus, BN C = {lim, u,(B) =1}NnC e ANC. O

Each A, being c.g., can be written as A, = o(X,,) for some X,, : @ — R. Since
A, D A; for j > n, it follows that A, = 0(X,,, Xp41,...). Thus, A admits the
usual representation

A=o(Xn, Xnt1,- )

for some sequence (X,,) of real random variables. In particular,
H(w) = {3n > 1 such that X; = Xj(w) forall j >n} e A

so that A includes its atoms. Note also that a c.g. sub-o-field is tail while the
converse need not be true. In fact, for a o-field F to be not c.g., it is enough that F
supports a 0-1 valued probability measure @ such that Q(F) = 0 whenever F € F
and F is an F-atom; see Theorem 1 of Blackwell and Dubins (1975). Thus, for
instance, A = (), 0(Xn, Xp41,...) is not c.g. in case (X,,) is i.i.d. and X; has a
non degenerate distribution.

To find usable characterizations of I is not an easy task. Countable unions of
A-atoms belong to U, but generally they are not all the elements of i/. For instance,
if Q =R*> and X, is the n-th coordinate projection, then

U = {3n > 1 such that X; = X,, for all j > n}

is an uncountable union of A-atoms. However, ANU is c.g. since ANU = o(L)NU
where L = limsup,, X,,.

Another possibility could be selecting a subclass Q C IP and showing that U € U
if and only if U € A and Q(U) = 0 for each @Q € Q. We do not know whether some
(non trivial) characterization of this type is available. Here, we just note that

Qo ={Q €eP: (X,)isiid. and X; has a non degenerate distribution, under Q}

does not work (though the “only if” implication is true, in view of Theorem 1 of
Blackwell and Dubins (1975)). As an example, U := {X,, — 0} ¢ U even though
UecAand QU) = 0 for all @ € Qp. To see that U ¢ U, let X,, be the n-th
coordinate projection on £ = R, and let Py be a probability measure on the
Borel sets of © which makes (X,,) independent and each X,, uniformly distributed
on (0,1). Then Py(U) =1 and, when restricted to AN U, Py is a 0-1 probability
measure such that Py(H (w)) = 0 for each w € U. Hence, Theorem 1 of Blackwell
and Dubins (1975) implies that AN U is not c.g..

A last note is that P(S) can assume any value between 0 and 1. For instance,
take U € U and Py, P, € P such that: (i) P1(U) = P(U°) = 1; (ii) P2 is 0-1 on
A with Py(H(w)) = 0 for all w. Define P = uP; + (1 — u) P, where u € (0,1). A
r.c.d. for P given A is pu(w) = Iy (w)p1(w) + Tye(w)Ps, where p; denotes a r.c.d.
for P, given A. Since U € U, Theorem 3 implies i1 (w)(H(w)) = 1 for Pj-almost
all we U. Thus, P(S)=P(U) = u.
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2.3. Miscellaneous results. A weaker version of (3) lies in asking u(-) (H(+)) to
be 0-1 over a set of A*, but not necessarily of A, that is

(3%) There is By € A* with P(By) =1 and p(w)(H(w)) € {0,1} for all w € By.

Suitably adapted, the proofs of Theorems 3 and 4 yield a characterization of (3*)
as well. Recall = {B € B: P(B) = 0} and note that

oc(AUN)={BeB:u(B)=1Ip as.}.

Theorem 8. Suppose (1) holds and G € B ® B. Then, condition (3%) implies
S ea(AUN). Moreover, if S € c(AUN), then

(3%) < () < (¢
where
(b*) ANV is c.g. for some V € A* with V C S and P(S—V) =0;
(c*) ANV =A*NV for someV € A* withV C S and P(S—V)=0.

Proof. If (3*) holds, then px(S) =1 on By NS, and since P(By) = 1 one obtains
E(u(S)Ise) = P(S) — E(u(S)Ip,Is) = P(S) — E(Ip,Is) = 0.

Thus, u(S) = Is a.s., that is, S € o(AUN). Next, suppose that S € o(AUN).

“(3*) = (c*)”. Define V = ByNS and note that BNV = {u(B) = 1}NV € ANV
for all B € A*.

“(c*) = (b*)". Fix o € P and define v(w)(B) = Iy (w)EE) + Ive(w)a(B)
for all w € Q and B € B. Then, o(v) C A*. Further, v(w)(H(w)) = 1 for all
we V,sothat BNV = {v(B) =1} NV for all B € A*. Hence, (c*) implies that
ANV =A*NV =0(v)NV is cg.

“b*) = (3%)”. Let Ag = {(ANV)UF: A€ A F =0or F =V} Since
w(V)=u(S)=1Is =1y as., for all A € A and B € B one obtains

E(Ialvpu(B)) = E(Ia(BNV)) = P((ANV)N B).

So, po(w) = Iy (w)p(w) + Iye (w)a is a r.c.d. for P given Ay, where a(-) = P(- | V¢)
if P(V) <1 and « is any fixed element of P if P(V)) = 1. Since Ay is c.g., there is
K € Ay with P(K) =1 and po(w)(Hp(w)) =1 for allw € K, where Ho(w) denotes
the Ap-atom including w. Hence, it suffices to let By = (K N'V) U S¢ and noting
that Hy(w) = H(w) and po(w) = p(w) for allw € V. O

One consequence of Theorem 8 is that, if (1) holds and G € B®B, then condition
(3*) is equivalent to p(S) = Is a.s. and P(0 < f < 1) =0. In fact,

Aﬁ{f>%}:{,u(A)>%}ﬂ{f>%} for all A € A,

so that AN{f > 4} = o(u) N{f > 3} is c.g.. Hence, if P(0 < f < 3) =0,
condition (b*) holds with V = {f > 1}.

Finally, we give one more condition for (3). Though seemingly simple, it is hard
to be tested in real problems.

Proposition 9. If (1) holds and H(w) € B for all w, a sufficient condition for (3)
18

(5) w(z)(H(y)) =0 whenever H(z) # H(y).
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Proof. As stated in the forthcoming Lemma 10, since o(u) is c.g. and p is also
a r.c.d. for P given o(u), there is a set T € o(u) such that P(T) = 1 and
p(w)(p = p(w)) =1 for cachw € T. Let Ag =T and fix w € S. Then, p(w) = p(z)
if x € H(w) (since o(p) C A) and p(w) # u(z) if © ¢ H(w) since in the latter case
(5) yields

pl@) (H(w)) = 0 < () = p(w) (HW)).
Thus, Hw) ={p=p(w)}. TweT NS = AyNS, this implies

p(w) (H(w)) = pw)(p = p(w)) = 1.

3. WHEN REGULAR CONDITIONAL DISTRIBUTIONS ARE 0-1 ON THE
CONDITIONING o-FIELD

In this section, condition (4) is shown to be true whenever A is a tail sub-o-field.
Moreover, two characterizations of (4) and a result in the negative (i.e., a condition
for (4) to be false) are given.

We begin by recalling a few simple facts about o(u).

Lemma 10. If (1) holds, then o(u) is c.g., u is a r.c.d. for P given o(p), and
there is a set T € o(p) with P(T) =1 and

pw)(p=pw) =1 foralweT.
Moreover,

A:J(J(M)U(Aﬁ/\/)).

Proof. Since o(p) C A, pis a r.c.d. given o(u). Since B is c.g., o(u) is c.g. with
atoms of the form {u = p(w)}. Hence, there is T € o(u) with P(T) = 1 and
u(w)(,u = u(w)) =1 for all w € T. Finally, since
A= ({u(4) = 130 {p(A) = 1a}) U (AN {u(A) # 1a})
for all A € A, it follows that A C o(o(p) U(ANN)) C A. O
By Lemma 10, p(w) is 0-1 on () for each w € T Since A = o (co(u)U(ANN)),
condition (4) can be written as
w(w)(A) € {0,1} for allw € Ag and A € A with P(A) =0.
In particular, (4) holds whenever P is atomic on A, in the sense that there is a
countable partition {A;, As, ...} of Q satisfying A; € Aand P(ANA;) € {0,P(4;)}
for all j > 1 and A € A. In this case, in fact, u(w) < P for each w in some set
C € A with P(C) =1.
Slightly developing the idea underlying Example 2, we next give a sufficient
condition for (4) to be false.
Proposition 11. Suppose (1) holds and P(p = p(w)) = 0 for all w. Then,
F={w:p(w) is not 0-1 on B} and Fy={w: p(w) is non-atomic on B}
belong to o(u). Moreover, if N C A, then
w(w) is not 0-1 on A for each w € FNT, and
w(w) is non-atomic on A for each w € FoN'T

with T as in Lemma 10. In particular, condition (4) fails if P(F) > 0.
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Proof. Since B is c.g., it is clear that F' € o(p), while Fy € o(p) is from Dubins and
Freedman (1964) (see 2.13, p. 1214). Suppose now that N C A. Let w € FNT.
Sincew € F, thereis B,, € B with u(w)(B,) € (0,1). Define A, = B,N{p = p(w)}.
Since N C A and P(A,) < P(p = p(w)) =0, then A, € A. Since w € T,

p(w)(Ay) = p(w)(Bw) € (0,1)
so that p(w) is not 0-1 on A. Finally, fix w € FoN'T and € > 0. Since w €
Fy, there is a finite partition {Bi,...,Bnw} of © such that B;, € B and
#(w)(Biw) < € for all . As above, letting A; , = B;, N {1 = p(w)}, one obtains
A € Aand p(w)(Aiw) = p(w)(Biw) < €. Hence, p(w) is non-atomic on A since
p(w) (e # pw)) = 0. O

Even if NV is not contained in A, Proposition 11 applies at least to A" = o(AUN).
Under mild conditions, p is even non-atomic on A" with probability P(Fp). Thus,
a lot of r.c.d.’s give rise to a failure of (4) on some sub-o-field A’. Since we are
conditioning to A (and not to .A’), this fact is not essential. On the other hand, it
suggests that (4) is a rather delicate condition.

If P is invariant under a countable collection of measurable transformations and
A is the corresponding invariant sub-o-field, then (4) holds; see Maitra (1977). This
well known fact is generalized by our first characterization of (4).

Theorem 12. Suppose (1) holds and let M = {Q € P : p is a r.c.d. for Q given
A}. Then, Q is an extreme point of M if and only if @ € M and Q is 0-1 on A,
and in that case Q = p(w) for some w € Q. Moreover, for each w € T (with T as
in Lemma 10), the following statements are equivalent:

(i) p(w)(A) € {0,1} for all A € A;

(ii) p(w) is an extreme point of M;

(iii) p(w) € M.
In particular, condition (4) holds if and only if, for some Ag € A with P(Ap) =1,

ww) e M for allw € Ay.

Proof. Fix Q € M. If Q(A) € (0,1) for some A € A, then

Q() =QMAQ( [ A) + (1 - Q(A)Q(- | A9),

and @ is not extreme since Q(- | A) and Q(- | A°) are distinct elements of M.
Suppose now that Q@ = u@1 + (1 — u)Q2, where v € (0,1) and Q1 # Q2 are in M.
Since two elements of M coincide if and only if they coincide on A, there is A € A
with Q1(A4) # Q2(A), and this implies Q(A) € (0,1). Hence, @ € M is extreme if
and only if it is 0-1 on A. In particular, if @ is extreme then it is 0-1 on the c.g.
o-field o(p), so that Q(p = p(w)) =1 for some w € Q; see Theorem 1 of Blackwell
and Dubins (1975). Thus,

Q(B) = /u(m)(B) Q(dz) = p(w)(B) for all B € B.

This concludes the proof of the first part. As to the second one, fix w € T, and let
A and B denote arbitrary elements of A and B, respectively. Since w € T,

/ () (B) p(w) (dzr) = / 1(2)(B) p(w)(dz) = p(w)(A)u(w) (B).
A An{u=n(w)}

“(i) = (ii)”. By what already proved, it is enough showing that u(w) € M, and
this depends on u(w)(A N B) = ju(w)(A)u(w) (B) = [, 1(2)(B) p(w)(dz).
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“(ii) = (iii)”. Obvious.
“(iit) = ()", Under (iil), p(w)(ANB) = [, u(w) (B) p(ew)(dz) = pu(w) (A)u(w) (B),
and letting B = A yields u(w)(A ) wlw )(A)Q. O

Next characterization of (4) stems from a result of Fremlin (1981, Lemma 2A,
p. 391).

Theorem 13 (Fremlin). Let X be an Hausdorff topological space, F a o-field on
X including the open sets, Q a complete Radon probability measure on F, and Cy
a class of pairwise disjoint Q-null elements of F. Then,

Jcer foraiccc, <« Q| C)=o.
ceC CeCo

Say that P is perfect in case each B-measurable function h : @ — R meets
P(h € I) =1 for some real Borel set I C h(Q2). For P to be perfect, it is enough
that € is an universally measurable subset of a Polish space and B the Borel o-field
on Q. In the present framework, since B is c.g., Theorem 13 applies precisely when
P is perfect. We are now able to state our second characterization of (4). It is of
possible theoretical interest even if of little practical use.

Theorem 14. Suppose (1) holds and P is perfect, define
Alw)={4 e A: uw)(A) € {0,1}} weqQ,

and let Ty denote the class of those o-fields G C A with G # A. Then, condition
(4) holds if and only if

(6) U {w: A =GteAp forallT CTy.

ger

Proof. If p(w) is 0-1 on A for all w € Ay, where Ay € A and P(A4p) = 1, then (6)
follows from

{w: Alw) =G} Cc Aj for all G € T.

Conversely, suppose (6) holds. Let X be the partition of 2 in the atoms of B.
The elements of B are unions of elements of X, so that B can be regarded as a
o-field on X. Let (X, F, Q) be the completion of (X, B, P). Since B is c.g., under a
suitable distance, X is separable metric and B the corresponding Borel o-field; see
Blackwell (1955). Since P is perfect, P is Radon by a result of Sazonov (Theorem
12 of Sazonov (1965)), so that @ is Radon, too. Next, define Cg = {w : A(w) = G}
for G €Ty, Ug = {w: puw)(4) € (0,1)} for Aec A and U = {w : A(w) # A} (all
regarded as subsets of X). For each G € 'y there is A € A with Cg C Ua. Since
Us € Aand P(Uy) =0, then Cg € F and Q(Cg) = 0. Hence, Cyp = {Cg : G € T}
is a collection of pairwise disjoint Q-null elements of F satisfying U = (Jg, Cg. By
(6), Theorem 13 yields Q(U) = 0. Finally, since U € Ap, Q(U) = 0 implies U C A
for some A € A with P(A) = 0. Thus, to get (4), it suffices to let Ag = A°. O

Finally, by a martingale argument, we prove that (4) holds when A is a tail
sub-o-field. This is true, in addition, even though B fails to be c.g..

Theorem 15. Let A = ()~ An, where B D A1 D Ay O ... and A, is a c.g.
o-field for each n. Given a r.c.d. u, for P given A, there is a set Ay € A such that
P(Ap) =1 and p(w)(A) € {0,1} for all A€ A and w € Ay.
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Proof. First recall that a probability measure @ € P is 0-1 on A if (and only if)
Supgea, |QANB) — Q(A)Q(B)| — 0, as n — oo, for all B € A;. Also, given any
field F,, such that A, = o(F,), the “sup” can be taken over F,, i.e.,

sup [Q(AN B) = Q(A)Q(B)| = sup |Q(AN B) = Q(A)Q(B)|.
AcA, AcF,

Now, since the A, are c.g., there are countable fields F,, satisfying A,, = o(F,,) for
all n. Let

VB(w) = Asg;) ww)(ANB) — p(w)(A)p(w)(B)|, n>1,Bec Aj,we .

Since JF,, is countable, V,B is an A-measurable random variable for all n and B. It
is enough proving that

(7) VB 0 as.,asn— oo, forall B € A.
Suppose in fact (7) holds and define
Ag = {w : lim V,B(w) = 0 for each B € F,}.
n

Since Fi is countable, Ay € A and (7) implies P(4g) = 1. Fix w € Ag. Since
Ay = o(F1), given B € Ay and € > 0, there is C' € F; such that u(w)(BAC) < e.
Hence,

VE W) < sup |u(w)(AN B) — p(@)(ANC)|+
AeF,

+ sup p(w)(ANC) — u(w)(A)u(w)(C)‘ + sup ‘u(w)(A)u(w)(C) — p(w)(A)p(w)(B)
<V (w) + 2u(w)(BAC) < V€ (w) +2¢  for all n.
Since w € Ay and C € Fy, it follows that

limsup V.2 (w) < 2¢ + limsup V¢ (w) = 2¢ for all B € A; and € > 0.
n n

Therefore, p(w) is 0-1 on A. It remains to check condition (7). Fix B € Aj, take
any version of E(Ig | A,) and define Z,, = E(Ig | A,) — u(B). Then, |Z,| <2 a.s.
for all n, and the martingale convergence theorem yields Z,, — 0 a.s.. Further, for
fixed n > 1 and A € F,,, one obtains

B (Ialn | A) = E(Ls | 4) E (L5 | A)

= |B(1aB(I5 | A | A) = E(L4E (15 | A) | A)|
=|E(IaZ, | A|<E(|Z,]]| A as.
Since F,, is countable, it follows that

VP = sup |B(Lals | A) = B (L | A Bl | A) < B(Z] [ A) =0 as.
€Fn

O

As noted in Subsection 2.2, a tail sub-o-field includes its atoms so that (4) implies
(3). Thus, by Theorem 15, condition (3) holds provided A is a tail sub-o-field and
P admits a r.c.d. p given A, even if the other assumptions of Lemma 7 fail. (In
fact, such assumptions grant something more than (3)).
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