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1. Introduction

It is natural to want to estimate a random variable on which we only have partial
information. The concept of conditional expectation will formalize this idea. We start
by looking at examples of discrete conditioning and conditional density before formally
introducing the notion of conditional expectation.

1.1. Conditioning by an event. Recall the well known definition of conditioning

given some event of positive probability.
DEFINITION 1.1. Let (2, F,P) be a probability space. Let B be an event with P(B) > 0.
The conditional probability of A given B is defined by
P(AN B)
P(A|B) = ———
(41B) =~
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2 CONDITIONAL EXPECTATION

The map
P(-|B): A— P(A|B)

is thus a probability measure on (€2, F). The conditional expectation given B of a non-
negative or integrable random variable X, is then defined using this conditional probability
measure:

E(X1p)

IE(X|B):/QX(w)IP’(dw|B): b5

This is the expectation of X under the distribution P(- | B), corresponding to the average
value of X when the event B has occurred.

We want to generalize this notion by conditioning given another random variable and
even given a o-algebra. Let us start with the example of discrete random variables.

1.2. Discrete conditioning. Let X be a discrete random variable with values in
E, ie. FE is countable. Define E' = {x € E|P(X = z) > 0}. Let Y be another
discrete random variable. As above, define the conditional expectation of Y given the
event {X =z} by
EVT{x=))

BV | X =0) = G2

for x € E'. We now define the conditional expectation of Y given X as the random
variable defined by

E(Y [ X) = ¢(X),

where ¢ is the function defined by

E(Y|X =z) ifzeFE,
p(z) = . )
0 ifzeE\FE.

In other words, one has

E(Y|X) = Y Lo E(Y | X = ).

zel

Note that the value 0 of ¢ on E \ E' is arbitrary since P(E \ E’) = 0. Changing
the definition of ¢ on E'\ E’ would give another "version” of the conditional expectation
which would be equal to E(Y | X) almost surely.

ExAaMPLE 1.1. We roll a 6 sided dice. Consider Q = {1,...,6} equipped with the
uniform distribution. Let X be the random variable defined by

¥ — 1, if the outcome of the dice is even,
~ 10, if the outcome of the dice is odd.
Let Y be the random variable given by the outcome of the dice. Then

4, ifw e {2,4,6},

E(Y|X)(w) = {3 if we {1,3,5}.

Hence, the random variable E(Y | X) takes the values 3 or 4, each with probability 1.
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1.3. Conditional density. Consider a random couple (X, Y") with joint distribution
given by the density f(xy), that is for all bounded measurable function f,

E(f(X,Y)) = [ f(e,9)fox) (@, y)dady.

Let h be a bounded Borel function, we want to compute the conditional expectation of
h(Y') given X, denoted by E(h(Y) | X).
The marginal distribution of X is given by the density

= /R f(X,Y) (iL‘, y)dy

Let g be a bounded measurable function. We write

E(h(Y)9(X)) = [ hy)g(a)fox (@ p)dady = [ ([ hw)foxs (@ )dy) g(a)da

fan(@,y)
= [ (L2 0} o) ot st

= [ ¢l@)g(a)fx(a)dr,

where the function ¢ is defined by

o() :/Rh(y)wdyﬂ{fxw}-

Thus, we have
E(g(X)h(Y)) = E(g(X)p(X)).
Now define the conditional density of Y given X = x by

foa(y) = wﬂ{fxw}(fﬂ)-

Beware that it is an abuse of notation since { X = z} has measure 0. Now, we can defined
the conditional expectation of hA(Y) given X = z by

E(h(Y)|X =) = o(x) = [ h(y)frix=2(y)dy.
The conditional expectation of A(Y') given X is then defined as the random variable

E(h(Y)]X) = ¢(X).

ExAMPLE 1.2. Let (X,Y) be a point uniformly drawn on the square [0, 1], that is
(X,Y) has uniform distribution on [0,1]?, so X and Y are independent with uniform
distribution on [0, 1]. Let S = X +Y. We want to compute the conditional distribution
of X given S. Consider the C!-diffeomorphism ¥ defined by ¥(z,y) = (z,z + y). Then
the change of variables formula gives that the density of (X, S) is

foxs)(x:8) = Loy (@)L (s — ),
and the density of S is the triangular distribution given by
/]1[01] 01 S—l’)dl’—S]l[()l]( )—{—(2—5)]1[1,2](5)
The conditional density of X given S = s is thus

Fxisms(z) = {iﬂ[o,s}(l’) if s € [0,1],

s=To(z) if s e [1,2].
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Eventually, we find that the conditional distribution of the random variable X given
S = s is thus the uniform distribution on [0, s] if s € [0, 1], and the uniform distribution
on [s —1,1] if s € [1,2].

We will give a general notion of conditional distribution at the end of this chapter,
after having introduced the notion of conditional expectation.

2. Conditional expectation

In the following, (€2,.4,P) is a probability space, and B denotes a sub-c-algebra of A.
All random variables defined on (2, A, P) will take values in R, but everything can be
generalized to R?. We say that a random variable X is B-measurable, if X is measurable
from (€2, B) to (R, B(R)), where B(R) is the Borel o-algebra.

2.1. Definition for L? random variables. Let (€, A, P) be a probability space.
Recall that L?*(€, A, P) is an Hilbert space for the inner product

(X,Y) = E(XY) = /Q X (W)Y (w) P(dw).

Let B be a sub-o-algebra of A. The subspace L?(£2, B,P) is also complete, hence closed
in L?(Q, A, P). Recall the following theorem from Hilbert space theory.

THEOREM 2.1 (Hilbert projection theorem). Let (H, (-,-)) be an Hilbert space. Let S
be a closed subspace of H. For anyy € H, there exists a unique p(y) € S such that

ly = p)Il = inf [ly — ul].
Moreover, p(y) is characterized as the unique element in S such that y—p(y) is orthogonal
to S, that is: for allu € S,
(y —p(y),u) = 0.
The map p: H — S is called the orthogonal projection onto S.

Using this theorem in our context of the Hilbert space L?*(f2, A,P), we make the
following definition.

DEFINITION 2.1. Let Y € L*(Q, A, P). Let B be a sub-o-algebra of A. The conditional
expectation of Y given B, denoted by

E(Y|B),
is defined as the orthogonal projection of Y onto the subspace L*(Q),B,P). It is charac-
terized by
(i) E(Y'| B) € L*(, B, P);
(ii) For all Z in L*(2, B, ), we have

E(ZY)=E(ZE(Y |B)).
Condition (ii) will be called the characteristic property of the conditional expectation.

REMARK 2.1. The conditional expectation E(Y | B) is thus a random variable which
is B-measurable and uniquely defined modulo the equivalent relation “almost surely”
(as an element of L?(Q, B,P)). The random variable E(Y | B) is called a "version” of
the conditional expectation, and any other random variable defined by the two above
conditions will be equal to E(Y | B) almost surely. As an ease of notation, we will not
always write the a.s. in properties involving the conditional expectation.

REMARK 2.2. The condition expectation has thus the following interpretation: if ¥
is square integrable, then E(Y | B) is the best approximation of Y (for the L? norm) by a
B-measurable random variable.
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REMARK 2.3. By a classical density argument of simple functions into L?(Q, A, P),
the characteristic property of the conditional expectation may also be written: for all

B € B,
E(1pY) =E(1sE(Y |B)),
that is to say:

/ YdP :/ E(Y | B)dP.

B B

REMARK 2.4. When B = ¢(X), we will write
E(Y|X)

for the conditional expectation of Y given o(X), i.e. E(Y |o(X)). It is thus a measurable
function of X. Indeed, any random variable Z which is o(X)-measurable, is of the form
Z = h(X) where h is a measurable function. This is true if Z = 1 4, since then A € o(X),
so by definition there exists a measurable set B such that A = X~1(B), giving that

Z == ]].A = ]]-Xfl(B) == ILB(X)
For general Z, the assertion follows using the density of simple functions into Borel func-
tions.
PROPOSITION 2.1. Let Y € L*(Q, A, P). Then,
(i) if Y is B-measurable, then
E(Y|B) =Y;
(i) E(E(Y |B)) = E(Y);
(iii) E(- | B) is a linear map;
(iv) if Y >0, then E(Y | B) > 0. In particular, E(- | B) is a non-decreasing map.
PROOF. The first three items follow immediately from the fact the conditional expec-
tation is an orthogonal projection.

For the last item, consider the random variable Z = gy |p)<oy (which is clearly
B-measurable). From the definition, one has

0<E(ZY)=E(ZE(Y |B)) <0,

where the last inequality follows from the definition of Z. Hence, E (]]_{E(y 1B)<0} E(Y| B))
0. Since E(Y" | B)L{g(y |B)<0} < 0, we get

E(Y | B)E{E(y|3)<0} =0 a.s.
which implies that E(Y | B) > 0 a.s. O

2.2. Extension to non-negative random variables. We start by extending the
definition of the conditional expectation to non-negative random variables, using the
monotone convergence theorem.

THEOREM-DEFINITION 2.1. Let Y be a non-negative random variable. There ezists
an almost surely unique non-negative random variable E(Y | B) such that:

(i) E(Y | B) is B-measurable;
(ii) for any B-measurable random variable Z which is non-negative,

E(ZY) = E(ZE(Y | B)).

The random wvariable E(Y | B) is called (a version of) the conditional expectation of Y
given B.
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PROOF. If Y is non-negative and in L*(Q, A, P), we define E(Y | B) using the definition
of the conditional expectation in the L2-case. Let Z be a non-negative B-measurable
random variable. We have to verify that the characteristic property of E(Y |B) still
holds for Z which is only non-negative. We introduce, for every n, the truncated random
variable

Zn =27 An=inf(Z,n).
Hence, the sequence (Z,),, is non-negative and in L?(Q, B,P), and Z, /' Z a.s. Using the
monotone convergence theorem twice, one has:

E(ZY) = imE(Z,Y) = imE (Z, E(Y | B)) = E (n;Ln Z,E(Y | B)> —E(ZE(Y | B)).
Now assume that Y is only non-negative. We introduce for every n, Y,, = Y An, which
is in L?(Q, A,P). Thus, define:
E(Y|B) = lim E(Y, |B),
which is well defined a.s. (possibly +o00) since (E(Y An|B)), is non-decreasing. Note
that E(Y | B) is then B-measurable as a limit of B-measurable random variables. Let Z
be a non-negative B-measurable random variable. By the monotone convergence theorem

(again twice) and the fact that the characteristic property of the conditional expectation
holds for Z non-negative, we have:

E(ZY) = imE(2Y;) = imE (ZE(Y, | B)) = E (Z lim E(Y, | B)) —E(ZE(Y | B)).

This proves the existence. Moreover, if 0 <Y <Y’ a.s., then 0 <Y An <Y’ An, hence
0<EY An|B) <EY'An|B),
as a positive operator in L?(2, A, P), and taking the limit we get that
0<E(Y|B) <EY'|B).
Now we show the unicity a.s. Let U and V' be two versions of E(Y | B). Introduce the
B-measurable set B = {U < a < b < V'}. By the characteristic property of E(Y | B), one
has
E(LpY) = E(LpU) = E(L5V).
Since E(15U) < aP(B) and E(15V) > bP(B), we get
aP(B) > bP(B),

hence P(B) = 0 since a < b. By considering the union over positive rationals a and b, we
get

]P(U<V):]P’( U {U§a<b§V}) =0.
a,beQy

Hence U >V a.s., and by swapping the roles of U and V', we eventually get that U =V
a.s. U

2.3. Extension to L' random variables. We now extend the definition to L'
random variables.

THEOREM-DEFINITION 2.2. Let Y € L'(Q,A,P). There exists an almost surely
unique random variable E(Y | B) such that:

(i) E(Y'| B) € L'(Q, B, P);
(i) for any B-measurable set B,

E(1;Y) =E(1;E(Y|B)).
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More generally, for any bounded random variable Z which is B-measurable,
E(ZY)=E(ZE(Y |B)).

The random wvariable E(Y | B) is called (a version of) the conditional expectation of Y
given B.

PROOF. Let Y € L'Y(Q, A, P) and suppose that Y > 0 a.s. Then, E(Y |B) > 0 a.s.
and using the characteristic property of E(Y | B) with Z = 1, one has

EE(Y |B) =E(Y) < o
since Y € LY(Q, A,P). Hence, E(Y | B) is integrable and a.s. finite. Now if Y is not
non-negative, let Y, and Y_ be the positive and negative part of Y respectively (that is,
Y, =max(0,Y) and Y_ = max(0,—Y")), and define
E(Y'|B) = E(Y, | B) — E(Y-|B),
which is well defined since E(Y; | B) and E(Y_ | B) are a.s. finite. Using the triangular
inequality and taking the expectation, one also gets that
E(EQY[B)]) <E(EQXL[B)) +EEQY-|B)) =EY,) +E(Y-) =E(]Y]) < oo,
hence E(Y | B) € LY(Q, B,P). Hence, for any B-measurable set B,
E(1gY) =E(1gY,) —E(1gY_) =E(1zE(Y, |B)) —E(1zE(Y_|B))
=E(1gE(Y, |B)— 1gE(Y_|B))
=E(1zE(Y |B)).

This proves the existence. For the unicity, suppose that there exists two B-measurable
random variables U and V' such that

E(1pY) =E(1gU) = E(1gV),
for all B € B. Choosing B = {U > V'} which is B-measurable, one gets
E((U =V)1wsvy) =0,

hence U < V a.s., and by symmetry U = V a.s. The last claim follows from a classical
density argument of simple functions into L. 0

3. Properties of conditional expectations

3.1. Main properties.

PROPOSITION 3.1. Let Y € LY(Q, A, P). Then, one has:
(i) the map E(-|B) is linear;
(i) E(E(Y | B) = E(Y);
(iii) [E(Y | B)| <E(|Y]|B) ;
(iv) if Y is B-measurable, E(Y |B) =Y a.s.;
(v) ("pulling out what is known”) if X is a bounded B-measurable random variable,
one has

E(XY |B) = XE(Y |B), a.s.

REMARK 3.1. By the first three items, the map E(-|B) is thus a bounded operator

on L}(Q, A, P) with norm 1. Moreover, it is positive in the sense that Y > 0 a.s. implies
that E(Y | B) > 0 a.s.
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PROOF. (i) Let Y’ be another random variable in L'(Q, A, P) and o some con-
stant. If Z is a bounded B-measurable random variable,
E(Z (oY +Y") =aE(ZY)+E(ZY")
— aE(ZE(Y |B)) + E(ZE(Y'|B))
_E(Z(aE(Y |B)+E(Y'|B),
hence, since a E(Y | B) + E(Y'|B) is B-measurable, it is a version of the condi-
tional expectation E(aY +Y” | B).
(ii) Take Z =1 is the characteristic property of E(Y | B).
(iii) As seen in the proof of the existence of E(Y | B) in the L! case, one has
E(Y|B)] = [E(Y; | B) —E(Y- | B)| < E(Yy | B) + E(Y- | B) = E(|Y]| B).

(iv) If Y is B-measurable, Y is obviously a version of E(Y | B) by definition.
(v) Let Z be a bounded B-measurable random variable. Then, ZX is bounded and
B-measurable, hence

E(ZXY)=E(ZXE(Y |B)),

by the characteristic property of E(Y |B). Hence, X E(Y | B) is a version of
E(XY | B), since it is obviously B-measurable.
U

The following proposition is called the tower property of conditional expectation.

PROPOSITION 3.2 (Tower property). Let Y € L'(Q, A,P) or non-negative. Let B,
and By two sub-c-algebras of A, such that By C By. Then, one has:

(1) E(Y [B1) = E(E(Y [ B2) | By)-

REMARK 3.2. When Y € L%*(Q, A, P), this is a direct consequence of a property of
orthogonal projections: projecting onto L?(, By, P) then onto L?(§2, By, P) is indeed the
same that projecting directly onto L?*(€, By, P), since L*(€2, By, P) is a closed subset of
L?(2, By, P). From a probabilistic point of view, it says that if we know B; the surplus of
information provided by By is of no use.

P
D
BJ%C/

FI1GURE 1. Three perpendicular theorem: if AB is perpendicular to a plane
P, and a straight line BC' is drawn perpendicular to any straight line D in
the plane, then AC' is also perpendicular to D.

PROOF. Let Z be a bounded B;-measurable random variable. Then Z is also Bs-
measurable since By C By. Hence,

E(ZY)=E(ZE(Y | B,)).
Using now the definition of the conditional expectation given B;, one has

E(ZE(Y |B,)) = E(ZE (E(Y | B:)|B1)),
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Nej

hence
E(ZY) =E(ZE(E(Y |Bs)|Bi)),
so by characteristic property of the conditional expectation given By, one has E(Y | By) =
E(E(Y |By)|B) a.s. O
REMARK 3.3. Trivially, if B; C By, then E(Y | By) is By-measurable, hence
E(E(Y |B1)|Bs) = E(Y | By).
The next proposition asserts that independent information is irrelevant.

PROPOSITION 3.3. Let Y € LY(Q, A,P). If Y is independent of B, then
EY|B)=E(Y) a.s.
PROOF. Since E(Y) is a constant, it is B-measurable. Let B € B. Then Y and 1p
are independent, hence
E(1pY) =E(Lp)E(Y) =E (15 E(Y)),
which proves that E(Y) is almost surely equal to E(Y | B). O

A more general statement is the following. For F and G two o-algebras, we denote by
o(F,G) the o-algebra generated by F U G, that is the smallest o-algebra which contains
F and G*.

PROPOSITION 3.4. Let Y be a non-negative or integrable random variable. Let F and
G two o-algebras such that G is independent of o(o(Y'), F). Then

EY|o(F,G)) =EY |F).
PrROOF. Note that E(Y | F) is clearly o(F,G)-measurable. Let A be of the form
A=FNGwith F e Fand G € G. Then
EEY | F)lpng) = E(E(Y1g|F)lg) (since F € F)
=E(E(Y1p|F))E(lg) (since G is independent of F)
=E(Y1r)E(lg)
=E(Y1png) (since G is independent of o(a(Y),F)).
Since o(F,G) is generated by the m-system?
C={FNG|FeFGegG}
the proposition follows by Dynkin’s m-A theorem: the class
M={Ae€ A|EE®Y [o(F,G))1a) = E(EY [ F)14)}
is a A-system® which contains the 7-system C, hence contains o(C). U

REMARK 3.4. The condition of Proposition 3.3 is not sufficient for ¥ to be independent
of B. For instance, let Y be a standard Gaussian random variable. Let X = |V, and
let B =0(X). Any o(X)-measurable bounded random variable can be written h(X) for
some bounded measurable function h. Hence,

E((X)Y) = B(Y)Y) = [ h<|:c|>xj2_ﬂe-w2/2dx 0,

by symmetry. Hence, E(Y | X) =0=E(Y), but X and Y are clearly not independent.

TAlso denoted by FV G.

2Recall that a m-system is a collection of subsets closed under finite intersection.

3Recall that a A-system is a collection of subsets which contains Q and is closed under complements
of subsets in supersets and under countable increasing unions.
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But we have:

PROPOSITION 3.5. Let By and By be two sub-c-algebras. Then, By and By are inde-

pendent if and only if
E(Y|B)) = E(Y),
for all By-measurable bounded random variable Y .

ProOF. The "only if” condition is just the previous proposition. To prove the suffi-
cient condition, we have to prove that for all bounded B;-measurable Z and all bounded
By -measurable Y, we have

E(ZY)=E(Z)E(Y).
But, by definition
E(ZY) =E(ZE(Y | B1)) = E(Z) E(Y),
by assumption. O

The following proposition is often useful for explicit computations of conditional ex-
pectations.

PROPOSITION 3.6. Let X and Y be two random wvariables. Suppose that X is inde-
pendent of B and Y is B-measurable. Then, for any measurable positive function f, one
has

E(f(X,Y)|B) = oY),
where the function ¢ is defined by

o) = E(/(X,9) = [ flw,y) Px(da).

PROOF. Since Y is B-measurable, ¢(Y') is obviously B-measurable. We have to prove
that for any B-measurable positive Z, one has

E(Zf(X,Y)) =E(Zp(Y)).

Since X is independent of B, it is independent of (Y, Z). The distribution of (X,Y, Z) is
thus

Pixyvz) =Px®@Pyz .
Hence, using Fubini’s theorem,

E(Zf(X,Y)) = /Zf(xay) Pixy,z)(dx, dy, dz)
:/zf(:p,y) Px(dl‘) IP)(Y,Z)<dyvdz)
:/zE [(X,y) Pz (dy, dz)

= /z<p P2y (dy, dz)
=E(Ze(Y)),
giving the result. U

EXAMPLE 3.1. Recall that a random vector X = (X7,..., X4) in R? is called a Gauss-
ian random vector if every linear combination of its coefficients has a Gaussian distribu-
tion.

Let (X1,...,X4,Y) be a centered Gaussian random vector in R%*!. The conditional
expectation

E(Y|Xq,...,Xq)
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coincides with the orthogonal projection of Y onto Vect(Xq, ..., X;). Note that in general
L*(Q,0(Xy,...,Xy),P) is an infinite dimensional space while Vect(X7,..., X ) is finite
dimensional, thus apart from the Gaussian case, there is no reason for this projection to
coincide with the conditional expectation. So, let

d
Y =Y AX,
i=1

be the orthogonal projection of Y onto Vect(Xj, ..., X,), where the \;’s are real coefhi-
cients. Then, foralli=1,...,d,

Cov (Y =V, X)) =E((Y = ¥)X;) =0
by definition of the orthogonal projection Py. Hence, since (Xi,..., X4 Y — 17) is a
Gaussian vector, one has that Y — Y is independent of (Xj,...,X,) (recall that for

Gaussian vectors, pairwise independence implies independence).
Hence,

EY | X1,...,X))=EY =Y |X,,.... X))+ Y =E{Y -Y)+Y =Y,

since Y is o(Xy,..., Xy)-measurable, Y — Y is independent of o(Xi,...,Xy) and the
variables are centered.
Let h be a bounded Borel function. Write

E(h(Y)| X1, ., Xa) =E (B(Y =Y +Y) | X1,..., Xa).

Since Y — Y is independent of (X1,...,Xy) and Y is o(Xy,...,Xy)-measurable, we find,
using the previous proposition, that

E(h(Y)| X1,..., Xa) = oY),

where

o(z) =E (h(Y ~Y + z)) :
Since Y — Y has distribution A(0,52), where 02 = E((Y — Y)?), we have
o(2) = [ h(y)
R

3.2. Convergence theorems. We start with a monotone convergence theorem for
conditional expectations:

6_(y_z)2/202 dy‘

V2m

THEOREM 3.1 (Conditional monotone theorem). Let (Y,,), be a non-decreasing se-
quence of non-negative random variables. Then,

supE(Y,, |B) =E (sup Y, | B) a.s.

PRrROOF. Since E(- | B) is a monotone map, the sequence (E(Y,, | B)),, is non-decreasing,
hence converges a.s. (in R). Put Y = sup,, Y;,. Then, for any random variable Z which is
B-measurable and non-negative,

E(ZY) = imE(2Y,) = imE (ZE(Y, | B)) = E (Z lim E(Y, | B)) ,

using twice the monotone convergence theorem. This gives the result as lim, E(Y,, | B) is
B-measurable. O

We now state a version of Fatou’s lemma for conditional expectations.
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LeEMMA 3.1 (Conditional Fatou’s lemma). Let (Y,,), be a sequence of non-negative
random variables. Then,
E(liminf Y, | B) <liminf E(Y, |B) a.s.
n n
PrROOF. The proof follows the same lines as in the classical Fatou’s lemma, and
is based on the monotone theorem for conditional expectations. Define the sequence

(Xn)n by X,, = infy>, Y. Then X, is non-decreasing and goes towards sup,, infy>, Yy =
liminf, Y,,. By the conditional monotone theorem, one deduces that

supE(X,, | B) = E(lim inf ¥y, | B).
On the other hand, since X,, <Y}, for all k > n, one has, since E(- | B) is non-decreasing,
that for all £ > n, E(X,, | B) < E(Y)|B), hence
E(X,|B) < inf E(Vi | B
Taking the supremum over n gives the lemma. 0

Now we pass to the dominated convergence theorem for conditional expectations.

THEOREM 3.2 (Conditional dominated convergence theorem). Let (X,,),, be a sequence
of random variables such that

(i) (X,)n converges a.s. to some random variable X ;
(ii) there exists Y € L'(Q, A, P), such that, for alln >0, |X,| <Y a.s.

Then, one has
linLnIE(Xn |B)=E(X|B) a.s.

PRrROOF. Its suffices to apply the conditional Fatou lemma to Z,, = 2Y — | X - X,,|. O

3.3. Inequalities.

PROPOSITION 3.7 (Conditional Jensen inequality). Let X € L'(Q, A, P) with values
in an interval I and let p: I — R be a convex function such that p(X) € L'(Q, A, P).
Then,
¢ (E(X|B)) < E(p(X)|B).
ProOOF. We need the following fact from convex function theory. Let
L(p) ={g: I — R is affine linear and g < ¢}.
Then L(y) is nonempty and ¢ = sup L(p) 9- Indeed, consider the subderivative of ¢
D*p(x) = lim M
UAVE Y—
By convexity, Dtp(z) is well defined and finite for all z € I (D*p(x) is the maximal
slope of a tangent at x). Hence, for all 25 € R, the map
= (o) + (z — 20) D™ p(0)
is in L(y). So let g € L(y). By linearity,
g(E(X | B) = E(g(X) | B) < E(p(X)|B).
Taking the supremum over L(p) gives the inequality. O

PROPOSITION 3.8 (Conditional Markov inequality). Let Y € L'(Q, A,P). Then, for

all a > 0,
E(|Y]||B
B(1Y| > a|B) < B

where P(|Y| > a|B) = E(1{y|>q | B).
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PROOF. Exercise. [l

4. Conditional distributions

We have seen how to define a conditional distribution in the case of discrete random
variables and in the case of random variables having a density. We now give a general
definition of the notion of conditional distribution.

DEFINITION 4.1. Let (E,&) and (F,F) two measurable spaces. A transition kernel,
or Markov kernel, from (E,&) to (F,F) is a map v: E x F — [0, 1] such that:
(i) for all x € E, the map v(x,-) is a probability measure on (F,F);
(ii) for all A € F, the map v(-, A) is E-measurable.
PROPOSITION 4.1. Let v be a transition kernel on E x F'.
(i) If h is a positive (or bounded) measurable function on (F,F), then

x|—>/ v(z,dy)

is a positive (or bounded) measurable function on (E,€E).
(i) If X is a probability measure on (E, &), then

A / Adz)w(z, A)
B
is a probability measure on (F,F).

PROOF. (i) This is clear for simple functions. The statement follows by the
monotone convergence theorem.
(ii) It is easy to verify the axioms of a probability measure (exercise).
U

DEFINITION 4.2. Let X and Y be two random variables. We define (a version of ) the
conditional distribution of Y given X as any transition kernel v such that for any bounded
Borel function h,

Y)|X)= / h(y)v(X,dy) a.s.
For any Borel set A, we deﬁne the conditional probability of Y € A given X as
PYeA|IX)=E14Y)|X)=v(X,A) a.s.
As seen in the introduction section, we have the following two examples:

ExXAMPLE 4.1. If X is a discrete random variable with values in E, such that P(X =
x) > 0 for all x € E, then the transition kernel v is
P(Y e dy,X =x)

P(X =)

ExAMPLE 4.2. If (X,Y) has density f(xy) the conditional distribution of ¥ given X
is given by v(X, dy) where the kernel v is

I/(l‘7 dy) = fY\X:x(y)dy

EXAMPLE 4.3. We return to the Gaussian conditioning of example 3.1. Let (X,..., Xy, Y)
be a centered Gaussian random vector, and Y = E(Y | Xy, ..., X,). Recall that there ex-

ists A1,...,As € R such that Y = Zle A X;. We have seen that, for all bounded Borel
function A,

vz, dy) =P(Y €dy| X =x) =

E(h(Y) [ X1,..., Xa) = oY)
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where
o) = [ )=

—(y=2)*/20% 4
V2T 4

where 02 = E((Y —Y)?). In terms of conditional distribution, it says that the conditional
distribution of Y given Xi,..., X, is given by the kernel v(Y, dy) where
1

2mo

v(z,dy) = e~ W=2/20% gy

EXAMPLE 4.4. Let (X, )n,>0 be a Markov chain on a countable state space £ with
Markov kernel @, that is for all n > 0, and all zg,z1,...,2,.1 in E, such that P(X, =
Zoy ..y Xp = xy) >0,

P(Xn+1 = ZL’n+1 | Xn = Tp,y ... ,X1 = T, XO = ZL'Q) = Q(,In,l‘n+1).

In other terms, one has that the conditional distribution of X, given F,, = o(Xo, X1, ..., X,)
is given by the Markov kernel Q(X,, dy), that is:

E (F(Xoe1) | Fa) = E(f(Xai1) | X0) = [ F@Q(Xa, dy) = QF (X0

The distribution of X is called the initial distribution of the chain. If Xy = z a.s.,
we denote by PP, the conditional probability measure P(-| X, = z). For v a probability
measure on E, the formula P, = >, .y v(x) P, defines another probability measure on €2,
which corresponds to the distribution of the chain when Xy ~ v.

The Markov property can now be stated as follows.

THEOREM 4.1 (Markov property). Let (X,)n>0 be a Markov chain on E. Then, for

all non-negative or bounded measurable function f on EY, we have for all x € E and all
n >0,

By [f (X Xusrs- ) | Fal = Ex, [ (Xo, X, .)].

Here, Ex, [f(Xo, X1, ...)] denotes the function = — E,[f(Xo, X1,...)] applied to X,,.
Thus, the Markov property says that given the past JF,,, the conditional expectation of
all the future depends only on X,,. Furthermore, given {X,, = y}, (X,1%)r>0 is a Markov
chain with transition kernel @) starting from y.

Proor. We have to prove that for all A € F,,,

Eo (f (Xntk)izo) 1a) = Eo (Ex, (f (Xk)iz0)) 1a),

and it suffices to take A of the form A = {Xy = 29, X; = z1...,X, = z,} and the
function f of the form [ = Ly 1x{yi}x.-x{yp}xEx-- for all p > 0. On the one hand, we
have,

E(f (Xe)r=0)) = Eo(Lixo=yo,... Xp=y,})
=P.(Xo=vo,..., Xp =1p)
= Lyo=e}QWo, ¥1) - - QYp-1,Yp),
by definition of a Markov chain, which gives that

B (Ex, (f (X0)i20)) Ta) = Ea (11,200 Lixomao, 1201 Xn=za} ) QWo0, 91) - Q(Yp-1,p)
= ]l{y(]:xn} P, (Xo =29, X1 =a1...,X;, = iﬂn) Q(ZJo, yl) T Q(yp—la Z/p)
- ﬂ-{yoixn}ﬂ-{xoiz‘}@('x07 .Tl) T Q(xn—h xn)Q(xru yl) e Q(yp—h yp)
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On the other hand, we have

= ]]-{y():x} ]Px (XO = o, Xl =T1... 7Xn = xn7Xn+l =Y. .. 7Xn+p = yp>
= l{y():x}ﬂ{mo:x}Q(woa 561) T Q(.Tn,l, xn)@(xm yl) Tt Q(ypfla yp)7
and the theorem follows. O

As a corollary, the Markov property implies conditional independence of (X, x)k>0
and F,, given X,,:

COROLLARY 4.1. For all non-negative or bounded measurable function f, and for all
random variable Z which is F,-measurable, we have
E. (f(Xn, Xps1,.- )2 X0) = Eo(f(Xn, Xosa, .- ) | Xn) Ex(Z] X5).
PRrROOF. To ease notation, denote F' = f(X,,, X;41,...). Then, by the tower property
of conditional expectation and the Markov property,
E.(FZ|X,) =E(E.(FZ|F,) | X,) = E(EL(F | Fo)Z | X,)
=E,.(Ex,(f(Xo,X1,...))Z | X,)
=Eyx, (f(Xo, X1,...) E.(Z| X,). O
In fact, one sees that the Markov property is equivalent to conditional independence
of (X1k)k>0 and F,, given X,, and homogeneity:
PROPOSITION 4.2. The process (X, )n>0 satisfies the Markov property if and only if
for all x € E, for all random variable Z which is F,-measurable,
E.(f(Xn, Xnt1,-- )2 | X)) =Ex, (f(Xo, X1,...) E(Z] X,),

for all bounded measurable function f.
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