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Preface

1 Review of Probability

1.1 Why Measure Theory

Consider a probability space (2, F, P), where  is any set, ¥ C 2% is a o-algebra over (2, and
P : F — [0,1] is a probability measure. We will call sets in F events. Recall that P(2) = 1, and P

is countably additive:
P (U An) = P(A4,),
n=1 n=1

when each A;N A; = @. Then P is a measure with total mass 1. (Some texts call F a o-field, which
means the same as o-algebra.)

Example 1.1. If Q2 is a nonempty set, and = € (), then the point mass at x is

O ey

for all A € F. If we take F = 29, then 4, is a probability measure. (Homework.)

Example 1.2. Let Q = {w;,ws,...,w,} be finite, and let F = 2. Suppose P,..., P, € [0,1], with
>oi, P; = 1. Define

P(A)= > P,

Lw;EA

for A € F. Then P is a probability measure.
Example 1.3. If f : R — [0, o] is such that

/O;f(a:)da:: 1.

We would like to be able to define P such that if a < b, then P([a,b]) = ff f(z) dz. To claim such
a probability measure exists and identify the proper o-algebra F is the task of measure theory in
probability theory.

Definition 1.4. The Borel o-algebra on IR, denoted B, is the smallest o-algebra containing all open
subsets of R. Equivalently, 5 contains all intervals of the form [a, b].
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2 Measure Theory
Proposition 2.1. Let (2, F, P) be a probability space, and suppose that A, B € F. Then
1. P(0) =0,
2. P(A) =1- P(A%),
3. PLAUB) = P(A)+ P(B) — P(AN B).
4. If A C B, then P(A) < P(B).
Proposition 2.2. Suppose {A,} C F. Then
1. limp 00 P(Uizy Ai) = P(UnZy 4i),
2. limp 00 P(Mizy Ai) = P(nZy An)-
3. If Ay C Ay C ..., then limy, o P(Ayn) = P(U;—; An).
4. If Ay D A2 D ..., then lim,, o P(An) = P((2; An).
Corollary 2.2.1 (Union bound). We have for the same sets { A;},

P ([’j@ <3 P

i=n n=1

2.1 Random Variables
Definition 2.3. A measurable space is a pair (5, G) such that S is a set, and G is a o-algebra on S.

Definition 2.4. If (S1,G;1) and (52, G2) are measurable spaces, a function f : S; — S is called
measureable if f~1(B) € Gy, for all B € G. This says inverse images of measurable sets are
measurable under f.

We will use the notation (f € B) = f~}(B) = {s1 € S1 | f(s1) € B}.

Definition 2.5. An S-valued random variable is a measureable function X : Q2 — S where Q) is a
probability space, and S is a measureable space.

Definition 2.6. If A C 2, the indicator of A is

1 wed
1 =llweAd)=
Theorem 2.7. If A C Q, then 14 is a random variable iff A € F.
Proof. Homework. O

If f:5 — S9,and g : Sy — S3 are measurable, thensoisgo f : S1 — Ss. If f1, fo, ..., fn: Q2 —
R, the following are equivalent:

1. f; is a random variable, for all i.

2. The function f = (f1,..., fn) is an R" valued random variable.

3



3. If X, Y : Q — R" are random variables and «, 8 € R, then a X + 8Y is a random variable.
(The same occurs when R", R are replaced by C", C.)

Proposition 2.8. Consider { X,,}, where each X,, : Q — [—00, 00| is a random variable. Then
1. inf, X, and sup,, X,, are random variables,
2. liminf, , X, and lim sup,,_, . X,, are random variables.

3. Iflimy, o0 Xy (w) exists for all w € Q, then X (w) = limy, o0 Xy (w), for some X : Q — [—00, o0].

2.2 Distributions of Random Variables

Definition 2.9. Let X : Q@ — S be a random variable. The distribution of X is the probability
measure px : G — [0, 1] defined by

ix(A) = P(X € A) = P(X ().
One can verify that ;1 x is indeed a probability measure.

Definition 2.10. If X : Q; — S, and Y : Q» — S are random variables, we say X and Y have the
same distribution, and write X = dY if ux = py.

Definition 2.11. A random variable X : Q — S is called discrete if {s} C G, for all s € S, and there
is a countable set S’ such that P(X € §') = 1.

Definition 2.12. If X is discrete, probability mass function of X is px(s) = P(X = s). Note that if
X is discrete, the probability

P(X € A)=px(A) = ) px(s).
seAns’

Definition 2.13. A random variable X : Q — I, I C R is continuous if there exists a measurable
function fx : I — [0, c0) such that

b
Pla < X <b) = px(a, b)) = / fx(u) du.

This is integration in the Lebesgue sense, when needed.

Functions of continuous random variables may not be continuous.

3 Conditional Probability
Let (Q2, F, P) be a probability space.

Theorem 3.1. Let X : Q0 — € to be the identity mapping. Then X is a random variable, and px = P. We
call X the canonical random variable with distribution P.

Example 3.2. I want an example of a random variable that is uniformly distributed on [0,2]. We
can take Q = [0,2], and F = B, and P(-) = 3m(-)|s, where m is the Lebesgue measure. Then our
uniform RV is the canonical RV.



3.1 Multiple Random Variables

Consider X : Q@ — S1,Y : Q@ — Sy. There is a natural o-algebra on S; x S5 containing measurable
rectangles A x B, A € G1,B € Gy, such that (X,Y) : Q@ — X; x Sy is a random variable. More
generally, if {X;};c; (possibly uncountable but probably not more than the cardinality of R) is a
collection of random variables, with X; : @ — S;. Then we can consider (X;);cs a single random
variable taking its values in [[,.; S;. Then we can talk about the distribution of the collection in
[I;c; Si- Let’s revisit the coin flipping example from the beginning of the course. We were given a
sequence of random variables X, X, ..., X509, where X; was the location after i flips. By flipping
coins, we as a class each generated a sample from the space H?il X;. This viewpoint is important
for us to adopt, because it allows us to ask questions about properties of the graphs of random
functions.

3.2 Conditional Probability, Independence

Recallif P(B) >0, P(A | B) = ngzg?). We say A, B are independent if P(AN B) = P(A)P(B). A

collection {4;};cr of events is an independent collection if for all J C I, |J| < oo,

P (ﬂ Aj) =[] P(4)).

jeJ jeJ

If { X, }icr is a collection of RVs with X; : 2 — S; is called independent if for every finite set J C I,
and A4; € G;,

PlN(X;e4))| =[P4
j€J j€J

Our previous definitions of expected value were as follows. If X : Q — R is discrete, then E [X]| =
> zer TP(X = ), when this sum converges. If X is continuous with density f, we said

E[X]—/Raff(x)dx.

Why won't this be enough for our purposes?!! Let X : Q@ — [0, 1] be uniformly distributed. Let
g(x) = max{z,1/2}. What is E[g(X)]? LOTUS tells us E[g(X)] = [ g(z)f(x) dz, but this is
a theorem. What is the definition of E [¢(X)]? We only have definitions for E [¢(X)] if g(X) is
continuous or discrete. By definition, g(X) is not discrete, since it can take uncountably many
values. Butnote that P(g(X) = 1/2) = 1/2 = P(X < 1/2). Butif g(X) were continuous, P(g(X) =
a) = 0, for all a. So ¢g(X) is not continuous. So we are missing a definition for expectation which
does not care whether a random variable is discrete or continuous.

4 Integration

4.1 Expected Value

Let X1, Xy, ... be independent and identically distributed (i.i.d.), with P(X; = 1) =1 — P(X; =
0) = p. We can show that

1 n

— Z Xz — P

i
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almost surely, or in probability. One can show this without using notions of expected value. There-
fore, we define E [X;] = p. If Y : Q — R takes only finitely many values, that is, there exists a finite

S CRsuchthat P(Y € S)=1,and Y1, Y5,...

n

%ZYla Y sP(Y =3s).

seSs

So we define E [Y] =
E[X]=E[Y].

ZSES SP(Y = 8) =

are i.i.d. with the same distribution as Y/, then

Y scs My (s € S). Note that if X =Y in distribution, then

Example 4.1. We know that E[X + Y] = E[X] 4+ E[Y]. From the definition we’ve given, this
linearity is readily apparent. But from the definitions typically given in a first course of probability,
this isn’t so obvious, requiring a calculation involving change of summation order to unravel.

The following remedies this problem.
Theorem 4.2. IfQ = {wy,...,wp}, and X : Q@ — Ris a RV, then
=Y X(QP({w}).
we

Note that in this equality, we sum over the domain 2 of R.

Proof. Let S = X(2). Since (Q is finite, so is S, and P(X € S) = 1. Let S = {s1,.. .,

(X =s51), (X =s2),..., (X = sp,) partition Q. So

E[X] = Z siP(X =s;) = Z S P({w})
=1 =1 w:X(w)=s;
=>. X(w)P({w})
=1 w: X (w)=s;
=2 X(WP({w})
we

Corollary 4.2.1. If || < oo, and X,Y : Q — R are random variables, then

EX+Y]|=E[X]|+E[Y].
Also, |E[X]| < E[|X]].
Proof. Consider
E[X +Y] =) (X(w)+Y(w)P{w})
we

=) X@P{w}) + D Y(w@P{w}).

we we

Also,

<Y X @IPH{w)) =E[X].

we

Z X(w)P({w})

wef

sn}. Note that



Theorem 4.3. Suppose X,Y : Q — R are RV taking only finitely many values, and «, 5 € R. Then
1. E[aX + Y] =aE[X]|+FE[Y],
2. [B[X]| < E]JX]].
3. IfX <Y, then E[X] <E[Y].
4. If X, Y are independent, then E [ XY | = E [X|E[Y].
Since this is a stochastic processes course, we will only sketch this proof.

Proof. Since X,Y take only finitely many values, let S be a finite set such that P(X € S) = P(Y €
S)=1.LetQ =S x S,and let S’ = 2¥. Define

Pl({(sl,SQ)}) = P(X = Sl,Y = 52).
Define X', Y": ' — R by
X'(s1,89) = s1, Y'(s1,82) = s2.

In particular, (X', Y”) is the identity on . Then (X,Y") = (X', Y”) in distribution, by construction.
Since (X,Y) = (X", Y"), aX' + Y’ = aX + Y in distribution, and if X, Y are independent, then
so are X', Y’. To prove the results, use the fact that expected value only depends on distribution.
For example,

E[aX + Y] =E [aX' + Y]
=aE [X'| +BE[Y’]
=aE[X]+BE[Y].
O

Definition 4.4. A random variable taking only finitely many values is called a simple random
variable.

Definition 4.5. If X : Q — [0, o0]. Then,
E[X] =sup{E[Y]|Y issimple,0 <Y < X}.
IfX :Q — [—o00,00], let XT = max{X,0}, X~ = max{—X,0}. Then X = X+ — X~, and
| X|=X"+X",and X*, X~ > 0.

Definition 4.6. If X : QO — R is a RV, then we say X has finite expected value if E [|X|] < oo, and
define
EX]=E[X'|-E[X].

In places where the 630 definition of E [ X| work, these definitions both agree. All properties of
for simple random variables extend to general random variables. If we want to emphasize the role
of P when writing E [X], we will use

/XdP /X (dw):/QX(w)dP(w).

Usually, in 630, to define E[X |Y =y|, P(X | Y = y) is defined first. In full generality, this
definition cannot work.



5 Spaces of Random Variables

5.1 Metric Spaces, Inner Product Spaces of RVs
In 630, we defined for X, Y discrete RVs,

EX|Y=yl= Za:P =z |Y =y).
Our problem is that this conditional distribution does not always exist. If X is discrete, and Y is
continuous, whatis E[X | Y = y].
Exercise 5.1. What is the 630 style formula for E [X | Y = y]?

The basic question of conditioning is: how do you update your beliefs, or your guesses about
the future when you learn new information? We know E [X | Y] should be a function of Y, the
new information we learn. We want the best guess for X among all such guesses relying on Y.
Thus, h(Y) should be closer to X than any other f(Y"). Well now we should ask how should we be
able to tell distances between random variables? This distance should be one that we already have
a lot of good intuition about.

Example 5.1. Let’s think of a simple metric space: (R", /(-,-)). The nice thing about this metric
space is that its a separable Hilbert space that we can do some intuitive geometric reasoning about.

Definition 5.2. Let X,Y : Q — R be RVs such that E [X?] < 0o, E [Y?] < cc. Define

(X,Y)s = E[XY]

Example 5.3. If Q = {1,...,n},and P({i}) = p;, then
(X,Y) =EB[XY]=> X(i)Y(i)p
i=1

Proposition 5.4. Suppose o, 3 € R, X,Y,Z : Q@ - R, and E [X?| |E [Y?] ,E [Z?] < cc. Then
1. (X,Y)2 = (Y, X)o,
2. (X, X)2>0,
3. (aX +BY, Z)2 = (X, Z)o + B(Y, Z)o.
We do not get definiteness from this definition: (X, X')2 = 0 does not imply X = 0.

Proposition 5.5. If X : @ — R has E [X?] < oo, then (X, X), = 0iff X = 0 almost surely, that is
P(X =0) =

Proof. Consider that if E [X?] = 0, then X? > 0. If X > 0 on a set of positive probability, then
E [X?] > 0. O

Definition 5.6. If E [ X?] < 00, and E [Y?] < oo, the norm of X is || X ||z = 1/(X, X)2. The distance
from X toYis | X — Y|2.



Example 5.7. Let Q = {1,2,...,n},0 < p; < 1, with P({1}) = p;. Let RV (Q,R) be the set of real-
valued random variables on (2. Define “: RV (2, R) — R" by X = (X(1), X(2),...,X(n)). Note
that X — X is an isomorphism of vector spaces. We are thinking about R" with the inner product

n
(@, y)p =Y _ Tithipi-
i=1
Example 5.8. Letn = 2. Let p; = 1 — ps. Plot the unit circle when p; = 1/4,p; = 1/2,p; = 3/8.

6 Conditional Expectation

6.1 Conditional Expectation

Observe that RVs if the form f(Y'), with f : S — R form a subspace of RV (€2, R). Once we show it
exists, we will set E [X | Y] to be the orthogonal projection of X onto this subspace, i.e. the closest
thing in this subspace to X. Note that there are many ways to define a metric on RV (92, R). For
example, we could set d(X,Y) = E[|X — Y], which would lead us to define what is called the
conditional mean, rather than conditional expectation. I suspect the reason why we would prefer
our inner product definition has to do with the fact that we get a semblance of a Hilbert space in
RV (€, R) under the weighted inner product we have created. (Moreover, if we quotient RV ({2, R)
by its 0 expectation functions, like how we construct LP spaces, I believe that we get a Hilbert
space.)

Theorem 6.1. Let Q = {wy,...,wy,}. Suppose
0< P({wz}) =p; < 1.

Let S = {s1,...,5m} bea finite set. Suppose X : Q — RandY : Q — S are random variables. Then there
is a unique random variable Z : Q0 — R with the following properties.

1. There is a function h : S — R such that Z = h(Y).

2. The distance
dZ(Xu Z) = min dQ(Xu f(Y))

fis—R

Note that Z is unique, and h is not necessarily unique.

We will present a proof using linear algebra, but we can also show this by solving a quadratic
optimization problem. As a refresher, let U < R". Suppose that z € R". How can we show that

there exists a unique z € U such that d(z,z) = minycy d(z,y). Let uy,. .., u, be an orthogonal
basis of U. Then . .
P = ) = .
olue) = S s = 3 (2 o)

i=1 i=1

If y € U, then

d(z,y)* = d(z, Projy («))* + d(Projy (2), y)*.

To prove the theorem, we would choose a nice basis of the appropriate subspace, and do the same
calculation.



7 Orthogonal Projections

Theorem 7.1. The RVs 1,1, ..., 1y, are an orthogonal basis of RV (€2, R).

PT’OOf. If ¢ 75 7, then l{wi}l{wj} =0,s0 E |:1{Wi}1{UJj}:| =0.IfW e RV(Q,R), then

i=1

LetU = {W € RV(Q,R) | W = f(Y), for some f : S — R}.
Lemma 7.2. The set U is a subspace of RV (€2, R).
Lemma 7.3. Let S = Y (). Since S is finite, we know S is also finite. Let S = {51,...,5}. Then
15, 0Y,..., 15, 0Y
are an orthogonal basis for U.

Proof. Note that
1 Y(OJ) =S;
0 otherwise.

(I oY)(w) =13 (Y(w) = {

Let Ag = Y 1(S). Then
1§i oY = 1A§i .

Then orthogonality follows as above because if i # j, then A5, N A5, = 0. If W = f(Y), then if
5 =Y(w), then

(3)15Y(w)
O Y (@) + > fE) )Y (W)
5,#£S
fGE) 1Y (w).

S €S

f
f

Proof of Theorem 6.1. Define

Define h : S — R by
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Then h(Y') = Z. To verify h(Y) = Z is the closest thing to X, we show that X — Z is orthogonal to
U. Suppose

k
W = Zail{gi} oY eU.
=1
Consider that

k k
l’ 1{8 1 OY
<Z, W> < E ’1{ 3 5 Y”2 1{3} o Y, E ail{gi} o Y>

=1
153 0 Y2

(X 1{5}OY>
1

(1) k <$ 1{81 > 2
= Za 7”1{;} oYl
v
X, W).

=
where in (1), we've applied orthogonality and bilinearity. O

Note that E[ZW] = E[XW], forall W € U, and Z € U, which characterize Z as the closest
thing to Zin U.

Definition 7.4 (Conditional expectation). Define E [X | Y] = Z, where Z is as in Theorem 6.1.

7.1 Hilbert Spaces and Orthogonal Projections
Extending to a more general case, let
L£2(Q) = {X € RV(LR) | E [X?] < oo}
Define an equivalence relation (same way we would in L?) by X ~ Y if X =Y almost surely.
Definition 7.5. Define L?(2) to be that set of equivalence classes under ~.

Just like when talking about L? in the real case, we never talk about elements of L?() like they
are equivalence classes, rather, they will be treated as functions.

Definition 7.6. For X,Y € L%(2), (X,Y) = E[XY], and d, |-|| are defined similarly.
Theorem 7.7. The claim is that L*(Q) is a Hilbert space.

A notable remark we will note here is that in infinite dimensions, we can only project onto
closed subspaces. Let’s import the theorem.

Theorem 7.8. Let U be a closed subspace of L?(Q). If X € L?(Q), then there exists a unique Z € U such
that d(X,Z) = infycy d(X, x), and Z € U has this property iff (X, x) = (Z, x), forall x € U.
Define Z = Proj;;(X).

Definition 7.9. Suppose X : @ — Rhas E[X?] < co,and Y : Q — S is a RV. Let Uy to be the
closure of the subspace spanned by h(Y), where h : S — R is measurable and E [h(Y)?] < oco.
Then

E[X | Y] = Projy, (X).

11



8 Sub-Sigma Algebras

Theorem 8.1. Suppose X : Q — R is a random variable such that E [X?] < co,andY : Q — Sisa
random variable. If Z € Uy then Z = E[X | Y] iff

E [Xlyea)] =E[ZLyen)],
forall A € G.

The claim is that span{1(yc4) | A € G} is dense in Y. Let’s replace Uy because it is too big of a
set to deal with right now.

Definition 8.2. LetY : Q — S be a random variable. The o-algebra generated by Y, denoted o (Y")
is the smallest o-algebra such that Y is o(Y")-measurable.

We can write

oV)={(Y €A |Aecg}
We can think of ¢(Y") as the minimal amount of information we need to determine Y.

Definition 8.3. Suppose X : ) — R is a RV such that E [ X] < 0o, or X > 0. Suppose Y : ) — S'is
a RV. We say Z is the conditional expected value of X given Y if Z is o(Y)-measurable and

E [X1yea) =E [ZLyen),
forall A € G.

Definition 8.4. If X :  — R is a random variable, and 7' C F, is a o-algebra, the conditional
expected value of X given 7/, E [X | '] is a RV Z that is 7' measurable and

E[Z14] =E[X14],
for all A € F'. We still assume that E [X] < oo, or X > 0.

Theorem 8.5. In the context of the above definition, E [X | F'| is quaranteed to exist and is almost surely
unique. If Z, and Z' are both F'-measurable, and both have the property in the definition, then Z = Z'
almost surely.

Theorem 8.6. Suppose X : Q@ — R is a random variable, with E [X] < coor X > 0and F' C Fisa
o-algebra. If W : Q@ — R is F'-measurable and bounded, then E [ XW] = E [E[X | F|W].

Definition 8.7. If A € F, and 7’ C F is a o-algebra, then the conditional probability of A given F
is defined by
PA|F)=E[14|F].

Theorem 8.8 (Properties of conditional expected values). Suppose that X : Q — R is such that
E [X] < oco. Suppose that Y : Q — S is discrete. Therefore S is countable. Define h : S — R by

hy) = o=y E [Xly=y] #fPY =y)>0
0 otherwise.

Then E[X | Y] =h(Y).

12



9 Properties of Conditional Expectation

Proof of Theorem 8.8. We will show that E [X1(y_,)] = E [A(Y)1(y_,)]. Consider

E [M(Y)ly=y] = E [A(y)1y=y)]

= h(y) B [1y=y)]
= h(y)P(Y =y)
1
= PV =) E [X1y_y,| PY =y)
=E [Xl(Y=y)] :
O
Proposition 9.1. For 7' C F,
E[E[X | F]] =E[X].
Proof. In the definition take A = Q. Then
EX]=E[X14]=E[E[X |F]14] =E[E[X | F]].
O

Proposition 9.2 (Linearity). For o, 5 € R,
E[aX+8Y |F]=aE[X |F]+BE[Y | F].

Proof. Recall that for X : @ — RaRV,and F' C F a o-algebra, E[X | '] := Z, a RV that is F’
measurable, and E [Z1,] = E[X14], forall A€ F'.Let A € F'. Then Z := E [aX + Y | '], with

E[Z14] = E[(aX + Y )14]
ZE[OzXlA—i-,@YlA]
:aE[XlA] —&-BE[YlA}.

O
Theorem 9.3 (Tower property). If 7"/ C F' C F, then
EE[X|F]|F'=E[X|F"].
Proof. We WTS if A € F”, then
E[E[X|F]14] =E[E[X|F"]14].
Since A € 7, A€ F',s0
B[E[X | F]1i] = B[X14],
and
E[E[X|F'14] =E[X14].
O

13



Theorem 9.4. We have
EXh(Y)|Y]=RY)E[X |Y].

More generally, if Z is F' measurable, then
E[XZ|F|=ZE[X|F].
Proof. If A € F', Z14 is ' measurable, so by Theorem 8.6,
E[XZ14]=E[E X | F'] Z14].
So by definition, E [XZ | F'| = ZE [X | F']. O
Corollary 9.4.1. If 7' C F' C F,and E [X | F'| is F" measurable, then E [ X | F'| = E[X | F"].
Proof. Apply the previous theorem, and the tower property. ]

There is one... and only one tool... which can help a mathematician compute conditional ex-
pectations.

Definition 9.5. Let X : Q@ — S be a random variable, and 7/ C F a o-algebra. We say X is
independent of ' if X is independent of 1,4 for every A € F'. Equivalently, P(X € B, A) =
P(X € B)P(A), forall A € F'.

Theorem 9.6. If X is independent of F/, then E [X | F'| = E [X].
Proof. Homework next week. O

Theorem 9.7. Suppose X : Q — Sy isa RV, F' C F is a o-algebra, and Y : Q — S, is F' measur-
able. Suppose X is independent of F', and that f : S1 x Sy — R is a measurable function such that
E[|f(X,Y)|] < cc. Define p : So — Rby

ply) = E[X[(X,y)].
Then  is measurable, and vy -almost surely finite, and

E[f(X,Y) | F] =eY).

Example 9.8. Suppose that NV, X;, X», ... are independent, and X;’s are identically distributed,
with E [X;] < oo, and P(N € ) = 1, with E [N] < co. Then

N
E|) X |N] = NE[X]].
i=1
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10 Stochastic Processes

Continuing Example 9.8,

L(N=n) Z\Xill (MCT)

n=1
= B[Xi] Y nP(N =n)
n=1

Define f : N x RY — R by
f(n,z1,20,...) = Z$2
i=1
Assume that f is measurable. Note that

N

Y Xi=f(N,X1,Xs,...).

=1
Let
(P(n) :E[f(anb"'ﬂ)] =E

Then Theorem 9.7 says that

N
> Xi|N
=1

Corollary 10.0.1. We have

E —E[f(N,X1,Xs,...) | N] = o(N) = NE[X]].

Proof. We know E [E [X | F]] = E[X]. O
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Example 10.1 (Galton-Watson branching process). Galton was an English eugenecist, concerned
with modeling the survival rate of certain surnames. Later, Watson expanded on the works of
Galton, and Galton-Watson processes were used to model nuclear fission physics, epidemics, etc.
Let p be a distribution on {0, 1,2, 3, ...} with finite mean. That is

=2 i{i}) < oo

Let (&;)75-1 be an array of independent random variables all with distribution p. Then §;; should
represent the number of offspring of individual j in the (i — 1)th generation of the process.
Let X = &o be the initial size of the population. Then

Xo
X1 = Z i
i—1

In general,

anl
i=1
The previous calculation shows that E [X,,11 | X;,] = E [§,1] X, = pX,,. Also,

E [XnJrl ’ X07X1> s 7Xn] = :an
Iterating through, we find E [X,,] = p" E [¢0] = p"t!. If > 1, then E [X,,] “=°% 0. If 41 = 1, then
E[X,] = 1. If u < 1, then E [X,,] == 0. Later on, we will want to study the actual populations,
rather than expected values, and we will use martingales to do this.

10.1 Markov Processes

Definition 10.2. A sequence (X,,),>0 taking values in (.9, G) is called a Markov chain, or has the
Markov property if for eachn > 0, and A € G, the following is almost surely true:

P(Xn+1 GA‘X(]a"-aXn):P(XnJrl €A|XTL)

Theorem 10.3. Suppose f : S1 x So — S is measurable, and let Xy be an Si-valued random variable.
Let (Uy)n>0 be a sequence of Se-valued independent random variables independent of X, all identically
distributed. For n > 1, define X, = f(Xpn—1,Uy). Then (Xy,)n>0 is a Markov chain.

Example 10.4 (Random logistic map). Consider
flx)=p0z(1—2), 0<pB<A4

Then f models resource limited growth. If X,, = f(X,,_1), we get an interesting dynamical system,
depending on 3. If we let f(X, §) = X (1 - X), p1,. .., Bn be independent random variables with
the same distribution, then X,, = f(X,_1, By,) defines a Markov chain chose behavior depends on
the distribution of 3;.
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11 Examples of Markov Chains

Example 11.1. Let X, X», ..., be independent R"-valued random variables, all with the same dis-
tribution. Let S,, = X; + Xo + ... + X,,. Take f(z,y) = = + y. The theorem shows that this is a
Markov chain.

Example 11.2. Let X1, X5, ...,beiid. RVsinR. Let P, = [[;", Xj, and taking f(z,y) = xy shows
this is Markov.

Example 11.3 (Autoregressive models). Autoregressive models are used by economists to forecast
markets. In practice, economists add a moving average that is not Markov. Let €;, €2, ... be ii.d.
normally distributed with parameters 0, 02, with 0 < 0% < co. Fix ¢ € R, and define X,, =
pXp_1+ €n.

Example 11.4 (Stochastic gradient descent). To minimize h : R” — R, given v > 0, start at X, and
set X,, = X,,—17Vh(X,,—1). Under nice conditions, X,, converges to the minimum of 4. In appli-
cations, gradients are hard to compute. In stochastic gradient descent, we let h; be the directional
derivative of h in the ith coordinate, and let I, Io, . .. be i.i.d. uniform on {1,2,...,n}. We set

Xn — Ap—-1— ’thn (anl)~
This is a Markov chain.

Example 11.5. The Galton-Watson process is Markov. Consider

[z, (y1,92,...) = Zyz‘-
i=1

Proof of Theorem 10.3. Fix A € Gi. Then

P(Xus1 € A| X1, X)) = B[1(Xs1 € A) | Xo,.., X,
=E[1(f(Xn,Upnt1) € A) | Xo,..., Xp].

Let
o(s) =E[1(f(s,Uny1) € A)] =E[1(f(s,U1) € A)] = P(f(s,U1) € A).

Theorem 9.7 says that
P(Xn—i-l €A | Xi,..., Xn) =E [1(f(Xn, Un+1) S A) ‘ Xo, ... ,Xn] = (p(Xn)
By Corollary 10.0.1, since P(X,+1 € A | Xo,...,X,) is a function of X,

P(Xn+1 cA ‘ Xn) :P<Xn+1 €A ’ X(),...,Xn).

12 Countable State Space Markov Chains

For most of this course, consider S to be a finite or countable. We can then take G = 2°. In this
case, the condition that

P(Xn+1€A|X0a--~aXn):P(Xn+1GA‘Xn)
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simplifies to the condition that for every n > 0, and y, zg, z1, ..., z, € S, such that
P(Xo=x0, X1 =21,...,Xn =2,) >0,
we have that
PXpi1=vy|Xo=z0,....Xpn=apn) = P(Xpy1 =y | Xpn =zp).

Definition 12.1. A Markov chain (X,,),>0 on S is called homogeneous or time homogeneous if
there exists an S x S matrix P = (p(4, j))i, jes such that for every n > 0, and y, zo, ..., z,, € S such
that

P(X()::B(),...,Xn:.%'n) > 0,

we have that

P(Xn—H:y‘XOZIEOa‘--aXn:xn):P(Xn-Q-l:y‘Xn:xn):p(Xnvy)
:P(Xl :y‘XO:LUn)v

where the text in red holds if P(Xy = z,,) > 0. A matrix P associated to a Markov chain in this
way is called a transition matrix for (X,,),>0. Some states in a Markov chain may be inaccessible,
so this association is not unique.

Assume all the Markov chains we deal with in this course are time homogeneous.

Theorem 12.2. Let (X,,)n>0 be a Markov chain with initial distribution p and transition matrix P. Assume
that each row of P sums to 1. Then for alln > 0, and s1, s2,...,5, € 5,

n—1
P(Xo=s50,X1=51,...,Xn=5n) = p({s0}) Hp(5i78i+]_).
=0

Proof. Let A,, = (X0 = so,...,Xn = s,). Observe that

P(XO = 80,--+,Xn :Sn) :P(An)
= P(Anfl)P(Xn = Sn ‘ Anfl)
= P(Anfl)P(Xn = Sn ‘ Xp1= Snfl)
= P(An71>P(5n7175n)-
By continuing inductively on A,_;, we get our result. ]

Example 12.3. Consider a Markov chain on S = {1, 2, 3,4} with transition matrix

0 1/2 1/4 1/4
1/4 1/2 0 1/4
1/4 1/4 1/4 1/4
1 0 0 0

P:

Suppose P(Xy = 2) = 1. From the theorem,

P(Xo=2,X1=1,X,=3,X4=2) = p({2})p(2,1)p(1,3)p(3,2)
=1(1/4)3.
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Now, as an exercise, P(X2 = 3) can be computed using the Markov property:

4
=Y P(Xy=3|X; =i)P(X; =1)

4 4
=Y P(Xp=3|X;=14)) P(X;=i|Xo=j)P(Xo=j).
i=1 j=1

13 Construction of Markov Chains

Definition 13.1. An S x S matrix P = (p(; j))i jes is called stochastic if the rows sum to 1, and the
entries are nonnegative.

Theorem 13.2. Given a stochastic matrix P and an initial distribution on S, there is a Markov chain with
initial distribution p and transition matrix P.

The infinite sequence case is hard to prove it turns out, but the finite sequence case is easy to
prove.

Definition 13.3. A Markov list is a finite sequence (X,,))_; with the Markov property.

Theorem 13.4. Given an initial distribution on S, and transitions matrix P, and N € N, there exists a
Markov list (X,,)N_, with initial distribution u, and transition matrix P.

Proof. Let Q = S10:1.2:N} For w = (sg, ..., s,), define X;(w) = s;, the projection of w onto the ith

coordinate. Define
N-1

Pu({(s0,----5n)}) = p({s0}) T (si, siv).
i=1

Consider that
RL(Q):Z {w}
weN
= Y Pu{s0,---.5n5})
(50,---,SN)EQ
N-1
—Z Z ({s0}) H p(Sis Sit1)
so€ES SNES =0

=1, since P is stochastic

N-2 N
— Z Z (M({So}) H p(si,si+1)> Z p(SN—-1,SN)

S0ES SN_1ES 1=0 SNES

N-2
= > p({s0}) T] p(sir sita)-
i=1

(507._.751\]71)65{0,1 ..... N-1}
Thus P,(Q2) = 1, by induction. Lastly we need to show that (X;)Y, satisfies the Markov property.
By definition,
N-1

Pu(Xo = 50, Xy = s5) = Bu({(s0,- -, s3)}) = ul{so}) T] plsiv sien)
=1
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By the same argument as above,

N—2
P,(Xo=s50,...,Xn-1=15n-1) = u({s0}) H P(5i, 8i41)-
=1

By induction, if 0 <n < N,

n—1

Pa(Xo = 80,2 X = 50) = pu({s0}) [ plsiosis).
=1

If P,u,(XO =80,...,Xn = Sn) > 0, then

P,u(Xn-i-l = y,Xo = S0, - .,Xn = Sn)
Py(Xo=50,...,Xn = 5p)

u({s0}) (TS plsis 5641) ) P50s )
pfso}) (TS plsisivn))

= p(sn, ¥).-

PM(Xn_H:y\onso,...,ansn):

14 Chapman-Kolmogorov Equation

We need more theory, we need more theory.

Theorem 14.1. Let P be a stochastic matrix on S. Let j1 be a distribution on S. Define X; : S{01.2-} = gN
to be the projection onto the ith coordinate X;(so, s1,...) = s;. Then there exists a unique measure P, on
SN such that (Xn)n>0 is a Markov chain with transition matrix P and initial distribution p.

Definition 14.2. Given a measurable space (5, G), the set of all probability measures on S is denoted
P(S).

Definition 14.3. If s € S, we define P, by P; = P5, where §; € P(S) gives measure 1 on {s}.
This P is the distribution of the Markov chain started at s.

Theorem 14.4. If 1 € P(S), then

Pu=) u({shP

SES

Proof. 1t is enough to check that equality holds on sets of the form (X = sgp,...,X,, = s,). The
theorem follows immediately from our theorem computing P, on sets of this form because if s # s,
then

PS(XU = 80,...,Xn = Sn) = 0,

since d5({sn}) = 0. O
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To think about starting the chain with distribution f, first pick sy according to p, then run the
chain started from sq. Define p{"™ (s,t) = Py(X,, = t) is the m-step transition matrix.

Theorem 14.5. If P,,(X,, = s) > O, thenfort € S, Py(Xpim =t | X5 = ) = Py(Xon = t) = p™(s,1).
More generally,
Py(Xnim =1 | X0 =50,..., Xn =5) = p™(s,1)

Definition 14.6. Define 6 : SV — SV by

0(s0,81,...) = (81,82,...),
the left shift operator on S™v
Theorem 14.7. If u € P(S), then P, 00~ = P,

Here pP is left multiplication of P by p. We think of 1 as a row vector with entries u =
((s1), p(s2),...), where sq, s9 is an enumeration of S. That is

(uP)({s*}) = u({shHP
ses

Proof. 1t suffices to prove equality on sets of the form A = (Xo = s9, X1 = s1,...,Xp = $p).
Consider

A:(X():S(),Xlzsl,...,Xn:Sn)
:{(wg,wl,...)ESN:wi:si,ng'Sn}
={s1} x{s1} x...x{sp} xS xS x....

Consider then that

071 A) =S x {s1} x {s1} x...x{sp} xS xS x....

So
= U{s}x{so}x...x{sn}xSxSx...
seSs
= U(X():S,Xl :80,X22817...,Xn+1 :Sn).
seS

Use the computational theorem Theorem 12.2 to compute the probabilities on both sides:

PM(G_I(A)) = Zpu(Xo =5, X1 =80, Xn+1 = Sn)

seS
n—1
= Z“ {s}p(s, so H(Si,5i+1)
seS i=1
= Pup(Xo = 80, X1 = 51,..., Xy = 5)
P (A).

Note. The set 671(A) is the set of all paths whose future is in A.
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Corollary 14.7.1. Inductively, P, o (6™)~ = p,pn.
Theorem 14.8. Forn > 0,
P,((0™)YA) | Xo = 80,...,Xn = 5,) = Ps, (A).

The proof is analogous to the proof we’ve just presented above. The above theorem captures
that the entire future after time n is independent of the past given you are at time n.

Theorem 14.9. If (X,,)n>0 is a Markov chain with transition matrix P, and initial distribution i, then the
distribution of X, is uP", that is

=" u{ih)p™ (@, ).
€S
Definition 14.10. Let p; = p({i}).
Theorem 14.9. Consider that

P,(X:1=7)= Z P(X;=j|Xo=1)P(Xo=1) = Zumzy
€S| >0 €S

Since P"t! = P"P, we know

n+1 Zp(n Z k k’ j)
keS

and the result follows by induction. O

Theorem 14.11 (Chapman-Kolmogorov equation). We have the following to consider:

Py(Xpym =1) =Y _ Py(X Po(X, = s).
s€S
Proof. Consider uP"™ = y(P"P™) = (uP™)P™. O

15 Stationary Distributions

Example 15.1. Let (X,,),,>0 be a Markov chain with state space S = {1, 2} with transition matrix

e[ 1

Find P,(X, = 1), and P,(X,, = 2). Compute lim,,_, P, (X, = 1) and lim, o P, (X, = 2).

1
Proof. Note that since the rows of Psumto1, [1] is an eigenvector of P corresponding to eigenvalue

1. A diagonalization of P is is
_ 1 (1 =2] 1 © 1/3  2/3
P=ebe = [1 1] [0 1/4] [—1/3 /3]
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Hence

[Pu(Xn=1) PuXp=2)] =1 po] _12] [(1) 1(/)4] [_11/?3 fg]
ol s
= [ o %g 3@]

_ [uﬁ—uz 2(u1+u2)}

1T 1
_ = =

— lim [Py(Xn=1) Pu(X,=2)] = [ pe

T
[

3 3
=[1/3 2/3].
Note that

[1/3 2/3] E?i ;ﬁ] =[1/3 2/3].

Interestingly the limiting distribution of P is the left eigenvector of P with eigenvalue 1, which is

normalized to have nonnegative entries that sum to 1. O

Definition 15.2. If (X,,),>0 is a Markov chain, a distribution 7 is called stationary for (X, ),>0 if
mP = w. Note that P, (X,, =1i) = m;.

16 Random Walks on Graphs

Let G = (V, E) be a connected finite graph. A uniform random walk on G is a Markov chain (X, ),
such that given X,, = v, X,,41 is uniformly distributed on the neighbors of v. That is

1 u~w

P(v,w) = {deg(”)

0 otherwise.

17 Stochastic Matrices

These might be useful.

Theorem 17.1 (Perron-Frobenius theorem). If all entries of a n x n matrix A are positive, then it has a
unique maximal eigenvalue. Its eigenvector has positive entries.

Theorem 17.2 (Brouwer fixed point theorem). Let D™ be the closed ball in R™ and ¢ : D™ — D" be a
continuous map, then ¢ has a fixed point

Theorem 17.3. Let S be a finite set, and (X, ), be an S-valued Markov chain. Then (X,,)y, has a stationary
distribution.

We will give 3 proofs. Let P be the transition matrix of (X, )p.

Proof 1. Assume that S = {1,2,...,n}. We want some vector 7 = (71, ...,m,), such that 7P = 7,
and m; > 0, for all 4, and )" ; m; = 1. Since P is a stochastic matrix, this follows from the Perron-
Frobenius theorem. O
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Proof 2. Up to isomorphism, the set of probability measures on S,

P(S) = {(xl,...,xn) 0, > ai= 1}.
=1

Then P(S) is compact and convex. Define F' : P(S) — P(S) by F/(m) = mP. Then F'is continuous.
By the Brouwer fixed point theorem, F has a fixed point, 7 € S, thatis, 7 = F(w) = 7 P. O

Proof 3. Let P(S) be above, a compact and convex set. Fix i € P(S), and define for all n € Z+,

1 n
== P
Hn n;u

Then p, € P(S). Therefore, there exists a subsequence of (f)n, (fin, )x such that u,, — =, for
some 7w € P(S). Consider

7P —m= lim p,, P — i,
k—o0

since the entries i, P!, P are bounded. Therefore, 7P = . O

17.1 Strong Markov Property

To develop a stronger intuition behind stationary distributions, let us study the strong Markov
property. In Markov chains, the future is independent of the past, given the present.

Definition 17.4 (Random time). A random time is a RV taking values from N = N U {co}.
Suppose (X,,),, is a stochastic process. Fix s* € S. If T' is a random time, define

X, ifT,=n

s ifT=o00

Xr(w) = Xp)(w) = {

Note thatif s € S,

(Xp=s)= <U(Xn:s,T:n)> U((s=s"T=c),

neN

a countable union of measurable sets, so X7 is a RV. However, for the Markov property to hold at
time 7', we need 7' to not look into the future of the process.

Deﬁnitionj7.5. Let (X)), be a stochastic process. A random time 7 is called a stopping time if
for alln € N, the event (T = n) is in (X, ..., Xp).

Equivalently, T is a stopping time if for each n € N, there exists a function / : S10:1-n} — {0 1}
such that (T"=n) = (hp(X1,...,X,) =1).
We will now present two versions of the strong Markov property.
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Theorem 17.6 (Strong Markov property, version 1). Consider a Markov chain (X,,),, with transition
matrix P. If T' is a stopping time, and S, . .., Sy, are such that

P(XOZSO,...,Xn:Sn,T:TL>>O,

then
P(Xn-l—l =Yy | Xo =150,y Xpn =8p, T = n) :p(sm?/)-

Proof. Since T is a stopping time, there is a function h,, such that
(T'=n) = (hn(Xo,...,Xy) =1).
So

(XOZSO,...,Xn:Sn,T:TL)Z(XO:So,...,Xn:Sn,hn(XU,...,Xn):1)
= (Xo=50,-+,Xn = Sn, hn(s0,...,8,) =1).

If h(sg,...,sn) = 1, then
(Xo=1350,.-, Xn=58n,T=n)=(Xo=50,---,Xn = Sn).
If h(sg,...,sn) # 1, then
(Xo=50,---,Xpn=258n,T=n)=10.
Since P(Xo = so, ..., Xn = $p, T =n) > 0, we are in the first case. By the Markov property,

P(Xn_H:y‘X():S(),...,Xn:Sn,T:n):P(Xn_H‘XZ‘:SZ‘,OﬁiSn)

= p(sn,Y)-
O
For reasons we will discuss, this is a disappointing theorem. We would have liked to write
P(Xri1=y| Xo=s50,...,Xr=38) =p(s,y).
But (Xo, ..., X7) is a vector of random length, and 7' = oo is a possible value. We would need

more tools to make this definition rigorous.

18
19

Theorem 19.1. Let (X,,),>0 be a Markov chain with transition matrix P. Let T be a stopping time. Then

P(Xri1 =y | Fr) = P(Xy,y), (T <o0).
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Proof. Recall
P(Xry1 =y | Fr) =E[1( X711 =v) | Fr|.

Suppose A € Fr. Then by the MCT,

E[1(Xr41)la] = ZE (X741 = 9)lanm=n)] + E [1(s* = y)1an(1=00)]
n>0

= ZE [1(Xnt1 = 9)Lanr=n)] + E[1(s* = y)1anr=oo)]
n>0

=

=N E[E[(Xni1 = 9)] | Falan—n) +o

n>0

= ZE [P<Xn+1 =y | —Fn)lAﬂ(T:n)] +o
n>0

=Y E[p(Xn,y)Lana=n) +a
n>0

=E [p(X¢, y)1al(T < 00)] + E[1(s" = y)141(T = 00)]

=E |p(Xy,y) (T < o00) +1(s" = y)1(T = 00) 14

Fr measurable

So P(Xr41 | Fr) = p(Xr,y)1(T < 00) + 1(s* = y)1(T = o0). In particular, when T' < oo,

P(X71y =y | Fr) =p(Xs,y).

We can give a stronger theorem using the shift map.

Theorem 19.2. If T is a stopping time and X = (X,,)n>0 is a Markov chain, then for all u € P(S), and
A€ F,
P, (07X € A,T < 00 | Fr) = Px, (A)I(T < 0).

Implicitly, z — Px is measurable. The proof is the same as before, we would just use the
Markov property in terms of shift maps.

Corollary 19.2.1. If F : SN — R is nonnegative or bounded, and measurable, then
E,[(Fo®T (T < ) | Fr)] = E,[(F)I(T < 00)].
19.1 Excursion Theory, Classification of States
Definition 19.3. If (X,,),>0 is a Markov chain, define
T, =inf{n > 1| X, =y}.
Theorem 19.4. T, is a stopping time.
Proof. O
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