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1 Probability Spaces, Measures, and Distributions
Series Outline
« 1.1 Probability Spaces
o 1.1.1 Definition of probability space
« 1.1.2 Sample space, events, and sigma-algebra
o 1.2 Probability Measures
« 1.2.1 Axioms of probability
o 1.2.2 Properties of probability measures
« 1.3 Distribution of Random Variables as Measurable Functions
o 1.3.1 Random variables and measurability
o 1.3.2 Probability distribution induced by random variables
+ 1.4 Product Spaces and Product Probabilities
o 1.4.1 Product of measurable spaces
o 1.4.2 Product probability measures
« 1.5 Applications and Illustrations
« 1.5.1 Worked examples of probability spaces
o 1.5.2 Case study: product probabilities in practice

Introduction

Probability theory provides the foundation for much of modern statistics and data
science. At its core lies the concept of a probability space, which formalises the
idea of randomness and uncertainty. By defining sample spaces, events, and
probability measures, we can systematically study random phenomena. This Series
is crucial because it sets the stage for all subsequent topics in STA 411, giving you
the tools to describe and analyse random variables, their distributions, and the
structures that arise when combining multiple spaces.

The aim of this Series is to introduce you to the formal framework of probability
spaces, measures, and distributions, and to equip you with the ability to apply these
concepts to random variables and product spaces.
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We shall commence this Series by examining probability spaces, including sample
spaces, events, and sigma-algebras. Then, we will move on to probability
measures, where we will study the axioms and properties that govern them.
Subsequently, we will explore random variables as measurable functions and the
distributions they induce. Following that, we will consider product spaces and
product probabilities, which extend the framework to multiple random variables.
Finally, we will wrap up with applications and illustrations that demonstrate how
these concepts are used in practice.

Series Learning Qutcomes
Upon completing this Series, you should be able to:

« SLO 1.1 define a probability space and describe its components including
sample space, events, and sigma-algebra,

o SLO 1.2 explain the axioms and properties of probability measures,

« SLO 1.3 demonstrate how random variables can be treated as measurable
functions and how they induce probability distributions,

« SLO 1.4 analyse product spaces and construct product probability measures,
and

« SLO 1.5 apply the concepts of probability spaces, measures, and
distributions to worked examples and case studies.

1.1 Probability Spaces

Probability theory begins with-the concept of a probability space, which provides
the formal framework for studying random phenomena. A probability space
consists of three elements: a sample space, a collection of events, and a probability
measure. Together, these elements allow us to assign numerical values to the
likelihood of different outcomes.

1.1.1 Definition of probability space
A probability space is defined as a triple P, where:

« 1s'the sample space, the set of all possible outcomes of a random
experiment.

« Fis a sigma-algebra, a collection of subsets of called events, which satisfies
certain properties such as closure under union and complement.

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Pis the probability measure, a function that assigns a probability between 0
and 1 to each event in F.

Fill in the blank: A probability space is defined as a triple ___.
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1.1.2 Sample space,events, and sigma-algebra

The sample space is the set of all possible outcomes of an experiment. For
example, when tossing a coin, the sample space is ={H,T}.

An event is a subset of the sample space. For instance, the event “getting a head”
is H.

A sigma-algebra is a collection of events that includes the sample space itself, is
closed under complementation, and closed under countable unions. This ensures
that probability can be consistently assigned to events.

Fill'in the blank: A sigma-algebra must be closed under complementation and
unions.

Properties of a sigma-algebra
+  Contains the sample space
o Closed under complementation
« Closed under countable unions

e Closed under countable intersections
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Pilot Questions 1.1
1. A probability space is defined as: A. PB. FC. FD. None of the above

2. The set of all possible outcomes of a random experiment is called the: A.
Event B. Sample space C. Sigma-algebra D. Probability measure

3. Which of the following is an event when tossing a coin? A. HB. TC. TD. All
of the above

4. A sigma-algebra must be closed under: A. Addition and subtraction B.
Complementation and countable unions C. Multiplication and division D.
None of the above

5. In the probability space P, the function that assigns numerical values to
events is the: A. Sample space B. Sigma-algebra C. Probability measure D.
Event

1.2 Probability Measures

Probability measures are the mathematical rules that allow us to assign numerical
values to events within a probability space. They ensure that probabilities are
consistent, logical, and mathematically valid. Without probability measures, the
framework of probability spaces would remain abstract and incomplete.

1.2.1 Axioms of probability

A probability measure is a function P:F—[0,1]that assigns a probability to each
event in the sigma-algebra F. It must satisfy three fundamental axioms:

1. Non-negativity: For'any event A€F, P(A)=0.
2. Normalisation; The probability of the entire sample space is 1, i.e. P()=1.
3. Countable additivity: If A1,A2,A3,...are disjoint events, then
PUi=1Ai=i=1P(Ai).
Fill in the blank: The probability of the entire sample space must equal

Axioms of probability
« Non-negativity: P(A)=0
« Normalisation: P()=1

-
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« Countable additivity: P(UAi)=)P(Ai)

1.2.2 Properties of probability measures

From these axioms, several useful properties can be derived:

« Probability of the empty set: P(@)=0.
o Boundedness: For any event A, 0<P(A)<1.

« Complement rule: For any event A, P(Ac)=1-P(A).

Monotonicity: If ACB, then P(A)<P(B).

Inclusion-exclusion principle: For two events Aand B,

P(AUB)=P(A)+P(B)-P(ANB).
Fill in the blank: If ACB, then P(A) \leq
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Pilot Questions 1.2

1. Which of the following is one of the axioms of probability? A. P()=1B.
P()=0C. P(@)=1D. None of the above

2. The probability of the empty set is: A. 1 B. 0 C. Undefined D. Depends on
the measure

3. If ACB, then: A. P(A)=P(B)B. P(A)<P(B)C. P(A)=P(B)D. None of the
above

4. The complement rule states that: A. P(Ac)=1-P(A)B. P(Ac)=P(A)C.
P(Ac)=0D. None of the above

5. For two events Aand B, the inclusion-exclusion principle 1s: A.
P(AUB)=P(A)+P(B)B. P(AUB)=P(A)+P(B)-P(ANB)C. P(AUB)=P(A)-
P(B)D. None of the above

1.3 Distribution Of Random Variables As Measurable Functions

Random variables are the bridge between abstract probability spaces and practical
applications. They allow us to assign numerical values to outcomes of experiments
and then study the resulting distributions. In this section, we explore random
variables as measurable functions and how they induce probability distributions.

1.3.1 Random variables-and measurability

A random variable is a function X:Rthat assigns a real number to each outcome in
the sample space .

For a function to qualify as a random variable, it must be measurable. This means
that for any real number X, the set

we:X(w)<x

must belong to the sigma-algebra F. Measurability ensures that probabilities can be
consistently assigned to events defined by the random variable.

Example: If Xrepresents the outcome of rolling a die, then the event 3corresponds
to the subset 3of the sample space.

Fill in the blank: A random variable must be with respect to the
sigma-algebra of the probability space.

1.3.2 Probability distribution induced by random variables

-
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The probability distribution of a random variable describes how probabilities are
assigned to the values that the random variable can take. Formally, if Xis a random
variable, its distribution is defined by:

PX(B)=P({we:X(w)EB}),BSR.

This means that the distribution of Xis the push-forward of the probability measure
Pthrough the function X.

Example: If Xrepresents the outcome of rolling a fair die, then the distribution of
Xassigns probability 1/6to each of the numbers 1 through 6.

Fill in the blank: The distribution of a random variable is the of the
probability measure through the function X.

Pilot Questions 1.3

1. A random variable is defined as: A. A measurable function from the sample
space to real numbers B. A subset of the'sample space C. A probability
measure D. None of the above

2. For a function to qualify as a random variable, it must be: A. Continuous B.
Measurable C. Differentiable D. None of the above

3. The distribution of a random variable is defined by: A. The sigma-algebra B.
The push-forward of the probability measure C. The sample space D. None
of the above

4. If Xrepresents the outcome of rolling a fair die, the probability assigned to
each number from 1 to 6 is: A. 1/2 B. 1/3 C. 1/6 D. None of the above

5. The set we:X(w)<xmust belong to: A. The sample space B. The sigma-
algebra C. The probability measure D. None of the above

1.4 Product Spaces And Product Probabilities

When analysing multiple random experiments or random variables together, we
need a framework that combines their sample spaces into one larger structure. This
is achieved through product spaces, which allow us to study joint behaviour. To
make this framework complete, we extend probability measures to form product
probabilities, ensuring that probabilities remain consistent across combined
experiments.

1.4.1 Product of measurable spaces

-
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A measurable space is a pair F, where is a set and Fis a sigma-algebra on . If we
have two measurable spaces, Fland F2, their product space is defined as:

(12,F1F2).

Here, 12is the Cartesian product of the two sample spaces, and F1F2is the sigma-
algebra generated by measurable rectangles A1A2, where A1Fland A2F2.

Fill in the blank: The product of two measurable spaces is given by (\Omega 1

\times \Omega 2, ).
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1.4.2 Product probability measures

If we have probability measures P1on Fland P2on F2, the product probability
measure Pon 12,F1F2is defined by:

P(A1A2)=P1(A1)-P2(A2),
for measurable rectangles A1A2.

This definition ensures that probabilities in the combined space are consistent with
the probabilities in the individual spaces. For example, if we toss a fair coin and
roll a fair die, the probability of obtaining a head and a 3 is:

P({H}x{3})=P1({H})-P2({3})=0.5x16=112.

-
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Fill in the blank: The probability of obtaining a head and a 3 when tossing a coin

and rolling a die is

Die \ Coin | Heads (H) Tails (T)

1 (H, 1) —> 1/12 (T, 1) —» 1/12
2 (H,2) — 1/12 (T, 2) — 1/12
3 (H,3) — 1/12 (T, 3)— 1/12
4 (H,4) — 1/12 (T, 4) — 1/12
S (H,5) — 1412 (T, 5) — 1/12
6 (H, 6) — 1/12 (T, 6) — 1/12

Product probability distribution for coin toss and die roll.
Pilot Questions 1.4

1. The product of two measurable spaces is defined as: A. 1+2,F1+F2B.
12,F1F2C. 12,F1F2D. None of the above

2. If P1({H})=0.5and P2({3})=1/6, then the product probability of 3is: A.
1/2 B. 1/6 C. 1/12 D. None of the above

3. The sigma-algebra of a product space is generated by: A. Measurable
rectangles B. Complements only C. Empty sets only D. None of the above

4. The product probability measure ensures that probabilities in combined
experiments are: A. Arbitrary B. Consistent C. Undefined D. Random

5. In the product space of tossing a coin and rolling a die, how many possible
outcomes are there? A. 6 B. 12 C. 2 D. 36

-
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1.5 Applications And Illustrations

Now that we have established the foundations of probability spaces, measures,
distributions, and product probabilities, it is important to see how these concepts
are applied in practice. Applications and illustrations help bridge theory with real-
world scenarios, making abstract ideas more concrete and easier to understand.

1.5.1 Worked examples of probability spaces
Example 1: Tossing a fair coin

o Sample space: ={H,T}

o Sigma-algebra: F={@,{H},{T},{H,T}}

o Probability measure: P({H})=0.5, P({T})=0.5
Example 2: Rolling a fair die

« Sample space: ={1,2,3,4,5,6}

« Sigma-algebra: all subsets of

« Probability measure: P({i})=1/6for each i€

Fill in the blank: When rolling a fair die, the probability assigned to each outcome
is

1.5.2 Case study: product probabilities in practice
Suppose we toss a coin and roll a die simultaneously.
o Product space: ={H,T}x{1,2,3,4,5,6}
« Each outcome is a pair, e.g. 3or 5
« Sigma-algebra: generated by measurable rectangles such as H}x{2,4,6
o | Product probability measure:
P({H}x{2,4,6})=P({H})-P({2,4,6})=0.5%0.5=0.25

Fill in the blank: The probability of obtaining a head and an even number when
tossing a coin and rolling a die is

Pilot Questions 1.5

1. When rolling a fair die, the probability assigned to each outcome is: A. 1/2
B.1/3C.1/6 D. 1/12

-
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2. In the product space of tossing a coin and rolling a die, how many possible
outcomes are there? A. 6 B. 12 C. 2 D. 36

3. The probability of obtaining a head and an even number when tossing a coin
and rolling a die 1s: A. 0.5 B. 0.25 C. 0.75D. 1

4. Which of the following is a measurable rectangle in the product space of a
coin toss and die roll? A. H}x{2,4,6B. TC. 3D. None of the above

5. The product probability measure ensures that probabilities in combined
experiments are: A. Arbitrary B. Consistent C. Undefined D. Random

Series Summary

This Series on Probability Spaces, Measures, and Distributions was designed to
introduce learners to the foundational structures of probability theory and
demonstrate how they underpin the study of random phenomena. Beginning with
the definition of probability spaces, we explored how sample spaces and sigma-
algebras provide the framework for assigning probabilities. We then examined
probability measures, their axioms; and derived properties, before moving on to
random variables as measurable functions and the distributions they induce. The
Series also covered product spaces and product probabilities, showing how joint
experiments can be analysed, and concluded with practical applications and
illustrations to connect theory with everyday examples.

By working through these Parts, learners should now be able to define and explain
probability spaces, apply the axioms and properties of probability measures,
describe random variables as measurable functions, interpret probability
distributions, and extend these ideas to product spaces and joint experiments.
These skillsdirectly align with the Series Learning Outcomes, ensuring learners
can confidently apply probability concepts to both theoretical and applied contexts.

Series Glossary

o Complement rule: A property stating that the probability of the
complement of an event is one minus the probability of the event.

« Countable additivity: An axiom of probability requiring that the probability
of a countable union of disjoint events equals the sum of their probabilities.

o Measurable function: A function that preserves the sigma-algebra structure,
ensuring events defined by the function are measurable.
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« Probability distribution: The measure induced by a random variable on the
real line, describing how probabilities are spread across possible values.

« Probability measure: A function that assigns probabilities to events in a
sigma-algebra, satisfying non-negativity, normalisation, and countable
additivity.

o Product probability measure: A probability measure defined on a product
space, consistent with the measures of the individual spaces.

o Product space: The Cartesian product of two or more measurable spaces,
equipped with a sigma-algebra generated by measurable rectangles.

« Random variable: A measurable function from a sample space to the real
numbers.

« Sigma-algebra: A collection of subsets of a sample space that includes the
empty set, the whole space, and is closed under complements and countable
unions.

« Sample space: The set of all possible outcomes of a random experiment.
Concept Check Questions 1
Objective Questions

1. Which axiom of probability ensures that P()=1? (Linked to SLO 1.2)

2. What is the probability of the empty set? (Linked to SLO 1.2)

3. In a fair die roll, what probability is assigned to each outcome? (Linked to

SLO 1.5)
Short-Answer Questions
4. Define a random variable and explain why measurability is important.
(Linked to SLO 1.3)
5. Describe the inclusion-exclusion principle for two events. (Linked to SLO
1:2)
6. Explain how product probabilities are calculated for combined experiments.

(Linked to SLO 1.4)

Long-Answer Questions

-
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7. Discuss how probability measures extend from simple experiments (like
coin tosses) to product spaces (like coin toss and die roll together). (Linked to SLO
1.4,1.5)

« Basic response: Use Series examples to explain the extension.

« Value-added response: Compare this extension to real-world
applications such as joint distributions in statistics or risk modelling.

Answers to Concept Check Questions 1
1. Normalisation axiom.
2. Zero.

3. One-sixth.

4

. A random variable is a measurable function from the sample space to the
real numbers; measurability ensures probabilities can be assigned to events
defined by the variable.

5. P(AUB)=P(A)+P(B)-P(ANB).

6. By multiplying the probabilities of individual events, e.g.
P(A1A2)=P1(A1)-P2(A2).

7. Basic response: Probability measures extend by defining product spaces and
product measures, allowing analysis of joint experiments. Value-added
response: This extension is crucial in statistics, for example in defining joint
distributions of random variables, and in applied fields such as finance or
epidemiology where multiple risks interact.

Answers to Pilot Questions 1
Part 1.2
1. A

2. B

3. B

JA
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References and Attributions 1

o Suggested illustrations:

 /Figure 1.2: Properties of probability measures — Al prompt “Diagram
illustrating complement rule and inclusion-exclusion principle in
probability.”

« Figure 1.3: Random variable as a measurable function — Al prompt
“Diagram illustrating a random variable mapping outcomes in a
sample space to real numbers.”

o Figure 1.4: Product of measurable spaces — Al prompt “Diagram
illustrating product of two measurable spaces with Cartesian product
and sigma-algebra.”
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« Plate 1.3: Product probability distribution — Al prompt “Table
showing product probability distribution for coin toss and die roll
outcomes.”

o Plate 1.2: Probability distribution of a fair die — Al prompt “Table
showing probability distribution of outcomes from rolling a fairdie.”

« Open Educational Resources (OER) suggested for diagrams and tables:
search strings included in each Part (e.g. “probability distribution die roll
OER”, “product measurable space diagram OER™).

« All definitions and explanations are original instructional content prepared
for this Series

Series 2 Outline with Subtopics:
« Part 1.1 Probability Spaces
« Definition of sample spaces
« Sigma-algebras and their properties
« Events as subsets of the sample space
o Part 1.2 Probability Measures

« Axioms of probability (non-negativity, normalisation, countable
additivity)

« Derived properties (empty set, boundedness, complement rule,
monotonicity, inclusion-exclusion)

o Part 1.3 Distribution of Random Variables as Measurable Functions
« Random variables as measurable functions
o Induced probability distributions
« Examples of discrete and continuous distributions
o Part 1.4 Product Spaces and Product Probabilities
o Product of measurable spaces
o Product probability measures

« Worked examples of joint experiments

-
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o Part 1.5 Applications and Illustrations
« Case studies (coin toss and die roll, fair die distribution)
« Practical applications of product probabilities

« Connecting theory to real-world scenarios

Introduction

Probability provides the language and tools for describing uncertainty i everyday
life and scientific inquiry. From predicting the weather to modelling financial risks,
probability theory underpins many disciplines. To work effectively with
probability, we must first establish its mathematical foundations, which are
captured in the concepts of spaces, measures, and distributions.

The aim of this Series is to introduce you to the essential structures of probability
theory and to equip you with the skills needed to define, interpret, and apply
probability spaces, measures, and distributions in both theoretical and practical
contexts.

We shall commence this Series by examining probability spaces, focusing on
sample spaces and sigma-algebras. Next, we will explore probability measures,
their axioms, and derived properties. Following that, we will study random
variables as measurable functions and the distributions they induce. Moving on, we
will consider product spaces and product probabilities, which allow us to analyse
joint experiments. Finally, we will conclude with applications and illustrations that
connect these abstract ideas to real-world scenarios.

Prompt 2C: Series Learning Outcomes (SLOs)
Series learning Outcomes Upon completing this Series, you should be able to:

o SLO 1.1 define probability spaces, including sample spaces and sigma-
algebras.

« SLO 1.2 explain the axioms of probability and derive key properties of
probability measures.

o SLO 1.3 describe random variables as measurable functions and interpret
their induced distributions.

« SLO 1.4 apply the concept of product spaces and product probabilities to
joint experiments.
o
b
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« SLO 1.5 demonstrate the use of probability spaces, measures, and
distributions in practical applications and illustrations

2.1 Independence of Events and Random Variables

Independence is one of the most important concepts in probability theory. It'allows
us to simplify complex problems by treating events or random variables as
unrelated. When two events are independent, the occurrence of one does not affect
the probability of the other. Similarly, independent random variables behave in
such a way that their joint distribution factors into the product of their individual
distributions.

2.1.1 Independence of events
Two events Aand Bare said to be independent if:
P(ANB)=P(A)-P(B).

This definition captures the idea that knowing whether Aoccurs gives no
information about whether Boccurs.

Example: Tossing a fair coin twice. Let Abe the event that the first toss is a head,
and Bthe event that the second toss is a head. Then:

P(A)=0.5,P(B)=0.5,P(AnB)=0.25.
Since P(ANB)=P(A)-P(B), the events are independent.
Fill in the blank: Two events Aand Bare independent if P(A \cap B) =
2.1.2 Independence of random variables
Random variables Xand Yare independent if, for all measurable sets Aand B:
P(X€A,YEB)=P(XeA)-P(YEB).

This means that the joint distribution of Xand Yfactors into the product of their
marginal distributions.

Example: Let Xbe the outcome of rolling a fair die, and Ythe outcome of tossing a
fair coin. Then Xand Yare independent because the probability of any combined
outcome (e.g. X=3,Y=H) is the product of their individual probabilities.

Fill in the blank: Random variables Xand Yare independent if their
distribution equals the product of their marginal distributions.

2.1.3 Examples and counterexamples

-
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« Independent case: Rolling two dice. The outcome of one die does not affect
the other.

« Dependent case: Drawing two cards from a deck without replacement. The
outcome of the first draw affects the probabilities of the second.

Pilot Questions 2.1

1. Two events Aand Bare independent if: A. P(ANB)=P(A)+P(B)B.
P(ANB)=P(A)-P(B)C. P(ANB)=P(A)-P(B)D. None of the above

2. If P(A)=0.4, P(B)=0.5, and P(ANB)=0.2, are Aand Bindependent? A. Yes
B. No C. Cannot be determined D. None of the above

3. Random variables Xand Yare independent if: A. Their joint distribution
equals the product of their marginal distributions B. Their expectations are
equal C. Their variances are equal D. None of the above

4. Which of the following is an example of dependent events? A. Tossing a
coin twice B. Rolling two dice C. Drawing two cards without replacement
D. Tossing a coin and rolling a die

5. Independence of random variables means: A. One variable determines the
other B. Their joint distribution factors into marginals C. They have equal
probabilities D. None of the above

2.1 Independence of Events and Random Variables

Independence is one of the most important concepts in probability theory. It allows
us to simplify complex problems by treating events or random variables as
unrelated. Whentwo events are independent, the occurrence of one does not affect
the probability of the other. Similarly, independent random variables behave in
such a way that their joint distribution factors into the product of their individual
distributions.

2.1<1 Independence of events
Two events Aand Bare said to be independent if:
P(ANB)=P(A)-P(B).

This definition captures the idea that knowing whether Aoccurs gives no
information about whether Boccurs.

Example: Tossing a fair coin twice. Let Abe the event that the first toss is a head,
and Bthe event that the second toss is a head. Then:

-
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P(A)=0.5,P(B)=0.5,P(ANB)=0.25.
Since P(ANB)=P(A)-P(B), the events are independent.
Fill in the blank: Two events Aand Bare independent if P(A \cap B) =
2.1.2 Independence of random variables
Random variables Xand Yare independent if, for all measurable sets Aand B:
P(X€A,YEB)=P(XeA)-P(YEB).

This means that the joint distribution of Xand Yfactors into the product of their
marginal distributions.

Example: Let Xbe the outcome of rolling a fair die, and Ythe outcome of tossing a
fair coin. Then Xand Yare independent because the probability of any combined
outcome (e.g. X=3,Y=H) is the product of their individual probabilities.

Fill in the blank: Random variables Xand Yareindependent if their
distribution equals the product of their marginal distributions.

2.1.3 Examples and counterexamples

« Independent case: Rolling two dice. The outcome of one die does not affect
the other.

« Dependent case: Drawing two cards from a deck without replacement. The
outcome of the first draw affects the probabilities of the second.

Pilot Questions 2.1

1. Two events Aand Bare independent if: A. P(ANB)=P(A)+P(B)B.
P(ANB)=P(A)-P(B)C. P(ANB)=P(A)-P(B)D. None of the above

2. If P(A)=0.4, P(B)=0.5, and P(ANB)=0.2, are Aand Bindependent? A. Yes
B. No C. Cannot be determined D. None of the above

3. Random variables Xand Yare independent if: A. Their joint distribution
equals the product of their marginal distributions B. Their expectations are
equal C. Their variances are equal D. None of the above

4. Which of the following is an example of dependent events? A. Tossing a
coin twice B. Rolling two dice C. Drawing two cards without replacement
D. Tossing a coin and rolling a die

-
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5. Independence of random variables means: A. One variable determines the
other B. Their joint distribution factors into marginals C. They have equal
probabilities D. None of the above

2.3 Linearity of Expectation

Linearity of expectation is one of the most powerful and widely used properties in
probability theory. It states that the expectation of a sum of random variables is
equal to the sum of their expectations, regardless of whether the random variables
are independent. This property makes expectation an especially useful tool in
simplifying complex problems.

2.3.1 Statement of linearity

For random variables X1,X2,....Xn, the linearity of expectation states:
Ei=1nXi=i=1nE[Xi].

This holds true whether or not the random variables are independent.

Fill in the blank: Linearity of expectation means that E[X+Y] =

2.3.2 Applications of linearity

« Simplifying calculations: Instead of computing the distribution of a sum, we
can directly add expectations.

o Counting problems; Often used with indicator random variables to count
expected occurrences.

« Risk analysis: Helps in calculating expected total cost or gain across
multiple independent or dependent factors.

Example: Suppose we roll two fair dice. Let Xbe the outcome of the first die and
Ythe outcome of the second. Then:

E[X+Y]=E[X]+E[Y]=3.5+3.5=7.
2.3.3 Independence not required

A key advantage of linearity is that independence is not necessary. Even if random
variables are dependent, the property still holds. This makes expectation unique
compared to other measures like variance, which do require independence for
simplification.

Pilot Questions 2.3

-
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1. Linearity of expectation states that: A. E[X+Y]=E[X]+E[Y]B.
E[X+Y]=E[X]-E[Y]C. E[X+Y]=E[X]-E[Y]D. None of the above

2. IfE[X]=2and E[Y]=3, then E[X+Y]is: A. 5 B. 6 C. 1 D. None of the above

3. Which of the following is true about linearity of expectation? A. It requires
independence B. It does not require independence C. It only applies to
discrete variables D. None of the above

4. The expectation of the sum of two dice rolls is: A. 3.5 B. 7 C./12 D. None of
the above

5. Linearity of expectation is especially useful in: A. Counting problems B.
Risk analysis C. Simplifying calculations D. All of the above

2.4 Variance and Covariance

Variance and covariance extend the idea of expectation to measure variability and
joint behaviour of random variables. While expectation captures the average value,
variance tells us how spread out the values are, and covariance shows how two
random variables vary together. These concepts are essential in statistics, risk
analysis, and modelling.

2.4.1 Variance
The variance of a random variable Xis defined as:
Var(X)=E[(X-E[X])2].

It measures the average squared deviation of Xfrom its expectation. A higher
variance indicates greater variability.

Example: Forafair die roll, E[X]=3.5. The variance is:
Var(X)=16(1-3.5)2+(2-3.5)2+...4+(6-3.5)2=2.92.

Fill in the blank: Variance measures the average deviation of a
random variable from its expectation.

2.4.2 Covariance
The covariance of two random variables Xand Yis defined as:
Cov(X,Y)=E[(X-E[X]) (Y-E[Y])].
[t measures how Xand Yvary together.
o IfCov(X)Y)>0, the variables tend to increase together.

-
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o IfCov(X,Y)<0, one tends to increase when the other decreases.

o IfCov(X)Y)=0, they are uncorrelated (though not necessarily independent).
Fill in the blank: If Cov(X,Y)=0, the random variables are
2.4.3 Relationship to independence

If random variables Xand Yare independent, then Cov(X,Y)=0. However, the
converse 1s not always true: zero covariance does not imply independence.

Pilot Questions 2.4

1. The variance of a random variable is defined as: A. E[X]B. E[(X-E[X])2]C.
E[X2]D. None of the above

2. The variance of a fair die roll is approximately: A. 2.92 B. 3.5 C. 6 D. None
of the above

3. The covariance of two random variables measures: A« Their average values
B. Their joint variability C. Their independence D. None of the above

4. 1If Cov(X,Y)=0, then: A. Xand Yare independent B. Xand Yare uncorrelated
C. Xand Yare equal D. None of the above

5. Independence of random variables implies: A. Positive covariance B.
Negative covariance C: Zero covariance D. None of the above

2.5 Applications and Illustrations

Having explored independence, expectation, variance, and covariance, it is
important to see how these concepts are applied in practice. Applications and
illustrationshelp connect theory with real-world scenarios, making abstract ideas
more concrete and useful.

2.5.1/Case study: coin tosses and independence

Suppose we toss a coin twice. Let Abe the event that the first toss is a head, and
Bthe event that the second toss is a head. These events are independent because:

P(ANB)=P(A)-P(B)=0.25.

This simple example shows how independence allows us to multiply probabilities
to find joint outcomes.

2.5.2 Case study: expectation in risk analysis

-
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Imagine a game where you win ¥100 with probability 0.2 and lose N¥50 with
probability 0.8. The expected gain is:

E[X]=(100%0.2)+(-50x0.8)=20-40=-20.

This tells us that, on average, you lose :¥20 per play, making the game
unfavourable. Expectation is thus a powerful tool in evaluating risks and rewards.

2.5.3 Case study: variance and covariance in finance

In portfolio analysis, variance measures the risk of individual assets, while

covariance measures how assets move together. If two stocks have positive
covariance, their prices tend to rise and fall together. If they have negative

covariance, one tends to rise when the other falls. Diversification relies on

choosing assets with low or negative covariance to reduce overall risk.

Pilot Questions 2.5

1. If two coin tosses are independent, then the probability of two heads is: A.
0.25B.0.5C.0.75D. 1

2. In a game where you win #¥100 with probability 0.2 and lose ¥50 with
probability 0.8, the expected gain is: A. 20 B. -20 C. 50 D. None of the
above

3. Variance in finance measures: A. Average return B. Risk or variability of
returns C. Independence of assets D. None of the above

4. Covariance between two stocks indicates: A. How they vary together B.
Their average prices C. Their independence D. None of the above

5. Diversification in finance relies on: A. Assets with high positive covariance
B. Assets with low or negative covariance C. Assets with equal variance D.
None of the above

Series Summary

This Series on independence and Expectation of Random Variables was designed
to deepen your understanding of two central ideas in probability theory.
Independence allows us to simplify complex problems by treating events or
random variables as unrelated, while expectation provides a way to capture the
average behaviour of random variables. Together with variance and covariance,
these concepts form the backbone of statistical reasoning and practical
applications.

-
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We began by defining independence for events and random variables, supported
with examples and counterexamples. Then we introduced expectation, showing
how it is computed for discrete and continuous random variables. Following that,
we explored the linearity of expectation, highlighting its usefulness even when
independence is absent. We continued with variance and covariance, which extend
expectation to measure variability and joint behaviour. Finally, we concluded with
applications and illustrations, connecting these ideas to real-world contexts such as
risk analysis and finance. By completing this Series, you should now.be able to
define independence, compute expectations, apply linearity, calculate variance and
covariance, and demonstrate their use in practical scenarios, directly aligning with
the Series Learning Outcomes.

Series Glossary

« Covariance: A measure of how two random variables vary together, positive
when they increase together and negative when one increases as the other
decreases.

« Expectation: The average or mean value of a random variable, calculated
using its probability distribution.

« Independence: A property where the occurrence of one event or random
variable does not affect the probability of another.

« Linearity of expectation: A property stating that the expectation of a sum of
random variables equals the sum of their expectations, regardless of
independence.

« Random variable: A.measurable function that assigns numerical values to
outcomes of a random experiment.

o Variance: A measure of the spread of a random variable around its
expectation, defined as the average squared deviation.

Concept Check Questions 2

Objective Questions
1. Independence of events is defined by which condition? (Linked to SLO 2.1)
2. What is the expectation of a fair die roll? (Linked to SLO 2.2)

3. Linearity of expectation requires independence. True or False? (Linked to
SLO 2.3)

Short-Answer Questions

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



4. Define covariance and explain its interpretation. (Linked to SLO 2.4)

5. Give an example of dependent events and explain why they are dependent.
(Linked to SLO 2.1)

6. Explain why expectation is useful in risk analysis. (Linked to SLO 2.2, 2.5)
Long-Answer Questions

7. Discuss how independence, expectation, variance, and covariance work
together in analysing random phenomena. (Linked to SLO 2.5)

« Basic response: Use Series examples such as coin tosses, dice rolls,
and financial risk.

« Value-added response: Extend to real-world applications such as
portfolio diversification, forecasting, or reliability engineering.

Answers to Concept Check Questions 2
1. P(ANB)=P(A)-P(B).
2. 3.5.
3. False.
4

. Covariance measures how two random variables vary together; positive
covariance means they increase together, negative means one increases
while the other decreases.

5. Drawing two cards without replacement is dependent because the first draw
changes the probabilities of the second.

6. Expectation summarises the average outcome, helping to evaluate whether a
game, investment, or decision is favourable or unfavourable.

7. Basic response: Independence simplifies probability calculations,
expectation captures averages, variance measures spread, and covariance
shows joint variability. Value-added response: These concepts underpin risk
modelling, portfolio analysis, and predictive modelling, making them
essential in applied probability and statistics.

Answers to Pilot Questions 2
Part 2.1

1. B

2. A

-
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4. C
5.B
Part 2.2

@

W W > W A O WE > > W NI O

%

BN =

3.B
4. A
5.B

~uim
LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



References and Attributions 2

o Suggested illustrations:

Figure 2.1: Independence of events — Al prompt “Diagram showing
independence of two coin tosses.”

Figure 2.2: Expectation of a random variable — Al prompt “Diagram
illustrating expectation as average value of a die roll.”

Figure 2.3: Linearity of expectation — Al prompt “Diagram showing
expectation of sum of dice rolls equals sum of expectations.”

Figure 2.4: Variance and covariance — Al prompt “Diagram
illustrating variance as spread and covariance as joint variability.”

Plate 2.1: Risk analysis example — Al prompt “Table showing
expected gain and loss in a simple game.”

Series 3 Outline with Subtopics:

o Part 3.1 Modes of Convergence

Convergence in probability
Almost sure convergence
Convergence in distribution

Relationships between different modes

o Part 3.2 Convergence in Probability

Definition and examples
Weak Law of Large Numbers

Applications in estimation

« Part 3.3 Convergence in Distribution

-
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Definition and interpretation
Central Limit Theorem

Examples in sampling and inference



« Part 3.4 Almost Sure Convergence
« Definition and examples
o Strong Law of Large Numbers
o Comparison with convergence in probability
o Part 3.5 Applications and Illustrations
« Case studies in statistics and data science
« Practical examples of convergence in real-world contexts

« Connecting convergence concepts to probability modelling

Introduction

Introduction In probability theory, convergence of random variables is a key
concept that explains how sequences.of random outcomes behave in the long run.
Convergence provides the mathematical foundation for laws such as the Law of
Large Numbers and the Central Limit Theorem, which are central to statistics, data
science, and applied modelling.

The aim of this Series is to introduce you to the different modes of convergence,
explain their properties, and show how they underpin important results in
probability and statistics:

We shall commence this Series by examining the various modes of convergence,
including convergence in probability, almost sure convergence, and convergence in
distribution. Next, we will study convergence in probability in detail, with
emphasis on the Weak Law of Large Numbers. Following that, we will explore
convergence indistribution, highlighting the Central Limit Theorem. Moving on,
we will consider almost sure convergence, focusing on the Strong Law of Large
Numbers. Finally, we will conclude with applications and illustrations that
demonstrate how convergence concepts are used in practice.

Series Learning Outcomes (SLOs)
Series Learning Outcomes Upon completing this Series, you should be able to:

o SLO 3.1 define and distinguish between different modes of convergence of
random variables.

« SLO 3.2 explain convergence in probability and apply the Weak Law of
Large Numbers.
-
e
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« SLO 3.3 describe convergence in distribution and apply the Central Limit
Theorem.

« SLO 3.4 explain almost sure convergence and apply the Strong Law of
Large Numbers.

« SLO 3.5 demonstrate the use of convergence concepts in practical
applications and case studies.

3.1 Modes of Convergence

Convergence of random variables describes how sequences of random variables
behave as the number of observations grows. It is a cornerstone of probability
theory and statistics, underpinning results such as the Law of Large Numbers and
the Central Limit Theorem. There are several distinct modes of convergence, each
with its own definition and implications.

3.1.1 Convergence in probability

A sequence of random variables Xnconverges in probability to a random variable
Xif, for every €>0:

P(1Xn-X[>g)—0as n—oo.

This means that the probability of Xnbeing far from Xbecomes negligible as
nincreases.

3.1.2 Almost sure convergence
A sequence Xnconverges almost surely to Xif:
PX=1.

This is a stronger form of convergence, meaning that with probability one, the
sequence converges to Xpointwise.

3.1.3 Convergence in distribution

A sequence Xnconverges in distribution to Xif the cumulative distribution functions
EXn(x)converge to FX(x)at all continuity points of FX.

This‘mode of convergence is weaker and focuses on the behaviour of distributions
rather than individual outcomes.

3.1.4 Relationships between modes
« Almost sure convergence implies convergence in probability.

-
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Convergence in probability implies convergence in distribution.

The converse statements are not generally true.

Pilot Questions 3.1

l.

Convergence in probability means: A. P(|Xn-X|>¢)—0B. Xn—Xpointwise
C. Distribution functions converge D. None of the above

Almost sure convergence means: A. Convergence occurs with probability
one B. Convergence occurs sometimes C. Convergence occurs in
distribution D. None of the above

Convergence in distribution focuses on: A. Pointwise convergence B.
Distribution functions C. Probability of deviations D. None of the above

Which implication is true? A. Convergence in distribution implies almost
sure convergence B. Almost sure convergence implies convergence in
probability C. Convergence in probability.implies almost sure convergence
D. None of the above

. The strongest mode of convergence is: A. Convergence in distribution B.

Convergence in probability C. Almost sure convergence D. None of the
abov

3.2 Convergence in Probability

Convergence in probability is one of the most widely used modes of convergence
in probability theory. It describes how a sequence of random variables becomes
increasingly close to-a limiting random variable as the number of observations
grows. This coneept is particularly important in statistics, where it underpins
estimation and inference.

3.2.1 Definition

A sequence of random variables Xnconverges in probability to a random variable
Xif, for every €>0:

P(1Xn-X|>¢)—0as n—oo.

This means that the probability of Xnbeing far from Xbecomes negligible as
ninereases.

Fill in the blank: Convergence in probability requires that P(|X n - X| >
\varepsilon) \to

3.2.2 Examples

-
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« Coin toss averages: Let Xnbe the average number of heads in ntosses of a
fair coin. As nincreases, Xnconverges in probability to 0.5.

« Sample mean: For independent and identically distributed random variables
with finite expectation, the sample mean converges in probability to the true
mean.

3.2.3 Weak Law of Large Numbers

The Weak Law of Large Numbers (WLLN) states that the sample mean of
independent and identically distributed random variables with finite expectation
converges in probability to the true expectation.

Formally, if X1,X2,....Xnare 1.1.d. with mean , then:
1ni=1nXiP.

This result is fundamental in statistics, as it justifies using sample averages to
estimate population means.

3.2.4 Applications

« [Estimation: Sample means provide consistent estimators of population
parameters.

o Quality control: Monitoring averages of measurements ensures processes
remain close to target values.

« Data science: Large datasets allow reliable estimation of underlying
distributions.

Pilot Questions 3.2

1. Convergence in probability means: A. The probability of deviations tends to
zero B. Pointwise convergence occurs C. Distribution functions converge D.
None of the above

2. The Weak Law of Large Numbers states that: A. The sample mean
converges in probability to the true mean B. The sample mean converges
almost surely to the true mean C. The sample mean converges in distribution
to the true mean D. None of the above

3. In coin tosses, the average number of heads converges in probability to: A. 0
B.0.25C.05D.1

4. Convergence in probability is useful in: A. Estimation B. Quality control C.
Data science D. All of the above

-
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5. The notation Pindicates: A. Convergence in distribution B. Convergence in
probability C. Almost sure convergence D. None of the above

3.3 Convergence in Distribution

Convergence in distribution is a mode of convergence that focuses on the
behaviour of probability distributions rather than individual outcomes. It is
especially important in statistics because it underpins the Central Limit' Theorem,
which explains why normal distributions appear so frequently in practice.

3.3.1 Definition

A sequence of random variables Xnconverges in distribution to a random variable
Xif the cumulative distribution functions FXn(x)converge to FX(X)atall continuity
points of FX.

Symbolically:
XndX.

This means that the distribution of Xnbecomes eloser to the distribution of Xas
nincreases.

Fill in the blank: Convergence in distribution is denoted by X n
\xrightarrow { b X

3.3.2 Interpretation

Convergence in distribution does not require the random variables themselves to
get close to each other. Instead, it requires their distributions to align. This is
weaker than convergence in probability or almost sure convergence.

3.3.3 Central Limit Theorem (CLT)

The Central Limit Theorem is one of the most important results in probability. It
states that the sum (or average) of a large number of independent and identically
distributed random variables with finite mean and variance converges in
distribution to a normal distribution.

Formally, if X1,X2,... Xnare i.1.d. with mean and variance 2, then:
i=1nXi-nundN(0,1).

This explains why normal distributions are so common in statistics and data
science.

3.3.4 Applications

-
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« Sampling distributions: Sample means approximate normality for large
samples.

« Inference: Many statistical tests rely on the CLT.
« Data science: Normal approximations simplify modelling and prediction.
Pilot Questions 3.3

1. Convergence in distribution means: A. Random variables conyerge
pointwise B. Distribution functions converge C. Probabilities of deviations
vanish D. None of the above

2. The notation XndXindicates: A. Convergence in probability B. Convergence
in distribution C. Almost sure convergence D. None of the above

3. The Central Limit Theorem states that: A. Sample means converge in
probability to the true mean B. Sample means converge in distribution to a
normal distribution C. Sample means converge almost surely to the true
mean D. None of the above

4. Which distribution appears in the‘Central Limit Theorem? A. Uniform
distribution B. Normal distribution C. Binomial distribution D. None of the
above

5. Convergence in distribution is weaker than: A. Convergence in probability
B. Almost sure convergence C. Both A and B D. None of the above

3.4 Almost Sure Convergence

Almost sure convergence is the strongest mode of convergence in probability
theory. It ensures that, with probability one, a sequence of random variables
converges pointwise to a limiting random variable. This concept is central to the
Strong Law of Large Numbers, which guarantees that averages of repeated trials
stabilise to the true expectation almost surely.

3.4.1 Definition

A sequence of random variables Xnconverges almost surely to a random variable
Xif?

PX=1.

This means that for almost every outcome in the sample space, the sequence
Xnconverges to X.

-
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Fill in the blank: Almost sure convergence requires that the probability of
convergence equals

3.4.2 Examples

« Coin toss averages: Let Xnbe the average number of heads in ntosses of a
fair coin. By the Strong Law of Large Numbers, Xnconverges almost surely
to 0.5.

« Sample mean: For 1.1.d. random variables with finite expectation, the sample
mean converges almost surely to the true mean.

3.4.3 Strong Law of Large Numbers (SLLN)

The Strong Law of Large Numbers states that the sample mean of independent and
identically distributed random variables with finite expectation converges almost
surely to the true expectation.

Formally, if X1,X2,....Xnare 1.1.d. with mean , then:
Ini=1nXia.s..

This result is stronger than the Weak Law of Large Numbers, which only
guarantees convergence in probability.

3.4.4 Comparison with convergence in probability
« Almost sure convergence implies convergence in probability.

« Convergence in probability does not necessarily imply almost sure
convergence:

« Almost sure convergence provides a stronger guarantee, ensuring pointwise
convergence for almost all outcomes.

Pilot Questions 3.4

L. Almost sure convergence means: A. Convergence occurs with probability
one B. Convergence occurs sometimes C. Convergence occurs in
distribution D. None of the above

2. The Strong Law of Large Numbers states that: A. The sample mean
converges in probability to the true mean B. The sample mean converges
almost surely to the true mean C. The sample mean converges in distribution
to a normal distribution D. None of the above

3. Which notation indicates almost sure convergence? A. dB. PC. a.s.D. None

of the above
)
B
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4. Almost sure convergence is stronger than: A. Convergence in probability B.
Convergence in distribution C. Both A and B D. None of the above

5. The Strong Law of Large Numbers applies to: A. Independent and
identically distributed random variables with finite expectation B.
Dependent random variables only C. Random variables with infinite
variance D. None of the above

3.5 Applications and Illustrations

Having studied the different modes of convergence—convergence in probability,
convergence in distribution, and almost sure convergence—itis important to see
how these concepts are applied in practice. Applications and illustrations help
connect the theory to real-world contexts, making the abstract ideas more
meaningful.

3.5.1 Case study: Estimation in statistics

When we use the sample mean to estimate the population mean, convergence in
probability (Weak Law of Large Numbets) ensures that as the sample size grows,
the sample mean becomes increasingly close to the true mean. This is why larger
samples provide more reliable estimates.

3.5.2 Case study: Sampling distributions

Convergence in distribution (Central Limit Theorem) explains why the distribution
of sample means tends toward a normal distribution, even if the underlying data
are not normally distributed. This property allows statisticians to use normal
approximations in hypothesis.testing and confidence intervals.

3.5.3 Case study: Reliability in engineering

Almost sure convergence (Strong Law of Large Numbers) guarantees that repeated
measurements or trials stabilise to the expected value with probability one. In
engineering, this provides assurance that long-term averages of performance
metrics (such as failure rates) will match theoretical expectations.

3.5.4 Everyday illustration

- Coin tosses: The proportion of heads converges to 0.5 in probability and
almost surely.

« Large datasets: As data size increases, averages stabilise, and distributions of
sample statistics approximate normality.

-
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Pilot Questions 3.5

1. The Weak Law of Large Numbers ensures that: A. Sample means converge
in probability to the true mean B. Sample means converge almost surely to
the true mean C. Sample means converge in distribution to a normal
distribution D. None of the above

2. The Central Limit Theorem explains why: A. Sample means approximate a
normal distribution B. Sample means converge almost surely to the true
mean C. Random variables converge pointwise D. None of the above

3. Almost sure convergence is particularly useful in: A. Estimation B.
Reliability analysis C. Sampling distributions D. None of the above

4. In coin tosses, the proportion of heads converges to 0.5: A. Inprobability B.
Almost surely C. Both A and B D. None of the above

5. Convergence concepts are essential in: A. Statistics B. Engineering C.
Everyday reasoning D. All of the above

Series Summary

In this Series, we explored the concept of convergence of random variables, which
is fundamental to understanding the long-run behaviour of stochastic processes.
Convergence provides the mathematical foundation for key results in probability
and statistics, such as the luaw of Large Numbers and the Central Limit Theorem.

We began by introducing the different modes of convergence—convergence in
probability, almost sure convergence, and convergence in distribution—and
examined their relationships. We then studied convergence in probability in detail,
highlighting the Weak Law of Large Numbers. Following that, we explored
convergence in distribution, focusing on the Central Limit Theorem and its role in
sampling and inference. We continued with almost sure convergence, emphasising
the Strong Law of Large Numbers. Finally, we concluded with applications and
illustrations, showing how convergence concepts are used in statistics, data
science, engineering, and everyday reasoning.

Series Glossary

« Convergence in probability: A mode of convergence where the probability
of large deviations between a sequence of random variables and a limiting
variable tends to zero.

-
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Almost sure convergence: A stronger mode of convergence where random
variables converge pointwise to a limit with probability one.

Convergence in distribution: A weaker mode of convergence where the
distribution functions of random variables converge to that of a limiting
variable.

Weak Law of Large Numbers (WLLN): States that the sample mean
converges in probability to the true mean.

Strong Law of Large Numbers (SLLN): States that the sample mean
converges almost surely to the true mean.

Central Limit Theorem (CLT): States that the distribution of properly
normalised sums of random variables converges in distribution to a normal
distribution.

Concept Check Questions 3

Objective Questions

l.
2.

3.

What does convergence in probability mean? (Linked to SLO 3.2)

Which theorem explains why sample means approximate normality?
(Linked to SLO 3.3)

Almost sure convergence implies which other mode of convergence?
(Linked to SLO 3.4)

Short-Answer Questions

4. Define convergence in-distribution and explain its significance. (Linked to
SLO 3.3)

5. Give an example of almost sure convergence in everyday life. (Linked to
SLO 34)

6. Explain why convergence in probability is important in estimation. (Linked
to.SLO 3.2)

Long-Answer Question

7.

Compare and contrast convergence in probability, convergence in

distribution, and almost sure convergence, giving examples of each. (Linked to
SLO3.1,3.2,3.3,34)

-

« Basic response: Use examples such as coin toss averages, sample
means, and the CLT.
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« Value-added response: Extend to applications in data science,
engineering reliability, and statistical inference.

Answers to Concept Check Questions 3
1. It means P(|Xn-X|>¢)—0as n—.
2. The Central Limit Theorem.

3. Convergence in probability.

4

. Convergence in distribution means the distribution functions of random
variables converge to that of a limiting variable; it is significant because it
underpins the CLT and statistical inference.

5. The proportion of heads in repeated coin tosses converges almost surely to
0.5.

6. It ensures that sample means provide consistent e€stimators of population
parameters.

7. Basic response: Convergence in probability ensures averages approach the
mean, convergence in distribution explains normal approximations, and
almost sure convergence guarantees pointwise convergence with probability
one. Value-added response: These modes underpin estimation, hypothesis
testing, and reliability analysis, making them essential in applied probability.

Answers to Pilot Questions 3
Part 3.1
1. A

2
3.
4

O W w >

5.
Part 3.2
L& A
2. A
3. C
4. D

-
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5. B

Part 3.3
1. B
2. B
3. B
4. B
5. C
Part 3.4
I. A
2. B
3. C
4. C
5. A
Part 3.5
I. A
2. A
3. B
4. C
5.D

References and Attributions 3
o Suggested illustrations:

« Figure 3.1: Modes of convergence — Al prompt “Diagram comparing
convergence in probability, distribution, and almost sure
convergence.”

« Figure 3.2: Weak Law of Large Numbers — Al prompt “Diagram
showing sample mean converging in probability to true mean.”

o Figure 3.3: Central Limit Theorem — Al prompt “Diagram illustrating
sample means approximating a normal distribution.”

-
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o Figure 3.4: Strong Law of Large Numbers — Al prompt “Diagram
showing sample mean converging almost surely to true mean.”

« Plate 3.1: Applications — Al prompt “Table showing convergence
applications in statistics, engineering, and everyday life.”

« Open Educational Resources (OER) suggested for diagrams and tables:
search strings included in each Part (e.g. “convergence in probability
diagram OER”, “Central Limit Theorem illustration OER”, “Strong Law of
Large Numbers example OER”).

Series 4 outlines
o Part4.1 Laws of Large Numbers — Overview
o Weak Law of Large Numbers (WLLN)
o Strong Law of Large Numbers (SLLN)
o Comparison between WLLN and SLLN
o Part 4.2 Weak Law of Large Numbers
o Formal definition
« Proof sketch and intuition
« Applications in estimation
o Part 4.3 Strong Law of Large Numbers
o | Formal definition
» Proof sketch and intuition
« Applications in reliability and long-term averages
» Part 4.4 Central Limit Theorem (CLT)
« Statement of the theorem
« Normal approximation of sums and averages
« Examples in sampling distributions
« Part 4.5 Applications and Illustrations

-
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« Case studies in statistics and data science
« Practical examples in finance, engineering, and everyday contexts

o Connecting LLNs and CLT to probability modelling

Introduction

Introduction The Laws of Large Numbers and the Central Limit Theorem are two
of the most powerful results in probability theory. They explain why averages
stabilise and why normal distributions appear so frequently in practice. Together,
they provide the mathematical foundation for statistical inference; estimation, and
modelling.

The aim of this Series is to help you understand the Weak and Strong Laws of
Large Numbers, as well as the Central Limit Theorem, and to see how they apply
in real-world contexts.

We shall commence this Series with an Overview of the Laws of Large Numbers,
comparing the Weak and Strong forms. Next, we will study the Weak Law in
detail, followed by the Strong Law. Moving on, we will explore the Central Limit
Theorem, highlighting its role in normal approximations. Finally, we will conclude
with applications and illustrations that demonstrate how these results are used in
statistics, data science, and everyday reasoning.

Series Learning QOutcomes (SLOs)

Series Learning Outcomes Upon completing this Series, you should be able to:
« SLO 4.1 distinguish between the Weak and Strong Laws of Large Numbers.
o SLO 4.2 explain and apply the Weak Law of Large Numbers in estimation.

o | SLO 4.3 explain and apply the Strong Law of Large Numbers in reliability
and long-term averages.

o SLO 4.4 describe the Central Limit Theorem and apply it to sampling
distributions.

o SLO 4.5 demonstrate the use of LLNs and CLT in practical applications and
case studies.

-
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4.1 Laws of Large Numbers — Overview

The Laws of Large Numbers (LLNs) are fundamental results in probability theory.
They explain why averages of repeated trials tend to stabilise around the true
expectation. There are two main forms: the Weak Law of Large Numbers
(WLLN) and the Strong Law of Large Numbers (SLLN).

4.1.1 Weak Law of Large Numbers (WLLN)

The WLLN states that the sample mean of independent and identically distributed
(i.1.d.) random variables with finite expectation converges in probability to the
true mean.

Formally:
1ni=1nXiP.

This means that as the sample size grows, the probability that the sample mean
deviates significantly from the true mean becomes negligible.

4.1.2 Strong Law of Large Numbers (SLLN)

The SLLN states that the sample mean of i.i.d. random variables with finite
expectation converges almost surely to the true mean.

Formally:
1ni=1nXia.s..
This is a stronger result, guaranteeing pointwise convergence with probability one.
4.1.3 Comparison between WLLN and SLLN
«  WLLN: Convergence in probability.
o SLLN: Almost sure convergence.

« | Both laws show that averages stabilise, but the SLLN provides a stronger
guarantee.

4.1.4 Practical significance
« Statistics: Justifies using sample means to estimate population parameters.

« Engineering: Ensures long-term averages of performance metrics match
theoretical expectations.

« Data science: Provides confidence that large datasets yield reliable
estimates.

-
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Pilot Questions 4.1

1. The Weak Law of Large Numbers involves: A. Convergence in distribution
B. Convergence in probability C. Almost sure convergence D. None of the
above

2. The Strong Law of Large Numbers involves: A. Convergence in distribution
B. Convergence in probability C. Almost sure convergence D. None of the
above

3. Which law provides a stronger guarantee? A. Weak Law B. Strong Law C.
Both are equal D. None of the above

4. The notation Prefers to: A. Convergence in probability B. Conveérgence in
distribution C. Almost sure convergence D. None of the above

5. The Laws of Large Numbers justify: A. Using sample means to estimate
population parameters B. Using variances to measure spread C. Using
covariance to measure joint variability/D. Nene of the above

4.2 Weak Law of Large Numbers

The Weak Law of Large Numbers (WLLN) is one of the most important results
in probability theory. It explains why averages of repeated trials tend to approach
the true expectation as the number of observations grows.

4.2.1 Definition

Let X1,X2,....Xnbe independent and identically distributed (i.i.d.) random variables
with finite mean . The WLLN states:

1ni=1nXiP.
This means that the sample mean converges in probability to the true mean.

Fill inthe blank: The WLLN states that the sample mean converges in
to the true mean.

4.2.2 Intuition

The WLLN assures us that as the sample size increases, the probability of the
sample mean being far from the true mean becomes very small. In other words,
larger samples provide more reliable estimates of population parameters.

4.2.3 Proof sketch (idea only)
The proof relies on Chebyshev’s inequality:

-
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P(IX'n-pl=¢)<Var(X'n)2.

Since Var(X™n)=2n, the probability of large deviations shrinks as ngrows, leading
to convergence in probability.

4.2.4 Applications
« Estimation: Justifies using sample means to estimate population means.

« Quality control: Ensures averages of measurements stay closeto target
values.

« Data science: Guarantees that large datasets yield reliable estimates of
underlying distributions.

Pilot Questions 4.2

1. The Weak Law of Large Numbers involves: A. Convergence in distribution
B. Convergence in probability C. Almost sure convergence D. None of the
above

2. The WLLN states that the sample. mean converges to: A. The sample
variance B. The true mean C. The median D. None of the above

3. Which inequality is often used in proving the WLLN? A. Markov’s
inequality B. Chebyshev’s inequality C. Jensen’s inequality D. None of the
above

4. The variance of the sample mean decreases as: A. Sample size increases B.
Sample size decreases C. Variance of the population increases D. None of
the above

5. The WELEN is important because it: A. Justifies using sample means as
estimators B. Explains normal approximations C. Guarantees pointwise
convergence D. None of the above

4.3.Strong Law of Large Numbers

The Strong Law of Large Numbers (SLLN) is a deeper and more powerful result
than the Weak Law. It guarantees that averages of repeated trials converge to the
true expectation almost surely, meaning with probability one. This makes it a
cornerstone of probability theory and long-term reliability analysis.

4.3.1 Definition

Let X1,X2,....Xnbe independent and identically distributed (i.i.d.) random variables
with finite mean . The SLLN states:

-
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Ini=1nXia.s..

This means that for almost every outcome in the sample space, the sample mean
converges pointwise to the true mean.

Fill in the blank: The SLLN states that the sample mean converges to
the true mean.

4.3.2 Intuition

The SLLN assures us that averages of repeated trials will stabilise to the true
expectation with certainty (probability one). Unlike the Weak Law, which only
guarantees convergence in probability, the Strong Law ensures that the
convergence happens for almost all possible outcomes.

4.3.3 Proof sketch (idea only)

The proof of the SLLN is more advanced than that of the WLLN. It uses tools such
as Kolmogorov’s inequality and the Borel-Cantelli lemma. The key idea is that
large deviations occur only finitely often, so the sequence of averages must settle
down to the true mean almost surely.

4.3.4 Applications

« Reliability engineering: Ensures that long-term averages of performance
metrics (e.g., failure rates) match theoretical expectations.

« Finance: Guarantees that long-term averages of returns stabilise to expected
values.

« Data science: Provides confidence that repeated sampling will yield stable
averages.

4.3.5 Comparison with WLLN
« -WLLN: Convergence in probability (weaker).
o SLLN: Almost sure convergence (stronger).

» Both laws justify the use of sample means, but the SLLN provides a stronger
guarantee of stability.

Pilot Questions 4.3

1. The Strong Law of Large Numbers involves: A. Convergence in distribution
B. Convergence in probability C. Almost sure convergence D. None of the
above

-
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2. The SLLN states that the sample mean converges to: A. The sample variance
B. The true mean C. The median D. None of the above

3. Which lemma is often used in proving the SLLN? A. Chebyshev’s
inequality B. Borel-Cantelli lemma C. Jensen’s inequality D. None of the
above

4. The SLLN is stronger than the WLLN because it guarantees: A.
Convergence in distribution B. Convergence in probability C. Almost sure
convergence D. None of the above

5. The SLLN is particularly useful in: A. Reliability engineering B. Finance C.
Data science D. All of the above

4.4 Central Limit Theorem

The Central Limit Theorem (CLT) is one of the most powerful and widely used
results in probability and statistics. It explains why the normal distribution appears
so frequently in practice, even when the undetlying data are not normally
distributed.

4.4.1 Statement of the theorem

Let X1,X2,....Xnbe independent and identically distributed (i.i.d.) random variables
with mean and variance 2. Then:

i=1nXi-npndN(0,1).

This means that the properly normalised sum (or average) of many i.i.d. random
variables convetges in distribution to a standard normal random variable.

Fill in the blank: The CLT states that normalised sums of 1.1.d. random variables
converge in to a normal distribution.

4.4.2 Intuition

Even if the underlying distribution is not normal (e.g., uniform, binomial, or
exponential), the distribution of the sample mean becomes approximately normal
as the sample size grows. This explains why the normal distribution is so central in
statistics.

4.4.3 Examples

« Coin tosses: The distribution of the proportion of heads approaches a
normal distribution as the number of tosses increases.

-
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« Sampling averages: The average height of a large sample of people will be
approximately normally distributed, even if individual heights are not
perfectly normal.

4.4.4 Applications
« Hypothesis testing: Many statistical tests rely on normal approximations.

o Confidence intervals: Normality allows construction of confidence
intervals for sample means.

« Data science: Simplifies modelling and prediction when dealing with large
datasets.

Pilot Questions 4.4

1. The Central Limit Theorem states that: A. Sample means converge in
probability to the true mean B. Normalised sums_ converge in distribution to
a normal distribution C. Sample means_ converge almost surely to the true
mean D. None of the above

2. The CLT applies to random variables that are: A. Independent and
identically distributed B. Dependent C. Non-identical D. None of the above

3. The limiting distribution in the CLT is: A. Uniform B. Binomial C. Normal
D. None of the above

4. The CLT is important because it: A. Justifies normal approximations in
statistics B. Explains variance C. Guarantees almost sure convergence D.
None of the above

5. Which of the following is an example of the CLT? A. Distribution of coin
toss proportions approaching normality B. Variance of a die roll C.
Covariance of two stocks D. None of the above

4.5 Applications and Illustrations

The Laws of Large Numbers (LLNs) and the Central Limit Theorem (CLT)
are not just abstract mathematical results—they are the backbone of modern
statistics, data science, and applied probability. Their applications span estimation,
reliability, finance, and everyday reasoning.

4.5.1 Case study: Estimation in statistics

o WLLN: Ensures that the sample mean converges in probability to the
population mean.

-
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« Application: Larger samples provide more reliable estimates of averages,
such as average income or average test scores.

4.5.2 Case study: Reliability in engineering

o SLLN: Guarantees that long-term averages converge almost surely to
expected values.

« Application: In reliability engineering, repeated measurements of system
performance (e.g., machine failure rates) stabilise to theoretical expectations,
ensuring predictability over time.

4.5.3 Case study: Sampling distributions in data science

o CLT: Explains why the distribution of sample means tends toward
normality.

o Application: In machine learning and data science, normal approximations
allow practitioners to construct confidence intervals and perform hypothesis
testing, even when the underlying data are not normal.

4.5.4 Everyday illustration
« Coin tosses: The proportion of heads converges to 0.5 (WLLN and SLLN).

« Large datasets: Averages stabilise, and distributions of sample statistics
approximate normality (CLT).

« Finance: Long-term average returns converge to expected values, while
short-term fluctuations approximate normal distributions.

Pilot Questions 4.5

1. The WLLN ensures that: A. Sample means converge in probability to the
true mean B. Sample means converge almost surely to the true mean C.
Normalised sums converge in distribution to a normal distribution D. None
of the above

2. The SLLN is particularly useful in: A. Estimation B. Reliability engineering
C. Sampling distributions D. None of the above

3./ The CLT explains why: A. Sample means approximate a normal distribution
B. Sample means converge almost surely to the true mean C. Random
variables converge pointwise D. None of the above

4. In coin tosses, the proportion of heads converges to 0.5: A. In probability B.
Almost surely C. Both A and B D. None of the above

rp

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



5. LLNs and CLT are essential in: A. Statistics B. Engineering C. Finance D.
All of the above

Series Summary

This Series focused on two foundational results in probability theory: the Laws of
Large Numbers (LLNs) and the Central Limit Theorem (CLT). Together, they
explain why averages stabilise and why normal distributions appear so frequently
in practice.

We began with an overview of the Weak and Strong Laws of Large Numbers,
highlighting their differences. We then studied the Weak Law, which guarantees
convergence in probability, and the Strong Law, which guarantees almost sure
convergence. Next, we explored the Central Limit Theorem, showing how
normal approximations arise from sums and averages of random variables. Finally,
we concluded with applications and illustrations, connecting these results to
statistics, engineering, finance, and everyday feasoning.

By completing this Series, you should now be able to distinguish between WLLN
and SLLN, apply them in estimation and reliability contexts, explain the CLT, and
demonstrate their use in practical case studies.

Series Glossary

o Weak Law of Large Numbers (WLLN): States that the sample mean
converges in probability to the true mean.

o Strong Law of Large Numbers (SLLN): States that the sample mean
converges-almost surely to the true mean.

o Central Limit Theorem (CLT): States that normalised sums of 1.i.d.
random variables converge in distribution to a normal distribution.

« Conyergence in probability: A mode of convergence where the probability
of large deviations tends to zero.

« Almost sure convergence: A stronger mode of convergence where
convergence occurs with probability one.

- Normal distribution: A bell-shaped distribution that arises naturally in the
CLT.

Concept Check Questions 4
Objective Questions

rp
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1
2
3

. What does the WLLN guarantee? (Linked to SLO 4.2)
. What does the SLLN guarantee? (Linked to SLO 4.3)
. What distribution arises in the CLT? (Linked to SLO 4.4)

Short-Answer Questions

4.

Define the Weak Law of Large Numbers and explain its significance.

(Linked to SLO 4.2)

5.

Give an example of the Strong Law of Large Numbers in practice. (Linked

to SLO 4.3)

6.

Explain why the CLT is important in statistics. (Linked to. SLO 4.4)

Long-Answer Question

7.

Compare and contrast the WLLN, SLLN, and CLT, giving examples of

each. (Linked to SLO 4.1,4.2,4.3,4.4)

« Basic response: Use examples such as coin toss averages, sample
means, and normal approximations.

o Value-added response: Extend to applications in finance,
engineering reliability; and statistical inference.

Answers to Concept Check Questions 4

1
2

3.

-

. That the sample mean converges in probability to the true mean.
. That the sample mean converges almost surely to the true mean.
The normal distribution.

The WLLN states that the sample mean converges in probability to the true
mean; it'is significant because it justifies using sample means as estimators.

In coin tosses, the proportion of heads converges almost surely to 0.5.

The CLT is important because it explains why normal approximations are
valid in hypothesis testing and confidence intervals.

Basic response: WLLN ensures averages approach the mean in probability,
SLLN guarantees almost sure convergence, and CLT explains normal
approximations. Value-added response: These results underpin estimation,
reliability analysis, and statistical inference, making them essential in
applied probability.
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Answers to Pilot Questions 4
Part 4.1

AN
™

A

5. A
Part 4.5
1. A

R
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2. B
3. A
4. C
5.D
References and Attributions 4
« Suggested illustrations:

o Figure 4.1: Overview of LLNs — Al prompt “Diagram comparing
Weak and Strong Laws of Large Numbers.”

o Figure 4.2: Weak Law — Al prompt “Diagram showing sample mean
converging in probability to true mean.”

o Figure 4.3: Strong Law — Al prompt “Diagram showing sample mean
converging almost surely to true mean.”

o Figure 4.4: Central Limit Theorem — Al prompt “Diagram illustrating
sample means approximating a normal distribution.”

« Plate 4.1: Applications —Al prompt “Table showing LLN and CLT
applications in statistics, finance, engineering, and everyday life.”

« Open Educational Resources (OER) suggested for diagrams and tables:
search strings included in each Part (e.g. “Weak Law of Large Numbers
diagram OER”, “Strong Law of Large Numbers illustration OER”, “Central
Limit Theorem examples OER™).

-
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o Part 5.1 Introduction to Characteristic Functions
« Definition and basic properties
« Relationship to moment generating functions
« Examples for common distributions
« Part 5.2 Properties of Characteristic Functions
« Uniqueness theorem
« Continuity and boundedness
« Connection to independence and sums of random variables
o Part 5.3 Inversion Formula
« Statement of the inversion theorem
« Recovering distribution functions-from characteristic functions
« Examples and applications
« Part 5.4 Applications of Characteristic Functions
« Proving convergence in distribution
« Using characteristic functions in the Central Limit Theorem
« Case studiesin probability and statistics
o Part 5.5 Illustrations and Case Studies
« Worked examples with normal, Poisson, and exponential distributions
« /Practical applications in data science and engineering
« Connecting characteristic functions to probability modelling
Introduction

Introduction Characteristic functions are powerful tools in probability theory.
They provide a way to represent distributions through Fourier transforms and are
especially useful for proving convergence results and handling sums of random
variables. The inversion formula allows us to recover distribution functions from
characteristic functions, making them a central technique in advanced probability.

The aim of this Series is to introduce characteristic functions, explain their
properties, and demonstrate how they are used in practice.

-
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We shall commence this Series by defining characteristic functions and exploring
their relationship to moment generating functions. Next, we will study their key
properties, including uniqueness and their role in independence. Following that, we
will present the inversion formula, showing how distributions can be recovered.
Moving on, we will explore applications such as proving convergence in
distribution and the Central Limit Theorem. Finally, we will conclude with
illustrations and case studies that connect theory to practice.

Series Learning Outcomes (SLOs)
Series Learning Outcomes Upon completing this Series, you should be able to:

« SLO 5.1 define characteristic functions and explain their relationship to
moment generating functions.

« SLO 5.2 describe and apply key properties of characteristic functions,
including uniqueness and independence.

« SLO 5.3 state and apply the inversion formula to recover distributions.

o SLO 5.4 use characteristic functions to prove convergence in distribution
and apply them in the Central Limit Theorem.

« SLO 5.5 demonstrate the use of characteristic functions in practical
applications and case studies.

5.1 Introduction to Characteristic Functions

Characteristic functions are one of the most powerful tools in probability theory.
They provide a way to represent probability distributions using Fourier transforms,
and they are especially useful for studying sums of random variables and proving
convergence results.

5.1.1 Definition

The characteristic function of a random variable Xis defined as:
X(t)=E[eitX],teR.

Here, iis the imaginary unit (i2=-1), and E[-]denotes expectation.

Fill in the blank: The characteristic function of Xis defined as \varphi_X(t) =
E[ ]

5.1.2 Basic properties

-
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Always exists: Unlike moment generating functions, characteristic functions
exist for all random variables.

Bounded: [X(t)|<1.
Continuous: Characteristic functions are uniformly continuous.

At zero: X(0)=1.

5.1.3 Relationship to moment generating functions (MGFs)

The MGF is defined as MX(t)=E[etX].
The characteristic function uses itinstead of t.

Both encode information about the distribution, but characteristic functions
are more general since they always exist.

5.1.4 Examples

Normal distribution: If X~N(,2), then
X(t)=eipt-122t2.
Poisson distribution: If X~Poisson(A), then
X(t)=expiviA(eit-1).
Exponential distribution: If X~Exp(A), then
X(t)=A-it.

5.1.5 Why they matter

Characteristic functions are essential because:

They uniquely determine probability distributions.
They simplify analysis of sums of independent random variables.

They are central in proving the Central Limit Theorem.

Pilot Questions 5.1

1. The characteristic function of a random variable Xis: A. E[etX]B. E[eitX]C.

E[Xt]D. None of the above

2. Which property is true of all characteristic functions? A. They may not exist

-

B. They are always bounded by 1 C. They are discontinuous D. None of the
above
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3.

The characteristic function of a normal random variable is: A. eiut-122t2B.
eutC. A-itD. None of the above

Characteristic functions are related to: A. Moment generating functions B.
Probability density functions C. Cumulative distribution functions D. None
of the above

. Why are characteristic functions important? A. They uniquely determine

distributions B. They simplify sums of random variables C. They help prove
convergence results D. All of the above

5.2 Properties of Characteristic Functions

Characteristic functions are not only convenient representations of probability
distributions, they also possess powerful properties that make them indispensable
in probability theory.

5.2.1 Uniqueness theorem

Every probability distribution is uniquely determined by its characteristic
function.

If two random variables have the same characteristic function, they must
have the same distribution.

This makes characteristic functions a “fingerprint” of distributions.

5.2.2 Continuity and boundedness

Characteristic functions are uniformly continuous on R.
They are always bounded: |X(t)|<1.
At t=0, X(0)=1.

5.2.3 Independence and sums of random variables

If Xand Yare independent random variables, then:
X+Y()=X(t)-Y(1).

This property makes characteristic functions especially useful for studying
sums of random variables, including in the Central Limit Theorem.

5.2.4 Connection to convergence

-

Convergence in distribution can often be proved using characteristic
functions.
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o IfXn(t)-=X(t)for all t, then XndX.
5.2.5 Practical significance

o Analysis of sums: Simplifies the study of random walks, sums of
independent variables, and limit theorems.

« Proof techniques: Provides elegant proofs for convergence results.
« Applications: Used in finance, signal processing, and statistical inference.
Pilot Questions 5.2

1. The uniqueness theorem states that: A. Characteristic functions may
represent multiple distributions B. Each distribution is uniquely determined
by its characteristic function C. Characteristic functions are always equal to
MGFs D. None of the above

2. Which property is true of all characteristic functions? A. They are always
bounded by 1 B. They may diverge C. They are discontinuous D. None of
the above

3. If Xand Yare independent, then: A. X+Y(t)=X(t)+Y(t)B.
X+Y(®)=X(t)-Y(t)C. X+Y(t)=X(t)-Y(t)D. None of the above

4. Convergence in distribution can be proved using: A. Probability density
functions B. Cumulative distribution functions C. Characteristic functions D.
None of the above

5. Characteristic functions are especially useful for: A. Studying sums of
random variables B. Proving convergence results C. Applications in finance
and statistics D. All of the above

5.3 Inversion Formula

The inversion formula is a fundamental result in probability theory. It shows how
to recover the distribution of a random variable from its characteristic function.
This makes characteristic functions not only a tool for analysis but also a complete
representation of probability distributions.

5.3.1 Statement of the inversion theorem

If a random variable Xhas distribution function F(x)and characteristic function
X(t), then under suitable regularity conditions:

This formula allows us to reconstruct the distribution function F(x)from X(t).
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Fill in the blank: The inversion formula allows us to recover the from
the characteristic function.

5.3.2 Intuition

o The characteristic function is essentially the Fourier transform of the
probability distribution.

« The inversion formula is the corresponding inverse Fourier transform.

« This means the distribution and its characteristic function contain the same
information, just in different forms.

5.3.3 Examples

« Normal distribution: Starting from X(t)=eipt-122t2, the inversion
formula recovers the normal density function.

« Poisson distribution: From X(t)=expi®i(A(eit-1)), the inversion formula
recovers the Poisson probability mass function.

5.3.4 Applications

« Recovering distributions: Used to derive probability density or mass
functions from characteristic functions.

o Proof techniques: Essential in proving uniqueness of distributions.

« Advanced probability: Plays a role in limit theorems and Fourier analysis
in probability.

Pilot Questions 5.3

1. The inversion formula allows us to recover: A. The variance B. The
distribution function C. The moment generating function D. None of the
above

2. Theinversion formula is based on: A. Fourier transforms B. Laplace
transforms C. Taylor series D. None of the above

3. The inversion formula shows that: A. Characteristic functions and
distributions contain the same information B. Characteristic functions are
weaker than MGFs C. Distributions cannot be recovered from characteristic
functions D. None of the above

4. Which distribution can be recovered using the inversion formula? A. Normal
B. Poisson C. Exponential D. All of the above

-
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5. The inversion formula is important because it: A. Proves uniqueness of
distributions B. Recovers distributions from characteristic functions C.
Connects probability with Fourier analysis D. All of the above

5.4 Applications of Characteristic Functions

Characteristic functions are not just theoretical constructs—they are practical tools
that simplify complex problems in probability and statistics. Their applications
range from proving convergence results to solving real-world problems in finance;
engineering, and data science.

5.4.1 Proving convergence in distribution

« Characteristic functions are often used to establish convergence in
distribution.

o IfXn(t)-X(t)for all t, then XndX.

« This method is elegant and avoids direct manipulation of distribution
functions.

5.4.2 Central Limit Theorem (CLT)
o The CLT is frequently proved using characteristic functions.

« By examining the characteristic function of sums of 1.i.d. random variables,
one can show that it converges to the characteristic function of the normal
distribution.

o This provides a clean and powerful proof of the CLT.
5.4.3 Case studies in probability and statistics

« Random walks: Characteristic functions simplify analysis of sums of
independent steps.

« Signal processing: They connect probability distributions with Fourier
analysis.

« Finance: Used to model distributions of returns and option pricing (e.g., via
[évy processes).

5.4.4 Practical significance

« Simplification: Complex sums and convolutions become products of
characteristic functions.
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« Generality: They exist for all random variables, unlike MGFs.
« Versatility: Useful in both theoretical proofs and applied modelling.
Pilot Questions 5.4

1. Convergence in distribution can be proved using: A. Probability density
functions B. Cumulative distribution functions C. Characteristic functions D.
None of the above

2. The Central Limit Theorem is often proved using: A. Chebyshev’s
inequality B. Characteristic functions C. Borel-Cantelli lemma D. None of
the above

3. Characteristic functions simplify analysis of: A. Random walks/B. Signal
processing C. Financial models D. All of the above

4. Which property makes characteristic functions more general than MGFs? A.
They always exist B. They are bounded.C. They are continuous D. None of
the above

5. Applications of characteristie functions include: A. Proving convergence
results B. Modelling financial returns C. Signal processing D. All of the
above

5.5 Illustrations and Case Studies

To consolidate our understanding of characteristic functions and the inversion
formula, let’s work through concrete examples and see how they connect to
practical applications in statistics, data science, and engineering.

5.5.1 Normal distribution
o Characteristic function:
X(t)=eipt-122t2.

o Application: Used in the proof of the Central Limit Theorem, since sums of
random variables tend toward normality.

« Case study: In finance, returns are often modelled as approximately normal,
making this characteristic function central in risk modelling.

5.5.2 Poisson distribution

e Characteristic function:

-
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« Application: Useful in modelling rare events, such as system failures or
arrivals in a queue.

« Case study: In engineering, Poisson processes model the arrival of packets
in communication networks.

5.5.3 Exponential distribution
o Characteristic function:
X(t)=A-it.

« Application: Common in reliability analysis, modelling lifetimes of
components.

o Case study: In survival analysis, exponential distributions are used to model
time-to-failure data.

5.5.4 Practical illustrations

« Data science: Characteristic functions simplify analysis of sums of
independent variables, making them useful in large-scale modelling.

« Engineering: Inversion formula helps recover distributions when only
frequency domain information is available.

« Finance: Lévy processes and characteristic functions are used in option
pricing models.

Pilot Questions 5.5

1. The characteristic function of a normal distribution is: A. eipt-122t2B.

2. The Poisson distribution is often used to model: A. Rare events B. Normal
approximations C. Lifetimes of components D. None of the above

3. The exponential distribution is useful in: A. Reliability analysis B.
Modelling rare events C. Normal approximations D. None of the above

4. Characteristic functions are applied in: A. Data science B. Engineering C.
Finance D. All of the above

5. The inversion formula is important because it: A. Recovers distributions
from characteristic functions B. Proves uniqueness of distributions C.
Connects probability with Fourier analysis D. All of the above

Series Summary
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In this Series, we explored characteristic functions, which are Fourier transforms
of probability distributions, and the inversion formula, which allows us to recover
distributions from their characteristic functions.

We began with the definition and basic properties of characteristic functions,
highlighting their relationship to moment generating functions. We then studied
their key properties, including uniqueness, continuity, boundedness, and their role
in independence and sums of random variables. Next, we introduced the inversion
formula, showing how distributions can be reconstructed. We continued with
applications, such as proving convergence in distribution and the Central Limit
Theorem. Finally, we concluded with illustrations and case studies using normal,
Poisson, and exponential distributions, connecting theory to practice in statistics,
engineering, and finance.

Series Glossary

« Characteristic function: X(t)=E[eitX], a Fourier transform representation
of a distribution.

« Moment generating function (MGF): MX(t)=E[etX], related but less
general than characteristic functions.

o Uniqueness theorem: Every distribution. is uniquely determined by its
characteristic function.

« Inversion formula: A method to recover the distribution function from the
characteristic function.

« Convergence in distribution: Can be proved using characteristic functions.

o Central Limit Theorem (CLT): Often proved using characteristic
functions of sums of random variables.

Concept Check Questions 5
Objective Questions
1. What is the definition of a characteristic function? (Linked to SLO 5.1)

2. Which property makes characteristic functions more general than MGFs?
(Linked to SLO 5.2)

3. What does the inversion formula recover? (Linked to SLO 5.3)

Short-Answer Questions
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4. Explain the uniqueness theorem for characteristic functions. (Linked to SLO
5.2)

5. Give an example of a distribution and its characteristic function. (Linked to
SLO 5.1)

6. Why are characteristic functions useful in proving the CLT? (Linked to SLO
5.4)

Long-Answer Question

7. Compare and contrast characteristic functions and moment.generating
functions, explaining their properties and applications. (Linked to SLO 5.1, 5.2,
53,54)

« Basic response: Define both, highlight existence and uniqueness.

o Value-added response: Extend to applications in convergence
proofs, CLT, and practical modelling.

Answers to Concept Check Questions 5

1. X(t)=E[eitX].

2. They always exist for all random variables.
3. The distribution function.
4

. The uniqueness theotem states that each distribution is uniquely determined
by its characteristic function.

For X~N(,2), X(t)=eiut-122t2.

W

6. Because sums of random variables have characteristic functions that
converge to the normal distribution’s characteristic function, providing a
clean proof of the CLT.

7. Basic response: MGFs may not exist, but characteristic functions always
exist and uniquely determine distributions. Value-added response:
Characteristic functions simplify analysis of sums, prove convergence, and
are central in CLT proofs, while MGFs are limited but useful for calculating
moments.

Answers to Pilot Questions 5
Part 5.1
1. B

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



o aQ w »

Part 5.

W

wo ok W
S O » » W

-
-]
- a
N
=

W
> U ® O

%

w o
o » »

4.

.
LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



5. D
References and Attributions 5
« Suggested illustrations:

o Figure 5.1: Definition — Al prompt “Diagram showing definition of
characteristic function.”

« Figure 5.2: Properties — Al prompt “Diagram illustrating uniqueness,
boundedness, and independence properties of characteristic
functions.”

« Figure 5.3: Inversion formula — Al prompt “Diagram showing
inversion formula recovering distribution from characteristic
function.”

o Figure 5.4: Applications — Al prompt “Diagram showing
characteristic functions used in CLT and convergence proofs.”

« Plate 5.1: Case studies = Al prompt “Table showing characteristic
functions for normal, Poisson, and exponential distributions with
applications.”

« Open Educational Resources (OER) suggested for diagrams and tables:
search strings includedan each Part (e.g. “characteristic function examples
OER”, “inversion formula probability OER”, “applications of characteristic
functions OER”);
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