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1. INTRODUCTION

Introductory statistics textbooks are usually written for students with
little prior knowledge of university-level mathematics, typically just a basic
understanding of calculus and matrix algebra. Additionally, abstract linear
algebra is often avoided even in more advanced textbooks, with the use of
matrices preferred over more abstract concepts such as vector spaces, linear
transformations, dual spaces and tensor products. In probability theory,
only the so called advanced books make use of the language of abstract
measure theory.

Professional mathematicians and graduate mathematics students typi-
cally have a strong background in abstract linear algebra and also a rea-
sonable amount of background in abstract measure theory, topology and
functional analysis. Although other audiences, who are more interested in
applications and have less mathematical background, will understandably
try to avoid such abstractions when learning probability and statistics, for
mathematicians it is the opposite: these abstractions are familiar topics that
are part of their everyday work, and there is no reason to avoid them. In
fact, a significant portion (though not all) of the material presented in ad-
vanced probability textbooks is already well-known to mathematicians, but
with different terminology and motivation. Thus, just by being presented
with a translation from measure theory or functional analysis language to
probability theory language they will be able to learn a lot about the subject.

This is then the goal of this text: presenting some of the main ideas of
probability and statistics to an audience that knows nothing about those
subjects but for which the abstract mathematics is the easy part. Also, we
will make an effort to explain the main ideas and motivations behind each
topic instead of just following the dry definition-lemma-theorem-proof style
used by typical mathematics books.
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2. PROBABILITY SPACES AND EVENTS

A probability space is simply a measure space in which the measure of the
entire space is equal to 1. We briefly recall the relevant measure-theoretic
concepts just to make sure our terminology is clear.

Definition 2.1. A probability space is a triple (€2, A,P), where ) is a set,
A is a o-algebra of subsets of 2 (i.e., a nonempty collection of subsets of
Q closed under countable unions and complements) and P is a probability
measure on A, i.e., a countably additive nonnegative measure defined on A
with P(2) = 1. Elements of A will be, as usual, called measurable subsets
of 2 but in the context of probability theory they are also called events; for
A € A, we call P(A) the probability of the event A.

Let us discuss a bit the connection between the definition above and
practical applications. A probability space can be used as a mathematical
model for the set of possible outcomes of a random experiment, what is usu-
ally called the sample space for that experiment. By a random experiment
it is meant some procedure that can be repeated as often as one wishes,
with the repetitions being independent of each other. This is not supposed
to be a formal mathematical definition in any way, of course, as we are now
talking about something outside of the domain of pure mathematics.

One paradigmatic textbook example of a random experiment is a toss of
a coin or a throw of the dice. The outcome of the experiment would be
either heads or tails in the case of a coin and an integer number between 1
and 6 in the case of a die. More relevant examples, connected to real-world
applications of statistics, would be for instance gathering a sample of people
from the population and collecting answers from them using a questionnaire
or gathering a sample of sick patients and testing a new treatment, collecting
data such as the evolution of symptom severity.

If (2, A,P) is the probability space used to model a given random ex-
periment then each time the experiment is performed an outcome w €  is
obtained. An element A € A is called an “event” because we are thinking
that “the event A happened” is a short for “the event that the obtained
outcome w belongs to A happened”. Thus, P(A) — the probability of the
event A — is understood as the probability that the obtained outcome w is
in A. A possible interpretation for the number P(A), the so called frequentist
interpretation, is that P(A) is the frequency of occurrences of w € A when
the random experiment is repeated a large number N of times. In more
mathematical language, this can be expressed as the limit of the quotients
% as N tends to +o00, where N4 denotes the number of times among the
N repetitions in which the event w € A occurred.

Almost everything we said above after Definition [2.1] is problematic and
cannot be taken too seriously. To begin with, it is not completely clear
what one means by “repeating” an experiment as, for instance, when we
toss a coin a second time we usually don’t even make an effort to position
our hand in the exact same way as in the first toss. So “repeating” is not
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supposed to mean that everything is exactly the same. The possibility of
repeating the experiment as often as one wishes is also not supposed to
be interpreted stricto sensu, as in practice there is obviously some finite
(though maybe very large) limit to the number of possible repetitions. The
“independence” assumption means that whatever happened in the previous
instances of the experiment should not influence the outcome of the current
one, though that might not be exactly true in all cases. One should also
notice that statistics is often used to analyse observational data, i.e., data
that is collected retrospectively and it is not the outcome of some deliberate
planned or controlled experiment. It is even less clear what “repeating”
would mean in this context.

The frequentist interpretation of probability is also not the only one, as
for instance there is also Bayesian statistics. In the Bayesian framework,
probability is used to express uncertainty about facts due to incomplete
knowledge. For instance, one might be willing to talk about the probability
that the 100-th digit of ™ be greater than 4. There is definitely no conceivable
sense in which this can be seen as related to repetitions of some procedure,
as the 100-th digit of 7 is simply some fixed number. Nevertheless, if you
find yourself in a casino and someone proposes to you a bet based on the
value of the 100-th digit of 7= and if you don’t have access to a computer or
any means to find out the correct value, you would likely appeal to some
sort of probabilistic reasoning to decide if it is a good idea to accept the bet
— say, by assigning a probability of 1—10 to each of the 10 possibilities.

A word of caution should be said with respect to the use of the word
“random”. Is there anything like true randomness in nature and what does
that mean exactly? Is the outcome of a certain experiment really random
or maybe it was determined from complete specification of initial conditions
and the laws of physics? None of this matters for statistics. The fact is
that often the outcomes of sufficiently complicated deterministic processes
exhibit statistical regularities, i.e., properties that one can successfully study
using the methods of probability theory. For example, a pseudo-random
number generator is certainly a deterministic process and yet one can make
good predictions about the frequency properties of its long term outcomes
using probability theory. So statistical reasoning can be thought of as an
approach to studying complicated phenomena — whether true randomness
is involved or not — in which complicated details (say, microscopic details,
uncontrollable variables, etc) are ignored.

Let us now go back to the mathematics to make a few observations and
look at a couple of simple examples. We note that if (€2, A, P) is a probability
space, A C 2 is a countable set and every singleton {w} with w € A belongs
to the o-algebra A, then A € A and the probability of A is given by

(2.1) B(A) = 3 Pw),

wEA
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where we abbreviate P({w}) as P(w). Therefore, if €2 itself is countable and
all the singletons {w}, w € €2, belong to A — which is typically the case —
then A coincides with the collection p(€2) of all subsets of Q2 and formula
holds for every subset A of ). In this case, the entire probability measure P
is completely determined by the probabilities P(w) of the individual points
w € Q. In fact, any specification of nonnegative real numbers P(w), for all
w e Q, with )7 o P(w) = 1 yields a unique probability measure P on the
o-algebra A = () of all subsets of £ defined by . A probability space
whose underlying set €2 is countable is usually said to be discrete.

If Q is uncountable, formula (2.1)) usually does not hold for all A € A
and in fact it often happens that P(w) = 0 for all w € Q. For example,
one can take = [0,1] and P the Lebesgue measure defined on the o-
algebra A of Lebesgue measurable subsets of [0, 1]. As it is well known, for
uncountable ) there are obstructions to defining interesting measures on
the collection of all subsets of €2 and that is the main reason why one needs
o-algebras in measure theory. In the discrete case, as discussed above, one
often simply takes A = p(€2) (though see Subsection [19.1]for another reason
why nontrivial o-algebras are useful even in the discrete case).

We conclude the section with one comment concerning events of probabil-
ity zero. One would normally expect that an event having zero probability
is an impossible event, but as we saw above there are situations in which
is uncountable and every w € (2 has zero probability. Of course, it cannot be
true that every w € () is impossible, as €2 is the set of all possible outcomes
so that some w € 2 will be the outcome. Events with zero probability are
usually referred to as “almost impossible”, with the only truly impossible
event being the empty set. In fact, in the context of probability theory the
expression almost surely or P-almost surely is used with the same meaning
that the expression “almost everywhere” is used in measure theory. Namely,
something happens almost surely if the probability that it doesn’t happen is
zero or, equivalently, if the probability that it does happen is equal to one.

Though an event with positive probability being a union of (uncountably
many) events with zero probability is not a problem within the mathemat-
ical formalism, this possibility seems paradoxical when connections to the
real world are considered. Note, however, that the set of outcomes of a real
experiment — the kind of outcome that you would obtain using some kind
of measuring apparatus and then write down in a piece of paper or in a com-
puter spreadsheet — is always finite. Laboratory equipment and computers
have limited precision and the set of all real numbers in some interval is
never going to be the set of all possible outcomes. The reason why we use
nondiscrete probability spaces is not that they model the outcomes of ex-
periments more faithfully, it is because they make the mathematics simpler
and more elegant.
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3. RANDOM VARIABLES AND RANDOM OBJECTS

Though a point of the underlying set Q of a probability space (Q2,.4,P)
is denoted by a simple innocent letter like w, in many concrete applications
such a point will encode a lot of information. For example, one can consider
an experiment in which a large sample of the population of a country is
sampled and a lot of data (for instance, age, height, weight, home address,
health data, etc) from the individuals of that sample is collected. One
would then consider a probability space such that each w € € contains all
the collected data from all the individuals in that sample. Or maybe a point
w could represent all the data from the stock market during a certain period
of time. Mathematically speaking, w would typically be represented as an
element of some large cartesian product of sets. Out of the large dataset
that a single point w of {2 represents, one will usually want to isolate specific
quantities of interest X (w) which will be discussed and used in computations.
Such quantities are often real-valued.

For example, if w contains all the data collected from a sample of the
population of a country then X (w) could be the average of the heights of
the individuals in that sample, or the median of the ages of such individuals,
or the weight of the seventh individual in the sample (according to some
specified ordering) or the number of individuals in the sample that live in
a certain region of the country. If w contains all the data from the stock
market during a certain period of time then X (w) could be the value of some
particular stock in some particular moment — and so on.

In mathematical terms, a real-valued quantity of interest associated to
points of Q would be represented by a map X : 2 — R. One would then be
interested in asking questions like “what is the probability that the value of
X belongs to a given subset B of R?” or, for a more specific example, “what
is the probability that the value of X be greater than 17”. The probability
that the value of X belongs to B, denoted by P(X € B), should of course
be defined as the probability of the set

X 'Bl={weQ: X(w) € B}

which is just the inverse image of B under the map X. In other words, we

define:
(3.1) P(X € B) =P(X'[B]).

y [X € B] and, in the same
P(X > x) with the obvious

g
It is also convenient to denote the set X ~'[B] b
spirit, to use notations such as [X > z| and
meaning.

In order for the probability to make sense it is necessary that X ~![B]
belongs to the o-algebra A. In most cases it is not reasonable to expect this
to happen for arbitrary subsets B of R but one would hope this to happen
at least for sufficiently simple subsets of R, say, for intervals. As intervals
generate the entire o-algebra of Borel subsets of R, if X ~![B] € A whenever
B is an interval, it will also be the case that X '[B] € A for every Borel
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subset B of R. What we are saying here is that the map X : Q — R should
be measurable.
We quickly recall the relevant measure-theoretic definitions.

Definition 3.1. A measurable space (M,B) is a set M endowed with a o-
algebra B of subsets of M. The elements of B are called measurable subsets
of M. Given measurable spaces (M, B) and (M',B"), amap f: M — M' is
said to be measurable if f~}[B] € B for all B € B'.

Clearly, for f : M — M’ to be measurable, it is sufficient that f~![B] € B
for all B in a collection of generators for the o-algebra B'.
We now give the main definition of the section.

Definition 3.2. A random variable X on a probability space (2, A,P) is a
measurable function X : Q — R, where € is endowed with the o-algebra A
and R is endowed with its Borel o-algebra.

Example 3.3. Here is a dumb example so that we can introduce the relevant
terminology. Given a subset A of a set {2, the function 14 : 2 — R that
takes the value 1 on A and the value zero on Q\ A is called the indicator
function of A. Mathematicians usually call this the characteristic function
of A, but in probability theory the name “characteristic function” is reserved
for something else (see Section [14)), so one uses “indicator function” instead.
If (Q,.A,P) is a probability space and A € A is an event then obviously 14
is a random variable in (2, A, P).

Though many quantities of interest are real-valued, this is not always the
case and nothing stops us from considering the following obvious general-
ization of the concept of random variable.

Definition 3.4. Given a measurable space (M, B), by an (M, B)-valued
random object X on a probability space (2, A,P) we mean a measurable
map X : © — M. For every B € B, we write P(X € B) = P(X'[B]).
If M =R" (or if M is a real finite dimensional vector space) and B is the
Borel o-algebra of M then an (M, B)-valued random object is also called a
random vector.

Recall that for an arbitrary topological space its Borel o-algebra is de-
fined as the g-algebra generated by the open sets and that every real finite-
dimensional vector space has a canonical topology (which can be defined,
for instance, as the topology induced by an arbitrary norm). Clearly, an
R™-valued random vector X is the same as an n-tuple (X1, ..., X,) of ran-
dom variables, as the measurability of an R™-valued map is equivalent to its
coordinatewise measurability.

The language of random variables is very convenient as it matches closely
the way statisticians think when handling concrete problems. For example,
one can use various operations with random variables to create new ran-
dom variables. Say, if X, Y, Z and W are random variables on the same
probability space and W never vanishes, one can construct a new random
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variable by using a formula like %(X 2y’ — 3Z). Such operations with ran-
dom variables are to be understood as one usually understands operations
with functions having the same domain, i.e., operations are defined point-
wise. More generally, one can apply a function f to a random variable X
forming a new random variable f(X). What one is thinking here is that f
is applied to some observed value X (w) of the random variable X, so f(X)
should be understood as a composition.

Definition 3.5. If (M, B) and (M’, B’) are measurable spaces, f : M — M’
is a measurable map and X is an (M, B)-valued random object on some
probability space (€2, .4, P), then we define f(X) as the (M’, B')-valued ran-
dom object on that same probability space given by f(X) = f o X.

Random variables are “variables” not in the sense that logic textbooks
use the term, but in the sense that physicists (and pre-twentieth century
mathematicians) use the term: they are quantities of interest that might
be related with each other by functions. The “variables” used by physicists
could be mathematically formalized as (usually real-valued) functions de-
fined in some state space and functions of such variables would be defined,
as above, using compositions (see [7] for a more complete discussion). In
statistics, we simply replace the state space with a sample space carrying
a probability measure and we imagine that the point of the sample space
was obtained through some random process. In this sense the point w be-
comes random and thus also the value X (w) of X becomes random, i.e., the
variable X inherits the randomness from its domain, hence random variable.

4. THE DISTRIBUTION OF A RANDOM OBJECT

Let (2, A,P) be a probability space and X : Q — M be a random object,
where (M, B) is a measurable space. The probability distribution (or simply
distribution) of the random object X is the probability measure Px on the

o-algebra B defined by
Px(B) = P(X € B) — B(X[B)),
for all B € B.

The construction above is actually familiar from abstract measure theory
and it is known as the push-forward (or image) of a measure under a map.
Namely, if f is a measurable function between measurable spaces and p is a
measure defined on the o-algebra in the domain of f then the push-forward
of p under f is the measure f,u defined on the o-algebra in the counter-
domain of f given by (f.u)(B) = ,u(f_l[B]), for every B in that o-algebra.
Hence the distribution of a random object X is simply the push-forward
under X of the probability measure in the domain of X:

Px = X, P.

Clearly, if two random objects X : Q@ — M, Y : Q@ — M are equal almost
surely then Px = Py.
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Example 4.1. A random object X is called discrete if its image Im(X) is
a countable set. If X is a discrete (M, B)-valued random object such that
the singleton {z} is in B for every x in the image of X then the distribution
of X is completely determined by the values of P X({:U}) — abbreviated as
Px(z) — with z in the image of X. Namely, we have

Px(B)= Y  Px(x),

z€BNIm(X)
for any B € B.

Note that if X : Q — M is a random object and f : M — M' is a
measurable map taking values in some other measurable space (M’, B’) then
the distribution of the random object f(X) is simply the push-forward under
f of the distribution of X:

Prx) = (f o X).P = f.X.P = f, Px.

In particular, the distribution of f(X) depends only on the distribution of
X. This is a useful observation, as several probability distributions that
are important in statistics are defined by a statement of the form “it is the
distribution of f(X) for a certain given f, where the distribution of X is
...”7. The previous observation implies that this type of definition is valid,
as the distribution of f(X) does not depend on the choice of the random
object X as long as X has some required distribution.

5. A USEFUL TECHNICAL LEMMA

In order to check that two probability measures defined in the same o-
algebra are equal it is not sufficient to check that they agree in a collec-
tion of generators of the o-algebra. For example, if @ = {0,1,2,3} then
{{0,1},{1,2}} generates p(£2) and yet it is easy to give examples of distinct
probability measures on @(€2) that have the same value on the sets {0,1}
and {1,2}. We can fix this by adding a simple hypothesis to the set of
generators.

Lemma 5.1. Let (2, A) be a measurable space and let p and v be finite
countably additive measures defined on A. Let C C A be a collection that
generates the o-algebra A and is closed under finite intersections. If

u(A) = v(4)
for all A € CU{Q} then p = v. In particular, if two probability measures
defined on A coincide on elements of C then they are equal.

We will prove Lemma [5.1] in a moment, but first we need a definition
and another lemma. The reason why the obvious approach for proving
Lemma fails is that the collection of sets in which two probability mea-
sures coincide is not a o-algebra. Nevertheless, the collection of sets in which
two finite countably additive measures coincide does satisfy certain closure
properties and this leads us to the notion of o-additive class. A nonempty
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collection & of sets is called a o-additive class if it is closed under finite
disjoint unions (i.e., A, B € S and ANB = () implies AUB € S), proper dif-
ferences (i.e., A,B € § and B C A implies A\ B € §) and increasing limits
(ie., if (A,)n>1 is an increasing sequence of sets in S then |-, 4, € S).

We recall that a o-ring is a nonempty collection of sets that is closed
under countable unions and differences. Note that a o-algebra of subsets of
() is the same as a o-ring consisting of subsets of 2 of which €2 itself is a
member. Moreover, one easily checks that a o-additive class closed under
finite intersections is a o-ring.

Lemma 5.2. If C is a collection of sets closed under finite intersections
then the o-additive class generated by C coincides with the o-ring generated
by C.

Proof. 1t is sufficient to check that the o-additive class S generated by C is
closed under finite intersections. To this aim, check first that for any set A,
the collection

(5.1) {BeS:AnBeS}

is a o-additive class. For A € C, the collection contains C and thus it
contains §. This establishes that the intersection of a member of C with a
member of S is in §. Now repeat this reasoning noting that we have just
proven that the collection contains C for any A € S. ([l

Proof of Lemma([5.1. Use Lemma [5.2] keeping in mind that
{AeA:pn(A) =v(A)}

is a o-additive class that contains the collection C U {Q} which is closed
under finite intersection and generates A as a o-ring. U

6. JOINT DISTRIBUTIONS AND MARGINALS

Let (92, A,P) be a probability space. Given random objects X and Y
on (2, A, P) taking values in measurable spaces (M, B) and (M’, B') respec-
tively, we can form a new random object (X,Y) : Q@ — M x M’ by setting

(X, Y)(w) = (X (), Y (w)),

for all w € Q. The set M x M’ should be endowed with the product o-algebra
B ® B’ which is the o-algebra generated by all products B x B’ with B € B
and B’ € B'. Such o-algebra is appropriate since it has the property that
(X,Y) is measurable if and only if both X and Y are measurable.

Definition 6.1. The distribution P(x yy of the random object (X,Y) is
known as the joint distribution of X and Y.

Note that if
T MxM — M, m:MxM — M
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denote the projections then

Px = (m):Pxy), Py = (m2)«Pxy)s

i.e., the distributions of X and Y are obtained by taking the push-forward
of the joint distribution under the projections. In this context one usually
says that the distributions of X and Y are the marginal distributions cor-
responding to the joint distribution Py yy. Note, however, that this is just
a new name for the distributions of X and Y.

To motivate such terminology let us look at the case in which the sets
M and M’ are countable and B = p(M), B' = p(M’), so that M x M’
is also countable and B ® B’ = (M x M’'). As discussed in Section
the probability measure in a discrete (i.e., countable) probability space is
determined by the probabilities of individual elements and thus if X is an
(M, B)-valued and Y is an (M’, B’)-valued random object then the joint
distribution of X and Y is determined by probabilities of the form:

Pixyy(z,y) = P([X = 2] N[Y = y]),

with z € M and y € M’. The distributions of X and Y are then obtained
by taking the sums

(6.1) Px(x) = > Puy)(@y), Pry) =Y Pxy)(zy),
yeM’ zeM

for all x € M and all y € M’. We normally imagine the probabilities
P(x,yy(w,y) written in a rectangular table and the row and column totals
Px(x) and Py (y) written on the margins of such table — hence marginal
distributions.

The notion of joint distribution can be generalized to arbitrary families
of random objects. We recall some definitions.

Definition 6.2. Given a set M, a family ((M;, Bi))ie[ of measurable spaces
and a family (f;);er of maps f; : M — M;, we define the o-algebra of subsets
of M induced by the family (f;)icr as the smallest o-algebra which makes
all of the maps f; measurable. This obviously coincides with the o-algebra
generated by:

U{#'B]: BeB}.

1€l

Note that if C; generates the o-algebra B; for each i € I then

(6.2) U{#'Bl:Bec}
i€l
generates the o-algebra induced by the family (f;);cr; namely, note that all
maps f; are measurable with respect to the o-algebra generated by .
It is readily checked that if M is endowed with the o-algebra induced
by (fi)ier and g is an M-valued map defined in some arbitrary measurable
space then g is measurable if and only if f; o g is measurable, for all 7 € I.
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Definition 6.3. Let ((Mi’&))z‘el be a family of measurable spaces. The
o-algebra of subsets of the cartesian product M = [[,.; M; induced by the
projections

mi oM — M;, 1€1
is denoted by );.; B; and it is called the product o-algebra.

Clearly, an M-valued map ¢ is measurable if and only if all of its coordi-
nates m; o g are measurable.

Definition 6.4. If (X;);c; is a family of random objects on the same prob-
ability space (2,4, P) with X; taking values in a measurable space (M;, 15;)
then the joint distribution of the family (X;);c; is the distribution P(x,,_,
of the ([T;c; Mi, ®;c; Bi)-valued random object defined by

(6.3) (Xi)ier(w) = (Xi(w)),ep € [T M,
el
for all w € Q.

We will use the same notation for the family of maps (X;);e; and for the
map . This should not cause much confusion.

As in the case of two random objects, the individual distributions of the
random objects X; can be obtained from the joint distribution of the family
by taking push-forwards under the projections and in this context we call
such individual distributions marginal distributions.

Note that if, for each ¢ € I, C; is a collection of generators for B; that is
closed under finite intersections than the collection of all sets of the form

(6.4) Wi_ll[cl] m...ﬂw;ll[Cn], CreCy,y ..., Chely,,

with i1,...,4, € I distinct and n > 1 generates );.; B; and it is closed
under finite intersections. An application of Lemma [5.1] then yields the
following result.

Proposition 6.5. Let ((Mi’Bi))ieI be a family of measurable spaces and
for each i € I let C; be a collection of generators for the o-algebra B; that is
closed under finite intersections. We have that two probability measures on
the product o-algebra @), B; are equal if they coincide on sets of the form
for any i1, ...,4, € I distinct and any n > 1. ([

Proposition says that the joint distribution of a family (X;);c; of
random objects is completely determined by probabilities of the form

IP’([XZ‘I € Cl] N...N [in € Cn]), Ch eC,-l, e, Cy eCin,

with 41,...,4, € I distinct and n > 1, assuming that X; is (M;, BB;)-valued
and that C; is a collection of generators for B; that is closed under finite
intersections for all ¢ € I. Taking C; = B; we conclude in particular that
the joint distribution of (X;);cs is completely determined by all the joint
distributions of the finite subfamilies (X;);cr, with F' ranging over the finite
subsets of I.
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For finite families, Proposition [6.5| can be restated in the following more
convenient form.

Proposition 6.6. Let ((Mi’Bi))z’eI be a finite family of measurable spaces
and for each i € I let C; be a collection of generators for the o-algebra B; that
is closed under finite intersections. We have that two probability measures
on the product o-algebra Q,;c; B;i are equal if they coincide on sets of the
form

(6.5) I1¢:
el
with C; € C; U{M;} for alli € I. O

Note that in Proposition it is crucial to allow the possibility that
C; = M;, otherwise the product sets (6.5) might not generate the product
o-algebra. In Proposition [6.5] it wasn’t necessary to allow explicitly for
the possibility that C; = M; because the collection of indices {i1,...,i,}
appearing in is allowed to be a proper subset of I even if [ is finite.

In probability theory, most relevant questions concerning a family of ran-
dom objects (X;);er depend only on their joint probability distribution —
in some cases the image of the map is also important. In any case, the
common probability space (€2, A4,P) in which all of the random objects of
interest are defined is not important and that is why authors seldom care to
clearly specify it. However, one does need to worry about existence results,
i.e., results that ensure the existence of a probability space in which a fam-
ily (X;)ser of random objects with the desired joint distribution (sometimes
also with constraints on the image of ) can be defined. Examples of
such existence results will be discussed in Sections [16] and [18

Remark 6.7. A word of caution must be said about products of g-algebras.
Typically, the spaces M; above will be topological spaces and B; will be the
corresponding Borel o-algebras. The product M = [[,.; M; thus has a prod-
uct topology and one might be tempted to confuse the product o-algebra
B = @,;c; Bi with the Borel o-algebra of the product topology. While
the Borel o-algebra of the product topology always contains the product
o-algebra, the two might differ even in the simplest case of a product of
two spaces. When they do not coincide, one cannot infer, for example, the
measurability of a function f ((Xi)ie I) of the random objects X; from the
measurability of the X; and the continuity of f, as the continuous function
[ defined on [[;.; M; is measurable with respect to the Borel o-algebra and
the J[,c; M;-valued map (X;);es is measurable with respect to the prod-
uct o-algebra. However, if I is countable and the topology of each M; is
second countable then it is easily checked that the Borel o-algebra of the
product does coincide with the product of the Borel o-algebras of the spaces
M;. Namely, in this case the product topology is also second countable and
therefore every open set is a countable union of basic open sets that belong
to the product o-algebra.
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7. CUMULATIVE DISTRIBUTION FUNCTION OF A RANDOM VARIABLE

The distribution of a random variable X is a Borel probability measure
Px on the real line, i.e., a probability measure defined on the Borel o-algebra
of the real line. Note that the collection {]—oo, x]:x € ]R} is clearly closed
under finite intersections and it generates the Borel o-algebra of R. Thus,
by Lemma two Borel probability measures on R that agree on sets of
the form |—o0, 2] must be equal. Let then P be a Borel probability measure
on R and define F': R — R by setting

(7.1) F(z) =P(]—o00,]),

for all x € R. Clearly the map F' satisfies the following conditions:

(i) F is increasing;
(ii) F is right-continuous;
(iii) limgy_ oo F(x) = 0 and limy— 1o F'(z) = 1.
Does every map F' : R — R satisfying (i), (ii) and (iii) arises from a Borel
probability measure on R? The answer is affirmative and this follows from
the following standard result.

Proposition 7.1. Let F': R — R be an increasing right-continuous func-
tion. There exists a unique nonnegative countably additive Borel measure
on R such that

u(la,b)) = F(b) — Fla),
for all a,b € R with a <. O

Taking Lemma [5.1] and Proposition [7.1] together we obtain the following
characterization of Borel probability measures on the real line.

Proposition 7.2. The mapping P — F, with F defined as in (7.1)), is a
bijection between Borel probability measures on R and functions F': R — R
satisfying (i), (1) and (iii) above. O

Proposition [7.2] motivates the following definition.

Definition 7.3. Let X be a random variable. The cumulative distribution
function (cdf) of X is the map Fx : R — R defined by

Fx(z) =Px(]—00,2]) =P(X < ),
for all z € R.

In other words, F'x is the map corresponding to the Borel probability
measure Px under the bijection given by Proposition It follows that
a map F': R — R is the cumulative distribution function of some random
variable if and only if F satisfies (i), (ii) and (iii) above.
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8. PROBABILITY DENSITY FUNCTIONS

Let (M, B) be a measurable space and let ;1 and v be countably additive
nonnegative measures defined on B. Recall that v is said to be absolutely
continuous with respect to p if u(B) = 0 implies v(B) = 0 for all B € B.
Assume that p and v are both o-finite; recall that a measure defined on B is
called o-finite if M is a countable union of sets of B having finite measure.
The celebrated Radon—Nikodym Theorem states that v is absolutely contin-
uous with respect to p if and only if there exists a nonnegative real-valued
measurable function f defined on M such that

vB) = [ fan

for all B € B. The function f is unique up to p-almost everywhere equality
and it is called a Radon—Nikodym derivative of v with respect to pu. A
Radon—Nikodym derivative of v with respect to p is usually denoted by g—;.

Definition 8.1. Let X be a random object taking values in a measurable
space (M, B) and assume that p is a o-finite countably additive nonnegative
measure defined on B. If Px is absolutely continuous with respect to p then
a Radon—Nikodym derivative of Px with respect to p is called a probability
density function (pdf) of X with respect to p. In other words, a proba-
bility density function of X with respect to p is a nonnegative real-valued
measurable function fx : M — [0, 4+o00[ such that

P(X € B) = Px(B) = / Fx du,
B
for all B € B.

Of course, if fx is the probability density function with respect to p of
some (M, B)-valued random object then the integral of fx with respect to u
must be equal to 1, as Px (M) = 1. Moreover, every nonnegative measurable
map fx : M — [0, +oo[ whose integral with respect to p is equal to 1 yields
a probability measure on B by integration with respect to p and thus it is
the probability density function with respect to p of some (M, B)-valued
random object.

Let us look at a few important examples.

Example 8.2. Let X be a random object taking values in a measurable
space (M, B). If M is countable, B = (M) and p is the counting measure
on B (i.e., u(B) is the number of elements of B for all B C M) then Px is
always absolutely continuous with respect to p and the unique probability
density function for X with respect to p is the map fx : M — [0, 1] defined
by

fx(x) =Px(z) = P(X = x),
for all x € M. The map fx is called the probability mass function of X.



A BASIC INTRODUCTION TO PROBABILITY AND STATISTICS 16

Recall that a map F : [a,b] — R is called absolutely continuous if for
every € > 0 there exists § > 0 such that

k
> IF(ys) — Fla)| <e,
=1

for any finite collection |z1,y1], ..., Jzk, yx[ of disjoint open intervals con-
tained in [a, b] with Zle(yi —x;) < 0. It is well-known that F' is absolutely
continuous if and only if there exists a Lebesgue integrable map f : [a,b] — R
such that

F(t) = F(a) +/[ t]fdm,

for all ¢ € [a,b], where m denotes the Lebesgue measure. Moreover, F is
differentiable at m-almost every point of [a,b] and F’ = f m-almost every-
where. A map F of class C!, a (continuous) map F that is piecewise C! or
an everywhere differentiable map F' whose derivative is Lebesgue integrable
are all examples of absolutely continuous maps. A function F' : R — R
whose restriction to every compact interval [a, b] is absolutely continuous is
called locally absolutely continuous.

Example 8.3. Let X be a random variable, i.e., X is a random object
taking values on the real line R endowed with the Borel o-algebra. Let m
be the Lebesgue measure restricted to the Borel o-algebra of R. It follows
directly from the facts discussed above that Px is absolutely continuous with
respect to m if and only if the cumulative distribution function Fx : R — R
of X is locally absolutely continuous. Moreover, if F'y is locally absolutely
continuous then any nonnegative Borel-measurable map fx : R — [0, 4o00]
that is m-almost everywhere equal to the derivative of F'x is a probability
density function of X with respect to m.

Unless otherwise stated, probability density functions for random vari-
ables will always be considered with respect to the Lebesgue measure m.

Example 8.4. Let (M, B) and (M’', B’) be measurable spaces and let
p:B—[0,+00], v:B —[0,+c]
be nonnegative countably additive o-finite measures. We denote by
p@v:BoB — [0,+00)

the product measure, which is the unique nonnegative countably additive
measure such that (u@v)(BxB') = u(B)v(B’), forall B € Band all B’ € B'.
Let X be an (M, B)-valued random object on a probability space and Y be
an (M’, B’)-valued random object on that same probability space. Assume
that the joint distribution P(y y) is absolutely continuous with respect to
u @ v, i.e., that there exists a probability density function

f(X,Y) M x M/ — [0, +OO[
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of the random object (X,Y’) with respect to 4 ® v. The map f(xy) is
usually called a joint probability density function for X and Y. It follows
from Fubini—Tonelli’s Theorem that the function fx defined by

fx(z) = /M, fxy)(@y)dv(y), zeM

is measurable, p-almost everywhere finite and that

/ fXdM:/ fxyyd(p@v) =P y)(B x M) =Px(B),
B Bx M

for all B € B. Replacing any infinite values that fx might attain on a set of
u-measure zero with some fixed finite value, we obtain a probability density
function for X with respect to u. Similarly, the map

friy) = /M foow)(@y) du(z), ye M

becomes a probability density function for Y with respect to v after infinite
values attained on a set of v-measure zero are replaced with some fixed finite
value.

Thus, probability density functions for the (marginal) distributions of X
and Y can be obtained by integrating away the undesired variable from the
joint probability density function. Note that this observation generalizes
equalities that were obtained in the case of discrete random objects.

As we have seen above, the existence of a joint probability density function
for (X,Y) with respect to p ® v implies the existence of probability density
functions for X and Y with respect to u and v, but the converse is not
true. For an extreme example, let X and Y be random variables satisfying
some functional relation Y = ¢g(X), with g : R — R a measurable function.
In this case the P(x y)-probability of the graph of g is equal to 1, yet the
Lebesgue measure of such graph is zero, so that P x yy is never absolutely
continuous with respect to the Lebesgue measure of R2.

Example 8.5. One can easily generalize Example to arbitrary n-tuples
(X1,...,X,) of random objects and of nonnegative countably additive o-
finite measures (u1, ..., t,), with X; taking values in a measurable space
(M;, B;) and p; defined on B;, for i = 1,...,n. The most important particu-
lar case happens when M; = R, B; is the Borel g-algebra and p; = m is the
restriction of the Lebesgue measure to the Borel o-algebra. In this case the
product measure ;" ; p; is just the Lebesgue measure of R" restricted to
the Borel o-algebra of R™. We denote such measure also by m and, unless
otherwise stated, the probability density of an R™-valued random vector
(X1,...,X,) will be always considered with respect to m. In elementary
probability theory textbooks, what is usually meant by “probability density
function” is the probability density function of a random variable or of an
R"-valued random vector with respect to the Lebesgue measure.
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Example 8.6. Let (M, B) be a measurable space and let p and v be non-
negative countably additive o-finite measures on B such that v is absolutely
continuous with respect to p. If X is an (M, B)-valued random object such
that Px is absolutely continuous with respect to v then Py is also absolutely
continuous with respect to u. Moreover, if fx is a probability density func-
tion for X with respect to v then a probability density function for X with
respect to p is obtained by multiplying fx by a Radon—Nikodym derivative
S—Z of v with respect to p.

Example 8.7. Let ¢ : M — M’ be an isomorphism between measurable
spaces (M,B) and (M',B'), i.e., ¢ is a bijective measurable map whose
inverse is also measurable. Let p : B — [0, 400] be a nonnegative countably
additive o-finite measure and X be an (M, B)-valued random object such
that Px is absolutely continuous with respect to p. We have then that
Py(x) = ¢+Px is absolutely continuous with respect to ¢.u : B' — [0, 4+00]
and, moreover, if fx is a probability density function for X with respect
to p then fy o ¢! is a probability density function for ¢(X) with respect
to ¢ . The latter statement follows directly from the abstract “change of
variables” result for integration with respect to push-forward measures that
we will state in Section [9] (Proposition [9.1)). Note that if ¢, is absolutely
continuous with respect to some nonnegative countably additive o-finite
measure v : B — [0, +00] then, as in Example a probability density
function for ¢(X) with respect to v is obtained by multiplying fx o ¢~! by
a Radon—Nikodym derivative of ¢, u with respect to v.

Example 8.8. Given a € R, b € R™ with a # 0, we obviously have that the
map ¢ : R" — R" given by ¢(x) = ax +b, for all z € R"™, is an isomorphism
of the measurable space R" with itself, where R™ is endowed with its Borel
o-algebra. Moreover, if m denotes the restriction of the Lebesgue measure
of R™ to the Borel o-algebra then ¢,m = |a|~" m, so that a Radon—Nikodym
derivative of ¢,m with respect to m is the function that is constant and equal
to |a|~™. It then follows from the results stated in Example [8.7| that if X is
an R™-valued random vector that admits a probability density function fx
with respect to m then a probability density function for ¢(X) = aX + b
with respect to m is given by

fax+b(y) = |1‘n fx (y — b>,

a

for all y € R™.

9. EXPECTED VALUE

Let (€2, A, P) be a probability space and X : Q — R be arandom variable.
The expected value of X, denoted E(X), is defined by:

/XdIP’



A BASIC INTRODUCTION TO PROBABILITY AND STATISTICS 19

if such integral exists. Note that if X is nonnegative, such integral always
exists, but possibly takes the value +o0o. In general, X has a positive part
X7 and a negative part X~ and the integral of X exists (possibly taking
the values +00 or —oco) if and only if either X+ or X~ has a finite integral.

We recall the following simple yet useful “change of variables” result for
integration with respect to push-forward measures.

Proposition 9.1. Let (2, .A), (M,B) be measurable spaces, X : Q@ — M
be a measurable map, p be a nonnegative countably additive measure on A
and denote by X,u : B —> [0, —|—oo] the push-forward measure. For every
measurable map f: M — [—o00,400] we have that the equality

/fonu /fd 1)

holds, meaning that the integral on the lefthand side of the equality exists if
and only if the integral on the righthand side of the equality exists, with such
integrals being equal when both exist. (I

Let X : Q@ — M be a random object taking values in some measurable
space (M, B) and let f : M — R be a measurable function, so that f(X) is a
random variable. Since the distribution Py of X is simply the push-forward
of the probability measure P under the map X, Proposition [0.1] yields

[ 0@~ [ raps.

meaning that the integral on the lefthand side of the equality exists if and
only if the integral on the righthand side of the equality exists and that they
are equal when both exist. Thus

(9.1) E(f(X)) = /MdePX

and, in particular, if X is a random variable and f is the identity function
of R, we get:

9.2) B(X) = /}R 2 dPy (z).

Equality (9.2) can be interpreted as saying that F(X) is the average of the
values taken by X weighted by their probabilities. This holds literally if X
is discrete, i.e., if the image of X is countable then ({9.2)) becomes

E(X)= ) zP(X=ux)
z€Im(X)
and (9.1) becomes (assuming {z} € B for all z € Im(X)):
> f@)P(X =nu).
z€lm(X)

Note that the name “expected value” is somewhat misleading, as F(X)
is not a “value that is expected” in the sense that it has a large probability
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of being observed in some sense. It is really just an average and, in fact, if
X is discrete it often happens that F(X) is not even in the image of X, so
that E(X) is an impossible value for X.

Example 9.2. Let X be a random object taking values in a measurable
space (M,B) and p be a nonnegative countably additive o-finite measure
defined on B. Assume that Px is absolutely continuous with respect to u
and let fx : M — [0,400[ be a probability density function for X with
respect to u. It is well-known from basic measure theory that integrating a
measurable map g : M — R with respect to Px is the same as integrating
gfx with respect to u and therefore

E(g(X)) = /MngP’x = /M 9fx du,
i.e., we have
E(9(X)) =/ gfx du
M

for any measurable map g : M — R meaning that the integral on the
lefthand side of the equality exists if and only if the integral on the righthand
side of the equality exists and that they are equal when both exist.

10. VARIANCE AND COVARIANCE

Let V' be a real vector space endowed with an inner product (-,-) and
let W be a subspace of V. Assume that the orthogonal projection operator
P :V — W is well-defined (which happens, for instance, if W is finite-
dimensional). For every v € V, the point P(v) is the element of W closest
to v and |lv — P(v)||?> = (v — P(v),v — P(v)) is the square of the distance
between v and the set W. If we define

(v, v2)) = (v1 = P(v1),v2 — P(v2)),
for all v1,va € V, then ((-,-)) is a positive semi-definite symmetric bilinear

form on V' and ((v,v>>% is the distance between v and W for all v € V. In
other words, the semi-norm induced by ((-,-)) gives the distance from W.
Now let (€2, A,P) be a probability space and consider the Hilbert space
L?(Q, A,P) of (equivalence classes of P-almost everywhere equal) square
integrable measurable maps X : 2 = R endowed with the inner product:

<X,Y):/XYdIP’:E(XY), X,Y € L*(Q, A, P).
Q

We apply the construction above with V = L?(Q, A,P) and W the one-
dimensional subspace of V' consisting of P-almost everywhere constant maps.
The orthogonal projection P : V — W is easily seen to be given by

P(X) = E(X),

for all X € L%(Q, A, P), in which we identify the real number F(X) with the
map defined on € that is constant and equal to E(X). Note that this gives
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another nice interpretation for the expected value of X: it is the constant
random variable that is L2-closest to the random variable X.

The positive semi-definite symmetric bilinear form ((-,-)) obtained from
(-,+) and the orthogonal projection P : V' — W will be called the covariance
map. More explicitly, we give the following definition.

Definition 10.1. For all X,Y € L?(Q, A,P), we define the covariance of
X and Y by setting:

Cov(X,Y)=(X - E(X),Y —E(Y))=E[(X - E(X))(Y - E(Y))].
A simple computation yields:
Cov(X,Y) = E(XY) - E(X)E(Y),

for all X,Y € L?(Q, A,P). The square of the semi-norm induced by the
covariance map is called the variance map.

Definition 10.2. For all X in L?(Q, A, P), we define its variance by setting:
Var(X) = Cov(X, X) = E[(X — E(X))?] = E(X?) - B(X)?.

The equality Var(X) = E[(X — E(X))Z] can also be used to define the
variance of X in case X is not square integrable, but in this case Var(X) is
always equal to +o00.

We thus have that the variance Var(X) is the squared L?-distance between
X and the one-dimensional space of P-almost everywhere constant functions.
In particular, Var(X) = 0 if and only if X is P-almost everywhere constant
or, in the probability theoretic jargon, Var(X) = 0 if and only if X is almost
surely constant. The variance of X can be seen as a measure of how spread
out the distribution of X is on the real line. A small variance Var(X) means
that the values of X tend to fall near to the expected value F(X).

Applying the Cauchy—Schwarz inequality to the positive semi-definite
symmetric bilinear form Cov we obtain

(10.1) | Cov(X,Y)| < Var(X, X)z Var(Y,Y)?,

for all X,Y € L?(Q, A,P). For inner products (i.e., positive definite sym-
metric bilinear forms) the equality holds in the Cauchy—Schwarz inequality if
and only if the vectors are linearly dependent, but for positive semi-definite
symmetric bilinear forms it holds if and only if the vectors are linearly de-
pendent modulo the kernel of the bilinear form (which for Cov consists of
almost surely constant maps). Hence equality holds in if and only if
either X is almost surely constant or Y = aX + b almost surely for certain
a,b e R.

If X,Y € L?(9, A,P) and neither X nor Y is almost surely constant, we
define the correlation between X and Y by setting:

Cov(X,Y
p(X, Y) = (; ) 1-
Var(X, X)z Var(Y,Y)>2
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By the Cauchy—Schwarz inequality (10.1]), we have |p(X,Y’)| < 1. Moreover,
p(X,Y) =1if and only if Y = aX + b almost surely for certain a,b € R
with @ > 0 and p(X,Y) = —1 if and only if Y = aX + b for certain a,b € R
with a < 0. )

The square root Var(X)2 of the variance of X — that is, the semi-norm
of X induced by the covariance map Cov — is usually called the standard
deviation of X and it is equal to the L?-distance between X and the one-
dimensional space of almost surely constant maps. The correlation p(X,Y")
can be interpreted geometrically as the cosine of the angle between X and
Y with respect to the covariance map.

11. EXPECTATION OF RANDOM VECTORS AND THE COVARIANCE MATRIX

Let V' be a real finite-dimensional vector space endowed with its Borel
o-algebra B, where the topology of V' is the canonical topology (induced by
an arbitrary norm). Let us discuss the notions of expectation, covariance
and variance for V-valued random objects. Recall that a V-valued random
object is also called a V-valued random vector.

The theory of integration with respect to a measure for V-valued measur-
able functions is a simple extension of the theory of integration of real-valued
measurable functions. Here we focus on integration with respect to a prob-
ability measure. Given a probability space (€2,.4,P) and a random vector
X : Q — V there exists a unique vector fQ X dP € V such that

o /XdIP :/aonIP,
Q Q

for every linear functional o € V*, provided that a(X) = awo X has a finite
integral with respect to P for every o € V*. Here, as usual, V* denotes the
dual space of V. This fact is easily proven using a basis of V' and defining
the integral fQ X dP coordinatewise.

Note that, for any p € [1, +oo], the following statements about a random
vector X : Q) — V are equivalent:

(i) |a(X)|P has finite integral with respect to P for all « € V*;

(ii) V* is contained in LP(V,B,Px), i.e., the map V 3 v — |a(v)|P has
finite integral with respect to Px for every a € V*;

(iii) the map Q 3 w — || X (w)||P has finite integral, where || - || is some
fixed arbitrary norm in V.

When any of these conditions is satisfied, we will say that X is p-th integrable;
for p = 1 we simply say that X is integrable and for p = 2 we say that X
is square integrable. For any p € [1, 400, we denote by LP(Q, A,P; V) the
space of (equivalence classes of P-almost everywhere equal) p-th integrable
measurable maps X : Q — V.
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Definition 11.1. For an integrable random vector X : Q — V, its expected
value is defined by:

E(X):/QXd]P’GV.

Clearly, for any linear transformation 7' : V' — W taking values in some
other real finite-dimensional vector space W we have:

(11.1) E(T(X)) :/Ton]P’:T(/QXdIP’) =T (E(X)).

Q

Remark 11.2. If X : Q@ — V is a V-valued random vector and W is a
subspace of V containing the image of X then we can regard X also as a
W -valued random vector. Using with T': W — V the inclusion map,
we see that X has the same expected value when regarded as a V-valued
random vector and as a W-valued random vector. In particular, if the image
of X is contained in a subspace W then E(X) € W. Recall that an affine
subspace of a vector space V is a translation v + W = {v +w:wE W} of
some vector subspace W of V. Note that if the image of X is contained in
an affine subspace v + W of V then F(X) is in v+ W, since E(X —v) is in
W and E(v) = v for any v € V (regarded as a constant V-valued random
vector).

How do we go about defining variance and covariance for square integrable
random vectors? To motivate the definitions we will think in terms of tensor
products. The official definitions presented after the motivation will not be
dependent on the facts used in the reasoning below.

Observe first that there is a natural identification between LP(Q2, A, P; V)
and the tensor product LP(2, A,P) ® V given by the isomorphism:

LPOQAP) @V 5 X @vrs Xve LP(Q,AP; V).

Moreover, the covariance map of square integrable random variables is a
bilinear map

Cov: L*(Q, A,P) x L*(Q, A,P) — R
and for real finite-dimensional vector spaces V and W such map naturally
induces a bilinear map

(L*(QLAP)@V) x (LX(LAP) W) — VoW

that sends (X ® v, Y ® w) to Cov(X,Y)(v®@w), for all X,Y € L*(Q, A,P),
all v € V and all w € W. Using the identifications

L2(QAP V)= L2(QAP) @V, L*QAPW)=LXQAP)QW
we then obtain a bilinear map
Cov: L2 (Q, AP V) x LA(Q AP, W) — VW

that will be called the covariance map for V-valued and W-valued random
vectors.
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Recall that, since V and W are finite-dimensional, the tensor product
V ® W can be naturally identified with the space of bilinear maps from
V* x W* to R by setting

(v®@w)(a, f) = a(v)B(w),

for all « € V* and all 8 € W*. From now on we will use such identifica-
tion throughout, i.e., we will simply regard the tensor product V@ W as a
notation for such space of bilinear maps.

Here is our official definition of covariance of square integrable random
vectors. Such definition is equivalent to what was described above.

Definition 11.3. Given real finite-dimensional vector spaces V and W, a
probability space (€2, A, P) and square integrable random vectors X : Q — V
and Y : Q — W, we define their covariance Cov(X,Y) € V@ W by setting:

Cov(X,Y)(a, ) = Cov(a(X), B(Y)),

for all @« € V* and all 5 € W*. The variance of the square integrable random
vector X : ) — V is defined by:

Var(X) = Cov(X,X) e Ve V.

We have
Var(X)(a, 8) = Cov(a(X), B(X)),
for all o, 8 € V*, so that Var(X) is a positive semi-definite symmetric bilin-

ear form on V*. Since Var(X) is positive semi-definite, its kernel, i.e., the
subspace of V* given by

Ker(Var(X)) = {a € V*: Var(X)(o, 8) = 0 for all 8 € V*}

coincides with the set of those a € V* with Var(X)(«, a) = Var(a(X)) = 0.
Hence:

(11.2) Ker(Var(X)) = {a € V*: a(X) is almost surely constant }.

Using this equality we can show that Var(X) is degenerate, i.e., has a nonzero
kernel, if and only if the support of the distribution Px of X is contained
in a proper affine subspace of V. The definition of support of a measure on
a topological space is recalled below.

Definition 11.4. If M is a topological space and p is a nonnegative count-
ably additive measure defined on the Borel o-algebra of M then the support
of p is defined as the complement in M of the union of all open subsets of
M having zero measure, in case such union also has zero measure. This is
always the case if the topology of M is second countable, as in this case such
union can be replaced with a countable union.

Thus, saying that the support of a probability measure on the Borel o-
algebra of a second countable topological space is contained in a closed
subset simply means that such closed subset has probability equal to one.
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Proposition 11.5. Let X : @ — V be a square integrable random vector
on a probability space (2, A,P), where V is a real finite-dimensional vector
space. If

W = {v eV:iaw)=0 foralac Ker(Var(X))}

denotes the subspace of V' annihilated by Ker(Var(X)) then the support of
Px is contained in some translation v+W of W. Moreover, no proper affine
subspace of v+ W contains the support of Px.

Proof. If (a;)¥_, is a basis for Ker(Var(X)) then
T:V3vr— (a1(v),...,ax(v)) € R*

is a linear map whose kernel is W and, by (11.2), the random vector T'(X)
is almost surely equal to some constant 7T'(v), for some v € V. Hence the
support of Px is contained in v + W.

If the support of Px were contained in some proper affine subspace of
v + W then such affine subspace would be a translation of a proper vector
subspace W’ of W. This would imply that every o € V* that annihilates
W' is such that «(X) is almost surely constant and thus that the annihi-
lator of W’ is contained in Ker(Var(X)). But this is not possible, as the
annihilator of W’ properly contains the annihilator of W, which is equal to
Ker(Var(X)). O

Corollary 11.6. Let X : Q — V be a square integrable random vector
on a probability space (2, A,P), where V is a real finite-dimensional vector
space. We have that the symmetric bilinear form Var(X) is nondegenerate
(and thus positive definite) if and only if there is no proper affine subspace
of V' containing the support of Px. O

11.1. Matrix representation of the variance. If (¢;)7_, is a basis of V,
then the symmetric bilinear form Var(X) on V* is represented by an n x n
symmetric matrix with respect to the dual basis (a;)?; of (e;)i;. The
element on the i-th row and j-th column of that matrix is equal to

Var(X)(ai,aj) = Cov(a;(X), a;(X)),

for all 4,5 = 1,...,n. In a different perspective, we have that (e; ® e;)?
is a basis of V ® V and

i,7=1

Var(X Z Var(X) (o, ) e; ® ej = Z COV Ozz (X)) e; @ ej.
t,j=1

Definition 11.7. Given a square integrable V-valued random vector X and
a basis (e;)}'_; of V with dual basis (a;)}_; then the n x n symmetric matrix
whose entry in the i-th row and j-th column is Cov (e (X), o(X)) is called
the covariance matriz of X with respect to the basis (e;)} ;.

Standard textbooks usually focus only on the case that V' = R”. In that
case, we have a canonical basis (e;)!" ; and X is of the form (Xq,...,X})
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with X; = a;(X), for alli =1,...,n, where (a;)_; is dual to the canonical
basis. Thus the corresponding covariance matrix is
n
(COV(XZ‘, Xj))@j:l'
We will call this simply the covariance matriz of the R™-valued random
vector X, without explicit mention to the canonical basis.

11.2. Naturality of covariance with respect to linear maps. A pair
of linear maps 717 : V4 — Wy, Ty : Vo — W5 induces a linear map

NeT:Vi®Vasv ®@uyr— Ti(v1) ®Ta(ve) € W1 @ Wa

between tensor products. Identifying as before elements of Vi ® Vo with
bilinear maps B : V}* x V5" = R, we have:

(T © T2)(B) = B(T7 -, 13 - ),
or, more explicitly

(Th ® To)(B)(B1, B2) = B(Ty($1), T5 (B2)) = B(B1 0T, B2 0 Ta),

for all 81 € Vi" and all By € V5. The following result follows directly from
the definitions.

Proposition 11.8. Let T1 : Vi — Wy and Ty : Vo — Wy be linear maps
between real finite-dimensional vector spaces, X be a square integrable V-
valued random wvector on a probability space and Y be a square integrable
Va-valued random vector on that same probability space. We have:

Cov(T1(X),To(Y)) = (T1 ® T)(Cov(X,Y)). O

Corollary 11.9. Let T : V. — W be a linear map between real finite-
dimenstonal vector spaces and X be a V-valued square integrable random
vector. We have:

Var(T(X)) = (T ® T)(Var(X)). a

11.3. Random objects with values in an abstract affine space. The
theory developed in this section can be readily generalized to random objects
that take values in a real finite-dimensional abstract affine space instead of
a vector space. Such generalization is sometimes convenient (see Proposi-
tion .

Recall that an affine space is a nonempty set P endowed with a transitive
action

PxV>(puv)—pt+tveP

without fixed points of the additive group of a vector space V. For p,q € P,
we write p—q for the unique vector in V such that ¢+ (p—q) = p. Each choice
of a point O € P — usually called an origin — leads to an identification
Vv O+4+v e P between V and P. A distinct choice of origin leads to
a different identification between V' and P that differs from the first by a
translation of V. We call V' the vector space parallel to P.
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We assume below that V is real and finite-dimensional, so that it has a
canonical topology which induces a canonical topology on P through any
choice of an origin. Let P be endowed with the corresponding Borel o-
algebra.

Given a random object X with values in P, we can define the expected
value of X by setting

E(X)=E(X-0)+0¢€P,

for any choice of O € P, provided that w — (X — O)(w) = X(w) -0 € V
is integrable. It is easily checked that E(X) does not depend on the choice
of O. The fact that the measure is a probability measure is crucial here!

Covariance and variance can also be defined for random objects taking
values in affine spaces. If P is an affine space parallel to a real finite-
dimensional vector space V and @ is an affine space parallel to a real finite-
dimensional vector space W, we define

Cov(X,Y)=Cov(X —0,Y -0 e VaW,

for a P-valued random object X and a @)-valued random object Y such that
X — O and Y — O are both square integrable, where O € P and O’ € Q
are chosen arbitrarily. The definition of Cov(X,Y") does not depend on the
choices of O and O’. The variance of X is then defined by:

Var(X) = Cov(X,X) e Ve W

There are obvious generalizations of Proposition Corollary Propo-
sition and Corollary to the context of affine space-valued random
objects.

12. CONVERGENCE OF RANDOM VARIABLES

In measure theory courses one studies several notions of convergence for
real-valued measurable functions defined on a measure space. Since random
variables are also real-valued measurable functions on a measure space, all
such notions of convergence can be used for random variables. Probabilists
have their own favorite names for such convergence notions and below we
present the suitable translations from measure theory language to probabil-
ity theory language.

Let (Xy)n>1 be a sequence of random variables on a probability space
(Q, A, P) and let X be another random variable on that same probability
space. In probability theory we will say that (X,),>1 converges almost
surely to X if (X,,)p>1 converges pointwise almost everywhere to X, i.e., if

lim X, (w) =X (w)

n—-+00
for all w € Q2 outside of some measurable subset of 2 with zero probability.
We say that (X,,),>1 converges in probability to X if (X,,),>1 converges in
measure to X, i.e., if for all € > 0 we have:
lim P(|X, - X|>¢)=0.

n—-+o0o



A BASIC INTRODUCTION TO PROBABILITY AND STATISTICS 28

Recall that a sequence of real-valued measurable functions on a measure
space is said to converge almost uniformly to another real-valued measurable
function if for every € > 0 there exists a measurable subset with measure
less than ¢ outside of which the convergence is uniform. Due to Egoroff’s
Theorem, for finite measure spaces, almost uniform convergence is equivalent
to pointwise convergence almost everywhere. Since probability measures
are finite, almost uniform convergence does not give rise to a new notion of
convergence of random variables, i.e., it is equivalent to convergence almost
surely. Note that since almost uniform convergence implies convergence
in measure, we have that almost surely convergence of random variables
implies convergence in probability. Standard results from measure theory
courses also yield that if (X,,)n>1 converges to X in probability then some
subsequence of (X,,),>1 converges to X almost surely.

Another important notion of convergence for real-valued measurable func-
tions is convergence with respect to the LP-norm for some p € [1,+oo[. In
the context of probability theory, this is called convergence in the p-th mean
or simply convergence in the mean if p = 1. Thus, (X,,),>1 converges in the
p-th mean to X if and only if:

HETOOE(\Xn - XP) =0.
Clearly, convergence in the p-th mean is stronger than convergence in prob-
ability. Moreover, since the probability measure is finite, for 1 < ¢ < p,
convergence in the p-th mean implies convergence in the g-th mean. By the
Dominated Convergence Theorem, if | X,,| < |Y| almost surely for all n > 1
and some Y € LP(Q, A,P), then almost surely convergence of (X,,)p>1 im-
plies convergence in the p-th mean.

We prove below a couple of other results regarding convergence of random
variables that are less well-known from measure theory courses.

Proposition 12.1. Let (X,),>1 be a sequence of random wvariables on a
probability space and X be a random variable on that same probability space.
If f: D — R is a continuous function defined in a subset D of R contain-
ing the image of X and the image of all X,, and if (X,)n>1 converges in

probability to X then (f(Xn))n>1 converges in probability to f(X).

Proof. Assuming by contradiction that the thesis is false, one obtains € > 0,
n > 0 and a strictly increasing sequence (ny)g>1 of positive integers with

(12.1) P(f(Xn) = f(X)| =€) =,

for all £ > 1. Passing to a subsequence, we may assume that (X, )r>1
converges to X almost surely, which yields that ( f (Xnk)) converges al-

E>1
most surely to f(X). But almost surely convergence implies convergence in
probability and this yields a contradiction with (12.1]). O

Proposition 12.2. Let (X,),>1 be a sequence of random wvariables on a
probability space and X be a random variable on that same probability space.
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If (Xy)n>1 converges in probability to X and |X,| <Y almost surely for all
n > 1 and some Y € LP(Q, A, P) then (Xy)n>1 converges to X in the p-th
mean and in particular lim, 4~ E(X,) = E(X).

Proof. Similar to the proof of Proposition [[2.I} assume by contradiction
that the thesis is false, pick a subsequence that converges almost surely and
apply the Dominated Convergence Theorem. (]

We note that the definitions and results discussed in this section are easily
generalized to random objects taking values in a separable metric space
(M, d) endowed with its Borel o-algebra. Separability of (M, d) is required
for instance because if X and Y are random objects taking values in M we
will often need the function d(X,Y) : Q@ — R to be measurable and this
requires separability (see Remark .

13. TOPOLOGIES FOR THE SET OF PROBABILITY MEASURES

The notions of convergence of random variables discussed in Section
can all be seen as stating that the random variable X,, “becomes close” to
the random variable X as n goes to +o0o. This should imply that also the
distribution of X,, becomes close to the distribution of X in some sense.
However, in some situations, we are just interested in the closeness of the
distributions and we do not care about the closeness of the random variables.
We then need a notion of convergence for probability measures.

Let (M, B) be a measurable space and denote by Prob(M, B) the set of all
probability measures defined on B. Let us discuss some possible topologies
for the set Prob(M, B). Such topologies will, of course, correspond to notions
of convergence of probability measures. It is well known that the space
ca(M, B) of all finite signed countably additive measures defined on B is a
Banach space endowed with the total variation norm ||u| = |u|(M). We
explain below why the topology induced by such norm is usually not a very
useful topology for Prob(M, B). We need a definition.

Definition 13.1. Given a measurable space (M, B), for each x € M, we
denote by d, : B — [0, 1] the probability measure defined by ¢,(B) = 1 if
x € B and 0;(B) = 0 otherwise. This is called the Dirac delta probability
measure centered at x.

We assume that all singletons {x} with = € M are in B to avoid patholo-
gies. The Dirac delta probability measure §, models a degenerate random
experiment in which the outcome x is obtained with certainty. Note that if
x,y € M are distinct, the distance ||, — d,|| between 0, and J, with respect
to the total variation norm is equal to 2.

Now assume that M is endowed with some topology (say, M is a metric
space) and B is the Borel o-algebra. In the context of real-world applica-
tions, if  and y are very very close, the probability measures d, and d,
are indistinguishable, as experimental equipment has limited precision. In
this context it is thus completely inappropriate that the distance between
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0, and &, remains fixed no matter how close y # x becomes to x. Having
this example in mind, a good requirement for a topology in Prob(M, B) is
that the map

§: M >z 0, € Prob(M,B)

be continuous. In order to find such a topology, we look for topologies that
are weaker than the total variation norm topology.

A first possible candidate is the weak topology of the Banach space
ca(M,B), i.e., the smallest topology that makes all norm-continuous lin-
ear functionals continuous. But this topology does not satisfy our require-
ment: namely, any bounded measurable function f : M — R defines a
norm-continuous linear functional

(13.1) ca(M,B)9u>—>/ fdpeR
M

and the composition of with the map 9 is simply the function f. Ex-
cept for trivial cases, it is not true that every bounded measurable function
is continuous and thus ¢ is not continuous with respect to the weak topology
of the Banach space ca(M, B).

The considerations above yield a suggestion of topology for Prob(M, B).
Namely, endow ca(M, B) and Prob(M, B) with the smallest topology that
makes the linear functional continuous for every bounded continuous
function f : M — R. This will obviously make the map § continuous. In
probability theory textbooks this topology is usually called the weak topology
on Prob(M, B), but one should be careful to distinguish it from the weak
topology of the Banach space ca(M, B).

Using the terminology that is normally employed in topological vector
spaces books, the topology defined above is the weak topology on ca(M, B)
induced by the bilinear pairing

(13.2) ca(M, B) x Co(M,R) > (1, f) — /M fdueRr,

where C, (M, R) denotes the space of bounded continuous real-valued maps

defined on M.

Remark 13.2. If M is metrizable then standard regularity results for finite
Borel measures on metric spaces plus the Hahn Decomposition Theorem for
signed measures imply that

= _sw [ fap.
feCy(M,R) J M

It follows that the linear functionals (13.1) with f bounded and continuous
separate the points of ca(M, B) and hence the weak topology corresponding
to the bilinear pairing ([13.2)) is Hausdorff.

Definition 13.3. Let M be a topological space endowed with its Borel o-
algebra B. If (X,),>1 is a sequence of (M, B)-valued random objects and
X is an (M, B)-valued random object, we say that (X,)n>1 converges in
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distribution to X if lim,, . Px, = Px with respect to the weak topol-
ogy of Prob(M,B) defined above. In other words, (X,),>1 converges in
distribution to X if and only if

(13.3) lim E(f(X»)) =E(f(X)),

n—-+o0o

for every bounded continuous function f: M — R.

Note that for the definition above it is not even relevant that the objects
X, and X be all defined on the same probability space.

The following is a direct consequence of the generalizations of Proposi-
tions and to random objects taking values in a separable metric
space.

Proposition 13.4. Let M be a separable metric space endowed with its
Borel o-algebra B. Let (Xy)n>1 be a sequence of (M, B)-valued random
objects on the same probability space and X be an (M, B)-valued random
object on that same probability space. If (X,)n>1 converges in probability to
X then (Xp)n>1 converges in distribution to X. O

The converse of Proposition does not hold in general, but it does if
X is almost surely constant.

Proposition 13.5. Let M be a separable metric space endowed with its
Borel o-algebra B. Let (Xp)n>1 be a sequence of (M, B)-valued random
objects on the same probability space and X be an (M, B)-valued random
object on that same probability space. If X is almost surely constant and
(Xn)n>1 converges in distribution to X then (X, )n>1 converges in probability
to X.

Proof. If P(X = x) = 1 for some x € M, take ¢ > 0 and apply (13.3) to a
continuous function f : M — [0, 1] that vanishes on x and equals 1 outside
of the open ball of center z and radius € > 0. O

14. THE CHARACTERISTIC FUNCTION OF A RANDOM VARIABLE

Let X be a random variable on some probability space. We define a
complex-valued function ¢x : R — C by setting

bx(l) = B(e"X) = / ¢t APy (),

R
for all t € R. This is called the characteristic function of the random variable
X. Note that |¢x(t)| <1 for all £ € R. Moreover, it follows easily from the
Dominated Convergence Theorem that ¢x is continuous.
The characteristic function ¢x is essentially the same thing as the Fourier
transform of the probability measure Px regarded as a tempered distribution
on the real line. In fact, the Fourier transform of Px is given by

1
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The notion of characteristic function can be readily generalized to random
vectors.

Definition 14.1. Let V be a real finite-dimensional vector space endowed
with its Borel o-algebra and X be a V-valued random vector. The charac-
teristic function of X is the complex-valued map ¢x : V* — C defined on
the dual space V* and given by

ox () = B(@@X)) = / ¢ APy (),
Vv

for all o« € V'*.

As before, |px ()] <1 for all @ € V* and ¢x is continuous. Moreover,
up to a sign in « and a multiplicative constant, ¢x is simply the Fourier
transform of the probability measure Px regarded as a tempered distribu-
tion.

Since the Fourier transform is injective on tempered distributions and
the inclusion of finite countably additive measures in the space of tempered
distributions is also injective, we obtain the following result.

Proposition 14.2. Let V be a real finite-dimensional vector space and X
and Y be V-valued random vectors. If ¢x = ¢y then Px = Py. In par-
ticular, if a(X) and a(Y) have the same distribution for all « € V* then
Px = Py. O

15. CONDITIONAL PROBABILITY AND INDEPENDENCE

Let (2, A,P) be a probability space and let A, B € A be events. We wish
to define the conditional probability P(A|B) of A given B. Before present-
ing the formal definition, we give a motivation in terms of the frequentist
interpretation of probability.

Imagine that the random experiment modelled by (€2,.4,P) is repeated
a large number N of times and, for C € A, denote by N¢ the number
of times that the event w € C occurs, where w € {2 denotes the outcome
of the experiment. We then have P(C) = limy_ 4 % The conditional
probability P(A|B) should be the limit as N — +oo of the frequency with
which the event w € A happens among those repetitions of the experiment
in which the event w € B happens. Clearly, among the Np repetitions in
which w € B happens, we have that the number of repetitions in which
w € A happens is equal to Nanp. Hence:

Nanp P(ANB)

P(AIB) = i _
(AlB) = Jlim — P(B)

We take the latter quotient as the official definition of conditional probabil-
ity.



A BASIC INTRODUCTION TO PROBABILITY AND STATISTICS 33

Definition 15.1. Given A, B € A with P(B) > 0, the conditional probability
P(A|B) of A given B is defined by:

P(A|B) — W
Note that the map
(15.1) P(-|B): A>3 A— P(A|B) € ]0,1]

is a probability measure on A. This is the probability measure obtained from
the following recipe: first, change P so that it vanishes on the complement
of B and remains the same on measurable subsets of B. This yields the
measure A > A — P(AN B) € [0, 1], which is not in general a probability
measure. Now multiply such measure by the appropriate constant to make
it a probability measure, obtaining .

If X : Q — M is a random object taking values in a measurable space
(M, B), then for any A € A and B € B we write

P(AN[X € B))
P(X € B)

for the conditional probability of A given the event [X € B], provided
that P(X € B) > 0. In particular, if + € M is such that {z} € B and
P(X = x) > 0, we write P(A|X = z) for the conditional probability of A
given [X = z].

The definition of conditional probability leads naturally to a definition of
independence of events. We say that two events A and B are independent
if the conditional probability P(A|B) is equal to P(A), i.e., the probability
of A remains unchanged if we learn that B happened. We rewrite this in a
way that P(B) does not appear in the denominator to avoid the assumption
that P(B) > 0.

P(A|X € B) =

Definition 15.2. We say that two events A, B € A are independent if:
P(AN B) =P(A)P(B).

Clearly A and B are independent if either A or B has a probability of
ZEero or one.

The law of total probability, stated below, is a useful method for comput-
ing the probability of an event by “breaking into cases”, i.e., we compute
the probability of A under various values for a random object X and we
combine such probabilities into the probability of A.

Proposition 15.3 (law of total probability). Let (2, A,P) be a probability
space and X : @ — M be a random object taking values in a countable
measurable space (M, B) with B = p(M). Given A € A, we have that:

(15.2) P(A)= > PAX =2)P(X =x).
P(;SX)>O
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Moreover, for any subset B of M we have:

(15.3) P(AN[X €B))= > PAX =z)P(X =x).
P(X o250

Proof. Simply note that A is the disjoint countable union of A N [X = z]
with z ranging over M and that AN[X € B] is the disjoint countable union
of AN [X = z] with = ranging over B. O

If the random object X is not discrete it might happen that P(X = z) =0
for all x € M, so that the conditional probability P(A|X = z) will never
make sense. Yet we want it to make sense and we want a version of the
law of total probability to hold when X is not discrete! We will achieve
this by replacing the sums in and with an integral with respect
to Px and by defining the conditional probability P(A|X = z) even when
P(X = z) = 0 in a way that forces the law of total probability (with an
integral) to hold. More explicitly, equality should be replaced by:

(15.4) P(AN[X € B]) = /B]P’(A|X =z)dPx(z).

Note that if X : @ — M is a random object taking values in an arbitrary
measurable space (M, B) then for any A € A the map

(15.5) B>B—P(AN[X € B]) €[0,1]

is a finite nonnegative countably additive measure. Moreover, the statement
that equality (15.4) holds for all B € B is equivalent to the statement that
the map

Q32— PAIX =2) € [0,400]

be a Radon—Nikodym derivative of the finite measure with respect to
the probability measure Px. Clearly, is absolutely continuous with
respect to Px and thus the Radon-Nikodym Theorem guarantees that such
derivative exists. Moreover, since

P(AN[X € B]) <Px(B)

for all B € B, any such Radon-Nikodym derivative will take values in [0, 1]
at Px-almost every point of M. We may then choose a Radon—Nikodym
derivative that takes values in [0, 1] at every point of M.

Definition 15.4. Let (2, 4,P) be a probability space and X : Q — M be a
random object taking values in a measurable space (M, B). For any A € A,
a conditional probability of A given X is any measurable map

(15.6) M >z +— PAIX =2x) €]0,1]
such that (15.4) holds for all B € B.

We have proven the following result.
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Proposition 15.5. Let (2,.A,P) be a probability space and X : Q — M be
a random object taking values in a measurable space (M, B). Given an event
A € A, a conditional probability of A given X exists. Moreover, if (15.6|) is

a conditional probability of A given X then another measurable map
M >z +— P(A|X =2) €[0,1]

is also a conditional probability of A given X if and only if it is equal Px-
almost everywhere to ((15.6)). O

Thus a conditional probability of A given X is not usually unique and for
a specific point € M, the value of P(A|X = z) typically depends on the
choice of a particular conditional probability of A given X. If {z} € B and

P(X =z) > 0, using (15.4]) with B = {z} we get

P(AN[X =z])

so that P(A|X = z) is indeed well-defined in a way that is consistent with
Definition [15.1} However, if {x} € B and P(X = x) = 0 then one can change
the value of (15.6) at will at the point  and the new map will remain a
valid conditional probability of A given X.

Remark 15.6. Within a purely mathematical point of view, it makes no sense
to put any restrictions on the measurable space (M, B) in Definition M
as the definition makes sense and some basic results will hold for arbitrary
measurable spaces. However, for practical applications, one has to be careful
since for weird choices of (M, B) what we call P(A|X = z) might not mean
what our notation and terminology suggests it to mean. To begin with, if
it is not true that all singletons {z}, © € M, belong to B then the meaning
of P(A|X = z) is often what one would normally call the probability of A
conditioned on [X € B], with B the atom of B containing x if it exists (see
the discussion in Subsection . Even when all singletons are in B, the
conditional probability P(A|X = x) might behave in an unexpected way.
For example, assume that M is uncountable and that B is the o-algebra of
subsets of M consisting of all countable subsets of M and of all subsets of
M whose complement in M is countable. In this case, if P(X = z) = 0 for
all x € M, then one easily checks that setting P(A|X = z) = P(A) for all
x € M we obtain a conditional probability of A given X. Thus, we might
have situations in which the value of X gives relevant information about
the event A, and yet the totally unreasonable equality P(A|X = x) = P(A)
holds. It is the weird choice of g-algebra B that is creating the problem
here.

So, what are the “safe” cases in which what we defined as P(A|X = x)
means what one expect it to mean at least for Px-almost every z € M?
As we explain below, a separable metric space M endowed with its Borel
o-algebra B is a “safe” case.
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Let M be a metric space and B be the Borel o-algebra of M. If x4 and v
are nonnegative countably additive measures on B that are finite on bounded
sets and if v is absolutely continuous with respect to u, then for p-almost
every © € M the value at z of a Radon—-Nikodym derivative g—; can be

written as a limit of quotients of the form
v(B)
u(B)

with B € B containing z, the diameter of B tending to zero and (x, B)
belonging to what is called a Vitali relation V for u. See [2], Sections 2.8,
2.9] for details. If M is separable, a Vitali relation V always exists and in
fact, in many cases — for instance, if M is a real finite-dimensional normed
vector space — one can take ) simply as the set of pairs (x, B) with B
a closed ball centered at z. In the case we are interested, v is and
u = Px, so that the quotient is simply the standard conditional
probability of A given the event [X € B|. Hence P(A|X = z) will be equal
for Px-almost all x € M to a limit of conditional probabilities and such limit
can reasonably be called the conditional probability of A given [X = z].

(15.7)

A difficulty related to the nonuniqueness of the conditional probability of
an event given a random object is that if we choose a conditional probability
of A given X for every A € A, it will not in general be true that

(15.8) IP’( U Aulx = x) =3 P(AX = 2),
n=1 n=1

for every x € M and every sequence (A,,),>1 of disjoint elements of A. It is
easily checked that equality must holt for Px-almost every z € M, but
the set of probability zero in which the equality fails in general depends on
the sequence (A;),>1 and since there are usually uncountably many such
sequences, it is not clear that one can make such set of probability zero
independent of (A,,)n>1-

Though sets of probability zero are not important, it would nevertheless
be nice if the map A 3 A — P(A|X = z) € [0,1] were truly a probability
measure for all z € M. This leads us to the notion of regular conditional
probability.

Definition 15.7. Let (€2, A,P) be a probability space, X : Q@ — M be a
random object taking values in a measurable space (M,B) and Y : Q — M’
be a random object taking values in a measurable space (M’ B'). A reqular
conditional probability for Y given X is a map

(15.9) M xB > (z,B)— P(Y € B|X =xz) €0,1]

having the following properties:

(i) for every B € B/, the map M 5>z — P(Y € B|X =z) € [0,1] is a
conditional probability of [Y € B] given X, i.e., it is a measurable
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map such that

B([Y € B]N[X € C]) = / B(Y € BIX = ) dPx (x),
C
for all C € B;
(ii) for every x € M, the map B’ > B— P(Y € B|X =z) € [0,1] is a
probability measure.

If (M",B") = (2,A4) and Y is the identity map of Q, we write simply
P(A|X = z) instead of P(Y € A|X = x) forall A € Aand all x € M
and we call the map

M x A>3 (z,A) — P(A|X =z) € [0,]1]
a reqular conditional probability given X.

Thus, a regular conditional probability given X is the same thing as a
choice of conditional probability of A given X for all A € A in such a way
that equality holds for all z € M and every sequence (Ay)p>1 of
disjoint elements of A and P(Q|X =z) =1 for all x € M.

Note that a regular conditional probability of Y given X can be
identified with a map

(15.10) M>z+—PY € -|X =x) € Prob(M',B)

taking values in the set Prob(M’, B') of probability measures on the measur-
able space (M’',B'), where P(Y € -|X = z) denotes the probability measure
B'>B—P(Y € B|X =x) €0,1].

Unfortunately, a regular conditional probability for Y given X does not
always exist, though in Section [I7]we will show that it does exist under mild
assumptions on the measurable space (M’, B') in which Y takes values. That
is the reason why we chose to define regular conditional probabilities of Y
given X instead of simply defining regular conditional probabilities given X:
it could happen that (M’, B’) satisfies the assumption that ensures existence
of a regular conditional probability of Y given X, while (€2,.4) does not
satisfy such assumption and we cannot be sure that a regular conditional
probability given X exists. When a regular conditional probability given
X does exist, one can obtain a regular conditional probability of Y given
X simply by applying the conditional probability given X to events of the
form [Y € BJ.

15.1. Independence of two random objects. We will say that two ran-
dom objects X and Y are independent if a regular conditional probability
of Y given X can be found that is independent of x € M. This is
easily seen to be equivalent to the definition below.

Definition 15.8. Let (2, A,P) be a probability space, X : Q@ — M be a
random object taking values in a measurable space (M,B) and Y : Q@ — M’
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be a random object taking values in a measurable space (M’,B’). We say
that X and Y are independent if

(15.11) P([X € Bn[Y € B']) =P(X € B)P(Y € B'),
for all B € B and all B’ € B'.

In other words, X and Y are independent if and only if every event in the
o-algebra {X ~1[B]:BeB } induced by X is independent of every event in
the o-algebra {Y "*[B'] : B’ € B'} induced by Y. Moreover, X and Y are
independent if and only if

Pxy) =Px ® Py,

where Px ® Py denotes the product of the measures Px and Py. Using this
observation and Lemma [5.1] we conclude that in order to check that X and
Y are independent it is sufficient to check that equality holds for all
B and B’ belonging to fixed sets of generators of the o-algebras B and B’
that are closed under finite intersections.

The following is a direct consequence of Definition [15.8

Proposition 15.9. Let X be a random object taking values in a measurable
space (M,B), Y be a random object on the same probability space taking
values in a measurable space (M',B') and let f : M — My and g : M' — M]
be measurable maps, where (My,B1) and (M7, B}) are measurable spaces. If
the random objects X andY are independent then so are the random objects

f(X) and g(Y). O
Using Fubini—Tonelli’s Theorem for the product measure Px ® Py we

show the following useful property of the expected value of the product of
two independent random variables.

Proposition 15.10. Let X and Y be independent random variables on the
same probability space. If either X and Y are both nonnegative or both X
and Y have finite expected value then the expected value of the product XY
exists and it is equal to the product of the expected values, i.e.

B(XY) = BE(X)B(Y),
where the convention 0 - (+00) = (+00) - 0 = 0 is used.

Proof. Simply note that

BO0Y) = [ oyaBiy (e = [

R
and apply Fubini—Tonneli’s Theorem. O

LY d(Px @ Py)(z,y)

Corollary 15.11. If X and Y are independent square integrable random
variables on the same probability space then Cov(X,Y) = 0. Moreover,
if X and'Y are independent square integrable random vectors on the same
probability space taking values in real finite-dimensional vector spaces V' and

W then Cov(X,Y) e V@ W is zero.
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Proof. The first part of the statement follows directly from Proposition|15.10
and the second follows from the first by noting that, by Proposition [15.9
the random variables o(X) and B(Y) are independent for all & € V* and
BeWw. O

Note that the proof of Corollary does not use the fact that X and
Y are square integrable, but we include that assumption in the statement
as covariance was only defined for square integrable random variables (or
random vectors).

15.2. The uniqueness problem for regular conditional probability.
Let X be a random object on a probability space (€2, .4, P) taking values in a
measurable space (M, B) and Y be a random object on the same probability
space taking values in a measurable space (M’ ,B'). We have seen that a
regular conditional probability of Y given X is typically not unique if it
exists. Moreover, if

(15.12) M x B > (z,B)— P(Y € B|X =z) €0,1],

(15.13) M x B > (z,B)— P(Y € B|X =x)" € [0,1]

are both regular conditional probabilities of Y given X then for all B € B
the equality

(15.14) P(YeB|X=x2)=P(Y € B|X =x)

holds for Px-almost every z € M.
As discussed above, the maps (15.12)) and (15.13)) can be identified with

the maps:

(15.15) M>z+—P(Y € -|X =x) € Prob(M',B),

(15.16) M>z+—PY € -|X =x) € Prob(M', B').

Is it true that ((15.15) and (15.16) are equal for Px-almost every = € M?
That is equivalent to saying that the set of probability zero in which equality

(15.14)) fails can be chosen independently of B € B’. This can indeed be done
if B’ is countably generated.

Proposition 15.12. Let (2, A,P) be a probability space, X : Q@ — M be a
random object taking values in a measurable space (M,B) and Y : Q — M’
be a random object taking values in a measurable space (M',B’). If the o-
algebra B' admits a countable set of generators (for instance, if B’ is the
Borel o-algebra of a second countable topology) then two regular conditional

probabilities (15.15)) and (15.16)) of Y given X are equal Px -almost surely.

Proof. Simply note that a countable set of generators for B’ can be made
closed under finite intersections and use Lemma [5.1] ([

There are some situations in which one really needs to give a meaning to
the conditional probability P(Y € -|X = z) for a specific point = € M with
P(X = z) = 0, notably in the context of Bayesian statistics. This can be
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achieved in many situations by adding suitable continuity requirements to
the regular conditional probabilities.

Proposition 15.13. Let (2, A,P) be a probability space and X : Q — M
and' Y : Q — M’ be random objects taking values in topological spaces M
and M’ endowed with their respective Borel o-algebras B and B'. Assume
that M’ is metrizable and separable and let Prob(M', B') be endowed with
the weak topology. If the regular conditional probabilities ({15.15)) and (15.16))
of Y given X are continuous at a point x € M in the support of the measure
Px then such reqular conditional probabilities coincide at the point x.

Proof. Tt follows from Proposition [15.12| and from the fact that the weak
topology is Hausdorff (Remark [13.2]). O

16. MARKOV KERNELS AND GENERALIZED PRODUCT MEASURES

A regular conditional probability is an example of what we call a Markov
kernel.

Definition 16.1. Let (M, B) and (M’, B’) be measurable spaces. A Markov
kernel (or simply kernel) with source (M, B) and target (M’,B’) is a map
K : M — Prob(M', B')
from M to the set of probability measures on (M’ B') such that the map

(16.1) M >z v+ K(x)(B) € [0,1]
is measurable, for every B € B'.

It follows from Lemma that K : M — Prob(M’,B’) is a Markov
kernel if and only if the map ([16.1]) is measurable for every B in a certain
fixed collection of generators of the o-algebra B’ that is closed under finite
intersections. Namely, note that the collection of sets B € B’ for which the
map ([16.1)) is measurable is a o-additive class of which M’ is a member.

Given a kernel K as in Definition and a probability measure defined
on B, we can construct a probability measure defined on the product o-
algebra B ® B’ which generalizes the standard construction of a product

measure by allowing the measure on the second factor to be a function of
the point on the first factor. We need a preparatory lemma.

Lemma 16.2. Let (M,B) and (M',B') be measurable spaces and K be a
kernel with source (M, B) and target (M',B’). For every element C of the
product o-algebra B ® B', the map

M >z +— K(z)(Cy) €10,1]
18 measurable, where:
(16.2) Co={yeM : (z,y)€C}.

Proof. Follows from Lemma 5.2 by noting that the collection of all C € BB’
for which the thesis holds is a o-additive class that contains all products
B x B’ with B € B and B' € B'. O
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Proposition 16.3. Let (M,B) and (M',B') be measurable spaces, P be a
probability measure defined on B and K be a kernel with source (M,B) and
target (M',B’). There exists a unique probability measure Px K defined on
the product o-algebra B ® B’ such that:

(P K)(B x B') = / K(2)(B') dP(x),
B
for all B € B and all B' € B'. Moreover, for every C € B® B, we have:
(16.3) (B K)(C) = [ K@)(C)deG)
M

where Cy, is defined by (16.2)).

Proof. Uniqueness follows from Lemma [5.1] and existence follows by noting
that formula (16.3)) defines a probability measure with the desired property.
Lemma ensures that the integral in (16.3)) is well-defined. O

Obviously, the measure P x K is simply the standard product measure in
the trivial case in which the kernel K is constant.

Note that P is the push-forward of P x K under the first projection. If
X is an (M, B)-valued random object and Y is an (M’', B')-valued random
object on the same probability space as X then it follows directly from the
corresponding definitions that a regular conditional probability of Y given
X, when identified with the map , is the same thing as a kernel K
with source (M, B) and target (M’,B) such that:

IP)(X,Y) = IP)X*K

We can think about the probability measure Px K as modelling the process
of randomly choosing (z,y) € M x M’ by first choosing = € M according
to the probability measure P and then choosing y € M’ according to the
probability measure K (z).

The following is a simple consequence of and the observation above.

Proposition 16.4. Let (2, A, P) be a probability space, X : Q@ — M be a
random object taking values in a measurable space (M,B) andY : Q — M’
be a random object taking values in a measurable space (M',B'). Given a
reqular conditional probability

M x B 5 (z,B)— P(Y € B|X =x) €0,1]
of Y given X we have that

P((X,Y) e Q) = /M P(Y € Ci|X = 2)dPx (x),

for any C € B® B, where C, is defined by (16.2)). O

Example 16.5. Let (2,.A,P) be a probability space and X : Q — M be
a random object with (M, B) a measurable space. Assume that all single-
tons {x}, © € M, belong to the o-algebra 5. Given a regular conditional
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probability of X given X, it seems reasonable that one should have
(16.4) P(X =z|X =2) =1,

for all x € M. This is not in general true as one can replace the probability
measure P(X € -|X = x) by any other probability measure for x in a subset
of M with Px-probability zero (as long as the appropriate measurability
requirements are kept). Can we at least show that (16.4) holds for Px-
almost every z € M? In general no (see Example below), but the
answer is yes under a mild assumption. Assume that the diagonal

Ay ={(z,z): 2 € M}

belongs to B ® B. This is true, for instance, if B is the Borel o-algebra of a
Hausdorff second countable topology on M. Proposition yields:

1=P((X,X)eAy) = /M P(X = 2|X = z)dPx(z)

and since P(X = z|X = z) < 1 for all x € M it follows that (16.4]) holds for
P x-almost every z € M.

Example 16.6. Let 2 be an uncountable set, A be the o-algebra consisting
of all countable subsets of {2 and all subsets of €2 with a countable comple-
ment in Q. Define a probability measure P : A — [0, 1] by setting P(A) =0
if A is countable and P(A) = 1 if the complement of A in  is countable.
Since P only takes the values 0 and 1, every pair of events is independent.
If (M,B) = (22, A) and X : Q@ — M is the identity map, we then have that
X is independent of itself. Thus

MxB>(z,B)— P(X € B|X =x)=P(X € B) €0,1]
is a regular conditional probability of X given X. Note that
PX =z|X =2)=P(X =x) =0,
for all x € M.

There is a Fubini—Tonelli Theorem for the generalized product measures
PxK.

Theorem 16.7. Let (M, B) and (M',B') be measurable spaces, P be a prob-
ability measure defined on B and K be a kernel with source (M, B) and target
(M',B). If f : M x M" — [—o0, +00] is a B& B'-measurable function whose
integral with respect to P x K exists (i.e., either its positive part or its neg-
ative part has a finite integral) then for P-almost every x € M the integral
Sy [, y) dK (2)(y) of f(x,-) with respect to the probability measure K (x)
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exists, the functz’orﬂ

(16.5) M>zv+— . f(z,y)dK (z)(y) € [—00,+0o0]

is measurable, its integral exists and the equality

/ FAPHK) = / < f(2y) dK<x><y>> dP(z)
M x M’ M M’
holds.

Proof. Follow the standard recipe: prove the result first for indicator func-
tions of measurable subsets using , then for nonnegative simple mea-
surable functions using linear combinations, then for nonnegative measur-
able functions f using the Monotone Convergence Theorem and the fact
that f is an increasing pointwise limit of nonnegative simple measurable
functions. Finally prove the general case by writing f as the difference of
its positive and negative part. ([l

The generalized product can be easily iterated a finite number of times.
Let (M;,B;), i = 1,...,n be measurable spaces, P be a probability measure
defined on By and for each ¢ = 1,...,n — 1 let K; be a kernel with source
(H;:1 M;, @, B;) and target (Mi11, Bit1). We define a probability mea-
sure Px (Ky,...,K,_1) on (H;-Lzl M;, @)y B;) recursively by setting:

P*(Kl,...,Kj) = (P*(Kl,...,Kj_l))*Kj,

forall j =1,...,n—1, where Px() (the product constructed with an empty
sequence of kernels) is simply the same as P. We can think about the prob-
ability measure P x (K1,...,K,_1) as modelling the process of randomly
choosing a sequence (z1,...,z,) € [, M; by first choosing z; € M; ac-
cording to the probability measure P, then choosing xo € My according to
the probability measure Ki(x1), then choosing x3 € M3 according to the
probability measure Ko(x1,x2) and so on.

Measure theory textbooks usually construct only products of measure
spaces with a finite number of factors but in the case of probability spaces
it is possible to construct also infinite products. Moreover, infinite products
are actually a necessary foundation for various limit theorems concerning
infinite sequences of random variables.

Proposition 16.8. Let ((Mn,Bn))n>1 be a sequence of measurable spaces,

P be a probability measure on (My,By) and for each n > 1 let K, be a
kernel with source (H?Zl M;, @i, Bi) and target (Myy1,Bn+1). For each
n>1, set P, = Px (Ky,...,K,—1) (so that Py = P). There exists a

IMore precisely, once should assign some value to the integral Sy f(2,y) dK (2)(y) for
x in the probability zero set in which such integral does not exist. As the measure is
not assumed to be complete, in order to ensure measurability of , such assignment
cannot be too crazy, i.e., one has to choose a measurable function on that set of probability
zero for the assignment (for instance, a constant function).
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unique probability measure Poy = P % (K1, Ka,...) on the infinite product
(TI2) My, @52y By) such that for alln > 1 the push-forward of Po under
the projection

oo
Tp * HMZ > (l’l,xg,...) — (1‘1,1‘2,...,%’”) S 1_[]\4Z
=1 =1

onto the first n coordinates is equal to P,,.

Proof. For each n > 1, denote by .A,, the o-algebra of subsets of the infinite
product M = [[72; M; induced by m,. Clearly, (Ay)n>1 is an increasing se-
quence of o-algebras of subsets of M and therefore the union A = (J;—; Ay
is an algebra of subsets of M (i.e., it is a nonempty collection of subsets of
M closed under finite unions and complements). Moreover, A., generates
the product o-algebra @;-, B;.

The requirement that the push-forward of P, under m, is equal to P,
is equivalent to the statement that P, extends the map P" : A, — [0,1]
defined by

(16.6) P" (7, ' [B]) = Pn(B),

for all B € @;_, B;. Note that the surjectivity of 7, implies that every
element of A, is of the form =, }[B] for a unique B € @ B;, so that
equality indeed defines a map P" on A,,. Moreover, it is clear that P"
is a probability measure. We have to check that the maps P”, n > 1, admit
a common extension Py, to Ay. To this aim, for m > n > 1, denote by

m n
Tt | [ Mi — [ M
i=1 =1

the projection onto the first n coordinates. Using that P, is the push-
forward of P41 under 7, 41 and that m, ;41 071 = 7y, one obtains that
P t1 extends P for all n > 1 and this implies that the common extension
P : Aso — [0,1] of all P exists. Moreover, Py is finitely additive.

We will prove that the finitely additive measure Py, is actually countably
additive and then Carathéodory’s Extension Theorem yields a countably
additive extension of Py, to the o-algebra generated by A,. Such extension
is the probability measure P, whose existence is asserted by the statement of
the proposition and the proof will be concluded. To establish the countable
additivity of Py, it is sufficient to show that limg_, ;oo Poo(B¥) = 0 for any
decreasing sequence of sets (B¥)?° | in A with (72, B¥ = (. We start by
introducing some notation to make the exposition cleaner.

For each n > 1 we denote by M,, the set of all [0, 1]-valued measurable
maps on ([[7; M;, @i, B;), by M the set of all [0, 1]-valued measurable
maps on (M, ®:2, B;) and by

Tom - Mn —> My, 0 My — M
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the right-composition maps defined by 7, ,,,(f) = fom,m and 7}, (f) = fomn,
respectively, for all m > n > 1 and all f € M,,. We also denote by M
the union of all the images of the injective maps 7;, n > 1. Note that M
contains the indicator functions of the sets that belong to A. Let

Prnt+l i Mpp1 — M,

denote for each n > 1 the map given by integration with respect to the
(n + 1)-th variable, i.e.:

Prnia(F)(2) = /M Faey) dKo(2)(9),

for all f € My41 and all z € [, M;. It follows from the generalized
Fubini—Tonelli’s Theorem that pp, 41 is well-defined and preserves in-
tegrals, i.e., the integral of f with respect to P, is equal to the integral of
Pnn+1(f) with respect to IP,,. Moreover, the map py, 1 preserves the point-
wise partial order of functions and it commutes with pointwise limits by the
Dominated Convergence Theorem. The fact that K, (x) is a probability
measure implies that py, 41 is a left inverse for the map 7y, ;.

More generally, for m > n > 1, we define p, , : M,, — M,, by letting
pn.n be the identity of M,, and by setting:

Pnm = Pnn+1° Pn+1,n+2° O Pm—1,m,

so that p,,, preserves integrals, preserves the pointwise partial order of
functions, commutes with pointwise limits and is a left inverse for 7y, ,,,.
For each n > 1 we now want to define a map

pnMoo—>Mn

that is a common extension of all p, ,, in the sense that

Pr O Ty = Prm
for all m > n. The existence of p,, will follow if we check the compatibility
condition
Prn,m+1 © 7"';kn,erl = Pn,m
for all m > n. Such equality is easily obtained as follows:
Pn,m+1 © W:n,erl = Pn,m © Pm,m+1 © F:@,erl = Pn,m-

Clearly p,, preserves the pointwise partial order of functions. We claim

that

(16.7) Prn+1 © Pn+l = P,
(16.9) [ pulin)ap, =P (),
H?:1 M;

for all n > 1 and all B € A. To prove , note that both sides of
the equality become equal when composed on the right with 7, for any
m > n+1 and to prove (16.8)) use that 1z = 77, (1¢) for some C € Q" B;
and some m > n.
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We have completed the introduction of all the necessary notation and are
ready to continue the proof. Let (Bk)kzl be a decreasing sequence of sets
in A with N2, B¥ = () and assume by contradiction that:

lim Pu(B*) > 0.

k—+o0

For all n > 1 and all k > 1, set fX = p,,(15¢), so that (f¥);>1 is a pointwise
decreasing sequence in M, and thus we can define f, € M,, as the pointwise
limit f, = limj_s4 o0 f¥. It follows from (16.7) that

k k
pn,n+1(fn+1) - fn
for all £ > 1 and thus taking the pointwise limit as & — 400 we obtain

Pn.n+1 (fnJrl) = fn,

for all n > 1. Moreover, the Dominated Convergence Theorem and (16.8))
yield

(16.9) / fndP, = lim fFdP, = lim P.(B}) >0,
H?:1 M; k——4o0 H;l:l M; k—+o0

for all n > 1. We now construct by recursion a sequence (xy)p>1 in [[72 | M,

such that

(16.10) fa@i, ... 2p) >0,

for all n > 1. Using (16.9) with n = 1 we obtain that fi(x1) > 0 for some
x1 € My. Assuming that x1, ..., z, have been chosen satisfying ((16.10]), we
have

/M fn-l—l(wh ey Iy y) dKn(xla o 7xn)(y) - pn,n—l—l(fn—&-l)(xla o 7$n)
n+1

= fo(z1,...,20) >0

and therefore there exists x, 1 € M, 1 with fr41(z1, ..., Zn, Tpy1) > 0.

To conclude the proof, let us show that x = (x,,),>1 is in BF for all k > 1,
which will yield a contradiction. Given k > 1, we have By, = 7, }[C] for some
C € @I, B; and some n > 1, so that 15, = 7(1¢), fX = p.(15,) = 1c
and

0< falzr, .. zn) < fR(xy, . zn) = 1o(zr .. 2) = 1, (). O

16.1. Compositions of kernels with measurable maps. There are two
natural ways of composing a kernel with a measurable map. The first way
is composition on the right: if K is a kernel and f is a measurable map
taking values in the source of K, then the composition K o f is a kernel.
The second way is composition on the left with the map that does the push-
forward operation: if f is a measurable map defined on the target of the
kernel K, then f, o K is a kernel, where f, : P — f,[P is the map that does
the push-forward of probability measures under f.
We have the following simple results.
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Proposition 16.9. Let (M,B) and (M',B') be measurable spaces, K be
a kernel with souce (M,B) and target (M',B') and f : M" — M be a
measurable map, where (M",B") is a measurable space. If P is a probability
measure on B" then

(f.P)x K = (f x 1) [P (K o f)],

where fx1d: M" x M — M x M’ is defined by (f x 1d)(z,y) = (f(z),y),
for all x € M" and all y € M.

Proof. Simply note that both sides of the equality agree on sets of the form
B x B', with B € B and B’ € B'. O

Proposition 16.10. Let (M,B) and (M’',B’) be measurable spaces, K be
a kernel with souce (M,B) and target (M',B’) and f : M' — M" be a
measurable map, where (M",B") is a measurable space. If P is a probability
measure on B then

(Id x f)u(PxK) =Px (f, 0 K),

where Id x f: M x M' — M x M" is defined by (Id x f)(z,y) = (=, f(y)),
for allx € M and all y € M'.

Proof. Simply note that both sides of the equality agree on sets of the form
B x B"” with B € Band B" € B”. O

Corollary 16.11. Let (M,B) and (M',B') be measurable spaces, X be a
random object on a probability space taking values in (M,B) and Y be a
random object on that same probability space taking values in (M',B'). If
f: M — M" is a measurable map, where (M",B") is a measurable space,
and K is a reqular conditional probability of Y given X then f. o K is a
reqular conditional probability of f(Y') given X.

Proof. If K is a conditional probability of Y given X then P(xy) =Px * K
and therefore:

P(X,f(Y)) = (Id X f>* P(X,Y) = (Id X f)*<IPX *K) = Px* (f* O[()7

which yields the conclusion. ([

16.2. Iterated conditioning. The star operation Px K that creates a gen-
eralized product measure using a probability measure P and a kernel K
satisfies an associative property which is easy to formulate and prove. Such
associative property has an important interpretation in terms of regular
conditional probabilities which roughly states that conditioning a random
object Z first on X = x and then on Y = y is the same as conditioning Z
on (X,Y) = (z,y). We give the details below.

In order to formulate the associative property for the star operation we
need a suitable notion of the star product for two kernels.



A BASIC INTRODUCTION TO PROBABILITY AND STATISTICS 48

Definition 16.12. Let (M, B), (M',B") and (M"”, B") be measurable spaces,

K be a kernel with source (M, B) and target (M’,B’) and K’ be a kernel

with source (M x M', B® B') and target (M",B"). We define K x K’ as the

kernel with source (M, B) and target (M’ x M" B’ ® B") given by
(KxK')(z) = K(x)* K'(x,) € Prob(M' x M" B'® B"),

for all x € M, where K'(z,-) denotes the kernel with source (M’,B’) and

target (M",B") given by M’ 5 y — K'(z,y) € Prob(M",B").

To see that K « K’ is indeed a kernel, check that the function
M>z+— (KxK')(x)(By x By) = K'(x,y)(B2) dK (z)(y) € [0,1]
B
is measurable for all By € B’ and all By € B” by using Theorem with
fa,y) = K'(z,y)(B2) 15,(y)-

Proposition 16.13. Let (M,B), (M',B’) be measurable spaces, K be a
kernel with source (M, B) and target (M',B’) and K’ be a kernel with source
(M xM' BeB') and target (M",B"), where (M",B") is a measurable space.
For any probability measure P on (M, B), we have:

(16.11) PxK)xK' =Px (K K').

Proof. Both sides of the equality (16.11)) are probability measures on the
product B ® B’ ® B” and thus, by Proposition it is sufficient to check
that they coincide on B x B’ x B”, for all B € B, B’ € B’ and B” € B”. This

follows by applying Theorem with f(z,y) = K'(z,y)(B")1p (y)15(z).
([

Corollary 16.14 (conditional law of total probability). Let X, Y and Z
be random objects on the same probability space, with X taking values in
a measurable space (M,B), Y taking values in a measurable space (M',B’)
and Z taking values in a measurable space (M",B"). Let

K@)(B)=PY eB|X=2x), z€M, BebB
be a regular conditional probability of Y given X and
K'(z,y)(B")=P(Z € B"|(X,Y) = (z,y)), z€M, ye M', B"eB’

be a regular conditional probability of Z given (X,Y). We have that K x K’
is a regular conditional probability of (Y, Z) given X ; using the notation

P(Y,Z)eC|X =z) = (K+xK')(z)(C), zeM, CeB @B’
we have the equality:

(16.12) P((Y,Z2) € B' x B"|X = x)

_ //}P’(Z € B"|(X,Y) = (z,y)) dK(2)(y),
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for allz € M, B' € B' and B" € B". Moreover, the equality

!

(16.13) P(Z € B'|X = ) = / P(Z € B'|(X,Y) = (2,9)) dK (¢)(y),
reM, B"eB’
defines a regular conditional probability of Z given X.
Proof. We have
Px (K x K') = (Px x K) x K' = P(x y) * K' = P(xy,2),

which implies that K * K’ is a regular conditional probability of (Y, Z)
given X. Equality follows by noting that the righthand side of
such equality is simply the definition of (K x K')(z)(B’ x B"”). From the
fact that K x K’ is a regular conditional probability of (Y, Z) given X,
we obtain that (m3). o (K x K') is a regular conditional probability of Z
given X, where my denotes the second projection of the product M’ x M"

(Corollary [16.11)). Finally, the righthand side of equality (16.13]) is simply
((m2)« o (K x K))(z)(B") and this concludes the proof. O

Recall that the original law of total probability — which became simply
the definition of conditional probability given the value of a random object
— says that P((Y,Z) € B’ x B") = P([Y € BN [Z € B"]) is obtained
by integrating the conditional probability P(Z € B"|Y = y) over y € B’
with respect to the distribution of Y. Equality , which we call the
conditional law of total probability, is the same thing but with everything
conditioned on X = .

Now let us see how Corollary [16.14] which is a consequence of the associa-
tive property , can be interpreted in terms of iterated conditioning
of a random object. Let X, Y, Z, K and K’ be as in the statement of
Corollary so that K x K’ is a regular conditional probability of (Y, Z)
given X. For each x € M, consider a pair of random objects

(16.14) Yixeor Z|x=z

whose joint distribution is (K * K’)(z). Concretely, one can simply take
as the projections of M’ x M”, with B’ ® B"” endowed with the
probability measure (K *x K')(x). We then have that the joint distribution
of can be understood as being obtained from the distribution of
(Y, Z) by conditioning on X = z.

Since (K x K')(z) = K(z) x K'(x,-), we have that K'(z,-) is a regular
conditional probability of Z|x_, given Y|x—,. This means that, for y € M !
the probability measure K'(x,y) on B” can be understood as obtained by
conditioning Z first on X = x and then on Y = y. However, K’ is a
regular conditional probability of Z given (X,Y), so that K'(z,y) can also
be understood as obtained by conditioning Z on (X,Y) = (z,y).
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17. STANDARD BOREL SPACES

Despite the fact that the general theory of probability spaces and random
objects can be developed to some extent for completely arbitrary measurable
spaces, we need to focus on a smaller class of measurable spaces to avoid
certain problems after establishing some basic fundamental facts. A useful
class of measurable spaces to work with is the class of standard Borel spaces,
as it is both well-behaved and sufficiently general to encompass everything
necessary for applications.

Definition 17.1. A Polish space is a separable topological space whose
topology is induced by some complete metric. A standard Borel space is
a measurable space that is isomorphic to a Borel subset of a Polish space
endowed with its Borel o-algebra.

Recall that an isomorphism of measurable spaces is a bijective measurable
map whose inverse is also measurable.

While it may look like the class of standard Borel spaces is really large,
it turns out that modulo isomorphisms the class is really small.

Theorem 17.2. Every two uncountable standard Borel spaces are isomor-
phic.

Proof. See [6, Theorem 3.3.13]. O
We can now prove an existence result for regular conditional probabilities.

Theorem 17.3. Let (2, A, P) be a probability space and let X : Q@ — M and
Y : Q — M’ be random objects, where (M,B) and (M',B') are measurable
spaces. If (M',B') is a standard Borel space then there exists a regular
conditional probability of Y given X. In particular, if (2, A) is a standard
Borel space then there exists a reqular conditional probability given X.

Proof. If M’ is countable, we pick for each y € M’ a conditional probability
of the event [Y = y| given X

M>z—PY =y|X =2x) €0,1]
and we set
P(Y € BIX =x)= > P(Y =y|X =x),
yeB

for all x € M and all B € B = p(M’). This defines a regular conditional
probability of Y given X, except for the fact that the condition

PYeM|X=x)=1
might fail for x in a subset of M with Px-probability zero. This is easily
fixed, for instance, by simply replacing P(Y € - |X = z) with some fixed

arbitrary probability measure (say, a Dirac delta) defined on B’ for z in that
subset with Px-probability zero.
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Assume now that M’ is uncountable, so that by Theorem we can
assume that M’ = R and B’ is the Borel o-algebra of R. Since a proba-
bility measure on the Borel g-algebra of R is determined by its cumulative
distribution function, that is all we need to define for every x € M.

For each rational number y € @, choose a conditional probability of the
event [Y < y| given X:

M>z—PY <y|X =x)€]0,1].

By adjusting the value of P(Y < y|X = z) for = in a subset of M with
P x-probability zero, we can assume that the map

(17.1) Qoy—PY <ylX =2) €[0,1]
is increasing, right continuous and satisfies

lim PY <ylX=2)=0, lim PY <ylX =zx)=1,
Y—r—00 Yy—+00

for all x € M. Namely, note that right-continuity at a point y € Q of an

increasing function F' : Q@ — R is equivalent to lim,, 1 F'(y,) = F(y) for

one specific decreasing sequence (Yp)n>1 in Jy, +00[NQ with lim, 1o yn =y

and thus what we are demanding of the map can be expressed in terms

of a countable number of conditions.

Now, every increasing right continuous function F' : § — R satisfying
limy o F(y) = 0 and limy_, 4 F'(y) = 1 has a unique increasing right
continuous extension to all of R and such extension is the cumulative dis-
tribution function of a unique probability measure defined on the Borel
o-algebra of R. We thus obtain a kernel K with source (M, B) and target
(M',B") by letting K (x) be the probability measure whose cumulative dis-
tribution function extends , for all x € M. We then have that Px x K
agrees with Py yy on sets of the form B x |—oo,y| with B € B and y € Q
and it follows from Lemma [5.1| that Py y) = Px K. O

18. INDEPENDENCE OF ARBITRARY FAMILIES OF RANDOM OBJECTS

The notion of independence of a pair of random objects given in Defini-
tion [15.8| can be generalized to arbitrary families of random objects. Recall
that two random objects X and Y are independent if and only if their joint
distribution P(x y coincides with the product Px ® Py of the distributions
of X and Y. In order to generalize the notion of independence to arbitrary
families it is then convenient to first generalize the notion of product of
probability measures to arbitrary families. The hard work has already been
done in Proposition which implies the existence of countable products
of probability measures. The existence of products of arbitrary cardinality
then follows from the easy fact proven below that a consistent family of
probability measures defined in the products of countable subfamilies can
be glued together into a probability measure in the product of an arbitrary
family.
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Lemma 18.1. Let ((MZ, B"))iel be an arbitrary family of measurable spaces
and let the cartesian product
M =] M;

iel
be endowed with the product o-algebra B = ;. B;. For each countable sub-

set I/ of I, denote by Mg the countable cartesian product [ [,y M; endowed
with the o-algebra Bp = Q. Bi and by g the projection:

g M 3 (x;)ier — (2;)ice € ME.

Assume also that for each countable subset E of I we are given a probability

measure P on Bg satisfying the following consistency condition: for every
pair of countable subsets E and E' of I with E C E’, it holds that

(18.1) (g5 ) P = P,
where 7 g denotes the projection:
TgE Mg 3 (2)iep — (Ti)ice € Mp.

Under these conditions, there exists a unique probability measure P on B
such that ()« P = Pg, for every countable subset E of I.

Proof. For each countable subset F of I, let Ag be the o-algebra induced
by mg. It is easy to see that the union of all Ag, with E ranging over
all countable subsets of I, is a g-algebra and therefore it is equal to B. For
each countable subset F of I, the fact that 7wy is surjective implies that every
element of Ap is of the form 75'[B] for a unique B € Bg and therefore we
obtain a probability measure P¥ on Ag by setting

PE(n,'[B]) = Pr(B),

for all B € Bg. The condition (7g).P = Pg on the probability measure
P that we want to define is equivalent to the condition that P extends PF.
Noting that mg = g g o g/ one readily checks that the consistency condi-
tion means that PZ extends PF , for every pair of countable subsets
E, E' of I with E C E’. Hence there exists a unique map P : B — [0, 1] that
extends PP for every countable subset E of I and it is easily seen that P is
a probability measure. ([l

Proposition 18.2. Let ((M,, Bi’Pi))iel be an arbitrary family of probability
spaces and consider the product M = [],.; M; endowed with the product o-

algebra B = @, Bi. There exists a unique probability measure P defined
on B such that

(18.2) P(r; ' [Bi) N...0w [By]) = Piy (By) - Py, (B),

for any distinct i1, ...,in € I, any By € B;,, ..., B, € B;, and any n > 1,
where m; : M — M; denotes the projection onto the i-th coordinate for all
1€ 1.
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Proof. Uniqueness follows from Proposition [6.5] To prove existence, we will
use Lemma For every countable subset E of I, Proposition yields
that there exists a unique probability measure Pr on Bg such that

(18.3) Pp(ngs [BilN...Nwgh [Ba]) =Py (B1) - Pi, (Bn),

for any distinct ¢1,...,%, € E, any By € B;,, ..., By, € B;, and any n > 1,
where 7g; : Mg — M; denotes the projection onto the i-th coordinate for
all ¢ € E. Namely, simply choose an arbitrary enumeration of £ and use
the particular case of Proposition [16.8| in which the kernels are constant.
The validity of the consistency condition follows from the fact that
(7E, 1)« PEr satisfies the condition that characterizes P and then the
probability measure P given by Lemma satisfies the condition in the
statement of the proposition. O

Definition 18.3. The probability measure P whose existence and unique-
ness is established by Proposition is called the product of the family of
probability measures (P;);cr and it is denoted by @), P;.

Note that condition implies in particular that IP; is the push-forward
of the product P under the i-th projection w;. More generally, if J C [ is
any subset, then ), ;P; is the push-forward of the product P = ),.; Ps
under the projection

(18.4) 1M 3 (zi)icr — (wi)ics € [[ M

il i€J
as such push-forward satisfies the condition that characterizes the product
®i6J .
Definition 18.4. Let (2, A,P) be a probability space and (X;)ier be a
family of random objects X; : Q@ — M;, with (M;, B;) a measurable space
for all ¢ € I. The family (X;)ier is said to be independent if its joint
distribution P(x,,_, coincides with the product &),c; Px;.

Note that one can equivalently define that (X;);cs is independent if the
joint distribution P(x;,),_, is equal to some product &), Pi of probability
measures P; : B; — [0, 1], as taking the push-forward under the i-th projec-
tion we obtain that necessarily P; = Px,. Moreover, if (X;);cs is independent
then for every J C I the subfamily (X;);cs is also independent as the map
(X;)ic, is the composition of the map (X;);er with the projection (18.4)).

It follows directly from the definition of the product of a family of prob-
ability measures that (X;);cs is independent if and only if

(18.5) P([X;, € Bi|N...N[X;, € B,)) =P(X;, € By)---P(X;, € By),

for any distinct ¢1,...,i, € I, any By € B;,, ..., B, € B;, and any n > 1.
In particular, (X;);cs is independent if and only if (X;);cr is independent
for any finite subset F' of I. Note also that Proposition yields that in
order to check that (X;);er is independent it is sufficient to verify equality
for sets By, ..., By, belonging to fixed collections of generators C; for
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the o-algebras B; that are closed under finite intersections. If I is finite,
Proposition gives the following more convenient formulation: (X;);cs is
independent if and only if

P((ixi € B) = [T P(xi € By),
el icl
for any choice of B; € C;U{M,}, i € I, where C; is a collection of generators
closed under finite intersection for the o-algebra B;.

Remark 18.5. Let (X;);cr be a family of random objects in the same prob-
ability space with X; taking values in a measurable space (M;,B;). If M/
is a subset of M; containing the image of X; and M/ is endowed with the
o-algebra B, = {BN M/ : B € B;} induced by the inclusion map M/ — M;
then each X; can also be regarded as an (M/, B})-valued random object.

Since (|18.5)) is equivalent to
P([X;, € BiNM]n...N[X;, € B,NM; ])
=P(X;, € ByNM,)---P(X,, € ByNM,),

it follows that the family (X;);er is independent with each X; being regarded
as (M;, B;)-valued if and only if such family is independent with each X;
being regarded as (M], B.)-valued.

If we apply measurable functions to the members of a family of indepen-
dent random objects we get a new family of independent random objects.
This is shown in the next result, which generalizes Proposition [15.9

Proposition 18.6. Consider a family (f; : M; — M])ier of measurable
maps f; from a measurable space (M;,B;) to a measurable space (M],B}).
Let f: [Tie; Mi — Tlic; M! be defined by f((zi)icr) = (fl-(a:i))iel, for all
(zi)ier € Hie[ M;. Given, for each i € I, a probability measure P; on B; we
have:

(18.6) fe ®]P’1; = ®(fz)*R

el icl
In particular, if (X;)ier is a family of random objects on the same probability
space with X; taking values in M; and if (X;)ier is independent then also
(fi(X’i))z'eI is independent.

Proof. Equality follows by noting that f. &),.;P; satisfies the prop-
erty that characterizes the product &),c;(fi)«P;. The second part of the
statement then follows from the fact that the map ( fZ(XZ))z s 18 equal to
the composition of the map (X;);er with f. O

Proposition [18.6]is very easy to prove but it is not in general sufficient for
handling many concrete problems. For example, one often has a situation
in which, say, independent random objects X1, X, X3, X4 are given and
one wishes to conclude that f(X;, X2) and g(X3, X4) are independent, i.e.,
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we want to aggregate our independent random objects in disjoint smaller
families before applying measurable functions. It turns out that this can be
obtained from Proposition but one needs to prove first that the pair
(Y1,Y3) of aggregated random objects Y1 = (X1, Xs2), Yo = (X3, X4) is also
independent. This amounts to an associative property for the product of
families of probability measures that we state in full generality below.

Proposition 18.7. Let ((Mz, BZ-,IP’i))iE] be an arbitrary family of probability
spaces and write I = Jycp Jx as the union of a family (Jx)xea of pairwise
disjoint subsets. The bijective map

(18.7) H H M; > ((xi)ieJX)AeA — (xl‘)ie] S HMz

AEANIET) el
is an isomorphism of measurable spaces, where the domain is endowed with
the o-algebra @), ®ZEJA B; and the counter-domain is endowed with the

o-algebra @, Bi. Moreover, the push-forward under (18.7) of the iterated
product of probability measures

(18.8) X X P

AeANieTy
is equal to @, Pi.

Proof. Simply check that the push-forward of (18.8)) under ([18.7)) satisfies
the property that characterizes &), Pi. U

Corollary 18.8. Let (X;)ier be a family of random objects in the same
probability space with X; taking values in a measurable space (M;, B;). Write
I = Uyen Jn as the union of a family (Jx)ren of pairwise disjoint subsets.
For each A\ € A, consider the random object Yy = (X;)ics, taking values
in (HieJ,\ M7;,®Z-EJA Bi) whose i-th coordinate is X;, for all © € Jy. The
following statements are equivalent:

o the family (X;)icr is independent;

o for every A € A the family (X;)ics, is independent and the family

(Y\)aea is independent.

Proof. Follows from the fact that the map (X;);es is the composition of the
map (Y))rea with the isomorphism ((18.7)). O

We now obtain the desired generalization of Proposition [I8.6]

Corollary 18.9. Let (X;)icr be a family of random objects in the same
probability space with X; taking values in a measurable space (M;, B;). Write
I = Uyen Jn as the union of a family (Jx)ren of pairwise disjoint subsets.
For each A € A let fy : H’iEJA M; — M be a measurable map taking values
in some measurable space (M}, BY) and let Yy be defined as in the statement
of Corollary . If the family (X;)icr is independent, then also the family
(f,\(Y)\)) ea 18 independent.

Proof. Follows directly from Corollary and Proposition O
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Let us now prove a simple useful criterion for independence of finite fam-
ilies of random objects in terms of probability density functions.

Proposition 18.10. Let (X;)!", be an n-tuple of random objects with X;
taking values in a measurable space (M;,B;). For each i = 1,...,n, let
i be a nonnegative countably additive o-finite measure defined on B; and
denote by pu the product measure @;- pi- If X; admits a probability density
function fx, with respect to p; for alli=1,...,n and the family (X;)?_, is
independent then the map fx defined by

fx(@i, . omn) = fx, (@) fx, (@), (21,0 20) € [[ M

is a probability density function for X = (X;)i, with respect to . Con-
versely, if X admits a probability density function with respect to p of the
form

Ix@r, ..o xn) = fi@) - fa(@n), (@1,...,30) € HM

for certain maps f; : M; — [0,+00[, i = 1,...,n, then the family (X;)_, is
independent and there are positive constants ¢;, i = 1,...,n, such that ¢;f;
is a probability density function of X; with respect to u;, for alli =1,...,n.

Proof. For the first part, note that a simple application of Fubini—Tonelli’s
Theorem yields

/BfXdM:,Hl/BZ- fx, dui :il_[lIP’(Xi € B;) =P(X € B),

for all B; € B;, i = 1,...,n, where B = [["; B;. By Proposition this
shows that fx is a probability density function for X with respect to u. For
the converse, we first check that each f; is measurable. To this aim, note
that since fx cannot be identically zero, for each i = 1,...,n there exists
z; € M; with f;(Z;) > 0. To conclude that f; is measurable use that fx is
measurable and that f;(x;) is obtained by locking the value of z; at z; for
j#iin fx(z1,...,2,) and by multiplying the result by a positive constant.
Now an application of Fubini—Tonelli’s Theorem yields

1:/MfXdM:£[1/MifidMi

where M = [[; M;. This implies that for each i = 1,...,n we can find
¢; > 0 such that fMi ¢ fidu; =1 and H?:l ¢; = 1. We then have

fx (@1, xp) = Hcifi(l‘z')
i1
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and applying again Fubini-Tonelli’s Theorem we get:
n

Px(B) = / fxdu=[]Pi(By),
B i=1

for all B; € B;, i = 1,...,n, where B = [[;_; B; and P; is the probability
measure on B; defined by P;(B;) = |, B, Cifidp;. Thus Px = &, P; and
taking the push-forward under the i-th projection we obtain that P; = Px,,
for all ¢ = 1,...,n. This implies that ¢; f; is a probability density function

n

for X; with respect to p; and that the family (X;)? ; is independent. O

18.1. Independence of families of events. In Section [I5]we have defined
independence for pairs of events. Clearly, if (2,.4,P) is a probability space
and A, B € A are events, we have that A and B are independent if and
only if the indicator random variables 14 and 1p are independent. This
fact suggests the following definition.

Definition 18.11. Given a probability space (2, A, P), we say that a family
of events (A;)ier in A is independent if the family (14,)ies of indicator
random variables is independent.

We have the following simple characterization for independence of families
of events.

Proposition 18.12. Let (2, A,P) be a probability space and (A;)icr be a

family of events in A. We have that (A;)icr is independent if and only if
P(Aiy ... NA;,) =P(A;,) - P(Ay,),

for any distinct i1,...,1, € I and any n > 1.

Proof. By Remark we can regard each indicator random variable 14,
as a random object taking values in the set {0,1} endowed with the o-
algebra ({0, 1}). Now use the fact that {{1}} is a collection of generators
for p({0,1}) closed under finite intersections. O

19. CONDITIONAL EXPECTATION

Let (€2, A,P) be a probability space. If A € A is an event with posi-
tive probability, then the map that associates to each event its conditional
probability given A

P(-|A): A> B+ P(B|A) € [0,1]

is a probability measure on 2. Thus, if Y : 2 — R is a random variable, we
can integrate Y with respect to P(-|A) and such integral should naturally be
called the conditional expected value (or conditional expectation) of Y given
the event A and be denoted by F(Y|A). As the measure P( - |A) vanishes
outside of A and is equal to ﬁ P on measurable subsets of A, we have:

(19.1) E(Y]A) = IP(lA)/AYdP,
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provided that the integral of Y over A with respect to P exists.

Just like with conditional probability, we would like to be able to condi-
tion also on events of probability zero of the form [X = z], with X a random
object taking values in some measurable space (M, B). If a regular condi-
tional probability P( - | X = x) given X exists, we can define E(Y|X = z)
as the integral of Y with respect to the probability measure P( - |X = x)
or, alternatively, as the integral of the identity map of R with respect to
the push-forward of P( - |X = x) under Y. Such push-forward is a regular
conditional probability of Y given X. Since Y is real-valued, a regular con-
ditional probability of Y given X always exists (Theorem so we might
as well start with that and define

(19.2) BYIX =)= [ yak(a)(),

for all x € M, where K(z)(C) =P(Y € C|X = x) is a regular conditional
probability of Y given X. Of course, the integral in is going to
depend on the choice of K but, as usual, only the equivalence class of the
map x — E(Y|X = z) modulo Px-almost sure equality is expected to be
well-defined.

Now pick B € B and let us integrate the map =z — E(Y|X = z) defined
in over B with respect to Px using the generalized Fubini—Tonelli’s
Theorem We have

/BE(Y’XZJJ) dPx (z) Z/M (/]Rle(m) dK(x)(y)>dPX(1’)
:/MXRyIB(x)d(IF’X*K)(x,y):/

M x

N ylp(z) dPx v (7, y)

= / Y dP,
[XeB|

provided that the integral f[ XeB] Y dP exists. What we have proven is that

if Y is integrable then the map = — E(Y|X = z) defined in (19.2)) is a
Radon—Nikodym derivative of the finite countably additive signed measure

(19.3) B>B+— YdP = E(Y1;xep) € R

[XeB|
with respect to the probability measure Px. Now it is obvious that for
any integrable random variable Y : @ — R the map defines a finite
countably additive signed measure that is absolutely continuous with respect
to Px and thus we can give the following definition.

Definition 19.1. Let (2,.A4,P) be a probability space, ¥ : @ — R be
a random variable with finite expected value (i.e., Y is P-integrable) and
X : Q — M be a random object taking values in a measurable space (M, B).
A conditional expectation of Y given X is any measurable real-valued map

M>z— EY|X=2)cR
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which is a Radon—Nikodym derivative of the finite countably additive signed
measure ([19.3]) with respect to Py, i.e., any measurable real-valued map such
that:

| BOVIX =5)dPx@) = [ YR = E(Viixen).
B [XeB]
for any B € B.

The Radon—Nikodym Theorem ensures that the conditional expectation
of Y given X exists and is unique up to Px-almost sure equality. Defini-
tion [19.1]is the standard approach for defining conditional expectation of a
random variable given a random object. Using as a definition is also
possible since, as we have shown, is consistent with Definition m
Though is more intuitive, Definition is simpler as it has the
advantage of not requiring a regular conditional probability.

Remark 19.2. If the random variable Y : Q — R is not P-integrable but its
integral with respect to P at least exists in [—o0o, +00] (equivalently, if either
the positive or the negative part of Y is P-integrable) then the countably
additive signed measure will not be finite and it might not even be
o-finite. It turns out that the Radon—Nikodym Theorem does have a version
in which only the measure in the denominator is assumed to be o-finite and
the measure in the numerator is arbitrary. For such version, the Radon-
Nikodym derivative might be a function taking values in the extended real
line [—o0, +oc]. Thus, one can define E(Y|X = z) as in Definition [19.]]
assuming only that E(Y) = [, Y dP exists in [—00,+00], but in that case
E(Y|X = z) might also take values in [—o0, +00].

We note that conditional probability of a fixed event A € A given a

random object X (as in Definition is a particular case of conditional
expectation given X. Namely, probability is a particular case of expected
value, since P(A) = E(14) and, similarly, P(A|X = z) is a particular case
of E(14|X = x).
Example 19.3. Let X and Y be square integrable random variables on the
same probability space, so that the covariance Cov(X,Y) is well-defined.
Let K(x)(B) = P(Y € B|X = x) be a regular conditional probability of ¥’
given X, so that Py y) =Px x K and the map

fl@) = [ yaK(@)) = BYIX =a). R

is a conditional expectation of Y given X. The expected value F(XY') of
the product of X and Y can be written as

BOY) = [ aydPi@) = [ apd®x oK) (@)

and using the generalized Fubini—Tonelli’s Theorem [16.7] we obtain:

E(XY) = /]Rasf(m) APy = E(Xf(X)).
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Moreover
B(Y) = [ fa)apx

so that the covariance of X and Y is given by:
Cov(X,Y)=E(XY)—-EX)E(Y) = / (x — E(X))f(gc) dPx.
R

The latter equality says that the covariance Cov(X,Y) is the L2-inner
product with respect to the probability measure Px between the maps
f(x) = BE(Y|X = z) and g(v) = v — E(X). The map g is clearly L*-
orthogonal to the constant maps. If X and Y are independent then the
regular conditional probability K of Y given X is Px-almost surely con-
stant (Proposition , so that in particular the conditional expectation
f(z) = E(Y|X = z) is also Px-almost surely constant and hence f and g
are L?-orthogonal. This is just a new proof of the fact that independent ran-
dom variables have zero covariance (Corollary . However, here we get
a sense of how much stronger independence is than merely zero covariance:
namely, zero covariance simply says that f and g are L?-orthogonal with
respect to Px. While the L?-orthogonal complement of ¢ contains the con-
stant maps, it is typically a very large space (usually infinite-dimensional).
So Cov(X,Y) = 0 is much weaker than the condition that the conditional ex-
pectation f(z) = E(Y|X = ) be (Px-almost surely) independent of x € R
and the latter condition is much weaker than independence between X and
Y, which is equivalent to the condition that the probability distribution
K(x) =P(-|X =z) of Y given X = z be (Px-almost surely) independent
ofx € R

19.1. Conditioning on a o-algebra. Let Y : 2 — R be an integrable
random variable in a probability space (2, A4,P) and X : Q@ — M be a
random object taking values in a measurable space (M, B). The conditional
expectation of Y given X introduced above is a measurable map f: M — R
and we write f(z) = E(Y|X = z), for all z € M.

In practical applications, we sometimes want to talk about the conditional
expected value E(Y|X = z) for some given fixed value of z € M, but in
some cases we want to think about z as a function X(w) of the random
outcome w of the random experiment modelled by (€2,.4,P). This change
of point of view corresponds to replacing the map f : M — R with the
composition f(X) = fo X of f with X, which yields a random variable
EY|X)=f(X):Q—R.

It follows directly from Definition that the random variable F(Y|X)
satisfies

(19.4) / E(Y|X)dP = / Y dP,
[X€eB] [X€eB]

for every B € B. Moreover, E(Y|X) is measurable with respect to the o-
algebra Ax = {X~![B] : B € B} induced by X, since it is a function of X.
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Equality (19.4) says that E(Y|X) and Y have the same integral over every
element of Ax. The fact that F(Y|X) is Ax-measurable taken together
with (19.4)) means that E(Y|X) is a Radon-Nikodym derivative of the finite

countably additive signed measure
(19.5) AXSA»—>/YdIF’eR
A

with respect to the probability measure on Ax given by the restriction of P.
It is obvious that is indeed absolutely continuous with respect to the
restriction of P to Ax. What this shows is that we can give a description
of the conditional expectation F(Y|X) without any direct reference to the
random object X, but instead using only the o-algebra Ax induced by X.
This leads naturally to the following definition.

Definition 19.4. Let (2, A,P) be a probability space, Y :  — R be an
integrable random variable and B be a g-algebra of subsets of €2 contained in
A. We define a conditional expectation of Y given B, denoted E(Y'|B), as a
Radon—Nikodym derivative of the finite countably additive signed measure

BaAH/YdP:E(YlA)eR
A

with respect to the restriction of P to A, ie., E(Y|B) : @ — R is a B-
measurable map which has the same integral as Y with respect to P over
any A € B.

The Radon—Nikodym Theorem ensures that the conditional expectation
of Y given B exists and is unique up to P-almost sure equality. As discussed
above, the conditional expectation of Y given the o-algebra Ax induced by
a random object X is the same thing as F(Y|X), i.e., the random variable
obtained by composing x — E(Y|X = z) with X.

We note that, as in the case of conditioning on a random object, the
assumption that Y be integrable in Definition [19.4] can be relaxed to the
assumption that E(Y') exists in [—00, +00], as long as one allows E(Y'|B) to
take values in [—oo, +00] (see Remark [19.2)).

It turns out that the map x — E(Y|X = z) (or, more precisely, its
class of maps modulo P x-almost everywhere equality) can be recovered from
EY|X)=E(Y|Ax).

Lemma 19.5. Let Q2 be a set, (M,B) be a measurable space, X : Q@ — M
be a map and denote by Ax the o-algebra of subsets of ) induced by X. A
real-valued map g : Q@ — R is measurable with respect to Ax if and only if
there exists a measurable map f: M — R such that g = f o X.

Proof. The nontrivial part of the thesis is that if g is Ax-measurable then
g = f o X for some measurable map f : M — R. The validity of such
statement is clear if g is an indicator function or a simple map, i.e., a finite
linear combination of indicator functions. For the general case, note that
if g: Q — R is Ax-measurable then g is the pointwise limit of a sequence
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(gn)n>1 of simple Ax-measurable maps g, : @ — R and thus for each n > 1
we have g, = f, 0 X for some measurable map f, : M — R. The conclusion
is obtained by taking f for instance as the lim sup of (fy,)n>1 (replacing +o0o
values that f might assume outside the image of X by some arbitrary finite
value). O

Using Lemma [19.5| we see that if Y in an integrable random variable on
a probability space (2, 4,P), X : Q@ — M is a random object taking values
in a measurable space (M, B) and E(Y|Ax) is a conditional expectation of
Y given the o-algebra Ax induced by X then E(Y|Ax) = f(X) for some
measurable map f: M — R. The map f then satisfies

/deIP’X:/[XEB] f(X)dP:/[XGB]YdIP

for all B € B and thus it is a valid conditional expectation of Y given X in
the sense of Definition [[9.11

We observe that a conditional expectation E(Y'|B) on an arbitrary o-
algebra B contained in A can always be seen as a particular case of E(Y|X)
for some random object X. For example, take X as the identity map from
(©,A) to (2, B) so that Ay = B.

The idea of conditioning on o-algebras might at first sound weird as one
normally thinks that “conditioning” should always mean “conditioning on
some fact”, such as the fact that an event like [X = 2| happened. To make
conditioning on a c-algebra more palatable, one should think about a o-
algebra B C A as representing a certain amount of information regarding
the outcome w € Q. More specifically, in nonpathological cases (such as if
B is induced by a random object taking values on a separable metric space
endowed with its Borel o-algebra — see the discussion in Remark , one
can think of an agent as being B-informed if such agent knows enough about
w €  to figure out whether or not w is in B, for any B € B. Alternatively,
a B-informed agent is an agent that knows the value of any B-measurable
random variable.

Larger o-algebras correspond to more information. For example, the
largest possible o-algebra, which is the o-algebra A in which the probability
measure is defined, should be thought as the perfect information o-algebra,
i.e., A-informed agents know everything. On the other extreme, the smallest
possible g-algebra, which is just {0,}, corresponds to no information at
all. If Y : Q — R is an integrable random variable, then the expected value
of Y conditioned on the no-information o-algebra {(), 2} is simply the stan-
dard expected value E(Y) of Y — or, more precisely, the random variable
that is constant and equal to E(Y). That makes sense, as conditioning on
no-information is the same as not conditioning on anything. On the other
extreme, the conditional expectation F(Y|A) of Y on the perfect informa-
tion o-algebra A is just Y itself. This also makes sense, as the A-informed
agent knows the true value of w € 2 and for such agent the expected value
of Y is the true value Y (w) of Y.
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To get further insight into this matter let us look at the case of a o-algebra
generated by a countable partition. Let (€2, .4,P) be a probability space and
suppose we are given a countable partition of {2 into measurable subsets.
We can represent such partition by the corresponding equivalence relation
~ on {2, which is an equivalence relation whose equivalence classes are in A
and such that the quotient set {2/~ is countable. Let B be the o-algebra of
subsets of ) generated by the collection of all equivalence classes. Clearly,
B coincides with the collection of all possible unions of equivalence classes,
which is also the o-algebra induced by the quotient map ¢ : Q@ — Q/~,
where 2/~ is endowed with the o-algebra p(2/~) of all its subsets. The
equivalence classes are then what are usually called atoms of B, i.e., an
equivalence class A is a nonempty element A € B such that the only subsets
of A that are in B are the empty set and A itself.

A B-measurable random variable is simply a random variable that is con-
stant on every atom. Given an integrable random variable Y :  — R, it is
easily checked that E(Y|B) is a random variable whose restriction to every
positive probability atom A of B is constant and equal to the conditional
expectation E(Y|A) of Y on the event A (recall (19.1])). Thus, taking the
conditional expectation of Y on the o-algebra B has the effect of forcing Y
to become constant on the atoms of B by averaging Y inside such atoms. A
B-informed agent does not know the true value of w € €2, but knows what
is the atom A of B that contains w. Thus, for such an agent, the expected
value of Y is the expected value of Y conditioned on A.

20. IMAGES OF DENSITIES UNDER DIFFEOMORPHISMS

If X is an R™-valued random vector which admits a probability density
function fx : R™ — [0, +oo] (with respect to Lebesgue measure) it would
be useful to be able to obtain a formula for the probability density function
of a random vector of the form ¢(X), where ¢ : R"™ — R™ is a sufficiently
nice function (say, a function of class C'). However, it is not true in gen-
eral that ¢(X) admits a probability density function, even when ¢ is really
nice. For instance, if ¢ is constant, then the distribution of ¢(X) is a Dirac
delta (Definition which is not absolutely continuous with respect to
Lebesgue measure. More generally, if the image of ¢ has null Lebesgue mea-
sure, then Py x) cannot be absolutely continuous with respect to Lebesgue
measure as the Py x)-probability of a Borel set that contains the image of
¢ is equal to one. In this section we will study the case in which ¢ is a local
diffeomorphism of class C'.

Recall that a diffeomorphism ¢ : U — V between open subsets U and V'
of R is a bijective differentiable map whose inverse is also differentiable. If
¢ is of class C* (with 1 < k < 400) and ¢~ ! is differentiable then ¢~ is
automatically of class C¥. A map ¢ : U — R” defined in an open subset U
of R™ is said to be a local diffeomorphism if every point of U has an open
neighborhood in U such that the restriction of ¢ to such neighborhood is a
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diffeomorphism onto some open subset of R™. If ¢ is a local diffeomorphism
then the image of ¢ is open and if ¢ is also injective then ¢ is actually a
diffeomorphism onto its image.

For a differentiable map ¢ : U — R™ defined in an open subset U of
R™, we denote by d¢(x) its differential at the point z € U, which is a
linear transformation from R™ to R™. The matrix that represents d¢(x)
with respect to the canonical bases is the so called Jacobian matriz of ¢
at x. The celebrated Inverse Function Theorem states that if ¢ : U — R"
is of class C! then ¢ is a local diffeomorphism if and only if d¢(z) is an
isomorphism (equivalently, the determinant of d¢(x) is nonzero) for every
zel.

The key ingredient for obtaining a probability density function for ¢(X)
is the change of variables theorem for Lebesgue integration in R™ which
we recall below. We will denote by m the Lebesgue measure of R"” and
all probability density functions of R™-valued random vectors will be taken
with respect to (the restriction to the Borel o-algebra of) m.

Integration theorems will be stated with more generality than what is
needed for the probability theory related applications, for the sake of com-
pleteness. We will call a function f defined in some subset of R™ Lebesgue-
measurable if it is measurable with respect to the Lebesgue o-algebra on its
domain and Borel-measurable if it is measurable with respect to the Borel
o-algebra on its domain, where the Borel o-algebra is used for the counter-
domain in both cases. Recall that a map of class C! from an open subset
of R™ to R", being locally Lipschitz, maps sets of Lebesgue measure zero
to sets of Lebesgue measure zero. Thus C! diffeomorphisms map Lebesgue
measurable sets to Lebesgue measurable sets.

Theorem 20.1. Let ¢ : U — V be a diffeomorphism of class C' between
open subsets U and V of R™. If f : V — [—00, +00] is a Lebesgue-measurable
function then

(20.1) /U £ ($(x))|det (A¢ ()| dm(z) = /V £(y) dm(y).

meaning that the integral on the lefthand side of the equality exists if and
only if the integral on the righthand side of the equality exists and that they
are equal when both exist. O

Theorem [20.1] could be restated by saying that the push-forward under ¢
of the measure on U given by integration of = ’det (dd)(x))’ with respect
to Lebesgue measure is the Lebesgue measure on V. Equality then
follows from the simple abstract version of the change of variables theorem

given in Proposition
Remark 20.2. Though we will not need such generalization, we mention that
Theorem also holds if ¢ : U — R"™ is merely an injective function of

class O defined in an open subset U of R™ and V is the image of ¢. In this
case V might not be open, but it is Borel since it is a countable union of
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compact sets. To obtain such generalization, note that if Uy is the (open) set
of points z € U with det (d¢(x)) # 0 and V) = ¢[Up| then Theorem can
be applied to the restriction of ¢ to Uy, which is a diffeomorphism onto Vj.
Moreover, the integrand on the lefthand side of obviously vanishes on
U\ Uy and the set V' \ Vj is contained in the set of critical values of ¢ and
thus has Lebesgue measure zero due to Sard’s Theorem.

As a consequence of Theorem we immediately obtain the following
method for obtaining a probability density function for ¢(X) if ¢ is a dif-
feomorphism of class C! and X is a random vector admitting a probability
density function.

Proposition 20.3. Let ¢ : U — V be a diffeomorphism of class C' between
open subsets U and V' of R™ and let X be an R™-valued random vector with
image contained in U (so that X can be regarded as an U-valued random
object). If X admits a probability density function fx : U — [0, +o0[ then a
probability density function fux):V — [0, +oc[ for ¢(X) is given by:

fx(x)

(20.2) f¢(x)(y) = W’

for ally € V, where x = ¢~ (y).

Proof. Apply Theorem [20.]] “ with f being the function defined by -
multiplied by the indicator function of a Borel subset of V.

In the statement of Proposmon 3| the function fy4(x is defined only on
V', so it is a probability density functlon for ¢(X) regarded as a V-valued
random object. If we want a probability density function for ¢(X) regarded
as an R"-valued random vector, we can just extend fyx) to all of R™ by
assiging to it the value zero outside of V.

Example 20.4. Let X and Y be R"-valued random vectors on the same
probability space and assume that they admit a joint probability density
function f(xy) : R" x R" — [0, +o00[. Let us obtain a probability density
function for X +Y using Proposition We cannot apply the proposition
directly with ¢ being the sum map from R"™ x R"™ to R”, but we can use it
with the diffeomorphism ¢ : R” x R™ — R” x R" given by

o(z,y) = (z +y,9),

for all z,y € R™. Note that ¢ is linear, so that its differential d¢(z,y) at
any point (z,y) € R™ x R™ is equal to the linear map ¢ itself. Moreover,
det ¢ = 1, as the matrix of ¢ has a null lower left n x n block and two n x n
identity blocks over the main diagonal. Proposition then yields

focrvny (s, y) = foevy (071w, 1) = foow) (w —y,9),

for all (u,y) € R™ x R", where f(xy,y) denotes a probability density func-
tion for (X +Y,Y) = ¢(X,Y). A probability density function fxy for
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X +Y can now be obtained by simply integrating over y (see Example

Frorw) = [ foon=v)dmty). ueRr,

taking care of replacing the infinite values that fxy might assume in a set
of null measure with some fixed finite value. In the particular case in which
X and Y are independent with probability density functions fx and fy, we

have fx vy(%,y) = fx(z)fy(y) (Proposition |18.10) and thus

fxty(u) = o fx(uw—y)fy(y)dm(y), ueR”,

ie., fxyy is (m-almost everywhere equal to) the convolution fx * fy of fx
and fy.

The assumption in Proposition that the map ¢ be injective is too
strong and we need to get rid of it. For this we need a better version of
Theorem 20.11

Theorem 20.5. Let ¢ : U — R™ be a local diffeomorphism of class C*
defined in an open subset U of R"™ and let V be the (automatically open)
image of ¢. Assume that g : U — [—o0,+00] is a Lebesque-measurable
function whose integral over U with respect to the Lebesque measure exists.
The map [ :V — [—o0, +00] given by

(z)
(20.3) =Y FU o yevV
e () ’det (dgb(x))’

is well-defined for Lebesgue-almost every y € V. The map f is always
Lebesgue-measurable and it is also Borel-measurable if g is Borel-measurable.
Moreover, the integral of f over V with respect to the Lebesgue measure
exists and it is equal to the integral of g over U with respect to the Lebesgue
measure.

In the statement of the theorem above, when we say that “f(y) is well-
defined” for a certain y € V what we mean is that either the sum of the
positive parts or the sum of the negative parts of the terms in the sum
appearing in is finite. In order to make f a Lebesgue-measurable
function on all of V' one has simply to choose some arbitrary value for f(y)
when it is not well-defined. When g is Borel-measurable and we want f to
be Borel-measurable on all of V', we have to make the choice of values for
f(y) in the undefined cases in a Borel-measurable way (say, by picking a
constant value).

Proof of Theorem [20.5, We can assume that g is nonnegative, as the general
case will then follow by applying the result to the positive and negative part
of g. If there exists an open subset Uy of U such that ¢ is injective on Uy and
g vanishes on U \ Uy then the result follows directly from Theorem In
general, we can cover U by countably many open sets in which ¢ is injective
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and by the standard disjointification method we write U as a disjoint union
U;io:l B,, of Borel subsets B,, such that each B,, is contained in some open
subset of U in which ¢ is injective. The conclusion then follows by noting
that g = Y 7 | g1p, and that the result holds for each ¢g1p, . O

As a corollary of Theorem [20.5] we obtain the improved version of Propo-
sition [20.3] in which ¢ is not assumed to be injective. We will also allow
for the assumptions of Proposition to fail on sets of measure zero. In
order to simplify the statement, we adopt the convention that the sum of
an empty family is equal to zero.

Proposition 20.6. Let ¢ : U — R™ be a map of class C' defined in some
open subset U of R™ and assume that det(dgb(:v)) % 0 for Lebesgue-almost
every x € U. Let X be an R™-valued random vector with P(X € U) =1
and consider the R™-valued random vector ¢(X), to which we assign some
arbitrary fized value in the probability zero set [X & U]. If X admits a
probability density function fx : R™ — [0,4o00] then a probability density
function fuxy: R" — [0, +00[ for ¢(X) exists and it is given by

fx(x)
Jocx)(W) = Z )
e () |det(dg())|
for all y € R™, except for y in some subset of R™ with null Lebesque measure
in which the sum above is infinite or any of the denominators appearing in
the sum vanish (in which case we replace the sum with some arbitrary fized
nonnegative finite value).

Proof. If det (d¢(m)) # 0 for all z € U and the image of X is contained
in U, the result follows by picking an arbitrary Borel subset B of R™ and
applying Theorem with g equal to the restriction of fx14-1p) to U,
keeping in mind that fy(x) vanishes outside of V' = ¢[U] and fx vanishes
Lebesgue-almost everywhere outside of U. For the general case, set

Up = {z € U : det(de(z)) # 0},

so that Uy is open and U \ Uy has Lebesgue measure zero. Since Px is
absolutely continuous with respect to the Lebesgue measure, we have that
P(X € Up) = 1 and thus we can change X in a set of measure zero so
that its image becomes contained in Uy. Such adjustment does not alter the
distributions of X and ¢(X). Applying the version of the proposition which
we have already proven with ¢|y, in the place of ¢, we obtain that

fx(x)
fox)(y) = Z ——— yeR"
ey ‘det (dqﬁ(w))

defines a probability density function for ¢(X). The conclusion then follows
by noting that for y € R™ outside of the null Lebesgue measure set ¢[U \ U]
we have that ¢~ 1(y) = ¢~ (y) N Up. O
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21. THE UNIVARIATE NORMAL DISTRIBUTION

The normal distribution is one of the most basic and important proba-
bility distributions in statistics. A standard motivation for studying such
distribution is the celebrated Central Limit Theorem. In this section we
will simply present the definition of the univariate normal distribution. The
multivariate case will be discussed later in Section 241

When we talk about “defining a distribution” (such as the normal dis-
tribution) what we mean is that we are going to define a certain collection
of probability measures on the real line endowed with the Borel o-algebra
(or a collection of probability measures on some other measurable space).
It is often convenient to define such collection using the language of ran-
dom variables (or random objects), i.e., we define that a random variable
X has a certain type of distribution under certain conditions. Yet, what
really matters is the collection of probability measures Px being defined by
that statement, i.e., saying that X has a certain distribution means that Px
belongs to a certain collection of probability measures. The map X itself is
not important unless one is interested in discussing the relationship between
X and other random objects defined on the same probability space. Note
that given a probability measure P on the real line (resp., on some other
measurable space) one can always obtain a random variable (resp., random
object) X with Px = PP by letting X be the identity map, where the domain
of X is endowed with the probability measure P.

We will denote by m the Lebesgue measure of R (restricted to the Borel
o-algebra) and, as usual, probability density functions of random variables
will be taken with respect to m. We will say that a random variable has a
(nondegenerate) normal distribution if it admits a probability density func-
tion that is the exponential of a second degree polynomial. Clearly, the
exponential of a second degree polynomial has finite integral if and only if
the leading coeflicient is negative and thus, since the integral of a probability
density function must be equal to 1, only second degree polynomials with a
negative leading coefficient are admissible.

Definition 21.1. A random variable X is said to have a mondegenerate
normal distribution (alternatively, X is a nondegenerate normal random
variable or Px is a nondegenerate normal distribution on R) if

(21.1) fx(z) = emw’thrte e R
is a probability density function for X for certain a,b,c € R with a > 0.

We used above the name “nondegenerate normal distribution” instead
of just “normal distribution” because random variables whose distribution
is a Dirac delta (i.e., almost surely constant random variables) will also
be regarded as normal — that is the “degenerate” case. Most textbooks
simply use something equivalent to Definition above as their definition
of normal distribution, but we find convenient to include also the degenerate
case under the umbrella of “normal”.
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Definition 21.2. A random variable is said to have a normal distribution
(alternatively, X is a normal random variable or Px is a normal distribution
on R) if either X has a nondegenerate normal distribution or X is almost
surely constant.

Note that the fact that fx must have integral equal to 1 implies that the
constant term ¢ of the polynomial in (21.1)) is determined by a and b, as the
following equality must hold:

+oo 5
e ‘= / e~ dm( ).

—0o0
Proposition 21.3. If X is a normal random variable then aX + 8 is also
a normal random variable, for any a, 5 € R.

Proof. If either X is almost surely constant or @ = 0 then aX + 3 is almost
surely constant. Moreover, if X admits a probability density function given
by and a # 0 then, using the formula given in Example we see
that aX + 8 admits a probability density function given by

fax+8(y) = *fX(y ﬁ), y € R.

|al
Such probability density function is given by the exponential of the second
degree polynomial

—*(y B)? + (y B)+c—1Injal
which has a negative leading coefﬁment. O

Let us derive a formula for the probability density function of a nondegen-
erate normal random variable that is more useful for practical applications
as it explicitly shows the expected value and variance. We start by consider-
ing the integral of the exponential of the simplest second degree polynomial
with a negative leading coefficient:

+oo 5
/ e ¥ dm(z).
—00

There is a standard trick from basic multivariate calculus courses for com-
puting this integral, which is to write its square as a double integral and then
switch to polar coordinates. One then obtains that the integral is equal to

/7 and therefore

Ix(z) = \}EC_IQ, reR
is the probability density function of a random variable X. Note that fx
is of the form as the multiplicative constant can be turned into an
additive constant in the exponent. Let us compute the expected value and
variance of X. The expected value is given by (recall Example

+o0 5
B(X) = \}% / re~** dm(x)
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and since (the integral is finite and) the integrand is an odd function we get
E(X) = 0. The variance of X is given by:

1 +oo
Var(X) = B(X?) - B(X)? = B(X?) = —— / 22e™ dm(x).
VT J oo
=1 2* — z(ze™*") and
by computing the latter integral using integration by parts. Thus, if we set

Z =+/2 X, we have that Z is a normal random variable with F(Z) = 0 and
Var(Z) = 1. Moreover, a probability density function fz for Z is given by

(recall Example [8.8):
fz2(z) =

One then easily obtains that Var(X) = 1 by writing z2e~

1 z ) 1 _é cR
— — | =—==€e 2z, =z .
V2 V2 v 2T

Definition 21.4. A random variable Z is said to have a standard normal
distribution (alternatively, Z is a standard normal random variable or Py is
a standard normal distribution on R) if

1 2

(21.2) fz(2) = me*%, z€R

is a probability density function for Z.

Ix(

Since E(Z) = 0 and Var(Z) =1, given u € R and o € |0, +00], we have
that p+0Z is a normal random variable with expected value p and variance
o2, A probability density function for u + o Z is given by:

1 T—p 1 _Ew?
21.3 oz(z) = = ( ) - 2, zeR.
(21.3) futoz(z) S fz(— Nl T

We have shown that is a probability density function for a nondegen-
erate normal random variable with mean p and variance o2. Let us verify
that, conversely, every nondegenerate normal random variable with mean u
and variance o2 has as a probability density function. Let then X be
a nondegenerate normal random variable with probability density function
given by . We can choose @ € R and ¢ > 0 such that the polynomial
in the exponent in is equal to the polynomial in the exponent in
up to the independent term. Namely, 4 € R and ¢ > 0 must be chosen such
that

1 p
and such equalities are equivalent to:
b 1
(21.5) =—, 0=——.

2a’ V2a
Thus, defining 1 and o by (21.5) we obtain
1 _(e=w?

€ 202

V2ro ’

(21.6) ematHbate -
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for all x € R, since the independent term of the polynomial in the exponent
of a probability density function of the form (21.1) is determined by the two
other coefficients of the polynomial. Equalit implies that, if p and
o are defined by , then p and o? are indeed the expected value and
the variance, respectively, of the normal random variable X with probability
density function (21.1}).

We have proven the following result.

Proposition 21.5. Every normal random variable has a finite expected
value and a finite variance. Moreover, given p € R and o > 0, we have
that a normal random variable X has expected value pn and variance o® if
and only if

fxle) = o, zeR
x(x) = e 22 |
V2ro

is a probability density function for X. In particular, two normal random
variables with the same expected value and the same variance have the same
distribution. O

The fact that a normal distribution is completely determined by the ex-
pected value and the variance makes the following definition useful.

Definition 21.6. Given u € R and o > 0, we write
X ~ N(p,0°)

to indicate that X is a normal random variable with expected value p and
variance 2. In this case we also say that Px is a normal distribution with
mean p and variance o® (or a normal distribution with mean pu and standard
deviation o).

Clearly X ~ N(u,0) if and only if X = p almost surely, i.e., if and only
if Px is a Dirac delta centered at pu.

Observe that the univariate normal distribution can be thought as a col-
lection of probability measures on the Borel o-algebra of the real line and
also as a family of probability measures on Borel g-algebra of the real line
indexed (in a one-to-one manner) by the parameters p € R and o > 0.
Though p is the expected value of a random variable X with X ~ N(u,o?),
it is more usual to call i the mean in this context since here we are thinking
about u as a property of a probability distribution.

22. THE UNIFORM DISTRIBUTION

The uniform distribution models the experiment of choosing an element
from a set in a such a way that every element of that set has the same
probability of being chosen. This is the exact definition of the uniform
distribution in the discrete case, which we consider first. For the general
case this can be regarded as an informal description which motivates the
precise definition.
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Definition 22.1. Let M be a nonempty finite set endowed with the o-
algebra (M) of all its subsets. The discrete uniform distribuiton on M is
the unique probability measure P : p(M) — [0, 1] which assigns the same
probability to all points of M. More explicitly, IP is given by

_ A
=15

where | - | denotes the number of elements of a set. An (M, p(M))-valued
random object X is said to have a discrete uniform distribution if Px is a
discrete uniform distribution.

Note that if M is infinite and B is a o-algebra of subsets of M that
contains all singletons then a probability measure on B that assigns the
same probability to every point of M must assign a null probability to every
point. It follows that if such a probability measure exists then M must be
uncountable, otherwise the probability of M itself would be zero.

Unlike the finite case, if M is uncountable then merely requiring that all
points of M have the same probability does not adequately express the idea
of uniformity. For instance, if M is a measurable subset of the real line,
then every probability measure that is absolutely continuous with respect
to the Lebesgue measure assigns a null probability to every point. In this
context, uniformity is properly expressed by requiring the probability density
function with respect to the Lebesgue measure to be constant. This leads
us to the definition below.

Definition 22.2. Let M be a Borel subset of R™ endowed with its Borel

o-algebra B. If 0 < m(M) < +oo then the uniform distribution on M is the
probability measure P : B — [0, 1] defined by
(B) = 2B
- m(M)’

for all B € B, where m denotes the Lebesgue measure of R". An (M, B)-

valued random object X is said to have a wuniform distribution if Px is a
uniform distribution.

Example 22.3. If a random variable X has a uniform distribution on the
interval [a, b], with a < b, then its expected value

1 b a+b
E(X):b—a/ rdm(z) = 5

is the midpoint of the interval [a, b]. The expected value of X? is given by

1P 1
E(X?) = 2% dm(z) = ~(a® + ab+ b?)

S b—a/, 3

and hence the variance Var(X) = F(X?) — E(X)? is equal to:
b— 2
Var(X) = Q.

12
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More generally, if X has a uniform distribution on a Borel subset M of R"
with 0 < m(M) < +oo then the expected value of X (if it exists) is what is
normally called the center of mass of M.

22.1. Abstract generalization. A natural way to generalize the concept
of uniform distribution to more abstract settings is through the theory of
invariant measures. We recall some relevant definitions. Let X be a locally
compact Hausdorff topological space. A nonnegative reqular Borel measure
won X is a nonnegative countably additive measure p defined on the Borel
o-algebra of X satisfying the following conditions:

(i) p(B) is the infimum of {u(U) : U D B open}, for every Borel subset
B of X;
(ii) w(U) is the supremum of {x(K) : K C U compact}, for every open
subset U of X;
(iii) u(K) is finite for every compact subset K of X.

It is well-known (see [4, Theorem 2.14]) that nonnegative regular Borel mea-
sures on X are in one-to-one correspondence with positive linear functionals
on the space of continuous real-valued functions on X with compact support.
Such correspondence associates to every nonnegative regular Borel measure
1 the integration functional f— [y fdpu.

Let G be a locally compact Hausdorff topological group and assume that
a locally compact Hausdorff topological space X is endowed with a con-
tinuous transitive action G x X 3 (g,x) — g -2 € X such that the map-
ping G 3 g — ¢g-x € X is open for some (and hence for all) z € X.
A nonnegative regular Borel measure p on X is said to be G-invariant if
(g - B) = u(B), for every g € G and every Borel subset B of X, where
g-B={g-z:2 € B}. It is well-known ([2, Theorem 2.7.11]) that if p is
a nonzero nonnegative G-invariant regular Borel measure on X then every
other nonnegative G-invariant regular Borel measure on X is a scalar multi-
ple of . A necessary and sufficient condition for the existence of a nonzero
nonnegative G-invariant regular Borel measure on X can be expressed in
terms of the modular function of G and the isotropy group of a point of X
([2, Theorem 2.7.11]); such condition is always satisfied for instance if such
isotropy group is compact ([2, 2.7.12]).

Example 22.4. If X is a nonempty finite set endowed with the discrete
topology then the counting measure is a nonzero nonnegative G-invariant
regular Borel measure on X, for any transitive action of a group G on X. If
X =G = R"™ and G acts on X by translations then the Lebesgue measure
(restricted to the Borel o-algebra) is a nonzero nonnegative G-invariant reg-
ular Borel measure on X. More generally, if a locally compact Hausdorff
topological group G acts on itself by left translations then a nonzero nonneg-
ative G-invariant regular Borel measure on GG always exists and it is called
a left-invariant Haar measure on G.

We can now define the abstract generalization of the uniform distribution.
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Definition 22.5. Let G and X be as above and assume that a nonzero
nonnegative G-invariant regular Borel measure g on X exists. If M is a
Borel subset of X with 0 < u(M) < +o00 and M is endowed with its Borel
o-algebra B then the G-uniform distribution (or simply uniform distribution)
on M is the probability measure P on B defined by

(B)

P(B) = T

(M)
for all B € B. An (M, B)-valued random object X is said to have a uniform
distribution if Px is a uniform distribution.

23. QUICK REVIEW OF LINEAR AND MULTILINEAR ALGEBRA

This section primarily serves to establish notation and conventions, as
prior knowledge of the topics is assumed. All vector spaces considered will
be real and finite-dimensional. The bidual space V** of a vector space V
will be identified with V' itself through the standard natural isomorphism.

IfT:V — W is a linear map, we denote as usual by 7% : W* — V* the
adjoint (also called transpose) of T" which is given by T%(a) = awo T, for
all « € W*. If V and W are endowed with bases and the dual spaces are
endowed with the corresponding dual bases then the matrix that represents
T* is the transpose of the matrix that represents T. Under the natural
identification of the bidual spaces with the original spaces, the map T™**
defined as the transpose of the transpose of T is simply equal to T

Given vector spaces V and W, the tensor product V*®@ W™ of their duals is
naturally identified with the space of bilinear forms on V x W by associating
a ® [ to the bilinear form given by

(a® p)(v,w) = a(v)f(w),

forallv e V, w e W, a € V* and § € W*. In particular, the space
VoW =2 V*™ W™ is naturally identified with the space of bilinear forms
on V* x W* by associating v ® w to the bilinear form given by

(v@w)(a, B) = a(v)s(w),

forall a € V*, g€ W* v €V and w € W. These identifications of tensor
products with spaces of bilinear forms were already used in Section

We will also often use a natural identification of the space of bilinear forms
with a space of linear transformations that is very convenient as it allows
us to write several operations involving bilinear forms and linear transfor-
mations in terms of compositions and inversions of linear transformations.
Since compositions and inversions of linear transformations become prod-
ucts and inversions of matrices once matrix representations are used, the
identification of bilinear forms with linear transformations allows for quick
translations of the operations with bilinear forms in terms of operations with
matrices.
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Given vector spaces V, W and a bilinear form B : V x W — R, we
identify B with the linear transformation from V to W* given by

(23.1) V 3v+— B(v,:) € W,

where B(v,-) maps w € W to B(v,w). The map that sends B to is a
linear isomorphism from the space of bilinear forms on V' x W to the space
of linear transformations from V' to W*. The linear transformation
will be simply denoted by B : V. — W*. If T : V! — V is a linear map
defined in some other vector space V', we can combine B and T to obtain a
bilinear form

(23.2) B(T-, ):V'xW > (¥, w)— B(T(W),w) € R.

Under the identification of bilinear forms with linear transformations, the
bilinear form is identified with the composition Bo T : V' — W*.
Similarly, if S : W’ — W is a linear map defined in some other vector space
W', we can combine B and S to obtain a bilinear form

B(-,8:):VxW 3 (v,w)+— B(v,Sw')) €R

which is identified with the linear transformation S*oB : V' — (W')*. Hence
the bilinear form

B(T-,8-): V' xW'> (W, v)— B(T(),Sw')) e R

is identified with the linear transformation S* o BoT.

Note that the adjoint B* : W** =2 W — V* of the linear transformation
B : V — W* identified with a bilinear form B : V x W — R is the linear
transformation identified with the bilinear form

W xV >3 (wv)— Bv,w) € R

obtained by switching the variables of B. This implies that if V' = W then
B is symmetric if and only if B* = B.

A word of caution must be said about matrix representations concerning
the identification of bilinear forms with linear transformations discussed
above. If (e;)!"_; is a basis of V and (f;)!" is a basis of W, then the matrix
that represents the bilinear form B : V x W — R is typically defined as
the matrix having B(e;, f;) in its i-th row and j-th column. However, if
W* is endowed with the dual basis, the matrix that represents the linear
transformation B : V — W* that is identified with B is the transpose of the
matrix that is normally used to represent the bilinear form B. Thus, if one
is going to translate compositions of the form S* o B o T' into products of
matrices, one should be aware that the matrix that must be used for B is
the transpose of the usual matrix. This observation is of course irrelevant if
V =W and B is symmetric.
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23.1. Correspondence between inner products on V and V*. Let V
be a vector space and B : V x V — R be a symmetric bilinear form. The
subspace

{veV:Bw,w)=0,forall weV}

of V' which is normally known as the kernel of B is simply the kernel Ker(B)
of the linear transformation B : V — V* that is identified with B. If B is
nondegenerate, i.e., if the kernel of B is zero then B : V — V* is a linear
isomorphism. Such linear isomorphism can be used to transfer a bilinear
form C: VxV — Ron V to a bilinear form C(B~!-,B~1.): V*x V* = R
on V*. As discussed above, C(B~!. B~!.) is identified with the linear
transformation from V* to V given by

(BY*oCoB™ ' =(B*)'oCoB'=B1ocCoB™.

Setting C' = B we obtain that the bilinear form on V* that corresponds to
B via the isomorphism B : V' — V* induced by B itself is the bilinear form
on V* that is identified with the linear transformation B~ : V* — V.

The mapping B — B! is a bijection between nondegenerate symmetric
bilinear forms on V and nondegenerate symmetric bilinear forms on the
dual space V*. Moreover, B is positive definite if and only if B! is positive
definite and thus the mapping B + B~! restricts to a bijection between
inner products on V and inner products on V*. This is the standard way[]
of inducing an inner product on the dual space V* from an inner product
on V.

In terms of matrix representations, if V' is endowed with some basis and
V* is endowed with the dual basis then the matrix that represents B~! is
just the inverse of the matrix that represents B. In particular, if B is an
inner product on V then the dual of a B-orthonormal basis of V is a B~!-
orthonormal basis of V* since a basis is orthonormal if and only if the inner
product is represented by the identity matrix with respect to such basis.
Note also that the isomorphism B : V' — V* maps a B-orthonormal basis of
V to its dual basis. The norms corresponding to the inner products B and
B! are related by the standard formula for the operator norm

lafl = sup {|a(v)[ : v €V, ol <1}, a V™,

in which we use the notation || - || for both the norm associated to B and for
the norm associated to B~1.

Example 23.1. If B: VxV — Rand B’ : W x W — R are nondegenerate
symmetric bilinear forms on vector spaces V and W then, for any linear
map T : V — W, there exists a unique linear map S : W — V that is
characterized by the equality

(23.3) B'(T(v),w) = B(v,S(w)), veV, weW.

2Physicists call this construction “raising the indexes” of the metric tensor.
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The linear map S is usually called the transpose of T" with respect to B
and B’. Identifying B and B’ with linear isomorphisms B : V — V* and
B': W — W*, we have that equality (23.3)) is equivalent to:

(23.4) B'oT = S*oB.
Taking adjoints on both sides of we get an equivalent equality
T oB' =BoS,
which yields:
S=B'oT*oB.
23.2. A bit of exterior algebra. Recall that, given a vector space V' and

a nonnegative integer k, the k-th exterior power of V consists of a vector
space /\, V and an alternating k-linear map

VES (u1,. . 08) — 01 AL Ay, E/\V
k
such that the following property holds: for every vector space W and every
alternating k-linear map B : V¥ — W there exists a unique linear transfor-
mation B : A,V — W such that B(vi A ... Avg) = B(vy,...,v), for all
v1,...,U; € V. In particular, setting W = R we obtain that the dual space
of A,V can be naturally identified with the space of alternating k-linear
forms on V' by associating a € ( A V)* to the alternating k-linear form:

vk s (v1,...,0) — alvr A ... Avg) € R.
If (e;)f; is a basis of V' then
(23.5) e, N Nej,, 1<ip<---<ip<n

is a basis of A\, V, so that the dimension of A,V is (}) = W for k <n

and zero for k > n, where n denotes the dimension of V. In particular, the
dimension of A, V is equal to 1.

We have a bilinear map
Y A\Vx AV —R
k k

characterized by the equality

(23.6) (I AL Ao A A ag) = det (g (7)), 40
for all v1,...,vx € V and a1,...,a; € V*. Such bilinear map induces a
linear map

(23.7) /\V* 5w (/\ V)

which is easily shown to be an isomorphism using bases of the form ([23.5).
We will use (23.7)) to identify A\, V* with the dual space of A\, V. This yields
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an identification of A, V* with the space of alternating k-linear forms on V'
that associates
al/\.../\ake/\V*
k
to the alternating k-linear form given by

(a1 Ao Aag)(vr, .., op) = det(@i(v))) 0 V150U €V

for all aq,...,ap € V*. Similarly, A,V = A, V** is identified with the
space of alternating k-linear forms on V* by associating vi A... Avy € A,V
to the alternating k-linear form given by

(1 Ao Avg)(ag, ... ar) = det(ai(vj))kxk, at,...,a € V*

for all vy,...,v, € V.
Given vector spaces V and W and a linear transformation 7 : V. — W,
there exists a unique linear transformation

AT: \V— AW
k k k
satisfying
(/\T)(vl/\.../\vk) = T(vi) A ... AT (vg)
k

for all vi,...,vy € V. We call \,T the k-th exterior power of T. For
simplicity, we write simply T, instead of A, 7T when there is no risk of
confusion. Using the identification between the exterior power and the space
of alternating multilinear forms, the map T is given by

(TN (aq,y ...y ap) = )\(T*(al), .. 7T"‘(ozk)),

for all a1,...,ap € W* and every alternating k-linear form A on V*. The

map
/\T* : /\W* —>/\v*
k k k

given by the k-th exterior power of the adjoint of T will be simply denoted
by T™ when there is no risk of confusion. Again, using the identification
between the exterior power and the space of alternating multilinear forms,
we have

(T"w)(vy, ..., v5) = w(T(vl), .. ,T(vk)),

for all v1,...,vr € V and every alternating k-linear form w on W. The map
T N W* — A\, V* is usually known as the pull-back map of alternating
k-linear forms and T*w is the pull-back of w under T.

For A € A\, V, w e A, W* and a linear map T : V. — W we have the
equality

(Tx(A),w) = (A, TH(w))

which means that 7% : A\, W* — A, V* is identified with the adjoint of
To i NV = N W.
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If B:V xV — R is a bilinear form, which we identify with a linear map
from V to V*, then

AB: AV —=AV=(AV)
k k k k
is identified with a bilinear form on /\, V' that is characterized by the equality

(/\B)(’Ul Ao Ao, wp A A wg) = det(B(vi,wj))ka,
k

for all vi,..., vk, wi,...,wy € V. Clearly, if B is symmetric then A, B
is symmetric. Moreover, if B is nondegenerate then B : V — V* is an
isomorphism, so that A\, B : A,V — A, V" is also an isomorphism and
A\ B is nondegenerate. Finally, if B is symmetric and positive definite (i.e.,
B is an inner product) then A, B is also symmetric and positive definite.
This can be seen by observing that if (e;)!" ; is a B-orthonormal basis for V/
then is a /\, B-orthonormal basis for A, V.

23.3. Determinant of a linear transformation. If we identify A, V*
with the space of alternating k-linear forms on V' then a basis for the one-
dimensional space ,(R")* is given by the determinant map

det : (R")" — R

where det (v, ..., vy,) is understood as the determinant of the matrix having
v1,...,U, € R" in its columns (or rows). Moreover, if (a;)7_; is dual to the
canonical basis of R™ then:

det = a1 A ... A ay,.

If T : R® — R" is a linear transformation then the pull-back T™det is
simply the product of det by the scalar det(7), which is the determinant of
T, i.e., the determinant of the matrix that represents T' with respect to the
canonical basis. More generally, if V' is any n-dimensional vector space and
T :V — V is alinear transformation then /\, V* is a one-dimensional space
and thus the linear map 7% : A\, V* — A, V* is given by multiplication by
a scalar. Such scalar is the determinant of T, i.e., the determinant of the
matrix that represents 1" with respect to an arbitrary basis of V. Here it is
crucial that one uses the same basis for the domain and counterdomain of
T, otherwise the determinant will depend on the choices of bases.

If V and W are vector spaces having the same dimension n, one cannot
in general define a determinant for a linear transformation 7" : V — W.
Namely, in this context it doesn’t make sense to have “the same basis” on
Vand W and T* : A\, W* — A, V* is a linear transformation between
distinct one-dimensional spaces and thus it is not multiplication by a scalar.
Yet, a determinant becomes well-defined once more structure is added to
the vector spaces.
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Definition 23.2. If V' is a vector space, then a wvolume form on V is a
nonzero element w of A, V*, where n denotes the dimension of V. If (V,w)
is a vector space endowed with a volume form then a unit volume positive
basis of V' is a basis (e;)_; of V such that w(ey,...,e,) = 1.

Clearly, if w is a volume form on V' then {w} is a basis of A, V* and any
other volume form on V is of the form cw, for some ¢ # 0. For every basis
(e;)_, of V there exists a unique volume form on V' such that (e;)!" ; is a
unit volume positive basis of V'; such volume form is given by a3 A ... A ay,
with (a;)!"_; the basis dual to (e;)"_;. The volume form on R™ that makes
the canonical basis a unit volume positive basis is the determinant, which is
called the canonical volume form of R™.

We can now define determinants for linear transformations between vector
spaces of the same dimension endowed with volume forms.

Definition 23.3. Let (V,w) and (W, w’) be vector spaces having the same
dimension and endowed with volume forms. Given a linear transformation
T:V — W, its determinant is defined as the real number det(7") such that

T*W' = det(T)w,

i.e., det(T) is the unique entry of the 1 x 1 matrix that represents the linear
map 7% : A\, W* — A,, V* with respect to the bases {w'} and {w}, where
n = dim(V) = dim(W).

Note that if (e;)?_; is a unit volume positive basis for V and (e})I, is a

unit volume positive basis for W then
det(T) = (T*w')(e1,...,en) = (] A ... Aay)(T(er), ..., T(en)),

where (o), denotes the basis dual to (e})? ;. Thus det(7") is simply the
determinant of a matrix that represents 1" with respect to unit volume pos-
itive bases of V and W.

Clearly, if (V,w), (W,w') and (Z,w") are vector spaces having the same
dimension endowed with volume forms and if T: V — W and S: W — Z
are linear transformations then

det(SoT) = det(S) det(T).

Definition 23.4. If w is a volume form on a vector space V' then the volume
form w* induced on the dual space V* is defined by requiring that {w} be
the dual basis of {w*} when A, V* is identified with the dual space of
A, V¥ = A,V through the isomorphism induced by the bilinear

pairing ([23.6)).
Thus, the induced volume form w* € A,V on the dual space of V is
characterized by
(W w) =1,
with (-,-) defined as in (23.6). It follows that if (e;)!" ; is a unit volume
positive basis for (V,w) then the dual basis («;)!_; is a unit volume positive
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basis for (V*, w*), i.e., w* =e; A...Ne, if w=0a3 A...Aa,. Note also that

(23.8) (cw)* = %w*,

for any ¢ # 0.

If V and W have the same dimension and are endowed with volume forms
and if their dual spaces V* and W* are endowed with the induced volume
forms then

det(T™*) = det(T),
for any linear transformation T : V' — W, where T* : W* — V* denotes its
adjoint. Namely, the pull-back map T : \,, W* — A, V* associated to T" is
identified with the adjoint of the pull-back map (77)* =T, : A,V = A, W
associated to T™.

23.4. Volume forms and Lebesgue measure. Unlike the space R", an
abstract n-dimensional vector space V' does not have a canonical translation
invariant locally finite measure. If we identify V with R™ using a linear
isomorphism then such identification can be used to carry the Lebesgue
measure m of R"™ to V, but the measure obtained on V will depend on the
chosen isomorphism. Two measures obtained by this procedure will be a
scalar multiple of each other (which follows from below) and we will
call anyone of them a Lebesgue measure on V. Here we will show that a
specific Lebesgue measure on V is determined by the choice of a volume
form on V, which justifies the name “volume form”.

We start by recalling that if T': R — R" is a linear transformation then

(23.9) m(T[B]) = |det(T)| m(B),

for any Lebesgue measurable subset B of R"”. Equality can be ob-
tained from the change of variables theorem for Lebesgue integration (The-
orem , though in fact it is often proven as a lemma which is used in
the proof of Theorem If T is a linear isomorphism, equality is
equivalent to:

1

(23.10) Tim = ot (D] m

Since a linear isomorphism of R™ maps Lebesgue measurable sets to
Lebesgue measurable sets, we can define the Lebesgue o-algebra of an arbi-
trary n-dimensional vector space V as the g-algebra consisting of the images
of the Lebesgue measurable subsets of R™ under any linear isomorphism from
R"™ to V. We are now ready to define the Lebesgue measure associated to a
volume form.

Definition 23.5. Let V be a vector space and w be a volume form on V. The
Lebesgue measure on V associated to w is the measure m,, on the Lebesgue
o-algebra of V defined by T,m, where m denotes the Lebesgue measure
of R® and T : R® — V is any linear isomorphism such that T*w = det
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(equivalently, T': R™ — V is any linear isomorphism that maps the canonical
basis of R"™ to a unit volume positive basis of (V,w)).

Using equality we show that the Lebesgue measure m,, is indeed
well-defined, i.e., it does not depend on the choice of the linear isomorphism
T. Namely, if S : R™ — V is another linear isomorphism with S*w = det
then S =T o L, with L : R® — R"™ a linear isomorphism with L* det = det,
i.e., det(L) = 1. We then have L,m = m and thus Tym = S,m.

Clearly, the Lebesgue o-algebra of V' is the completion of the Borel o-
algebra of V' with respect to any Lebesgue measure m,, (as it is the case in
R™). Note also that the Lebesgue measure of R™ is the Lebesgue measure
Myet associated to the canonical volume form of R™.

The fact that the Lebesgue measure of R" is invariant under translations
yields that any Lebesgue measure m,, on a vector space V is also invariant
under translations, as shown below.

Proposition 23.6. If V is a vector space endowed with a volume form w
then the Lebesgue measure my, is invariant under translations, i.e.,

my, (B +v) = my(B),
for any v € V and any Lebesgue measurable subset B of V', where:
B+v:{x+v:x€B}.
Proof. If T : R™ — V is a linear isomorphism with T*w = det then:
my,(B+v) =m(T ' [B+v]) =m(T7'[B]+T ' (v)) = m(T7'[B]) = m,[B],
since the Lebesgue measure m of R is invariant under translations. O

We can now generalize (23.9) to a linear map between arbitrary vector
spaces having the same dimension and endowed with volume forms.

Proposition 23.7. Let (V,w) and (W,w') be vector spaces having the same
dimension endowed with volume forms w and w'. If T : V — W is a linear
transformation, then

s (T[B]) = |det(T)| mo(B),

for any Lebesgue measurable subset B of V. In particular, if T is an iso-
morphism then:

1
T, = ,.
™= det(T)]

Proof. Let Ly : R™ — V', Ly : R™ — W be linear isomorphisms with
Tw=det, L5 =det,

so that
my, = (L1)m, my = (Ly),m
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and det(L;) = det(L2) = 1 if R™ is endowed with its canonical volume
form det. Setting 7" = Ly'oT o Ly : R® — R”™ and B’ = L{'[B] then
Ly'[T[B]] = T'[B'] and

my, (T[B]) = m(T'[B’]) = |det(T")| m(B’") = |det(T")| m,(B),
where det(7") = det(Lo) "' det(T) det(L1) = det(T). O
Corollary 23.8. IfV is a vector space endowed with a volume form w then

Mew = ’C| My,

for any ¢ # 0.
Proof. Use Proposition with W =V, &' = cw and T the identity map
of V. O

Corollary 23.9. If V is a vector space and w and w' are volume forms on
V then my, = my, if and only if w =W or w = —uw'. O

Example 23.10. Let B : V x V — R be a symmetric bilinear form. If w
is a volume form on V and w* is the volume form induced on V*, we can
consider the determinant det(B) of the linear transformation B : V. — V*
that is identified with B with respect to w and w*. If w is replaced with cw
for some ¢ # 0 then w* is replaced with %w* (see (23.8))) and therefore the
determinant of B gets multiplied by c% If B is nondegenerate, this implies
that there exists a volume form wg on V which makes the absolute value of
the determinant of B with respect to wp and wy equal to 1; moreover, the
volume form wp is unique up to a sign. More explicitly, we have

wp = ++/|det(B)]| w,

where w is an arbitrary volume form on V' and det(B) is the determinant
of B with respect to w and w*. Given a basis (e;)}"_; of V' with dual basis
()i, by setting w = a1 A ... A a;, we obtain

wp = +£+/|det(B)| a1 A ... A ap,

where det(B) is the determinant of B with respect to w and w*, i.e., the
determinant of the matrix that represents the bilinear form B with respect
to the basis (e;)/";. In particular, if the basis (e;)]"; is B-orthogonal and
|B(e;,e;)] =1foralli=1,...,nthen wg = +a; A...A«a,. Note that if B is
positive definite (i.e., B is an inner product) then det(B) is actually positive
for any choice of w, as the sign of det(B) is independent of the volume form
wand det(B) =1ifw=a1A... \Nay with (o;)!_; dual to a B-orthonormal
basis (e;)1_, of V.

In order to fix a sign for wp one could choose an orientation of V' and
demand that wp take a positive value on positive bases of V. However, the
Lebesgue measure associated to wp does not depend on the sign of wg and
therefore we have a Lebesgue measure mp associated to any nondegenerate
symmetric bilinear form B : V x V — R. In particular, there is a Lebesgue
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measure associated to any choice of inner product. For example, in R" the
usual Lebesgue measure is associated to the canonical inner product.

24. THE MULTIVARIATE NORMAL DISTRIBUTION

After the conclusion of our review of linear and multilinear algebra we are
ready to generalize the normal distribution to vector spaces. A convenient
way to define normal distributions on vector spaces is by relating them
to normal distributions on the real line by means of linear functionals. A
normal distribution on a vector space is also known as a Gaussian measure.
Though the theory of Gaussian measures on infinite-dimensional topological
vector spaces has been widely studied, we will here focus only on the much
simpler finite-dimensional case.

Definition 24.1. Let V' be a real finite-dimensional vector space. A V-
valued random vector X is said to have a normal distribution (alternatively,
X is a normal random vector or Px is a normal distribution on V) if the
random variable a(X) has a normal distribution for all & € V*.

Since the product of a normal random variable by a real number is normal
(Proposition it follows that a normal random variable is the same
thing as a normal R-valued random vector in the sense of Definition [24.1]
Moreover, since a normal random variable always has a finite variance, we
have that a normal random vector is always square integrable and therefore
it has a well-defined expected value E(X) € V and a well-defined variance
Var(X) e Vo V.

As in the univariate case, the expected value and the variance completely
determine a normal distribution.

Proposition 24.2. If V is a real finite-dimensional vector space then two
V -valued normal random vectors with the same expected value and the same
variance have the same distribution.

Proof. Follows directly from Propositions and O
Proposition [24.2| motivates the notation introduced below.

Definition 24.3. Given a real finite-dimensional vector space V', a vector
1 €V and a positive semi-definite symmetric bilinear form ¥ € V @ V on
V*, we write

(24.1) X ~ N(u,X)
if X is a V-valued random vector with E(X) = p and Var(X) = X. In this

case we also say that the probability measure Px is a normal distribution
with mean p and variance Y.

We will prove later in this section (Proposition that for every p € V
and every positive semi-definite symmetric bilinear form ¥ € V ® V there
exists a V-valued random vector X with X ~ N(u,X). It will then follow
that the normal distribution on V' can be thought as a family of probability
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measures on the Borel o-algebra of V' indexed (in a one-to-one manner) by
the parameters p € V and ¥ € V ® V, with X positive semi-definite and
symmetric. As in the univariate case, it is more common here to call u
the mean instead of expected value. Note that ¥ corresponds to what we
denoted by ¢? in the univariate case, not to o.

The following result is a trivial consequence of Definition and of the
fact that the sum of a normal random variable with a constant is again
normal (Proposition 21.3).

Proposition 24.4. Let V and W be real finite-dimensional vector spaces
and X be a V-valued normal random vector. If T : V — W is a linear map
and w € W then T(X) + w is a W-valued normal random vector. O

Remark 24.5. If V is a real finite-dimensional vector space and X is a normal
V-valued random vector such that P(X € W) = 1 for some subspace W of V'
then we can regard X as a W-valued random vector, possibly by modifying
X on a set of probability zero. Clearly, X remains normal when regarded as
a W-valued random vector as every linear functional on W admits a linear
extension to V.

It would be nice to have a concrete description of the distribution of a
normal V-valued random vector X in terms of a probability density function
with respect to a Lebesgue measure, like in the univariate case. However,
if the variance Var(X) is degenerate then the support of Py is contained
in a proper affine subspace of V' (Corollary . Since a proper affine
subspace has null Lebesgue measure, in this case Px will not be absolutely
continuous with respect to a Lebesgue measure. We will then work first with
the case in which X is nondegenerate, meaning that the variance Var(X) is
nondegenerate (and thus positive definite).

A good place to begin searching for probability density functions is with
exponentials of (multivariate) polynomials of degree two. In coordinate-free
language, a (real-valued) polynomial with degree less than or equal to 2 on
a real finite-dimensional vector space V is a map p: V — R of the form

p(z) = B(z,z) +y(x) +¢, z€V,

with B : V x V — R a symmetric bilinear form, v € V* and ¢ € R. The
coefficients B, v and c¢ of the polynomial p are determined from the map
p, which can be seen by noting that, for any z € V, the coeflicients of
the polynomial R > t — p(txr) € R are B(z,z), y(z) and c¢. Using a B-
orthogonal basis of V' one can easily show (as in the proof of Lemma
below) that the exponential of p will have an infinite integral with respect to
a Lebesgue measure on V unless B is negative definite. Therefore we only
consider exponentials of second degree polynomials with a negative definite
leading coefficient.

Lemma 24.6. Let V be a real finite-dimensional vector space, w be a volume
form on V' and denote by my, the corresponding Lebesgue measure on V. If
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B :V xV — R is a positive definite symmetric bilinear form then the
integral

/ e B@) qm, (2)
v

is a (finite) positive number and therefore
fx(x)=ce B@2) gz ev

is the probability density function of some V -valued random vector X with
respect to my, for a unique ¢ > 0. Moreover, a V-valued random vector X
with probability density function fx with respect to my, is normal.

Proof. Let T : V. — R"™ be a linear map that sends a B-orthonormal basis
of V' to the canonical basis of R", so that

(24.2) (T'(z),T(y)) = B(x,y),

for all z,y € V, where (-, -) denotes the canonical inner product of R". By
Proposition [23.7] we have

1
24.3 Ty = ————m,
249 " = Jaer(@)] "
where m denotes the Lebesgue measure of R” and det(7’) is the determinant
of T" with respect to the volume forms w and det.
Denoting by f : V — R the map given by f(z) = e~ B®2) for all z in
V, the abstract “change of variables” theorem for push-forward measures

(Proposition gives:

1
fdm,=—— [ foT 'dm.
/v |det(T)| Jgn

By (24.2), for all z = (z1,...,2,) € R" we have
n
(foT () =c®?=]]c™
i=1

and then an application of Fubini—Tonelli’s Theorem yields that the integral
of f o T~! with respect to m is finite. This concludes the proof of the first
part of the lemma.

Now let ¢ > 0 be such that fx = cf has integral with respect to m,
equal to 1 and let us prove that a V-valued random vector X having fx as
a probability density function with respect to m,, is normal. To this aim, it
suffices to prove that «(X) is normal for all & € V* with B~ !(a,a) = 1, as
the product of a normal random variable by a real number is normal. We
can then assume that o = a1, with (o;)%; a B~l-orthonormal basis of V*.

Let (e;)"_; be the basis of V given by ¢; = B (o), i = 1,...,n, so
that (e;)!'_; is B-orthonormal, (a;)7_; is dual to (e;)}_; and the linear map
T :V — R" that sends (e;)!"_; to the canonical basis of R" has (a;)}; as its
coordinate functionals. Using and the results discussed in Example
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we get that a probability density function for T'(X) with respect to m is given
by
1 c
o0 =gy ot~ Jaam) !t

so that
c —27
Froo(z) = \det(T)\il;[le |

for all z = (21,...,2,) € R™. It now follows from Proposition [18.10| that a
probability density function for a(X) = a1 (X) is given by

)
fa(X)(Zl> =ce 1, z1 €R,
for some positive constant ¢; and hence «a(X) is normal. O

Let Z1, ..., Z, be independent standard normal random variables and
consider the R"-valued random vector Z = (Z1,...,Z,). From and
Proposition we see that a probability density function fz : R® — R
for Z with respect to the Lebesgue measure m is given by

N e

= 2

(24.4) fz(2) @)t e ,

for all z € R"™, where (-,-) denotes the canonical inner product of R"™. Ap-
plying Lemma with V = R", w = det and B(z,2) = (2, 2) we obtain
that Z is normal. Clearly F(Z) = 0 and the covariance matrix of Z is the
identity matrix, as the covariance of independent random variables is zero
(Corollary [15.11]). Thus, Var(Z) € R" ® R™ is the canonical inner product
of R™ (i.e., the inner product that makes the dual of the canonical basis of

R" orthonormal).

Definition 24.7. An R"-valued random vector Z is said to have a standard
normal distribution (alternatively, Z is a standard normal random vector
or Pz is the standard normal distribution on R™) if is a probability
density function for Z with respect to Lebesgue measure.

We can now use to obtain an explicit formula for a probability
density function for any nondegenerate normal random vector. Let then
V be a real-finite dimensional vector space, 4 € V and ¥ € V® V be a
positive definite symmetric bilinear form on V*. If T : R™ — V is a linear
isomorphism that maps the canonical basis of R" to a X~ !'-orthonormal
basis of V' then

(24.5) S T(2), T(w)) = (2, w),
for all z,w € R"™ and
(24.6) (T"(a), T*(B)) = E(ev, B),

for all a, 8 € V*, where (-,-) denotes both the canonical inner product of
R™ and of R"™*. Equality (24.6]) says that T ® T : R" ® R™ — V ® V maps
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the canonical inner product of R™* to ¥ and therefore, if Z is a standard
normal R"-valued random vector we have (Corollary [11.9)):

Var(T(Z)) = %.

Setting X = T(Z) + p, we then conclude using Proposition that X is a
V-valued normal random vector with F(X) = p and Var(X) = X.

Let us now write down a explicit formula for a probability density function
for X. Let w be a volume form on V, w* be the induced volume form on
the dual space V* and m,, denote the Lebesgue measure on V associated to
w. By Proposition we have

1
(24.7) Tim = et (D] my,,
where m denotes the Lebesgue measure on R"™ and det(7") denotes the de-
terminant of T" with respect to the volume forms det and w. Using ,
the translation invariance of m,, and the results discussed in Example
we obtain that a probability density function for X = T'(Z)+ p with respect
to my, is given by

for all z € V. Now ) and - 24.5) yield:
_ 7l2 Na—p,z—p)
(24.8) fx(x) —( o) E et (1] e HA=H e V.

The formula for fx should involve only p and X, so we must get rid of det(T")
somehow. To this aim, note that equality (24.6)) can be rewritten as

(24.9) TonoT* =%,

where 1 : R™ — R" is the linear map identified with the canonical inner
product of R™*. Now endowing R"™* with the volume form induced on the

dual space by det we have det(n) = 1 and therefore taking determinants on
both sides of the equality (24.9) we obtain:

(24.10) (det(T))? = det(%).

Taking (24.8)) and (24.10)) together and keeping Proposition in mind we
establish the following result.

Proposition 24.8. Let V be a real finite-dimensional vector space, i € V
and X € V®V be a positive definite symmetric bilinear form on V*. A V-
valued random vector X satisfying X ~ N(u,X) exists. Moreover, if w is a
volume form on V then a V-valued random vector X satisfies X ~ N(p, )
if and only if the map fx : V — R defined by

1 1y—
24.11 fx(z) = ————— 2"
( ) (=) (2m)™ det(X)
s a probability density function for X with respect to the Lebesgue measure
m,, on V associated to w, where det(X) denotes the determinant of the linear

(x—w:—u)’ reV
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map X : V* — V with respect to the volume forms w* and w (as usual, w*
denotes the volume form on the dual space V* induced by w). O

Corollary 24.9. Let V be a real finite-dimensional vector space and X be
a V-valued random vector. We have that X is normal with nondegenerate
variance if and only if X admits a probability density function with respect
to a Lebesgue measure on V that is equal to the exponential of a second
degree polynomial p : V- — R with a negative definite leading coefficient.

Proof. If X ~ N(u,X) with g € V and nondegenerate ¥ € V ® V' then
fx defined by (24.11]) is a probability density function for X with respect
to a Lebesgue measure m,, and fx is the exponential of a second degree
polynomial whose leading coefficient —%2*1 is negative definite. Conversely,
let
p(x) = —B(z,z) +v(x) +¢, ze€V

be a second degree polynomial with B : V x V — R bilinear symmetric
positive definite, v € V* and ¢ € R. Assume that

(24.12) Vozr— P e R

is a probability density function for X with respect to a Lebesgue measure
m,,, where w is a volume form on V. Setting

1 1
2:5346V®M uzmwzigﬂwev

we obtain that p and the polynomial in the exponent in (24.11]) are equal up
to the independent term. As both (24.12)) and (24.11]) have integral equal to
1 with respect to my,, it must be the case that the maps (24.12)) and (24.11))
are equal and hence X ~ N(u, ). O

Remark 24.10. Recall from Proposition that if a V-valued square inte-
grable random vector X has a degenerate variance Var(X) then the support
of Px is contained in a proper affine subspace of V' which is a translation of
the vector subspace W of V' annihilated by the kernel of the positive semi-
definite symmetric bilinear form Var(X) : V* x V* — R. Moreover, such
translation of W is the smallest affine subspace of V' containing the support
of Px. Since an affine subspace of V' containing the support of Px must con-
tain the expected value F(X) (Remark we have that if F(X) = 0 then
the support of Px is actually contained in the vector subspace W. When
X is regarded as a W-valued random vector (possibly by modifying X on
a set of probability zero), the variance of X becomes nondegenerate as the
support of the distribution of X is not contained in a proper affine subspace
of W.

The remark above gives us the hint of how to construct a normal V-valued
random vector with prescribed degenerate variance.

Proposition 24.11. Let V be a real finite-dimensional vector space, p € V
and ¥ € VRV be a positive semi-definite symmetric bilinear form on V*.
There exists a V-valued random vector X with X ~ N(u,%).
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Proof. We can assume without loss of generality that u = 0, as the general
case is obtained from this particular case by replacing X with X + u. The
nondegenerate case was already handled in Proposition If 3 is degen-
erate, let W be the subspace of V' annihilated by the kernel of ¥, so that
Ker(X) = W is the annihilator of W. If ¢ : W — V denotes the inclu-
sion map and Y is a normal W-valued random vector with E(Y) = 0 then
X =14(Y) is a normal V-valued random vector with E(X) = 0 and:

Var(X) = (i ® 1) (Var(Y)).
More concretely, the map ¢ ® 7 is given by

(i @14)(B)(a, B) = B(alw, Blw),

for all a, 8 € V* and any bilinear form B : W* x W* — R. Since the
restriction map

(24.13) Vs ar—alw e W*

is a surjective linear map whose kernel is W° = Ker(X), we have that the
positive semi-definite symmetric bilinear form ¥ : V*xV* — R passes to the
quotient through and defines a positive definite symmetric bilinear
form 7 : W* x W* — R such that

E1(O[|VV75|VV) = E(O{,,B),

for all a, 5 € V*. The latter equality means that (i ®7)(¥1) = ¥ and the
conclusion is now obtained by using Proposition to get Y ~ N(0,%;)
and by setting X =i(Y). O

We need a lemma, for the proof of our next result.

Lemma 24.12. If (X;)!, is a finite independent family of normal ran-
dom variables then any linear combination > | ¢;X; is a normal random
variable, where c1,...,c, € R.

Proof. We can assume without loss of generality that all X; are nondegen-
erate, as a degenerate normal random variable is almost surely constant
and the sum of a normal random variable with a random variable that is
almost surely constant is normal. If X; ~ N (,uz‘,UiZ ) with pu; € R, 0; > 0,
i = 1,...,n, then Propositions [21.5| and [18.10] yield a probability density
function

1
(27)30
for the R"-valued random vector X = (X7, ..., X,,) with respect to Lebesgue
measure, where

P p e R®

fx(z) =

n

(zi — Mz’)2
x)=— —— x€eR"
i=1 ?
and ¢ = o1 ---0,. Since p is a second degree polynomial with a negative

definite leading coefficient, Corollary 24.9]implies that the random vector X
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is normal. The conclusion now follows by noting that > ; ¢;X; = a(X) for
a linear functional o € R™*. O

Given a finite family (V;);e; of vector spaces, we denote by P,c; Vi its
external direct sum, which is the cartesian product [[,.; Vi endowed with
the operations defined coordinatewise. Let us show now that by combining
independent V;-valued normal random vectors into a @z‘e 7 Vi-valued random
vector we obtain again a normal random vector.

Proposition 24.13. Let (2, A, P) be a probability space and fori=1,...,n,
let V; be a real finite-dimensional vector space and X; : Q0 — V; be a normal
random vector. If the family (X;)?_, is independent and V = @, Vi then
the random vector X = (X;)iy : @ =V is normal.

Proof. We have to check that a(X) is normal for any a € V*. A linear

functional o € V* is of the form
n

(24.14) a(zy,...,oy) = Zai(:z:i), 1€V, ..., Tp € Vg,
i=1
with a; € V;* for i = 1,...,n. We have o(X) = > | 0;(X;) and the

n

conclusion follows from Lemma [24.12] keeping in mind that (O‘i(Xi))i:1 is

an independent family of normal random variables (Proposition . [l

Recall that two independent (square integrable) random variables have
zero covariance (Corollary and that, in general, the condition of hav-
ing zero covariance is much weaker than independence (Example . It
turns out that for a finite family of random variables that constitute the
coordinates of a normal random vector the condition of pairwise zero co-
variance is equivalent to independency.

Proposition 24.14. Let (2, A, P) be a probability space and fori=1,...,n,
let V; be a real finite-dimensional vector space and X; : 0 — V; be a random
vector. If the random vector X = (X;)I; : Q@ — @;, Vi is normal and if
Cov(X;, X;) =0 foralli,j=1,...,n with i # j then the family (X;)}_, is
independent.

Proof. By replacing X; with X; — F(X;) we can assume without loss of gen-
erality that F(X;) =0, for all i = 1,...,n (keep in mind Proposition [18.6]).
Moreover, replacing V; with the smallest subspace of V; containing the sup-
port of Px, (which is the subspace annihilated by the kernel of Var(X;)) we
can assume without loss of generality that Var(X;) is nondegenerate, for all
i=1,...,n (see Remarks and .

The dual space of V = @, Vi can be identified with €@, V;* by as-
sociating a € V* with the sequence ()", € @;_, V;* such that
holds. The fact that Cov(X;, X;) = 0 for all ¢ # j implies that the variance
Y =Var(X): V*x V* - R of X is given by

S((ats -y om), (Brs- .y Ba)) = Y Silas, Bi),
=1
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for all a;,8; € V*, i = 1,...,n, where ¥; = Var(X;) for i = 1,...,n.
Since each Y; is nondegenerate we have that also X is nondegenerate and
thus Proposition yields that a probability density function of X with
respect to a Lebesgue measure of V is of the form

n
Lo~ (g 2
fX(af):cHefizi @) = (x,...,20) €V,
i=1

for some ¢ > 0. Since the product of Lebesgue measures on the spaces V; is a
Lebesgue measure on V', Proposition [18.10|applies and allows us to conclude
that the family (X;)? ; is independent. O

Corollary 24.15. Let V' be a real finite-dimensional vector space and let
T,V = W;, i =1,...,n, be linear maps, where each W; is a real finite-
dimensional vector space. If X is a normal V -valued random vector and if
COV(TZ'(X),T]'(X)) =0 for alli,j = 1,...,n with i # j then the family
(Ti(X))?:l is independent.

Proof. Set W = @' W; and let T : V' — W be the linear map whose i-th

coordinate is T, for all ¢ = 1,...,n. The conclusion follows from Proposi-
tion [24.14] noting that 7'(X) is normal. O

Corollary 24.16. Let V' be a real finite-dimensional vector space and X be
a V -valued normal random vector with nondegenerate variance X € V ® V.
IfV=@',Viisa Y~ orthogonal direct sum decomposition and P; is the
Y~ orthogonal projection onto Vi, i = 1,...,n, then the family (PZ-(X)):L:1
18 independent.

Proof. Given i,5 =1,...,n with ¢ # j we check that
Cov(P;(X), Pj(X)) = 0.
For all « € V;* and 8 € V", we have:
Cov(Pi(X), P(X)) (e, 8) = S(ao P, B0 Py) = (B0 Py)(E(a o B)).

Now note that for any v € V* the vector X(y) € V is ¥~ !l-orthogonal to
the kernel of v as ¥7!(2(y),v) = v(v) = 0 for every v € Ker(y). Then
Y(ao P;) is ¥ 1-orthogonal to the kernel of P; and therefore ¥(a o P;) € V;.
The proof is concluded by noting that P; annihilates V;. ([

25. EXPECTED VALUE OF QUADRATIC FORMS

If X is an integrable random vector then the expected value of a linear
function of X can be easily calculated by applying the same linear function
to the expected value of X (see (11.1))). The next natural question is how
to determine the expected value of a quadratic form in X. Recall that a
quadratic form on a vector space V is a map of the form

V sz +— B(z,x) € R,
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where B : V x V — R is a bilinear form. It can be assumed without loss of
generality that B is symmetric, but we won’t do that as the formula that
we will obtain holds also if B is not symmetric.

Let V be a real finite-dimensional vector space, X be a square integrable
V-valued random vector, B : V XV — R be a bilinear form and let us derive
a formula for the expected value of B(X, X). We consider first the case in
which F(X) = 0.

Let (e;)?_; be a basis of V and let V* be endowed with its dual basis
(ci)i~y. The matrix (Bjj)nxn that represents the linear map B : V. — V*
that is identified with the bilinear form B is given by

Bij = Blej,e;), i,j=1,...,n.
Writing X = Z?:1 a;(X)e;, we obtain

n n
B(X,X) =) Y Bjiai(X)a;(X);
i=1 j=1
taking expected values on both sides of the equality and using F(X) = 0 we
get,

n n
E(B(X,X)) =Y BjiS(ai, ),
i=1 j=1
where ¥ = Var(X) denotes the variance of X. Let (3;;),xn denote the
matrix that represents the linear map ¥ : V* — V| so that

Y =20y, ) = Xy, 05), 4,5=1,...,n

and:
n n n n

(25.1)  E(B(X,X))=>_> BiSi=)» (BoX);; =Y (SoB).
j=1i=1 j=1 i=1

Recall that the trace of a linear transformation T from a finite-dimensional
vector space to itself, denoted by tr(7), is defined as the trace (i.e., the sum
of the main diagonal elements) of the matrix that represents 7" with respect
to any basis (with the same basis being used in the domain and counter-
domain of T'). It is easy to prove that the trace of the representing matrix
does not depend on the choice of basis.

In we have concluded the proof of the following result.

Proposition 25.1. Let V be a real finite-dimensional vector space and X
be a V-valued square integrable random vector with variance ¥ € V@ V. If
E(X) =0 then for any bilinear form B :V x V — R we have:

E(B(X,X)) = tr(Bo¥) = tr(T o B). O

In order to obtain a matrix representation of > o B to compute the trace
we should multiply the matrices that represent ¥ : V* - Vand B: V — V*
when regarded as linear transformations. Recall that the matrix represent-
ing a bilinear form is the transpose of the matrix representing the linear
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transformation it is identified with. In the case of X the distinction between
the two matrices is irrelevant as its matrix is symmetric. In the case of B, if
it is not symmetric, the distinction is not irrelevant for obtaining the correct
matrix representation of ¥ o B but it is irrelevant for the value of the trace
since ¥ is symmetric.

Corollary 25.2. Let V' be a real finite-dimensional vector space and X be
a V-valued square integrable random vector with variance ¥ € V@ V. For
any bilinear form B :V xV — R we have:

E(B(X,X)) =tr(X0B)+ B(E(X),E(X)).
Proof. Apply Proposition to X — E(X) and compute the expected value
of B(X, E(X)) by noting that the map B( -, E(X)) is linear. O
The following is an interesting particular case of Corollary

Corollary 25.3. Let V' be a real finite-dimensional vector space and X
be a square integrable V -valued random vector with nondegenerate variance
L eVeV. If|-| denotes the norm associated to the inner product Y=+
then:

E(||IX]]*) = dim(V) + || B(X)|.

Moreover, if P :V — W is the ¥~ -orthogonal projection onto a subspace
W of V' then:

E(||P(X)|?) = dim(W) + ||P(E(X))
Proof. The first equality follows directly from Corollary by letting B
be the inner product X~!. For the second, we let B be the bilinear form
B=x"YP.,P.)
which is identified with the linear transformation
(25.2) B=P'oXxloP,

I°

where P is regarded as a map from V to V. We have that the ¥~ !-orthogonal
projection P : V — V is self-adjoint with respect to the inner product X1,
i.e.

which is equivalent to:
(25.3) Y loP=Poxh
From (25.2)) and ([25.3) we obtain
B=X"'!oP?=%"10P
and therefore Corollary yields:
E(IP(X)|?) = B(B(X, X)) = tr(S 0 B) + B(E(X), B(X))

= tr(P) + |P(E(X))|” = dim(W) + || P(E(X))]]*.
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26. THE BASIC SET UP OF STATISTICAL MODELLING

Imagine we want to answer a question that can be studied through empir-
ical research. To do this, we gather relevant data for the question at hand.
These data can be obtained through a planned experiment or by collecting
observations retrospectively. If we wish to study these data using statistical
methods, we will regard it as being generated by some random experiment
or random process. This implies that the set M of all theoretically possible
values for such data should be endowed with a probability measure defined
on some o-algebra B of subsets of M. It is convenient to regard the data as
an (M, B)-valued random object X, i.e., we assume that X : Q@ — M is a
measurable map with (€2, A, P) a probability space and that the probability
measure defined on B is the distribution Px of X.

Remark 26.1. The choice of probability space (€2,.4,P) is irrelevant and
one could simply take, for instance, (Q2,.4) = (M,B) and let X be the
identity map. One might feel that it would be better to simply get rid
of the probability space (2, .4,P) altogether, but the language of random
variables and random objects is really convenient for statistics and it requires
a common domain for all of them.

The probability measure Py is usually unknown and the goal of statisti-
cal inference is precisely to use the observed value of the data X to learn
something about Px. If we really knew absolutely nothing about Px it
wouldn’t be possible to draw interesting conclusions from the data, but it
is often the case that we do have some prior information on Px which gives
us some justification to assert that Px — or some approximation of Px —
belongs to a certain given subset of the set Prob(M,B) of all probability
measures on (M, 3). This subset is usually conveniently described in para-
metric form, i.e., we write it as {IP’% VNS @}, with (P%)qgee a family of
probability measures on (M, B). The goal of statistical inference can then
be rephrased as learning something about the unknown parameter 9 € ©
using the observed random data X whose probability distribution depends
on ¥ in a known way. The family (P%)gco is called a stochastic model for
the data X and the set © is called the parameter space of the model. One
typically assumes that the mapping © > 9 — }P”’}( € Prob(M, B) is injec-
tive, since it would obviously be impossible to use the data to distinguish
between two distinct values of the parameter that correspond to the exact
same probability distribution for the data.

We can assume without loss of generality that the measurable space (€2, .4)
and the measurable map X : Q@ — M are defined in such a way that Pi is
the push-forward of some probability measure P on (£2,.4) under the map
X for every 9 € O since, as mentioned in Remark we can for instance
simple let (M, B) = (2,.A) and X be the identity map.

Let us look at a few simple concrete examples of stochastic models.
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Example 26.2. Suppose we want to test if a coin is biasedEL i.e., if it tends
to yield more heads than tails or the other way around. To this aim, we
toss it a certain number n of times and we take note of the outcomes. For
the sake of shortness, let us denote the two possible outcomes by 0 and 1
instead of heads and tails. The set of all possible outcomes for this random
experiment is thus the finite set M = {0,1}", which we endow with the o-
algebra B = p(M), as there is no reason to use a smaller o-algebra in a finite
or countable set. The (M, B)-valued random object X representing the data
is thus identified with an n-tuple (X;)!; of random objects taking values
in {0,1} (endowed with the o-algebra of all its subsets), with X; being the
i-th coordinate of the map X. The random object X; gives the outcome
of the i-th toss of the coin, for all ¢ = 1,...,n. The distribution of X is
a probability measure on {0,1} and it is obviously completely determined
by the value of P(X; = 1) € [0,1]. It seems very reasonable to assume —
at least if there is no big variation in the method used for tossing the coin
during the experiment — that all the random objects X; have the same
distribution. This amounts to saying that there exists p € [0, 1] such that

(26.1) P(X;=1) =p,

foralli=1,...,n. It seems also very reasonable to assume that the family
(Xi)i~, is independent, so that:

n
(26.2) Px = Q) Px,.
=1

Equalities (26.1]) and ([26.2]) completely determine the distribution of X and
thus for each p € [0,1] we have a probability measure P = @;; P on
(M, B) where P% (1) = p, for all i = 1,...,n. We have therefore described
a stochastic model (P%),cpo1) for the data X with parameter space [0, 1].
In the context of this model, the bias of the coin is related to how far away
from % the unknown value of the parameter p is.

Example 26.3. Suppose that we have a question with r possible (mutually
exclusive) answers that we could ask to any person of a given population of
N individuals (such as “in what candidate do you intend to vote for in the
next election?”). Let us label the r possible answers as 1, 2, ..., r and the
individuals in that population as 1, 2, ..., N. Denote by

A:A{l,...,N} —{1,...,r}

the map such that A(7) is the answer that the i-th individual of the pop-
ulation would give to the question. For each j = 1,...,r, let N; be the
number of elements of A~1(j), i.e., the number of people in the population

that would give the j-th answer to the question and let p; = % be the

3This is a common example in probability and statistics textbooks, though it is likely
the case that biased coins do not exist in the real world. See [3] for a discussion.
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proportion of people in the population that would give that answer. We
would like to obtain information about the value of p;, for all j =1,...,7.

Suppose that N is large, so that it is impractical and expensive to simply
ask the question to all individuals of the population. Instead, we will conduct
an opinion poll by selecting some random sample of n individuals from
the population. The process of selecting this sample can be regarded as a
random experiment and the selected sample can thus be modelled in terms
of a random object U = (Uy)}}_, taking values in {1,..., N}", where Uy, (the
k-th coordinate of U) denotes the label of the k-th individual selected for the
sample. The relevant data for obtaining information about the proportions
p; is given by the random object X = (X})}_; where X, = A(Uy), i.e., Xj
is the answer given by the k-th individual in the sample.

We have that the distribution of X is determined by the distribution
of U and the (unknown) map A, while the distribution of U depends on
the method used for selecting the sample. The sample selection method
which makes the statistical theory simpler — though it is rarely ever used
in practice — is to select the k-th individual in a way that is independent
from previous selections and such that all N individuals in the population
have the same probability of being selected, for all £ = 1,...,n. Note
that, in particular, the same individual might end up being selected more
than once, i.e., this is an instance of sampling with replacement. Using this
sampling method we have that the family (Uy)}_, is independent and that
P(U, =1) = % forallk=1,...,nand alli=1,..., N. It then follows that
(X%)p_, is also independent and that P(Xy = j) = p;, forallk =1,...,n
and all j = 1,...,r. The distribution Px = @j_, Px, of the data X is thus
determined by the unknown parameter p = (pj)gzl, which is an r-tuple of
nonnegative numbers adding to 1. The stochastic model for the data X is
then a family (P% )yco with parameter space © given by:

0={pel0,1]": > im1Dj = 1}.
The examples above illustrate the relevance of the following definition.

Definition 26.4. Let (M, ) be a measurable space. A family (X;);er of
(M, B)-valued random objects on the same probability space is said to be
independent identically distributed (abbreviated, i.i.d.) if the family (X;);er
is independent and Px, = Px,, for all 4,5 € I. An ii.d. family (X;)7_; of
size n is also called a simple random sample with replacement (or just simple
random sample) of size n of the probability measure on (M, B) given by the
common distribution of all Xj.

Example 26.5. Suppose that we want to test a new drug for reducing blood
pressure and to this aim we are conducting a clinical trial. For simplicity of
exposition we will consider a clinical trial that is not placebo controlled, i.e.,
we are going to enroll a certain number n of patients for the trial and all
patients will receive the drug. We will compare the systolic blood pressure
XZ-b of the i-th patient at some moment before that patient takes the drug
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with the systolic blood pressure X} of the i-th patient at some moment after
that patient takes the drug, for all ¢ = 1,...,n. We regard X}’ and X as
random variables, so that X; = (XP, X?) is an R2-valued random vector
and X = (X1,...,X,) is a random vector taking values in (R?)" = R?".

What is a suitable model for the data X7 The situation here is not as
simple as it was in Examples [26.2] and [26.3] Clearly, it is not reasonable
to assume that the random variables XZb and X? are independent, as they
correspond to data obtained from the same patient. On the other hand, it
seems reasonable to assume that the family (X;)7_, is independent and even
that all the X; have the same distribution, though neither assumption is as
clearly justified as in the previous examples. We will discuss the reasonabil-
ity of these assumptions in a moment, but for now let us just assume that
the family (X;)" is independent identically distributed.

What distribution should we use for X;? One possibility is to assume
nothing about such distribution. We let the parameter space © be the set of
all probability measures on the Borel o-algebra of R? and for every P € ©
we set P = QI IP’% with P§¢ = P for all i = 1,...,n. This yields a
stochastic model (P?)peg for the data X with a complicated parameter
space ©. Alternatively, one could assume that a normal distribution for X;
is a reasonable approximation. This assumption leads to a model with a
simpler parameter space which is the set of pairs ¥ = (u, %), with u € R?
and ¥ € R? ® R? symmetric and positive semi-definite. For each ¥ = (u, X))
we would then set PY = R, }P’?(i, with IP’%Z_ a normal distribution in R?
with mean p and variance X..

Let us now do a more in depth discussion of how realistic is the assump-
tion that (X;), is independent identically distributed. We start with the
assumption that all X; have the same distribution. Both the baseline value
of systolic blood pressure Xl-O and the difference X Zb — X? (which is related to
the effect of the drug) are influenced by certain characteristics of the patient
(such as age, genetics, other clinical conditions that the patient might have,
etc). When we say that all X; have the same distribution we do not mean
that all patients have the same characteristics, of course, as this will al-
ways be false. What we do mean is that we are sampling from a hypothetic
population of possible patients characteristics using the same probability
distribution, for all ¢. More precisely, if U; is a random object representing
the relevant set of characteristics for the i-th patient, we are assuming that
all the U; have the same distribution. Thus, for example, the probability
that the ¢-th patient is more than 40 years old should be the same as the
probability that the j-th patient is more than 40 years old.

If X; is completely determined from Uj, i.e., if there exists a fixed measur-
able function f such that X; = f(U;), it will then follow that all X; have the
same distribution if all U; have the same distribution. More realistically, we
could have that X; is not determined by U;, but there is some residual ran-
dom noise. Such random noise can be represented by a kernel K such that
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if U; attains a certain value u then we get a certain probability distribution
P(X; € -|U; = u) = K(u) for X; conditioned on U; = u. If the random noise
K is the same for all patients and if all U; have the same distribution, it will
again be the case that all X; have the same distribution, as the distribution
of the pair (U;, X;) is Py, x K.

Is it reasonable to assume that all the U; have the same distribution? The
answer is definitely yes if we were picking patients by random sampling from
some population using a fixed probability distribution as in Example [26.3]
However, that is not how clinical research is conducted, i.e., we don’t go
out there drawing random people from the population. In practice, patients
which are actively looking for medical treatment for a certain condition will
get enrolled for the study based on satisfying certain inclusion criteria and
signing a consent form. It could happen, for instance, that patients with
different characteristics are more likely to look for treatment during different
times of the year, for example, and this would make the assumption that all
U; have the same distribution not valid.

What about independence of (X;)i* ;7 This seems like a reasonable as-
sumption, but here is an example where it fails: imagine that we have many
different hospitals enrolling patients and that patients from different hospi-
tals tend to have different characteristics. Thus, if H; is a random object cor-
responding to the hospital that enrolled the i-th patient, we have that X; and
H; are not independent, i.e., the conditional distribution P(X; € - |H; = h)
depends on the hospital h. Note that this is not incompatible with all X;
having the same distribution, since this will hold if all H; have the same
distribution and the conditional distributions P(X; € -|H; = h) are the
same for all 7. Now imagine that each hospital have limited resources, so
that if one hospital enrolls too many patients at the beginning, it will enroll
less patients later on. This will make the family (H;)! ; not independent
and this could lead to the family (X;)?_; not being independent as well. For
example, if only one hospital tends to enroll older patients and lots of older
patients got enrolled at the beginning of the trial then probably there won’t
be many older patients being enrolled after that.

27. THE PARAMETERS OF A STOCHASTIC MODEL

As discussed in Section a stochastic model consists of a family of prob-
ability measures (P%)gco on a measurable space (M, B), where © is the so
called parameter space and X is an (M, B)-valued random object represent-
ing the data. In some examples, the parameter ¥4 € © is characterized by
a list of real numbers of fixed finite size satisfying some condition, so that
we can regard O as a subset of some R™. For instance, in Example the
parameter is just a real number between 0 and 1, so that © = [0, 1] and
in Example the parameter is an r-tuple of nonnegative real numbers
adding to 1, so that © is a subset of R” (which is contained in an affine
subspace of dimension r — 1).
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In Example in the simplified model in which the data X; for the
i-th patient are assumed to be normal, the parameter is a pair ¢ = (u, %),
with 1 € R? and ¥ € R? ® R? symmetric and positive semi-definite, so the
parameter space can be identified with a subset of R? (as a symmetric 2 x 2
matrix is characterized by 3 real numbers). On the other hand, in the more
complicated model in which nothing is assumed about the distribution of
X;, the parameter space is the set of all probability measures on the Borel
o-algebra of R?, which is a subset of the infinite-dimensional Banach space
of finite countably additive signed measures on that o-algebra. Such subset
spans the entire Banach space.

A model in which the parameter space © can be naturally regarded as a
subset of some R"™ is usually called a parametric model. Thus, the models
in Examples and the simplified model in Example [26.5] are para-
metric models, while the more complicated model in Example is not
parametric. This terminology might sound weird as also in the nonpara-
metric case we're talking about a parameter, but it probably comes from
old times where people wouldn’t think about more abstract objects as being
legitimate parameters.

Remark 27.1. Note that, since the g-algebra B is usually countably gen-
erated, the set Prob(M, B) of all probability measures on (M, B) has the
cardinality of the continuum and therefore we can always parameterize an
arbitrary subset of Prob(M, B) using a single real number. Thus, strictly
speaking, any model could be regarded as a parametric model. However,
in real-world applications people only care about parametric models given
by mappings ¥ — IP’?( € Prob(M, B) that are nice and have some intuitive
clear meaning, which are typically mappings in which a probability density
function for X can be written as a nice (say, smooth) function of 9. Pa-
rameterizing the set of all probability measures in the Borel o-algebra of
R? using a single real number (or an n-tuple of real numbers) would in-
volve some bizarre useless mapping which will not satisfy the assumptions
of typical theorems of the theory of parametric models.

If the parameter space O is (identified with) a subset of R™, so that each
¥ € O is an n-tuple of real numbers, one will usually call the n coordinates of
¥ the various parameters of the model. Expressions constructed combining
the coordinates of ¥ are usually also called parameters. This idea is made
precise in the following definition.

Definition 27.2. If (P% )gco is a stochastic model with parameter space ©
then a parameter for this model is any map 6 whose domain is ©.

A parameter 6 is often real-valued, i.e., it is a map 0 : ® — R taking
values in R. Definition has the same spirit as the definition of random
variable or random object (but without the randomness). Thus, one talks
about a function f(€) of a parameter § meaning the composition f of. The
identity mapping 0 : © — O is the full parameter and every other parameter
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is a function of such parameter. Let us illustrate Definition with a few
examples.

Example 27.3. In Example the coordinates p; of p € © are parame-
ters of the model in the sense of Definition when we identify them with
the projection maps:

R"'>O©3pr—p;€(0,1], j=1,...,m

The difference p; — p2 (or any function combining the various pj) is also an
example of a parameter for that model.

Example 27.4. In the simplified model in Example we regard p and
> as parameters by identifying them with the projection maps:

R*x (RE@R*) DO 3 (1, %) — pu € R?,
R*x (RP@R*) DO (1,%) — X e RZaR%

In this example, the parameter which one is most likely to care about is
the difference p1 — po, where 1 and po are the coordinates of . Namely,
such difference is one possible way of expressing the effect size of the drug
being tested. In the more complicated model in Example in which
the parameter space © is the set of all probability measures on the Borel
o-algebra of R2, the corresponding parameter of interest which expresses
the effect size of the drug is given by

03P+ [ (z®—2*)dP(zP, 2*) e R.
R2
Note that the value of this parameter coincides with the expected value
(under the probability measure P¥) of le — X foralli=1,...,n.

Going back to the simplified model in Example since p1 — o is the
parameter of interest, one might choose to reparameterize the model using
the bijective map

(27.1) 0> (ul,ug,z) — (Ml),ufl — MQ,E) S @;

this means that the map © > ¥ — IP”;( will be replaced with its composition
with the inverse of the map . This yields a new parameterization of the
same set of probability measures. The advantage of this new parameteriza-
tion is that the parameter of interest now appears more explicitly as one of
the coordinates of the full parameter. Such coordinates can now be divided
into the parameter of interest, which is pu1 — po, and the other parameters
w1 and X which we don’t really care about, but are forced to include in the
model as the probability distribution of the data depends on them. Param-
eters which we must include in the model but are not of interest are called
nuissance parameters.
Let us give a formal definition of reparameterization of a model.
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Definition 27.5. If (P”}()ge@ is a stochastic model with parameter space ©
and ¢ : O — O is a bijective map defined on some set ©" then the family

L) ycor

obtained by taking the composition of © > ¢ — IP”’S( with ¢ is called a
reparameterization of the model (P%)yco.

For practical purposes, a reparameterization of a model is really the same
model in the sense that both ways of modelling the data involve the same
assumptions and approximations; we are only relabeling the parameters in
a possibly more convenient way.

28. THE FUNDAMENTAL IDEAS OF STATISTICAL INFERENCE

Consider a stochastic model (P%)gce for some data X. We use the
following mathematical set up: (€2,.4) and (M, B) are measurable spaces,
X : Q — M is a measurable map, (P”)yce is a family of probability mea-
sures on (£2,.4) and IP’?( is the push-forward of PV under X, i.e., IP% is the
distribution of the random object X when its domain is endowed with the
probability measure P”. As mentioned in Remark the choice of (©2,.A)
is not important.

As discussed in Section [26] the goal of statistical inference is to obtain
information about the true value of the unknown parameter ¥ € © using
the observed known value of the data X. In many situations, we are not
interested in ¥ itself, but only on the value of #(¢}) for some map 6 de-
fined on ©. Recall that such a map 6 is called a parameter of the model
(Definition . Clearly, there cannot be a procedure that allows one to
determine the exact true value of # with certainty using the data X and the
information about 6 that one is going to obtain will involve error margins
and probabilities.

The type of question that most normal people — that is, people who don’t
have formal training in statistics — tend to ask in the context of problems
involving statistical inference are questions regarding probabilities for the
value of a parameter #. For instance, consider Example and assume
that we are dealing with electoral polling. Most people would typically
ask a question like “what is the probability that this candidate would win
the election if it happened today?”. That is equivalent to asking for the
probability that p; > p; forall j = 2, ..., 7, where 1 is the number associated
to the candidate in which one is interested. Regarding Example most
people would like to know “the probability that the drug works” or maybe
the probability that the effect size of the drug is larger than some number.
In both cases, the questions being asked involve probabilities for the values
of parameters.

Unfortunately, within the mathematical set up that we are considering,
probabilities involving parameters are simply meaningless, as parameters
are not random objects. The parameter space © in which parameters are
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defined is simply a set, it is not endowed with a probability measure. Within
the domain of so called classical or frequentist statistics, probabilities about
parameters are indeed regarded as meaningless and only probabilities about
outcomes of random experiments are meaningful. Recall that such probabil-
ities are interpreted as limits of frequencies (see the discussion in Section .
Answers to questions regarding probabilities about parameters are the sub-
ject of Bayesian statistics which we will discuss at the end of the section.
Frequentist statistics presents us with a peculiar situation: once the data
X is observed, we are interested is saying something about the value of some
unknown parameter #. As we cannot determine the value of 6 with certainty,
the only type of statement that we could possibly be able to make about 6
are probabilistic statements and yet probabilities about the value of 6 are
meaningless. On the other hand, probabilities about X are meaningful but,
since X is known, what is the purpose of making probabilistic statements
about X7
Let us explain how this conundrum is resolved. Briefly speaking, classical
frequentist statistics tell us how often we will make a mistake if we behave
in a certain way after we look at the data. More specifically, it says how
often we will make a mistake (i.e., what is the probability that we will make
a mistake) if we use a certain procedure to make statements about 6 based
on the observed value of X. Since the statement we will make about 6
is a function of X, it inherits the randomness from X and it becomes a
random statement, so that it makes sense to ask for the probability that
such statement about € will be wrong even though 6 is not itself random.
This is the picture that a practitioner of classical frequentist statistics
should have in mind: the situation you are going through right now (ob-
serving X and saying something about 6) is one of a potential large number
of similar instances in which some data X is generated. The frequencies for
the values of X are given by the probability measure IP’% for some unknown
¥ € O that is fixed throughout the various repetitions of the process that
generates X. If we make a statement about 6(¢}) using some procedure that
is based on the data X, then such statement will vary across iterations of
the process because the data X varies. As our statement varies and the
value of 6 is kept fixed, there will be lucky iterations in which our statement
is correct and unlucky iterations in which our statement is wrong. What we
want is to calculate the probability (i.e., the frequency) with which we will
make wrong statements and we want to use this ability to calculate such
probabilities to calibrate the statement-generating procedures in such a way
that we will rarely make wrong statements. The notion of “rarely” is of
course vague: depending on the issue at hand, you might be happy to be
wrong at most 10% of the time, while for other issues you might think that
being wrong 0.5% of the time is the maximum error rate that is tolerable.
What kinds of statements can be made about the value of 67 Since
probabilistic statements are meaningless, the only type of statement that
can be made is of the form “the value of 8 belongs to C”, where C is some
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subset of the counterdomain of the map 6. Such set C' is obtained from the
data X (i.e., it is a function of X) and thus it is a random set. One can then
try to design a set C' that depends on X in such a way that, no matter what
the true value of 6 is, there is some upper bound on how often C' will not
contain the value of # (i.e., how often the statement 6(¢#) € C will be wrong).
This leads to the notion of confidence set which we discuss in more detail
in Section Such sets are typically intervals and that is why they are
more usually known as confidence intervals. One might also be interested
in upper bounds on error rates that are dependent on the value of 6. For
instance, you might have a certain upper bound for the error rate when the
value of 6 satisfies a certain hypothesis and another upper bound for the
error rate when the value of 6 satisfies a different hypothesis. This leads to
the idea of hypothesis testing which we discuss in detail in Section

28.1. Bayesian statistics. As discussed above, Bayesian inference yields
answers to questions regarding probabilities for the parameters of a model.
Thus, in order to do Bayesian inference we need to adapt our mathematical
formalism in such a way that parameters become random objects, i.e., we
need to add to our formalism a probability measure defined on some o-
algebra of subsets of the parameter space ©. How should such probability
measure be interpreted?

In Bayesian statistics, probabilities are not necessarily related to frequen-
cies of occurrences of events when some experiment is repeated. Most often,
probabilities are interpreted as a quantitative expression of (usually imper-
fect) knowledge regarding the state of the world. The Dirac delta probability
measure is the extreme case which corresponds to perfect knowledge about
a certain quantity and probability measures that are highly concentrated
in small sets express a high amount of knowledge about the value of that
quantity. On the other hand, probability measures that are very spread out
express the idea of very little knowledge about the value of the quantity.

The fundamental structure of Bayesian inference is the following: one
starts with a prior distribution on the parameter space ©, which is a proba-
bility measure in which we try to encode what is known about the parameters
before the recently gathered data X is observed. We then use the data X
to update the prior distribution obtaining a posterior distribution on the
parameter space. In mathematical terms, we endow the parameter space
O with a g-algebra Ag and a probability measure Pg defined on that o-
algebra. Such probability measure is the prior distribution. The o-algebra
Ag should be such that the stochastic model (IF”;()@G@ becomes a kernel

0 3 ¥ — P% € Prob(M, B)

with source (0, Ag) and target (M,B). In other words, for every B € B,
the map ¥ — IP“’}{(B) should be measurable with respect to Ag. Without
loss of generality, we can assume that

(28.1) 0 39— PV € Prob(Q, A)
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is a kernel with source (0,.4¢g) and target (€2,.4). Taking the star product
of the prior distribution Pg with the kernel we obtain a probability
measure on the o-algebra Ag ® A of subsets of the cartesian product © x €.
We can now regard all random objects defined on (€2,.4) as random objects
defined on (O x 2, Ag ® A) by identifying them with their compositions
with the second projection of © x Q. Moreover, whenever § : © — 0’ is a
parameter and the set ©’ is endowed with a o-algebra for which the map 6 is
measurable, we can regard 6 as a random object defined on (O x 2, Ag ® A)
by taking its composition with the first projection.

Once the constructions above are performed, everything that used to be
a random object in the frequentist (prior free) setting remains a random
object. In addition, every (measurable) parameter is now also a random
object and all these random objects are defined on the same probability
space. The posterior distribution for a parameter 6 is now obtained by
conditioning 6 on the observed data X. More precisely, we consider a regular
conditional distribution

(28.2) P e -|X =)

of § given X and we replace x € M with the data that was observed.
The posterior distribution for 6 should be interpreted as an update of our
knowledge about the value of 6§ after the data was observed. Such posterior
distribution can now be used to answer questions about the probability
of the value of 6 belonging to a certain (measurable) set. Thus, one can
give an answer for the probability that a certain candidate would win the
election today after an electoral pool is conducted and one can tell what is
the probability that a certain drug works after performing a clinical trial.
There is a small technical problem that we have to handle. Recall that the
regular conditional distribution of § given X is only defined up to Px-almost
everywhere equality and thus, unless the observed data x € M is such that
P(X = z) > 0, the value of is meaningless. This problem is solved by
adding some natural requirement for the regular conditional probability in
order for it to have a canonical representative. In Subsection we have
discussed the uniqueness problem for regular conditional distributions and
we have shown that, under mild conditions, the value of is uniquely
defined if x belongs to the support of Px and the regular conditional distri-
bution of 8 given X is required to be continuous with respect to the weak
topology at the point x. In concrete problems, a continuous regular condi-
tional probability usually exists and thus there is no real difficulty here.
Critics of Bayesian methods usually complain about the fact that the
choice of prior distribution on the parameter space is arbitrary and cannot
be justified. Such criticism does have some merit and choosing an appropri-
ate prior and giving a justification for it might be a hard problem. Though
we often do have some prior information on parameters, it is hard to trans-
late such information into a concrete probability measure. So although
Bayesian statistics gives answers that are more natural and understandable
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to normal people, the difficulty with choosing the prior is a price to pay. As
a reply to critics of Bayesian methods, it could be pointed out that often
frequentist methods do suffer from similar difficulties as usually there are
lots of somewhat arbitrary choices that are hard to justify involving model
and inference method selection.

29. CONFIDENCE SETS

The motivation for confidence sets was discussed in Section 28 and now we
proceed to the technical details. We start by defining the notion of a random
set. Generally speaking, in probability theory, a random “something” is a
measurable map defined on a probability space taking values in the set
where “something” belongs. In particular, a random set is a measurable
map defined on a probability space taking values in a set of sets. In order
for the notion of measurability to make sense in this context, we need to
endow the set p(0O) of all subsets of a set © with a o-algebra.

Definition 29.1. Given a set O, the canonical o-algebra of subsets of p(O)
is the o-algebra induced by the family of maps

dp: p(©) > Ar— 14(0) € {0,1}, 6€ O,
where {0, 1} is endowed with the o-algebra p({0,1}).

Recall that the set p(O) of all subsets of O is naturally identified with
the cartesian product {0,1}® = [],c{0,1} by associating each subset A of
© with its indicator function 14 : © — {0,1}. Under such identification,
the map dy is identified with the projection onto the 6-th coordinate and
thus the canonical o-algebra of subsets of p(0) is identified with the product
o-algebra on {0,1}®, where each factor {0, 1} is endowed with the o-algebra
of all its subsets.

From now on, the set p(0) will always be assumed to be endowed with
its canonical o-algebra, unless explicitly stated otherwise.

Definition 29.2. Given a set O, by a random subset of © we mean a
measurable map C defined on some probability space taking values in (©).
By a random set we mean a random subset of © for some set ©.

The following is a straightforward consequence of the fundamental prop-
erty of the o-algebra induced by a family of maps.

Proposition 29.3. Let (M, B) be a measurable space and © be a set. We

have that a map C : M — p(0©) is measurable if and only if the set

(29.1) {reM:0cC(x)}

is in B, for all 8 € ©. O
Using the measurability criteria given in Proposition [29.3|one immediately

sees that replacing © with a different set that contains C(x) for all x € M
does not affect the measurability of C.
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Corollary 29.4. Let (M,B) be a measurable space, © be a set and ©' be a
set containing ©. We have that a map C : M — p(0©) is measurable if and
only if it is measurable when regarded as a p(©')-valued map. O

In previous sections we used to write P(X € B) for the probability that
(the value of ) a random object X belongs to a fixed (nonrandom) set B. Now
that we have defined random sets we can turn things around and consider
the probability that a fixed (nonrandom) object belongs to a random set.

Definition 29.5. Let (M, B,P) be a probability space, ©® be a set and let

C: M — p(0O) be a random set. We write
POeC)=P{zeM:0cC(z)}),

for every 6 € O.

The fact that the probability P(§ € C) is well-defined follows from the

measurability of the set (29.1)).
A convenient way to visualize a map C' : M — p(©) is to identify it

with the subset (J ¢, (C(z) x {2}) of the cartesian product © x M and
to imagine such product as a rectangle with © in the horizontal axis and
M in the vertical axis. Having this in mind, we introduce the following
terminology.

Definition 29.6. Let M and © be sets and let C' be a subset of © x M.
For every 6 € © we define the 8-th column of C by
Co={zeM:(0,z)cC}
and for every x € M we define the z-th row of C by:
C*={0e€0O:(0,z)cC}.
The map
M>x+— C* € p(0O)

is called the row map of C and
©30+— Cyc p(M)
is called the column map of C.

Clearly:
x€Ch<+= (b,x) e C <= 0cC”
for all # € © and all x € M. The equalities
C={J {6y xCo) = | (C" x{z})
0cO zeM

show that a subset C' of ©® x M is uniquely determined by either its row
map or by its column map.

The following is a restatement of Proposition [29.3]in terms of subsets of
O x M.
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Proposition 29.7. Let (M, B) be a measurable space, © be a set and let C
be a subset of © x M. We have that the row map of C is measurable if and
only if every column of C is measurable (i.e., Cy € B for all 0 € ©). O

We now have all the requisites for the definition of a confidence set. We
consider the same mathematical set up as in Section

Definition 29.8. Let (P%)gco be a stochastic model, with the data X tak-
ing values in a measurable space (M, B), and let 6 : © — ©’ be a parameter
for the model. Given v € [0,1], by a y-confidence set for the parameter 0
we mean a measurable map C' : M — p(©') such that the random set C(X)
satisfies
PY(0(9) € C(X)) > 7,

for all ¥ € ©. We say that C' is a y-confidence set for the parameter 6 in
the strict sense if the equality

PY(9(9) € C(X)) =
holds for all ¥ € ©.

The number ~ is usually called the confidence level. The value v = 0.95
is a very popular choice of confidence level in scientific papers, but of course
this is an arbitrary convention.

Recall that the probability measure IP’% is the push-forward of P¥ under
the map X and therefore:

(29.2) P (9(9) € C(X)) =P% (0(9) € O).

The following result is an immediate consequence of (29.2)), Proposition m
and the definition of confidence set.

Proposition 29.9. Let (IP’?()@E@ be a stochastic model, with the data X tak-
ing values in a measurable space (M,B), and let 6 : © — ©' be a parameter
for the model. Given ~y € [0,1], we have that a y-confidence set for the pa-
rameter 0 (resp., a y-confidence set for the parameter 6 in the strict sense)
is the same thing as the row map of a subset C of ©' x M such that every
column of C is measurable and such that, for all ¥ € ©, the probability of
the 0(9)-th column of C with respect to the probability measure IP”’}( 18 greater
than or equal to v (resp., equal to ). O

Proposition [29.9] gives us the following recipe for constructing all possible
~v-confidence sets (resp., all possible y-condifence sets in the strict sense)
for a parameter 6 : © — ©': for each ¥ € ©’ in the image of 6, choose a
measurable subset Cy of M such that the probability P4 (Cy/) is greater
than or equal to 7 (resp., equal to ) for every ¥ € §~1(¢9'). If there are any
¥ € O outside the image of 6, simply let Cy be an arbitrary measurable
subset of M. The desired ~y-confidence set is then the row map of the subset
C of © x M whose 9'-th column is the chosen set Cy, for all ¥/ € ©’. In
particular, if § : © — O is the identity map (what we call the full parameter
of the model) then specifying a y-confidence set (resp., a y-confidence set in
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the strict sense) for 6 is equivalent to choosing for every ¢ € © a measurable
subset Cy of M such that P% (Cy) is greater than or equal to ~y (resp., equal
to ).

Do v-confidence sets always exist? Trivially, if we set C(z) = ©' for all
x € M then C : M — p(©’) will be a y-confidence set for every v € [0,1]
and every parameter 6 : © — ©'. However, for a given confidence level 7,
one would normally prefer to define a confidence set that is, in some sense, as
small as possible and therefore a y-confidence set in the strict sense is usually
preferred over a 7-confidence set C' for which the probability P4 (6(9) € O)
can be greater than ~.

There are two obstructions for the existence of y-confidence sets in the
strict sense. First, it may happen that for some ¢ € © there are no subsets
of M whose probability with respect to IP“’}( is equal to . For example,
if M is finite then the image of any probability measure on (M, B) is also
finite and therefore subsets of probability v will not exist for most v. Even
when there is no difficulty with the existence of subsets of probability -,
there is another obstruction if the parameter 6 is not injective. Namely,
obtaining a y-confidence set for # in the strict sense requires that we find a set
whose probability is equal to v with respect to multiple distinct probability
measures. More specifically, for every ¢ € ©’ in the image of 0, we need
a measurable subset Cy of M such that P%(Cy) is equal to v for every
¥ in 0~1(¢¥) and such subset might not exist even if for each individual
probability measure ]P”;( there exists a subset with probability ~.

In addition to purely mathematical issues, there are other challenges re-
lated to confidence sets. As illustrated in Example below, some confi-
dence sets are not useful for practical purposes. Furthermore, when it comes
to real-world applications, there are also computational hurdles to overcome.
Simply providing an abstract definition of a confidence set is not sufficient;
we must be able to write code that enables a computer to efficiently compute
a reliable approximation of the set within a reasonable timeframe.

Example 29.10. Consider the stochastic model which states that X is a
normal random variable with some unknown mean g € R and some fixed
known variance o2 > 0. More precisely, we let (M,B) be the real line
endowed with its Borel o-algebra and (P4 ),cr be the family such that P
is a normal distribution with mean ; and variance o2. Note that if Z is a
standard normal random variable defined on some probability space then

IPW(X_“’ eB) —P(Z € B),

g

for every Borel subset B of R. For each « € ]0,1[, denote by z, € R the
unique real number such that P(Z > z,) = P(Z < —z,) = . We have

P(_Zﬂ S VA S Zﬁ) =7,
2

2



A BASIC INTRODUCTION TO PROBABILITY AND STATISTICS 110

for every v € ]0, 1[ and thus

Ph(p— 0210 < X < pt021s) =,
for every p € R. In other words, the interval
(29.3) [u—oz%,u—l—am%]

has probability v with respect to the probability measure P4 for all p € R.
Let C be the subset of R? whose pu-th column is ([29.3)) for every i € R. The
row map of C is given by

(29.4) Rozr—C"=[x—0z14,2+021-4] € p(R)
2 2

and therefore (29.4]) is a y-confidence set for the parameter p in the strict
sense.

Example 29.11. Let (]Pﬂ;()gee be a stochastic model, with the data X tak-
ing values in a measurable space (M, B), and let 6 : © — ©’ be a parameter
for the model. If C': M — p(©’) is a y-confidence set for # in the strict
sense for a certain v € [0, 1] then

M3 z+— 0"\ C(z) € p(©)

is a (1 —~y)-confidence set for 6 in the strict sense. In particular, considering
the model in Example we have that

(29.5) R3z+— R\ [z —o0z3,2+021] € p(R)

is a y-confidence set in the strict sense for p for every « € ]0,1[. This is a
correct, yet horrible confidence set for u for most practical applications. For
example, assume that the known standard deviation o > 0 is very small. In
this case, the value of X is likely to fall near u and thus if we observe X =z
we should regard x as an estimate of © and have some level of confidence that
the unknown value of i belongs to a small interval centered at z. That is the
kind of confidence set we want for p and that is precisely what is. The
set , on the other hand, is the complement of a tiny neighborhood of
x. While it is true that we will be correct with frequency ~ if we assert that
1 is outside such tiny neighborhood of & whenever we observe X = x, this
is typically not very useful information about p. For example, a research
paper could say that the average height of the adult female in the United
States is between 1.62m and 1.64m (with 95% confidence) and that is an
interesting useful conclusion, but no one would care about a paper which
states that the average height of the adult female in the United States is
not between 1.62968m and 1.63032m (with 95% confidence). This serves to
illustrate the fact that merely satisfying the mathematical requirements for
a confidence set is usually not all that we want.

Example 29.12. The assumption in Example [29.10] that the variance of
X be known is good for illustrative simple examples in statistics textbooks,
but never valid in practice. So consider the stochastic model (P%)geco in
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which © = R x ]0,+oo[ and for every ¥ = (u,0) € © we have that P%
is a normal distribution on R with mean g and variance o2. Specifying a
~v-confidence set for p in the strict sense is equivalent to choosing, for each
i € R, a Borel subset C), of R such that Pro)(X € C,) =~ for all o > 0.
Except for trivial uninteresting case the probability P(*?)(X e C,) is
highly dependent on ¢ and thus there is no ~y-confidence set for p in the
strict sense. This shouldn’t be surprising: if we sample a single element
X from N(p,0?) then there is just no data that could possibly be used to
estimate the unknown variance o2 and without some information about the
variance we can’t estimate how far from p the value of X might be. Note
that a v-confidence set in the strict sense for the full parameter (u, o) can
be obtained. Namely, if v € ]0, 1] then for each (u, o) € © the interval

has probability v with respect to the probability measure ng’a) and thus
the desired confidence set is obtained as the row map of the subset C of
© x R whose (p1,0)-th column is (29.3)), for all (u,0) € ©. Such confidence
set is given by:

RS:U'—)CQC:{(M,U)E@:HL—.%"SUZ%}G@(@).

We have that C* is an unbounded triangular region on the half-plane ©
which is symmetrical around the axis {z} x ]0,+o0[. Moreover, the confi-
dence level v determines the slope of the sides of the region.

29.1. Functions of parameters. Let (P%)gco be a stochastic model, with
the data X taking values in a measurable space (M, B), and let 0 : © — ©'
be a parameter for the model. Let f : © — A be a map taking values in
some set A and assume that we have a y-confidence set C': M — p(©') for
the parameter 6. An obvious strategy for defining a y-confidence set for the
parameter f(f) = f o6 is to consider the map f[C]: M — p(A) defined by:

M >z +— f[C(2)] € p(A).

Surely if we are y-confident that the value of 8 belongs to C' then we should
be v-confident that the value of f(#) belongs to f[C], right? The short
answer is “yes”, but there are some difficulties, the first being very technical
and the second related to practical applications.

The technical difficulty is related to measurability. The statement that
f[C] be a y-confidence set for f(#) is equivalent to the requirement that for
all A € A, the set

(29.6) {z e M:Xe f[C(x)]}
4One such trivial uninteresting case is Cy, = [u, +0o[, which satisfies the equality
PWo)(X € Cu) = v for all o > 0 if v = 1. This yields that C* = ]—o0,2] is a 3-

confidence set for p in the strict sense. It can actually be proven that a y-confidence set
for p in the strict sense exists if and only if v € {0, %, 1}.
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be measurable and that its probability with respect to }P’?( be greater than
or equal to «, for every ¥ € §~1 (ffl()\)). The set (29.6)) can be written as

(29.7) {zeM:xeflC@)t= |J {zeM:¥ecC@)}
9'ef~1()

for all A € A. The fact that C is a y-confidence set for 6 says that
(29.8) {reM:¥ecCx)}

is measurable for all ¥ € ©' and that the probability of with respect
to P is greater than or equal to -, for all ¥ € §~1(¥'). Since the union in
might be uncountable, there is no guarantee that the set will
be measurable, even though each term in the union is measurable.

Although artificial examples in which fails to be measurable can be
easily constructed, they do not seem to occur in practice. Moreover, under
mild assumptions it can be shown that is close to being measurable
in the sense that it becomes measurable when we consider the completion
of the probability measures (see Remark [29.13| below).

As it is to be expected, if (29.6) is measurable for all A € A then f[C]
is indeed a 7-confidence set for f(#). Namely, for all ¥ € 671 (f~1())) the
set (29.6) contains for ¥ = 0(9¥) and the probability of with
respect to ]P”;( is greater than or equal to 7.

The second difficulty that arises when one uses the confidence set f[C] for
f(0) is that in some cases it might be too large, so large that it is completely
useless. For instance, in Example we obtained a confidence set C for
the full parameter (u,o) of the model. The parameters 1 and o are then
functions of (u,0), namely, p and o are obtained from (u, o) by applying
the projections. However, for all x € R, the first projection of C* is equal to
the entire real line R and the second projection of C* is equal to the entire
half line 0, 4+o00[, so that such confidence sets yield no information at all.

Remark 29.13. A subset of a standard Borel space (M, B) is called analytic
if it is the image of an (M, B)-valued measurable map defined in some stan-
dard Borel space. While it is not true in general that an analytic set is
measurable (meaning that it might not belong to B), it follows from Cho-
quet Capacitability Theorem (see [6, Theorem 4.10.12]) that every analytic
set is universally measurable in the sense that it is measurable with respect
to the completion of any finite countably additive measure defined on B (see
also |2, Theorem 2.2.12] for a proof that does not mention capacities). Now
consider a stochastic model (P )gce in which X takes values in a standard
Borel space (M,B), a parameter § : © — O’ for the model and a map
f:© — A. Assume that:

e O is endowed with a o-algebra Ag and A is endowed with a o-
algebra Aj such that (0, Ag/) and (A, Ap) are standard Borel
spaces and f is measurable;
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e (C'is a confidence set for # which is the row map of a subset of ©' x M
(also denoted by C') that belongs to the product o-algebra Ag @ B.

Under these assumptions, we have that the set (29.6) is analytic and thus

universally measurable for every A € A. Namely, the set (29.6) is the \-th
column of the image of C' C ©' x M under the map:

fxId: 0" x M > (¥, z)— (f(¥),z) € A x M.

Since f xId is measurable, we have that (f xId)[C] is analytic. As the inverse
image of an analytic set by a measurable map is analytic, it follows that the
columns of an analytic set are analytic and the conclusion is obtained.

30. ESTIMATORS

We consider again the mathematical set up of Section Given a pa-
rameter 0 : © — ©’ for the model (Pv}()ge@ one would typically like to find
an estimate for the unknown value of 8 using the observed value of the data
X. So, for example, after conducting an opinion poll we would like to have
an estimate of the proportion of people in the population that would give
a certain answer to the question asked in the poll and after conducting a
clinical trial we would like to have an estimate of the effect size of the drug.

An estimate for the value of 6 should be a specific point of ©', computed
using the data X, that is in some sense likely to be close to the true unknown
value of 6. An estimate for the value of 8 of this type is called a point
estimate. A point estimate should be distinguished from a set estimate,
which is just another name for what we call a confidence set.

Usually a research paper using statistical methods to answer a question
will present in its conclusion both a point estimate for some parameter and
a confidence set for that parameter, which is typically an interval around the
point estimate (or some other type of connected neighborhood of the point
estimate in case the parameter space is multidimensional). As mentioned
in Section 28, when the confidence set is an interval it is called a confidence
interval. A confidence interval is also popularly refereed to as an error
margin for the point estimate.

As alluded to above, a point estimate for the value of 6 should be some
function of the observed data X. This makes the following standard defini-
tion relevant now.

Definition 30.1. A statistic for a stochastic model (IF”;()@E@ is any mea-
surable function of the data X.

An estimator for a parameter 6 : © — ©' of a stochastic model (P%)yco is
a statistic for the model taking values in ©’. The set ©’ should be endowed
with a o-algebra, so that the measurability requirement of a ©’-valued func-
tion makes sense. There is no precise mathematical definition for the notion
of an estimator. When we say that a certain ©’-valued statistic is an esti-
mator for § we are simply expressing an intention to use it for estimating
the value of 6. An estimator for 6 is typically denoted by 6.
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Though the notion of estimator itself is not precisely defined, there are
various desirable conditions that an estimator 6 for 6 should satisfy that
are amenable to precise mathematical formulation. One such condition is
that the random object 6 should be, in a sense to be specified, close to the
constant (1), where ¥ is the true value of the full parameter of the model.

In what follows, we assume for simplicity that the parameter 6 is real-
valued (i.e., ® = R, endowed with its Borel o-algebra), though it would be
easy to generalize the following considerations to a parameter taking values
in a real finite-dimensional vector space. In the context of estimation, one
popular and convenient notion of closeness between 6 and (V) is the distance
in the Hilbert space L?(£2, A, PY). This leads us to the following definition.

Definition 30.2. Given ¢ € O, the corresponding mean squared error for
an estimator # of a real-valued parameter 6 is defined by

MSE?(4,0) = E”[(6 — 6(9))*] € [0, +00),

where EY denotes the expected value of a random variable with respect
to the probability measure PY. In other words, MSEﬂ(é?A7 0) is the squared
L2(Q, A, PY)-distance between 6 and the constant 6(9) (or 4oo if 6 is not
PY-square integrable).

Note that the mean squared error of 0 depends on the true value ¥ of
the full parameter and thus one would typically want an estimator to have a
small mean squared error for every 9 € ©, as the true value of 1 is unknown.

The mean squared error of an estimator is closely related to its variance.
More explicitly, let ¥ € © be fixed and assume that the estimator 6 is
PY-square integrable, so that its corresponding mean squared error is finite.
Since EY(0) is the L2(£2, A, PY)-orthogonal projection of 6 onto the subspace
of almost surely constant maps, we have that the two terms appearing in
the sum on the righthand side of the equality

6—06(9) =[6—E"9)] + [E”(9) — 6(9)]

are L2(€), A, ]P’ﬁ)—orthogonal and therefore the mean squared error of 0 can

be written as:
0 MSE?(6,0) = E’[(6 — E*(0))] + (E*(8) — 6(9))*
' — Var’ (0) + (B (0) — 0(9))?,

where Var” denotes the variance of a random variable with respect to the
probability measure P?.

Definition 30.3. Given ¥ € O, the corresponding bias of a P"-integrable
estimator 6 for a parameter 6 is the difference

E”(6) —6(9)

between the expected value of the estimator and the true value of the pa-
rameter. An estimator which has zero bias for all ¢ € © is called unbiased.
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Using this terminology, formula (30.1)) can be nicely stated as follows.

Proposition 30.4. Let the value ¥ of the full parameter of a stochastic
model be fixed. If an estimator 0 for some real-valued parameter 0 is inte-
grable then the mean squared error ofé 18 equal to the sum of the variance
ofé with the square of the bias ofé.

Proof. If  is square integrable then this is just (30.1)). Otherwise, both the
variance and the mean squared error of 6 are infinite. ([l

Absence of bias is usually considered a desirable property for an estimator,
but bias is not always as bad as it sounds. Note that if an estimator is
unbiased then its mean squared error is equal to its variance and thus an
unbiased estimator with a small variance is a good estimator. However, in
some situations we might have an estimator that is biased but has a smaller
mean squared error than some other estimator that is unbiased. In this
case, the biased estimator might be preferable. Note also that if f: R — R
is a continuous function then the equality EV ( f (é)) = f(Eﬁ(é)) typically
does not hold, except for somewhat trivial cases (like the case in which f
is affine). Thus, if 6 is an unbiased estimator for 6 it will typically be false
that f(f) is an unbiased estimator for f(6), although f(0) is often used as
an estimate for f(#) when 6 is used as an estimate for 6.

Another relevant property of an estimator 6 is that it should have a small
probability of assuming a value that is far away from the value of the param-
eter . The following simple inequality shows that this property will hold if
6 has a small mean squared error.

Proposition 30.5. If X is a random variable and ¢ € R is a real number
then for every € > 0 the following inequality holds:

P(X —c > €) < 5 B((X ~ 7).

Proof. Simply note that:

B((X — ) > /[X_C>6](X—c)2d]£"2 E2P(X —d > e). 0

Corollary 30.6 (Chebyshev inequality). If X is a random variable with
finite expectation then for every e > 0 the following inequality holds:

P(IX - E(X)| > ¢) < Slz Var(X).

Proof. Apply Proposition with ¢ = E(X). O
Corollary 30.7. Let (P%)gco be a stochastic model and 6 : © — R be a

A~

real-valued parameter. If 0 is an estimator for 0 then for every € > 0 the
following inequality holds

R 1 A
P (10— 0(0) > ¢) < = MSE? (4, 6),
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for every 9 € ©. O

Example 30.8. Let (P%)gco be a stochastic model such that X = (X;),
is an R"-valued random vector. Moreover, assume that for every 9 € © the
family (X;)", is i.i.d. and each X; has finite expected value with respect
to PV. Let 4 : © — R be the parameter defined by u(9) = E?(X;), for all
¥ €O andany i =1,...,n. The parameter pu is called the population mean.
The most commonly used estimator for p is the sample mean defined by

_ 1 &
X == ;.
n 2K
=1
We have
1 n
= L3 () = o),
i=1

for all ¥ € © and therefore the estimator X is unbiased. Now assume that
the variance Var”(X;) = o2(9) is finite for every 9 € ©. The variance of X
is then easily computed as

o2
Var ) Z Var () ,

n

since the covariance between X; and X is zero for ¢ # j. Note that the vari-
ance of X coincides with its mean squared error as X is unbiased. Moreover,
the mean squared error of X tends to zero as n — 400 for every ¥ € ©.

The situation considered in Example [30.8] can be seen as a particular
case of the following more general set up: the data X = (X;)7_; is a simple
random sample of some probability measure and the parameter that we want
to estimate is a function of that probability measure. The strategy that we
used to obtain an estimator for the parameter in Example [30.8] could be
shortly described as “do to the sample the same thing that one does to
the population to calculate the value of the parameter”. By “population”
we mean the probability measure P”g from which the sample is taken. In
Example [30.8] what is done to the populatlon to obtain the value of the
parameter p is computing the mean (i.e., the expected value of a random
variable whose distribution is the probability measure from which the sample
is taken). The estimator of y is then obtained by doing the same thing to
the sample, i.e., we compute the mean of the sample. In general, it is not
clear what the recipe “do the same thing to the sample as what was done
to the population” means, as the population is a probability measure and
the observed value of the sample is an n-tuple. We now clarify the recipe
by showing how to associate a probability measure to an n-tuple.

Definition 30.9. Let (M, B) be a measurable space and z = (z;)]~; be
an n-tuple of elements of M. The empirical distribution associated to the
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n-tuple x is the probability measure P5"" : B — [0, 1] defined by

1 n
PP — - Z; Oy s
1=

where 0, : B — [0, 1] denotes the Dirac delta probability measure corre-
sponding to the point z; € M.

Note that P;"" can be alternatively described as the push-forward under
the map {1,...,n} > i — x; € M of the discrete uniform distribution
on {1,...,n}. We can thus think of Pg"" as the probability measure that
models the experiment of choosing a term from the sequence (z;)!"_; in such a
way that every term (more precisely, every index ) has the same probability
of being chosen.

Clearly, if f : M — R is a measurable function then:

eI 1 .
| rapsm - P

In particular, if (M, B) is the real line endowed with the Borel o-algebra then
the expected value of a random variable with distribution Pg"P is simply
the mean % >oi, xi. The recipe “do to the sample the same thing that one
does to the population to calculate the value of the parameter” can then
be precisely formulated as follows: do to the empirical distribution P§"P
the same thing that one does to the probability measure IP’? to calculate
the value of the parameter, where x = (z;)}; is the observed value of the
random sample (X;)" ;.

Let us see what happens if we apply this recipe to the variance of the
population instead of the mean.

Example 30.10. Let (P%)yco be a stochastic model such that X = (X;),
is an R"-valued random vector. Moreover, assume that for every 9 € © the
family (X;)™, is i.i.d. and each X; has finite variance with respect to PV.
Let 0 : © — R be the parameter defined by o(d) = [Varﬂ(Xi)}%, for all
¥ € © and any i = 1,...,n. The parameter o2 is called the population
variance. Given a sequence x = (x;)7; € R", the variance of a random
variable whose distribution is the empirical distribution Pg™" is given by:

ii(:}:l — 57)2 = (% ix?) z2,

1=

where z = 1 Z",l x;. The “do to the sample what you do to the population”
recipe says then that we should use

(30.2) izn:(xl - X
i=1

as an estimator of o2, where X = %Z?:l X, as in Example Let us
compute the expected value of the estimator (30.2)). This can be easily done
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by brute force, but better insights are obtained if we use instead the results
of Section 25
Let R™ be endowed with its canonical inner product and denote by ||-|| the
corresponding norm. Note that (Z,...,z) € R™ is the orthogonal projection
of x € R" onto the one-dimensional subspace of R™ consisting of constant
n-tuples. Thus, if P : R” — R"™ denotes the orthogonal projection onto the
orthogonal complement of that one-dimensional subspace we have
n
Y (@i—2)*=|P@)|?
i=1
and therefore is equal to +||P(X)||%. Let us compute the expected
value of || P(X)]|? using Corollary The variance 3 of the random vector
X with respect to the probability measure PV is equal to o2() times the
canonical inner product of R™* and, assuming that o(¢) # 0, we have that
Y1 is equal to U%(m times the canonical inner product of R™. Of course, P

is also an orthogonal projection with respect to the inner product ! and
the norm associated to X1 is ﬁH - |]. Since all coordinates of X have the

same expected value we have P (Eﬁ(X )) = 0 and therefore Corollary m
yields:

1
30.3 E'(|P(X)|>) =n—1.
(30.3) 2(0) (IPX)]*) =n
We conclude that the expected value of (30.2)) is equal to
1< - 1 n—1
Clf el _%\2)) o 2\ _ 2
(30.4)  E'( §A1:(XZ X)?) = = B (IP(X)|?) = "= o*(9).

Note that formula holds trivially if o(1) = 0 as in that case X;—X = 0
almost surely.

We have established that the estimator obtained by using the “do
to the sample what you do to the population” recipe is biased! From
we readily see that an unbiased estimator for o2 is given by

n

1 _
52 = — D (X - X)?,

=1

if n > 2. The estimator S? is known as the sample variance. Thus, what we
call “sample variance” does not coincide with the variance of the sample,
i.e., the variance of the empirical distribution associated to the observed
value of the sample. The reason why we do not define the sample variance
as simply the variance of the sample is because the variance of the sample
is a biased estimator of the variance of the population.

We now wish to compute the variance of the estimators S? and (30.2)).
We make a digression to develop a little theory in order to avoid doing the
computation by brute force.
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Definition 30.11. Let V and W be real finite-dimensional vector spaces
endowed with inner products (-,-)y and (-, )y, respectively. The Hilbert—
Schmidt inner product on the space of linear transformations from V to W
is defined by

(T, S)us = tr(T" 0 9),
for every pair of linear transformations 7': V — W and S : V — W, where
T' : W — V denotes the transpose of T with respect to the given inner
products, i.e., T" is characterized by the equality

(T(v), wyw = (v, T"(w))v,

forallv € V and w € W. The norm ||-||us associated to the Hilbert—Schmidt
inner product is called the Hilbert—Schmidt norm.

Clearly, if T" and S are represented by matrices (T5;)nxm and (Sij)nxm
with respect to orthonormal bases we have (T, S)ns = >iL; > 7%, T35Si;.
Moreover, if P: V — V is an orthogonal projection onto some subspace of
V then ||P|%4q = (P, P)us is equal to the dimension of the image of P.

Definition 30.12. Let X be a random variable whose fourth power X* is
integrable and assume that X is not almost surely constant. The kurtosis

of X is defined by
Kurt(X) = E[(X; “)4],

where = E(X) and 0 = Var(X)%.

The expression % is called the standardized version of X and it remains
unchanged if we add a constant to X or multiply X by a nonzero constant.
In particular, the kurtosis of X is invariant by such operations. Note that
using the equality

E(Y?) = Var(Y) + E(Y)?

with Y = (?)2 we obtain

Kurt(X) = Var [(X; “)2} +1

and in particular Kurt(X) > 1. The minimum Kurt(X) = 1 is attained if
and only if (X — p)? is almost surely constant and it is not hard to check
that this happens if and only if

P(X =z0) =P(X = 21) = =

for two distinct real numbers zg and .

If X is a nondegenerate normal random variable then the kurtosis of X is
equal to the kurtosis of a standard normal random variable and is therefore
given by:

22

1
Kurt(X) = Nz /R$4€_2 dm(z) = 3;
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namely, the integral in the formula above is easily computed by writing

z2
the integrand as z3(ze” 2 ) and using integration by parts to show that
the integral is equal to 3 times the variance of a standard normal random
variable. The difference

Kurt(X) —3
between the kurtosis of X and the kurtosis of a nondegenerate normal ran-
dom variable is known as the excess kurtosis of X. A random variable with
a high kurtosis can be informally described as a random variable whose
distribution has heavy tails.
We now use kurtosis to obtain a formula for the expected value of the

square of a quadratic form of an i.i.d. finite family of random variables with
null expected values.

Lemma 30.13. Let (X;)!", be an independent n-tuple of random variables
and assume that E(X;) = 0, Var(X;) = o2 and Kurt(X;) = r, for all
i =1,...,n, for certain 0 > 0 and x > 1. If T : R" — R" is a linear
transformation represented with respect to the canonical basis by a matriz
(@ij)nxn and if (-,-) denotes the canonical inner product of R™ then:

n

B(TCO, X)) = o ([P + T+ T s + (5= 3) D (@),

Proof. We have (T'(X),X) = >71L; >0 a;; X; X; and:

n n n n
(30.5) (T(X), X =33 aijanXiX; X X,

i=1 j=1k=1I=1
Note that if ¢ ¢ {j,k,l} then E(XZX]Xle> = E(Xz)E(XJXkXZ) = 0.
Similarly, if any element of {1,...,n} occurs exactly once in the sequence
(4,7, k,1) then E(X;X;X;,X;) = 0. It follows that the expected value of the

sum in (30.5)) is given by:
n n n n
Z aiiajja4 + Z (CLZ']')QO'4 + Z aijajia4 + Z(CLZ’Z’)QFJOA.
i=1

ij=1 ij=1 i,j=1
i#] i#] i#]
To conclude the proof note that

n

n n n
1 1
> (a)’ + D aigagi =5 Y (agg +aji)* = ST+ T fs — 2 (i)

ij=1 ij=1 ij=1 i=1
1#£] 1#£] 1#£]
and:

n

E aiiajj = [tI‘(T)]2 — E (CLZ‘Z’)2. |
i,7=1 i=1

i#]
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Corollary 30.14. Let (X;)_; be an independent n-tuple of random vari-
ables and assume that E(X;) = u, Var(X;) = 02 and Kurt(X;) = &, for all
1=1,...,n, for certain p € R, 0 >0 and k > 1. We have:

EKﬁi@;-Xﬁf}:a%n—lﬂn+1+«n—3m1—;ﬂ,

i=1

where X = 15" X;. In particular:

Var(i:(Xi - X)Q) = ot(n—1) [2 4 (k- 3)(1 - l)}

- n
=1

Proof. By replacing X; with X; —p we can assume without loss of generality
that E(X;) =0, foralli=1,...,n. If P: R"™ — R" denotes the orthogonal
projection onto the orthogonal complement of (1,...,1) then:

(30.6) (P(X), X) = (P(X), P(X)) = 3 (X; — X)*.

i=1
The formula for the expected value of the square of (30.6) follows from
Lemma [30.13| by noting that tr(P) =n —1, P = P', |P|fs = n — 1 and
that the diagonal elements of the matrix that represents P with respect to

the canonical basis of R™ are all equal to 1 — % The formula for the variance
of (30.6) then follows from the fact that the expected value of (30.6)) is equal

to (n — 1)o? (recall (30.3)). O

Example 30.15. Going back to the set up of Example [30.10] assume in
addition that every X; has an integrable fourth power and that it is not
almost surely constant. Denoting by x(¢) the kurtosis of X; with respect to

PY, Corollary |30.14] gives us:

Var(S?) = @ [2 + (k(¥) — 3) (1 - l)} = 7' (0) ( 2n + k() — 3).

n—1 n n n—1

Note that the variance of S? tends to zero for fixed ¥ as n tends to +o0o0 and
that, since the estimator S? is unbiased, its variance coincides with its mean

squared error. Let us now compute the mean squared error of the biased
1

estimator = """, (X; — X)? and, more generally, the mean squared error of

an estimator for o2 of the form

1 — _ —1
SN X - X2 =8
« izl (0]

where « is a positive constant. Since the mean squared error is the sum of
the variance with the square of the bias and since the bias of ”7715’2 is equal
to (=1 — 1)0?(¢), we obtain

1

—1 —1)? —
MSEﬁ (nT 52,0'2> = WVar(SQ) + (na

~1) ')
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and a straightforward computation yields:

= n—1 4 n—1

Z(Xi—)z)2,02) =2 (19)(71—1—1—1—

i=1

1
o

MSE’ ( (k(9) - 3))

- 204(19)”7_1 ot ().

This expression is a second degree polynomial in é and using the fact that
k(¥) > 1 we see that its leading coefficient is positive. One then easily
verifies that the minimum value of the mean squared error is attained at:

(k(9) - 3).

This is always larger than n—1 and therefore the unbiased estimator S? never
coincides with the estimator of the form 2 3™ | (X; — X)? that minimizes
the mean squared error. In general, we cannot determine the optimal value
of o as it depends on the kurtosis x(1}) which depends on the unknown
parameter ¥J. However, if the variables X; are normal then x(¢) = 3 for all
¥ € O and the optimum value is @« =n + 1.

n—1

a=n+1+

30.1. Asymptotic theory of estimators. Now let us study the behaviour
of an estimator when the sample size goes to infinity. Strictly speaking, the
previous sentence is not correctly formulated since a estimator is a specific
function of a specific set of data X and therefore it is associated to a specific
sample size. So, for example, the sample mean X discussed in Example m
is defined as X = % >, X, and it is the mean of a sample of size n. If we
change the value of n, we get a new estimator. Thus, the rigorous formu-
lation of what we intend to do in this subsection is to study the behaviour
of a sequence of estimators (indexed by sample size) when the sample size
goes to infinity.

In order to formulate certain limit properties of a sequence of estimators,
we need all of them to be defined on the same probability space and to
achieve that goal we have to consider a model in which the data X is an
infinite sample. For example, consider a stochastic model (P% )yce such that
X takes values in the space of infinite sequences of real numbers (endowed
with the product of the Borel o-algebras) and X = (X;);>; is an infinite
sequence of random variables which is i.i.d. with respect to P?, for all ¥ € ©.
Moreover, assume that p(¥) = E?(X;) is finite, for all ¥ € ©. For each
n > 1, we consider the random variable

_ 1 &
=1

which we call the sample mean for a sample of size n. The distribution of X,
only depends on the distribution of the finite sequence (X;)}; and therefore
the expected value and variance of X,, are the same as those computed in
Example i.e., the fact that the data X contains more than just (X;)7;
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does not alter the results of what we have already computed. In particular,
X, is an unbiased estimator of x and, if X; has finite variance, then the
variance of X,, tends to zero as n tends to infinity. What is different from
Example is that now all of the random variables X,, are defined on the
same probability space, which is a more suitable set up for studying limit

properties of (X,,)n>1 as n tends to infinity.

Definition 30.16. Let (P%)yco be a stochastic model and let 6 : © — ©
be a parameter for the model such that the set ©’ is endowed with a separa-
bldﬂ metric and the corresponding Borel o-algebra. A sequence of estimators
(én>n21 for @ is said to be consistent (sometimes also called weakly consis-
tent) if for every ¥ € © the sequence of random objects (6,,),>1 converges
in probability to the constant random object 6(¢}) with respect to the prob-
ability measure PY. The sequence (én)n21 is said to be strongly consistent
if for every 9 € © the sequence of random objects (én)nZI converges almost
surely to the constant (1) with respect to the probability measure PV.

Informally, people will usually say that “a certain estimator is consistent”
or that “a certain estimator is strongly consistent”, instead of attributing
the property of consistency to a sequence of estimators. That is because we
normally think of an estimator as corresponding to a certain strategy for
computing an estimate of the parameter and such strategy can be naturally
adapted to arbitrary sample sizes. However, as discussed at the beginning
of the subsection, a single estimator corresponds to a single sample size, so
the formally correct way of talking about consistency requires a sequence of
estimators.

A simple way of establishing the (weak) consistency of a sequence of
estimators is to show that the limit of their mean squared errors is zero.
Proposition 30.17. Let (P%)gco be a stochastic model, § : © — R be a

real-valued parameter for the model and (0y,)n>1 be a sequence of estimators

for 6. If
(30.7) lim MSEY(6,,60) =0,

n—+o0o

for all ¥ € © then the sequence (én)nZI s consistent.

Proof. Condition simply says that the sequence (én)nzl converges in
L%(Q, A, PY) to the constant A(¥)) and thus the result is simply a restate-
ment of the simple fact that a sequence that converges in L? converges in
probability. It is also a direct consequence of Corollary O

We observe that both the notion of mean squared error and Proposi-
tion [30.17] can be readily generalized to the case when 6 takes values in an
arbitrary separable metric space.

5See Section [12| for an explanation of why we only study convergence in probability for
sequences of random objects taking values in a separable metric space.
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Corollary 30.18. Let (P%)sco be a stochastic model such that X takes
values in the space of infinite sequences of real numbers. Moreover, assume
that for every ¥ € ©, (X;)i>1 is an infinite sequence of random variables
which is i.i.d. with respect to PY and such that E°(X?) is finite. If

u(v) = B’ (X;)

denotes the population mean and X, = %2?21 X; then (X,)n>1 48 a con-
sistent sequence of estimators for p.

Proof. Follows from Proposition using the results presented in Exam-
ple O

Corollary 30.19. Let (P%)gco be a stochastic model such that X takes
values in the space of infinite sequences of real numbers. Moreover, assume
that for every ¥ € O, (X;)i>1 is an infinite sequence of random variables
which is i.i.d. with respect to PY and such that E°(X}) is finite. If

o?(9) = Var’(X;)

denotes the population variance and S2 = L= 3" | (X; — X,,)? then (S2)n>2
is a consistent sequence of estimators for 2.

Proof. Follows from Proposition using the results presented in Exam-

ples [30.10] and [30.15] ([l
Note that the sequence 1 3% | (X; — X,,)? = %=1 52 of biased estimators
of 02 is also consistent since limy, 400 n=l — 1,

n

Remark 30.20. The celebrated strong law of large numbers (see [1l, 6.2.5])
states that if (X;);>1 is an infinite i.i.d. sequence of random variables with fi-
nite expected value F(X;) = p then the sequence X,, = % >, X converges
almost surely to p. This means that in Corollary [30.18| one can actually ob-
tain the stronger thesis that (X,,),>1 is a strongly consistent estimator of u
under the weaker assumption that X; has finite expected value with respect

to PV, for all ¥ € ©. Moreover, noting that
n 1 &
2 _ 2 w2
Sn = n—l(nz;Xi _X”>
1=

and applying the strong law of large numbers to the sequence (X?);>1 we
conclude that in Corollary [30.19] we can obtain the stronger thesis that
(82),>2 is a strongly consistent estimator for o2 under the weaker assump-
tion that X; is square integrable with respect to PV, for all 9 € ©.

30.2. Maximum likelihood estimation. Let (P%)yco be a stochastic
model with the data X taking values in a measurable space (M, B). As-
sume that there exists a o-finite nonnegative countably additive measure
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w on B such that ]P“;( is absolutely continuous with respect to p for every
¥ € ©. We can then define a map L : M x © — [0, +o0o[ such that

dPy
(30.8) L(-,9) = m
for all ¥ € ©, i.e., such that M > x — L(z,9) € [0,+0o0[ is a Radon-
Nikodym derivative of IP“g( with respect to u for every ¥ € ©. In other
words, L(+,1) is a probability density function for X with respect to p when
the domain of X is endowed with the probability measure PV. If x € M is
the observed value of the data X in some experiment then the function

© 359 +— L(z,9) € [0, +00]

is known as the likelihood function associated to z. If such function attains
its maximum at some point ¥ € © then such value of the full parameter
can be seen as the value that is most compatible with the observed data x
since, in some sense, it makes the value X = x “more probable” than other
values of the parameter. We note that in many important examples the
actual probability PY(X = ) of observing X = x under ¥ will be zero for
all zx € M and all ¥ € © and that is why we have to work with probability
densities instead of actual probabilities.

The value of 9 that maximizes the likelihood function for a certain value
x € M of the data is known as the mazimum likelthood estimate of the full
parameter corresponding to x. Let us write this as a formal definition.

Definition 30.21. Let (P%)sco be a stochastic model with the data X
taking values in a measurable space (M,B). Assume that u is a o-finite
nonnegative countably additive measure p on B such that IP’% is absolutely
continuous with respect to p for every ¢ € © and let L : M x© — [0, +00] be
a function such that holds. Assume that for every x € M the function
L(zx,-) attains its maximum at some point of © and let f : M — © be a
map such that f(z) is a point of maximum of L(zx,-), for every x € M. If
O is endowed with a o-algebra and the map f is measurable then § = f(X)
is called a mazimum likelihood estimator of the full parameter 6§ : © — ©
corresponding to the map L.

There is a rich asymptotic theory for maximum likelihood estimators [5,
7.3.2—7.3.5] which we will not develop here. We will finish the section
with a few technical comments and a simple concrete example of maximum
likelihood estimators.

There are two worries that immediately arise when considering maximum
likelihood estimation. First of all, Radon—-Nikodym derivatives are only
unique up to p-almost everywhere equality and thus evaluating the prob-
ability density function at a specific point x € M is meaningless, unless
x happens to be a point with positive measure. However, as in Subsec-
tion this uniqueness problem can be solved by adding a continuity
requirement. More explicitly, if M is endowed with a topology and B is the
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Borel o-algebra, then a continuous probability density function with respect
to the measure p (if it exists) is uniquely defined at the points in the support
of p. A second concern is related to the dependence of maximum likelihood
estimators on the choice of the measure . The following result deals with
that.

Proposition 30.22. Let (P%)yco be a stochastic model with the data X
taking values in a measurable space (M, B). Let v and v be o-finite nonneg-
ative countably additive measures on B such that IP”;( 1s absolutely continuous
with respect to both p and v, for all Y € ©. If L : M x © — [0,400[ is a
function such that

_ dPy,

(30.9) L(-,9) Qi

holds for all 9 € © then there exists a measurable function g : M — [0, +o00|
such that
dPy,
(. - X
(0)g=—
holds, for all ¥ € ©.

Proof. By Lebesgue’s Decomposition Theorem we can write g = fac + fs,
with pae and pg o-finite nonnegative countably additive measures on B such
that pac is absolutely continuous with respect to v and us and v are mutually
singular, i.e., M can be written as a disjoint union of M; € B and M € B
in such a way that ugs(Msz) = 0 and v(M;) = 0. For every ¥ € © we have

0< /M L, 9) dpa(z) = /M L(z, 9) dpa(x)

g/ L(z,9) du(z) = PL (M) = 0,
My

because P is absolutely continuous with respect to v. Thus L(z, ) = 0 for
ps-almost every x € M and this implies that }P";( is absolutely continuous
with respect to pac and

APy
L('7 19) = 7X7
ditac
for all ¥ € ©. Hence the desired map g : M — [0, 4o00[ can be taken as a
Radon—Nikodym derivative of u,. with respect to v. ([

According to Proposition [30.22] if we replace the measure p with another
measure v such that all ]P’% are absolutely continuous with respect to v
then the map L satisfying (30.9)) can be replaced with (z,v) — L(x,9)g(x),
for some nonnegative measurable function g. If the observed data x € M
satisfies g(z) > 0, then both likelihoods L(z,-) and L(zx,-)g(x) have the
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same maximum points. Moreover, the set ¢g~1(0) of bad data points has
probability zero with respect to all IP“;(, since

Phs'0) = [ Ll )gla)dv =0,
9~ 1(0)

for all ¥ € ©.

Let us now discuss an elementary concrete example of maximum likeli-
hood estimation involving a simple random sample from a normal distribu-
tion.

Example 30.23. Let (P%)yco be a stochastic model such that X is an R"-
valued random vector with X = (X;), i.i.d., X; ~ N(u,0?) with respect to
P for all ¥ = (u, o) € O, where © = R x )0, 4-00[. Let L : R x © — [0, +00]
be such that L(-,¥) is a continuous Radon-Nikodym derivative of P% with

respect to Lebesgue measure for all ¢ € ©, so that L is given by

1 L _(mi=w)?
L(flfaMaU): n He 2‘75 )

forall z € R", p € R and 0 > 0. For each z € R"™ we wish to determine the
maximum points of the likelihood (u, o) — L(x,pu,0). It is a little easier
to work with the logarithm of L (which of course has the same maximum
points):
n —~ (2 — p)®
Uz, p,0) =In[L(z,p,0)] = D) In(27) — nln(o) — ; %.

The function (u,0) — £(x,p,0) is known as the log-likelihood. For fixed
o > 0, {(x,p,0) attains its unique global maximum when p € R is such
that (u,...,pn) is closest to  with respect to standard Euclidean distance.
Therefore, such maximum is attained at p = = = %2?21 xi, which is the
value of p that makes (u,...,u) equal to the orthogonal projection of z
onto the subspace generated by (1,...,1). Now we must find ¢ > 0 that
maximizes £(x, Z, o). By studying the sign of the derivative of ¢(z, &, o) with
respect to o we see that ¢(x,Z, o) attains its unique global maximum at

o= (3 X a2

i=1
provided that zi, ..., x, are not all equal, i.e., provided that x does not
belong to the subspace generated by (1,...,1). Hence, assuming n > 2 and
removing the subspace generated by (1,...,1) from the counter-domain of

X (which has probability zero with respect to ]P’%, for all ¥), we obtain that

(% (- 02))
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is a maximum likelihood estimator for (1, c), where X = 13" | X;. Note
that the estimator that we have obtained for p is just the unbiased estima-
tor X discussed in Example while the estimator for o2 is the biased

estimator 2 3" | (X; — X)? and not the unbiased estimator S? discussed in

Example [30.10

31. HYPOTHESIS TESTING
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