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1 Outline

Part 1: review of probability, statistical models and statistical problems.

Part 2: methodology.
e Empirical distribution and bootstrap.

Parametric estimation and inference, including maximal likelihood estimation and confidence
intervals.

Testing: p-values, likelihood ratio tests, and multiple testing.

Bayesian inference.

Part 3: theory (tied to methodology).
e Asymptotic theory.

e Basics of decision theory.

Part 4: Models.
e Linear regression and generalized linear models.

e Nonparametric regression and smoothing.

2 Review/preview of probability theory
Basic concepts:
e Probability space (sample space) 2, sample outcome w € €.
e P is a mapping from (some)subsets of €2 to [0, 1] satisfying the axioms of probability.
Axioms of probability:
1. P(A) > 0 for any event A.
2. P(Q)=1.

3. For any countable collection of disjoint events Ay, Ag, ..., we have P({J;2; 4i) = > oy P(4i).

Independence of events: Events A and B are independent if P(AN B) = P(A)P(B).
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Conditional probability:

e If P(B) > 0, the conditional probability of A given B is defined as P(A | B) = Pgég?).

e For conditioning on zero-probability event, we only consider B = {X = z} for a continuous

random variable X with density fx(z), where we use joint density to derive conditional density

frix(y|z) = f)}’;((;c;y)

Bayes theorem: let (A;);er be a partition of Q with P(A;) > 0 for all i € I. Then for any event
B with P(B) > 0, we have

_P(A4inB) PBJA)PA)  P(B|A)PA)
FAID="5E =7 BB) S0P AP
Random variables:
X:Q—=R.

basic concepts: probability density function (for continuous random variables), cumulative distribu-
tion function, and probability mass function (for discrete random variables).

Conditional distribution For the purpose of this course, we only consider two cases:

e Discrete: Let X and Y be discrete random variables. Then the conditional probability mass
function of Y given X = x is defined as
PX =2Y =y)
P(X =)

P(Y =y | X =) =
e Continuous: Let X and Y be continuous random variables with joint density fxy(x,y).
Then the conditional density of Y given X = x is defined as

 fxy(ry) o fxy(a,y)
fY[X(y ‘ l’) - fX(x) - ffX,Y(l‘,Z)dZ'

Example 1. Consider a bivariate normal distribution (X,Y) ~ N(u,X) with mean vector p =
(x, py) and covariance matriz

Y — ( Ug( pO')(Uy)
pPOXTY a%/ )

Then the conditional distribution of Y given X = x is also normal

o
VIX =2~ A (i + 025 (o )1 03 )
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Expectations

e Discrete case: Let X be a discrete random variable with probability mass function px ().
Then the expectation of X is defined as

E[X] = prx(a:).

e Continuous case: Let X be a continuous random variable with probability density function
fx(x). Then the expectation of X is defined as

E[X] = /oo xfx(x)dx.

Note: expectations may not exist for some random variables, e.g., Cauchy distribution

p(z) , vzeR

- (14 22)
Expectation is linear, i.e., for any random variables X and Y (regardless of their dependence
structure) and constants a and b, we have

E[aX + bY] = aE[X] + bE[Y].

2.1 Probability inequalities

For theoretical analysis, we often need statement like:
With probability at least 1 — &, we have |§— 0 <e.

This requires us to study tail behavior of random variables. We will introduce some basic inequalities
that are useful in this course.

Markov inequality: Let X be a non-negative random variable and a > 0. Then
E[X]
pt

P(X >a) <

expectations on both sides, we have

Proof: note that 1x>, < %, where 1y>, is the indicator function of the event {X > a}. Taking

P(X > a) = E[1x54) gE[g],

which proves the inequality.

Chebyshev’s inequality: Suppose that E[X?] < co. Then for any a > 0, we have
var(X)

a2

B(IX — E[X]| > a) <

Proof: by applying Markov’s inequality to the non-negative random variable (X — E[X])2, we have

B(X — EIX]| 2 a) = B((X — E[X))? > ?) < T —EXDT _ var(X)

a? a?

In general, if E[|X|P] < oo for some p > 1, we have

P(X ~ E[X]| > a) = B(X - E[X]} > o) < 0 A0,

If higher moment exists, we can get tighter bounds on the tail probability.
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2.2 Convergence of random variables

Notions of convergence of random variables.

e Almost-sure convergence: A sequence of random variables (X, ),>1 converges almost surely
to a random variable X if

IP’(lim Xn:X)zl.

n—oo
We use the notation X, =% X to denote almost-sure convergence.

e Convergence in probability: A sequence of random variables (X,),>1 converges in proba-
bility to a random variable X if for any € > 0,

lim P(|X, — X| >¢) =0.

n—oo

We use the notation X, 2 X to denote convergence.

e L? convergence: For a fixed p > 1, a sequence of random variables (X,,),>1 converges in LP
to a random variable X if

lim E[|X, — X|’] = 0.

n—o0

p
We use the notation X, " X to denote LL? convergence.

These 3 notions are all talking about random variables in the same probability space. By “conver-
gence”, the numbers need to be close in some sense. There’s another notion of convergence that do
not require the random variables to be in the same probability space, which is called convergence in
distribution.

e Convergence in distribution: A sequence of random variables (X,,),>1 converges in
distribution to a random variable X if for any bounded continuous function f, we have

lim E[f(Xn)] = E[f(X)].

n—oo

We use the notation X, 9 X to denote convergence in distribution.

This is about the marginal distribution of each terms in the sequence. It does not matter whether
they are inter-dependent.

Relations between notions of convergence:

1. Almost-sure convergence implies convergence in probability.

Proof: Let X, % X. Then for any £ > 0, we note that the set {n :|X, — X| > &} is finite
with probability 1. We can then define M := max{n : | X, — X| > €}, which is a random
variable. P(M < +o00) = 1. Consequently, we have P(|X,, — X| > ¢) <P(M >n) — 0 as
n — 00.

Converse is false, i.e., there exists a sequence of random variables (X,,),>1 that converges in
probability to X but does not converge almost surely to X.
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2. ILP convergence implies convergence in probability.

Proof: for any fixed € > 0, we have

[ Xn — X17]
_>

P(|X, — X| > £) = P(| X, — X[P > e7) < =1 0.

ep
3. Almost-sure and IL? convergences are generally not comparable.

4. Convergence in probability implies convergence in distribution. We call convergence in
distribution as “weak convergence”.

5. Converse if false in general. A sequence of random variables converging in distribution may not
even live in the same probability space. However, if they actually live in the same probability
space, and if the limit random variable is a constant, then convergence in distribution implies
convergence in probability.

Additional remarks on convergence in distribution. There are several equivalent definitions.

o X, % X ifand only if the cumulative distribution functions Fx, (x) — Fx(x) at all continuity
points of F'x. (This applies only to 1-dimensional case, while the test function definition
applies to general case.)

o X, % X if and only if for any bounded Lipschitz function f, we have E[f(X,,)] — E[f(X)].
(A function f is Lipschitz if there exists a constant L such that |f(x) — f(y)| < L]z — y| for all
x,y.) So to show convergence in distribution, it suffices to show convergence of expectations
for this smaller class of test functions.

2.3 Law of large numbers and central limit theorems

Theorem 1 (Weak law of large numbers). Let (X,,)n>1 be a sequence of independent and identically
distributed random variables with finite mean p = E[X1]. Then we have

1 n
n <
=1

Remark: finite mean is necessary. For example, if X; follows a Cauchy distribution, then the
sample mean does not converge to any constant.

Theorem 2 (Strong law of large numbers). Under the same conditions as the weak law of large
numbers, we have

Proposition 1. Suppose that (X,,)n>1 s a sequence of independent and identically distributed
random variables with finite mean p and finite variance o®. Then we have

1 & L2
75 X1—>,u
n-

=1
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Proof: we can just compute the variance
]EUIZTL:X- - ﬂ =var(X1)/n— 0
n 4 - i M 1 .
1=

Theorem 3 (Central limit theorem). Suppose that (X,,)n>1 is a sequence of independent and
identically distributed random variables with finite mean p and finite variance o>. Then, as n — 00,
we have

\/ﬁ(;i){z - M) 4 N(0,0?),
=1

where 0 = var(Xy).
Multivariate version of CLT:

Theorem 4. Suppose that (X,)n>1 is a sequence of independent and identically distributed random
vectors in R with finite mean vector p and finite covariance matriz ¥ = E[(X1 — p)(X1 —p)'].
Then, as n — oo, we have

Jﬁ(% zn:Xi - u) 4 N(0,3),
=1

where ¥ = cov(X7).

In statistics, we use CLT to quantify uncertainty of our estimators.
For example, let X1, ..., X,, be independent and identically distributed random variables with

mean u and variance 0. u and ¢ are unknown. We want to estimate p by the sample mean

X, = %2?21 X;. By CLT, we have

Vi = p) % N(0,0%).
This is fundamental to construct confidence intervals and hypothesis tests for p.

Problem: ¢? is unknown. So we cannot directly use above result. We can use sample variance
to estimate o?:

i=1
(it is also ok to normalize by n — 1 instead of n). Then we have
522 52,
Uncertainty quantification with the estimated version of variance is still valid:

Theorem 5. Under the same conditions as the central limit theorem, we have
ﬁ(lix— )/S 4 N(0,1)
n 4 i M n y1).
=1
Proof contains two steps
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e Show that 52 & o2,
e Conclude the CLT result.

Step 1: note that

1 _ 1< _
Si=D (K- Xn) =3 XP- X0
P i1

As n — 0o, by the law of large numbers, we have

n

1 ¢ _
~Y XPHEXT, XD (EXG)
i=1

(Here we use the fact that if X, 5 XandV,BY, then X, +Y, 5 X +Y and X,.Y, & XY.)
Putting them together, we have
S 5 EIX7] - (E[X1])? = var(X;) = o”.
Second step: we need an additional result from probability theory, called Slutsky’s theorem.

Theorem 6 (Slutsky’s theorem). Let (X,,)n>1 and (Yy,)n>1 be sequences of random variables such

that X, i> X and Y, Lo for some constant c. Then we have
Xo+Ye S Xte, XV, %X, Xo/Ynd X/cifco.

By Slutsky’s theorem, we have

V(S X )15 = V(A X ) o T N0,
i=1 i=1 n
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