Notes on Measure Theory

Definitions and Facts from Topic 1500

For any set M, 2™ := {subsets of M} is called the power set of M.

The power set is the “set of all sets”.

Let A C 2M. A function u : A — [0,00] is finitely additive if,
Vinteger n > 1,Vpw — dj A, ..., A, € A |J4; € A= p(]A4)) =
> 1(A;).

Finite additivity states that if we have pairwise-disjoint sets in some
space, the measure of the union of those disjoint sets is equal to the
sum of the measures of the individual sets.

Let A C 2M. A function pu : A — [0, 00] is o-additive if p is finitely
additive & Vpw — dj A;,..., A, € A | |Aj € A= p(]A4;) = n(A)).

o-additive differs from finitely additive in that you can add infinitely
many things. Specifically, you can add countably many things. o-
additive improves finitely-additive by making it "infinite”.

Let A C 2% A function p : A — [0, 00] is translation invariant if
VA e A Ve e R, we have: A+ c € A and pu(A+c) = u(A).

Translation invariance states that if we measure some interval, we
should be able to move it and the measure should not change.

T = intervals C 2% Ny : Z — [0, 00] defined by \o(I) = [sup I] —
[inf I] is called length.

For intervals based in the reals, the size of the interval is defined as
the supremum of the interval minus the infimum.

Let ACBC2Y Tet u: A— [0,00],v: B — [0,00]. We say that v
extends p if: VA € A, pu(A) = v(A).

If you have two sigma algebras, one larger than the other, and a mea-
sure coincides in the sets from the smaller one, then it is said that the
measure on the bigger sigma algebra extends the smaller measure.



e Let A C B C 2M. A function p : A — [0,00] is o-finite (on M) if
EIAl,AQ, EAst. M= UA] and VJ,/L(A]) < 0.

A function is o-finite if all of the constituent sets have measure less
than infinity.

Fact: Length is o-additive, o-finite, and translation invariant.

Fact: 7 is a near algebra on R, length o-additive and o-finite.

e Aisan algebra (on M) if M € Aand VA, B € A, we have: A\B € A.

Algebras exist to allow the formation of unions, intersections, and com-
plements. If we have some measure space, we want to be able to par-
tition it into pieces and measure those pieces; algebras allow that to
happen.

e Ais a og-algebra (on M) if A is an algebra in M and [J.A C A.
A o-algebra extends the definition of an algebra by allowing countably

many unions and intersections. Like other o definitions, the o-algebra
allows the notion of “infinite” instead of ”finite” operations.

Fact: A is an algebra (on M) iff A # null and A is closed under: finite
union, finite intersection, and complement in M.

Fact: Ais a o-algebra (on M) iff A # null and A is closed under: countable
union, countable intersection, and complement in M.

e The o-algebra (on M) generated by S C 2™ is the intersection of all
of the o-algebras on M that contain S. It is denoted < § >,.

Generation is a process that creates a o-algebra with the smallest num-
ber of elements that still captures all relevant information about the
o-algebra.

o < 1y >,:=p is called the measure generated by 1.

The generated measure extends our definition of length to allow for
measuring o-algebras.



e A subset of R is Borel if it’s an element of < Z >,. The unique exten-
sion of length to {Borel sets in R} is called Lebesgue measure on R.

A subset is Borel if it is an element of the sigma algebra generated
by intersecting all intervals. Lebesque measure can be thought of as the
analogue to length on Borel sets. Virtually everything is Borel.

Definitions and Facts from Topic 1600

e P,Q C M are essentially equal (written P = Q) if Inull sets Z, Z' C
Mst. (P\Z2)UZ = Q.

FEssentially equal sets can be visualized by imagining an interval [0,2].
Imagine sets P:=[0,0.5)(0.5,2] and Q:=[0,1)(1,2]. Although set P does
not cover the point 0.5 and set () does not cover the point 1, since both
points have measure zero we say that the two are essentially equal.

e A subset C' C M is conull in M (or u-conull) if M\C' is null.

If the complement of a subset is null, then the subset is said to be
conull.

e A subset of P C M is measurable (or y-measurable) if 34 € A s.t.
P=A.

If we wish to measure a set P, but do not have a measure to do so,

but another essentially equal set A is measurable, then we can measure
P also.

e The completion of (w.r.t. u)is A := {u — measurable sets}.

e The completion of y is the function i : A — [0, 00]; defined by:
a(P) = p(A),VAe Ast. A=P.

Measurable sets are one step beyond Borel sets because one may need
to add things of measure zero. We use the completion of the measure
to measure such things, since reqular measure cannot be applied. We
need the definition of "essentially equal” to make the leap.

Fact: A,Be€ A, A= B = pu(A) = u(B)

Fact: fi: A — [0, 00] is o-additive.



Fact

: {Borel sets in R} is countably generated.

< {(a,b)|a,b € Q,a < b} >,

A subset of R is measurable if it’s an element of the completion of
{Borel sets in R} w.r.t. Lebesgue measure.

It’s hard to make non-measurable sets, or even non-Borel sets. This
follows from the earlier definition of a Borel set, which was essentially
defined as the sigma algebra generated by intersecting all intervals.

A o-algebra A on M is countably generated if Ja countable set
CCAst. A=<C >,.

If A is a countably generated o-algebra on M, then the elements of
A are called Borel sets. If, furthermore, p : A — [0,00] is o-finite,
then the elements of the completion of A w.r.t. u are called measurable
sets.

A Borel space is a set with a countably generated o-algebra on it.

In an abstract space, if a countably-generated o-algebra can be defined,
we call it a Borel space.

A measure on a Borel space (M, B) is a o-additive function p : B —
[0, o0].

A measure space is a Borel space with a o-finite measure on it.

A measure p on a Borel space (M, B) is a probability measure if
p(M) = 1.

A measure p on M is finite if p(M) < occ.
monotonicity: VA, B € A, AC B = u(A) < u(B)

Fact

Fact:

: p s finite iff, VA € A, u(A) < oo

measures are monotone.




For any countable set M, counting measure on M is the measure
p:2M — [0, 00| defined by u(S) = #5S.
A measure on the (countably generated) Borel space (M,2).

Vset M, 2™ is the discrete o-algebra on M and {null, M} is the in-
discrete o-algebra on M.

If M is a countable set, then the power set of M is the discrete o-algebra
and the most coarse o-algebra is the indiscrete.

Definitions and Facts from Topic 1700

The o-algebra inherited (or restricted) from A to W is A|[W :=
{ANW]A € A}

TBD

A Borel space is a set with a countably generated c-algebra on it.

Sometimes called a measure space. A Borel space (M,.A) is discrete
is A=2M,

I always had the impression that a Borel space and a measure space
were different things...

Vz e C,V6 > 0,D(z,0) :={w € Cllw — z| < ¢}

The standard o-algebra on C is Be :=< {D(z,6)|z € C,§ > 0} >,.
TBD

VA C C, the standard o-algebra on A is By := B¢|A.

TBD

Vfinite F, standard o-algebra on F is Bp := 2%

TBD

VA C C, Vfinite F, the standard o-algebra on A|JF is
BAUF =< By UBF >g-

TBD



e Let A and B be o-algebras on M and N, respectively. Let C :=
{Ax B|A€ A, B € B}.
A x B :=< C >, is called the product of A and B.

TBD

e i XV :=<w >, is called product of ; and v.

TBD

o Let B := {Borel sets in R}. A subset of R? is Borel iff it’s an element
of Bx B. A subset of R? is Borel iff it’s an element of B x B x B. etc...

TBD

e Let \ be Lebesgue measure on R. \ x ) is Lebesgue measure on R?.
A X A x ) is Lebesgue measure on R3. etc...

TBD

e A subset of R? is measurable if it’s an element of BXxB.

this principle applies for R n

e Let M be a set. Let (N,B) be a Borel space. Let f: M — N be a
function.
f*(B) := {f~YB)|B € B} is the pull back c-algebra on M (from B
via f).

TBD

o Let (M, A) be a Borel space. Let (N,B) be a Borel space. Let
f: M — N be a function.
[ is (A, B)-Borel (or just Borel) if f*B C A.

The expression f*B C A can be alternatively expressed asVB € B, f~1(B) €
A

e Let (M, A, ) be a measure space. Let (N, B) be a Borel space. Let
f: M — N be a function.
f is (u, B)-measurable if f*B C A (or y-measurable or just mea-
surable).



The expression f*B C A can be alternatively expressed asVB € B, f~1(B) €
A.

e The measure f5: B — [0,00] defined by (f5(u))(B) = a(f~*(B)) is
the push forward measure on N (on B from p via f). (We usually
just write fi(u).)

TBD

Fact: Functoriality of push-forward: (go f).(1) = (g«(fe(1))) = (g0 fi)(10).

o Let M be aset. Let z € M.
The delta mass (or point mass) at x (in M) is the measure J, :
2M — [0, 00] (or 6M) defined by 6,(A) = {1,if r € A;0,if v ¢ A}.

TBD

o Let S € B, i.e., let S be measurable. We say y is concentrated off S
if 1(S) = 0. We say p is concentrated on S if p(M\S) = 0.

TBD

o C' C R? closed, v a measure on C. Let S C C be closed. We say v is
supported on S if v(C\S) = 0.

TBD

e C' C RY closed, v a measure on C. The support of v the intersection
of all of the closed sets that support v.

TBD
Definitions and Facts from Topic 2300

e We say f is simple if both f: M — R is measurable and f(M is finite,
in which case, [}, f dp =37 cpon yln(f ()]

TBD

e For any set S, for any R C S, the function 1% : S — {0,1} defined by
1%(s) = {1lif s € R;0if s € S\R is the indicator function of R (in
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9).

The indicator function is a simple switching technique, whereby the
function equals 1 if s is contained in R, and 0 if s is not contained in
R.

[ J
Definitions and Facts from Topic 2330
o We say f is integrable or L' if both [, fidu < oo and [, f-dp < co.

We can say a function is L' if the integral of both the positive and
negative parts of the function are finite.

e We say f is integrable on A or L' on A if xf is integrable.

In this case, x represents an indicator function that returns 1 if A
1s contained in M and 0 if it is not.

e Let (M, B) be a Borel space. Let u and v be two measures on (M, B).
We say v is absolutely continuous w.r.t. pif VZ € B,u(Z) =0 =
v(Z) = 0.

One measure is absolutely continuous with respect to another measure
if, for some Z contained in the Borel set, Z’s measure is the same when
measured using both measures. An earlier definition of absolutely con-
tinuous used the notation v << p to express "v has at least as many
null sets as p”.

e We say p and v are equivalent if both v << p and p << v, ie. if
{ZeB|lu(Z)=0} ={Z € Blv(Z) = 0}.

If both measures of Z yield the same results, we say the measures are
equivalent.

Definitions and Facts from Topic 2360

e Measures p and o on (M, B) are mutually singularif 37 € B s.t. p(Z) =
0 and o(M\Z) = 0.

TBD



Fact: hu << p,Vmeasurable h: M — [0, 00)

e Let (M, B, 1) be a probability space. A change of measure (for
(M, B, p)) is a probability measure p on (M, B) s.t. p~v.

Suppose a measure exists on some Borel set. A change of measure may
take place if there is a new measure on the same set which is equivalent
(by the above definition of equivalent).

Fact: Sophisticated change of variables formula:
Let (M, A, 1) be a measure space.

Let (N, B) be a Borel space.

Let f: M — N be measurable.

Let g : N — R be Borel.

fM(g © f)dlu = ngd(f*,U)

Fact: How to integrate against h:
Ju(fh)dw= [y, fd(hp)
Sulf@][h(@)dp(z) = [, f(@)d(hp)(z)
Fact: h := g—:

Fact: ¢.(¢' - \) = A

Definitions and Facts from Topic 2400

Fact: Monotone Convergence Theorem
Let (M, A, i) be a measure space. Let fi, fa, f3,... : M — [0,00] be a non-
decreasing sequence of measurable functions. Assume lim,, ., f, > C on M.

Then lim,,_, fM fodp = fM lim,, .o frdp.

Fact: Fatou’s Lemma
Let (M, A, 1) be a measure space. Let g1, ga, g3, ... : M — [0, 00| be measur-
able. Then fM liminf, . g,dp <liminf,, fM gndp.

e A sequence fi, fa, f3,... : M — [—00,00] is L'-minorized if L' func-
tion g : M — [0, 00] s.t. Vintegers n > 1,—g < f,.



TBD

e A sequence fi, fa, f3,... : M — [—00, 0] is L'-majorized if L' func-
tion g : M — [0, 00| s.t. Vintegers n > 1, f, < g.

TBD

o A sequence fi, fa, f3,... : M — [—00, 0] is L'-enveloped if IL! func-
tion g : M — [0, 00] s.t. Vintegers n > 1,—g < f, < g.

TBD

Fact: Bounded Convergence Theorem

Let (M, A, 1) be a measure space.

Assume pu(M) < co. Let K > 0. Let fi, fo, f3,... : M — [—K, K] be mea-
surable and ptwise convergent. Then [ o MMy oo frdp = limy, o ) a Jndp.

Fact: Dominated Convergence Theorem

Let (M, A, 1) be a measure space.

Let fi, fo, f3,... : M — [—00,00] be measurable, L'-enveloped and ptwise
convergent. Then [ o Iy oo frdp = limy, / o Jndpt

Definitions and Facts from Topic 2450

Fact: Let I := [0,1]. Vmeasurable f : M — I,3simple s : M — I, Ve >
0, st. f—e<s< fon M.

Fact: Vmeasurable f : M — [0, 00], Isimple s1, Sa, ... : M — [0, 00] s.t. $1, Sa, ...

fand s.t. lim,_ o 8, = f

e A Borel space (M, A) is standard if Vx,y € M,z # y = JA €
Ast.x e Aand sit.y & A

Imagine a space M and a o-algebra A. One point, x, may lie within
A. If the Borel space is standard, point y does not lie within A. The
o-algebra "separates points”.

e A measure space (M, A, i) is standard if (M, A) is standard.

Definitions and Facts from Topic 2500

10
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e For any set S, let idg : S — S be the identity function on S, defined
by: ids(s) = s.

Definition of an identity function.

e Two Borel space (M, A) and (N, B) are isomorphic (or Borel iso-
morphic) if 3f : M — N Borel 3g : N — M Borel st. go f =
tdyr and fog=1dy.

In this case, we say that f : M — N and g : N — M are Borel
1somorphisms.

e Two measure spaces (M, A, 1) and (N, B, v) are isomorphic (or mea-
sure isomorphic) if 3f : M — N Borel 3g: N — M Borel s.t. gof =
idy and fog=1idy and f.(n) = v and g.(v) = p.

In this case, we say that f : M — N and g : N — M are measure
1somorphisms.

e A measure space (M, A, n) is standard if (M, A) is standard.
See above definition of a Borel space being standard.
Definitions and Facts from Topic 2700

e Let (2, B, 1) be a probability space. A random variable (or RV) on
(Q, B, i) is a measurable map §2 — R.

This is the generalized version of a PCRV. Whereas a PCRV is a func-
tion from the unit interval to the reals, we now have a map from a
measure space to the reals.

e Let X : Q — R beaRV on (2,B,u). The distribution fof X is
Ox = Xi(n)

Here X is defined as a random variable (by the definition above). Since

X is a random variable, it must have a distribution. That distribution
is given by the notation defined here.

e A measure on R is proper if every bounded interval has finite measure.

An example of this is Lebesgue measure on R.

11



e For any measure p on R, the cumulative distribution function (or
CDF) of 4 is the function CDF), : R — [0, oo] defined by CDF),(s) =

p((—00, 8]).

The cumulative distribution function describes the probability that a
variable with a given distribution will be found at a value less than or
equal to x. It is cumulative in the sense that as the value x increases,
the total value returned by the function increases.

e f:R — RiscadlagifVa € R,lim, ..+ (f(x)) = f(a) and lim, .- (f(z))

exists.

Cadlag 1s an acronym for a French phrase that translates to ”contin-
wous from right and limit from left,” which adequately describes the
process taking place.

e f: R — R is CDF type if f is nondecreasing, bounded, cadlag and
f(—=00) = 0.

TBD

e f: R — R is a regular CDF if f is increasing, continuous, and

f(=00) =0, f(o0) = 1.
TBD

e 1 is aregular distribution if x is a probability measure, Vz, u({z}) =
0 and V(a < b), u((a,b)) > 0.

TBD

e Let p be a measure on R. Then a measurable function h : R — [0, oo]
is a probability density function (PDF) for u if u = hA.

TBD

e A RV is standard normal if ¢’ is a PDF of its distribution.

TBD

e Cp := {continuous, bounded functions R — R}

TBD
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o Cp := {continuous, exponentially — bounded functions R — R}.

TBD

e Let py, o, ... and v be probability measures on R. Then puq, po, ... — v
means: Vf € Cg, [gn fdptn — [z, fdv. The same expression holds
Vf € Cg (continuous, exponentially-bounded).

TBD

e For any probability measure p on R, the Fourier transform of y is
the function Fp : R — C defined by Fpu := [ e " du(z).

e
—o0

TBD

Fact: Fu, — Fv,Vt = p, — v.
Fact: F(¢/\) =e /2

Corollary: A RV X is standard normal iff Féy = e /2 ie. the
Fourier transform of the distribution of X is e—**/2.

Fact: Vprobability measures p and v on R, F(u* v) = [Ful[Fv].

e The standard normal distribution on R is ¢'\.

TBD

e A RV is standard normal if ¢’ is a PDF on its distribution. i.e.: A
RV X is standard normal iff 0x = ¢'), i.e., the distribution of X is
the standard normal distribution.

TBD

e Define A: RxR — R by A(z,y) = z+y. For any two measures p and
v on R, the convolution of ;4 and v is the measure p* v on R defined
by pxv:= A, (u X v).

TBD

13



e A measure space (M, B, 1) is nonatomic if Vo € M, u({z}) = 0.

A measure space is nonatomic if all the points in M have measure zero.

Definitions and Facts from Topic 2800

e A o-finite signed measure on (M, B) is a function w : B — [—o0, 0]
s.t., for some pair p, v of o-finite measures on (M, B) we have (u(M),v(M)) #
(00,00) and w = p — v, ie, VB € B,w(B) = (u(B)) — (v(B)).

TBD

e v : [a,b] — R has bounded variation if Inondecreasing f, g : [a,b] —
Rst.v=f—g.
TBD

e Let v : [a,b] — R have bounded variation, and let f, g : [a,b] — R be
nondecreasing functions such that v = f — g. We define dv := df — dg.

TBD

Fact: Let v : [a,b] — R be continuous, differentiable on (a,b). Then v
has bounded variation. Then [f(v(b))] — [f(v(a))] = fab f(v(t))dv(t).

Definitions and Facts from Topic 2900
e An event (in Q or in (€, A, 1)) is a measurable subset of (2.

We define an event to be something measurable in a set.

e The probability of an event E is Pr[E| := u(E). We write E a.s. if
Pr[E]=1.

The probability of an event is defined as the completed measure of the
event.

e Let (M, B) be a standard Borel space. An (M, B)-RV or M-RV (on
(Q, A, 1)) or on 2 is a measurable map 2 — M.

Just like a PCRV is a function from [0,1] — R, an RV works in a
similar way, mapping values from € to a o-algebra.

14



Let X : 2 — M be an M-RV. For all Borel S C M, the event X € S
is {w € QX (w) € S} = X 1(9).

TBD

Referencing the definition above, X is deterministic if dp € M s.t.
X=p a.s.

TBD

A RV (on (2, A, i) or on ) is a measurable map 2 — R.

Like the definition of an M-RV from above, the definition of a random
variable is a direct analogue to a PCRV mapping from the unit interval
to the reals.

Let X : Q@ — R be a RV on 2. The event a > X is the event
X € (—o0,al]; the event a < X < b is the event X € (a,b];, etc.

If we are trying to measure the probability of an event, we are essentially
testing whether the event falls within a certain interval. For example:
Pril < X] = (X (]1,00)).

Let X : 2 — C be a C-RV on 2. The expectation or mean of X is
EMX]:= E[X] = [, Xdp.

The definition of expectation for a complex random wvariable is sim-
tlar to the definition of expectation for other random variables. We
integrate X over the space.

X is integrable or L' if E[|X|] is finite; in this case we define: X° :=
X — (E[X]), so that X° has mean zero.

If X is integrable, we define a new X° such that we normalize the new
X to have mean zero.

X is square integrable or L? if F[|X|?] < oco.

If the expectation of the square of X is finite, then X is square inte-
grable.

15



Fact: X is [ = X is L' and X° is L*
Fact: X is deterministic iff Var[X]=0
Fact: X is square integrable if Var[X] < oo

Fact: X and Y are uncorrelated if Cov[X,Y]=0

e Let X :Q — R bean L* RV on Q. The variance of X is Var[X] :=
E[(X°)?)

TBD

e Let X : Q — R be square integrable. X is standard if both E[X]=0
and Var[X]=1.

e The standard deviation of X is SD[X]| := \/Var[X].

e Let X|Y : Q — R be square integrable. The covariance of X,Y is
Cov[X,Y]:=((Var[X+Y]-Var[X]-Var[Y])/2).

e Let X,Y :  — R be square integrable and non-deterministic. The
correlation of X,Y is Corr[X,Y]:=Cov[X,Y]/(SD[X]SD[Y]).

e For all Borel space (N,C), for all Borel f: M — N, f(X) := fo X.

Definition of composition. The traditional notation for a function f(X)
is defined as f composed with X.

e The distribution of X is ¢#[X] = §[X] = 0 = 0x := X.(p).

Various alternative notations for a distribution.

Fact: For all Borel space (N,C), for all Borel f: M — N,dpx) = f«(0x)
Fact: For all Borel S C M, Pr[X € S| = dx(S)

Fact: Say M = R. Then E[f(X)] = [ fdox

16



e The joint variable of X and Y is the (M x N) — RV (X,Y): Q —
M x N defined by (X,Y)(w) = (X(w),Y (w)).

TBD

e dxy = O(xy) is the joint distribution of X and Y it’s a measure
on M x N.
TBD

e Let (M,B),(N,C) be standard Borel spaces. Define p : M x N —
M,q: M x N — N by p(z,y) = x and q(z,y) = y. Vmeasure w on
M x N, the marginals of w are p,(w) and g.(w); they are measures
on M and N, respectively.

When dealing with joint variables and joint distributions, the individ-
ual variables and distributions that make up the joint are known as the
marginals of the joint.

Fact: For all measures ppon M and v on N, p.(uxv) = pand q.(uxv) =
v. "The marginals of a product measure are the factor measures.”

Fact: For all standard probability space (2, B, u),YM — RV X : Q —
M,YN —RVY : Q — N,p.(dxy) = 0x and q¢.(dxy) = 0y "The marginals
of a joint distribution are the individual distributions.”

Fact: E[f(X,Y)] = [p f(z,y)doxy(z,y)

o VE € AVF € A F and F are info-equivalent if FAF is null, where
A is an event.

The definition essentially states that if we know whether or not w € F,
then we also know whether or not w € F.

e For all sets F,F, the symmetric difference of £ and F is EAF =

(EAF)U(F\E).
TBD

e Let X : Q — M be an M-RV. The o-algebra of X is S§ = Sx =
X*(B) :={X"'(B)|B € B}.

17



TBD

e For any o-subalgebra S of A, we say that X is S-measurable if
Sx CS.

TBD
e Two events E, F € A are independent if p(ENF) = [i(E)][(F)]

This definition of independence is analogous to the definition by ex-
pectation: E[XY]=E[X]E[Y]. This definition adapts the traditional def-

mition to include events.

e Two subsets £, F C A are independent if, VE € £, F € F, E and F
are independent.

If all the events present in a subset are independent from all the events
in another subset, we say the two subsets are independent.

e An M-RV X and a subset £ C A are independent if Sy and C E are
independent.

A random variable on some Borel space M and a subset are independent
if the o-algebra and the subset are independent. Refer to the definition
a few rows above to review the o-algebra definition.

e An M-RV X and an N-RV Y are independent if Sy and Sy are
independent.

Two random wvariables on respective Borel spaces are independent if
their o-algebras are independent.

Fact: X and Y are independent iff 6xy = dx X dy.

Fact: X, Y independent, (P, D), (Q, £) standard Borel spaces = VBorel f :
M — P, YBorel g: N — @Q, f(X) and g(Y) are independent.

Fact: Say M = N =R and X,Y, L2 Then if X,Y are independent then
they are uncorrelated. Cov[X,Y]=(E[XY))-(E[X])(E[Y]).

Fact: F(uxv) = (Fu)(Fr)
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e Define: A : Rx R — R by A(z,y) = = + y. For all measures
p,von R opxv:= A,(u X v)is the convolution of x4 and v.

Convolution is the process by which we take the distributions of two
random variables and multiply them instead of summing them.

e The joint variable of Xj, ..., X,, is the M-RV (Xy,...,X,) : Q@ — M
defined by (X1, ..., X,)(w) = (X1 (w), ..., X;,(w)). For all standard Borel
spaces (P, D), for all Borel f : M — P, f(X1,..., X,) := f((Xy, ... X)) =
fo(Xy,...,X,);it'sa P-RV on Q.

x,, 1s the joint distribution of X, ..., X,;; it’s a mea-

.....

TBD

o Xi,..., X, are (jointly) independent if 0y, _x, =dx, X ... X 0x,,.

n

TBD

e For all measure 7 on M, the marginals of 7 are (p1).(7), ..., (Pn)«(7);
they are measures on My, ..., M,,, respectively.

TBD

Fact: For all measures p; on My, ..., pt,, on My, VE, (pg)s(p1 X oo X i) =
M-

Fact: For all standard probability space (2, A, ), VM;—RV X, ...,V M, —
RV Xn, all on Q,Vk’, (pk)*(éxl 77777 X'n) = 6Xk

Fact: For all Borel S; C M1,...,S, C M,, Pr[(X; € S1)&..&(X, €

Fact: For all standard Borel spaces (P, D), ..., (P, Dy),Vf1 : My —
Py, .. Vf,: M, — P,, all Borel, f1(X3), ..., fn(X,) are jointly independent.
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Fact: 0x,+. . +x, = 0x, * ... ¥ 0x,
Corollary: Fix,+. +x, = (Fox,)...(Fox,)

e Let X be a random variable. Let F': R — [0, 1] be the CDF of (the
distribution of) X. The grade of X is gr[X]:=F(X).

TBD

Fact: If X has no values of positive probability, i.e., if, Ve € R, Pr[X =
c| =0, then d[gr|X]| is Lebesgue measure on [0,1].

e The joint distribution of X, ..., X, is 6[ X1, ..., X,,] := (X1, ... X,)«(p),
a probability measure on R".

TBD
e The copula of X, ..., X,, is cop[X7, ..., X;)] := 0[gr[X1], ..., gr[X.]]-
TBD

o X1, X5, ... M-RVs,... (allon Q) X, Xy, ... are iid means both X7, Xs, ...
are (jointly) independent and for all integers j, k, > 1,dx, = dx,

TBD
Definitions and Facts from Topic 3000

e Let (2,4, 1) be a standard probability space. Let E be an event, i.e.,
a measurable subset of Q, so E € A. The probability of E is defined
by Pr[E] := u(E).

TBD

e Let F and F' be events. The conditional probability of F given F'
is defined by Pr(E|F] := #2058,

TBD
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e Let £ be an event and let X be an L' RV. The conditional expec-
tation of X given E is F[X|E] := —— [, Xdpu.
mE) JE

TBD

e The conditional expectation of V' given P is the RV E[V|P]: Q —
R defined by (E[V|P])(w) = E[V|P,]. Here, P is a finite partition of €.

TBD

Fact: Let U := E[V|P]. Then U is < P, >-measurable, and, VP €<
P >, of positive measure, E[U|P] = E[V|P].

e TBD
Definitions and Facts from Topic 3100

o Let P and Q be partitions of {2. We say that P is finer than Q if:
VP eP,3Q € Qst. PCQ.

If the question ”Which set in P contained w?” gives enough info to
answer ”Which set in Q contained w?”, then we say that P is finer
than Q.

Fact: P finer than Q@ = VQ € Q,3P,,.... P, € P st. Q=P U...U P,.

Fact: P finer than Q implies any Q-measurable RV is P-measurable.

e The Tower Law: Let V be a L' RV. Let P and Q be finite, posi-

tive measure partitions of 2. Assume that P is finer than Q. Then
E[E[V|P]|Q] = E[VI]Q].

Forcing P-measurability is weaker than forcing Q-measurability, so do-
ing both is redundant.

e Let S and 7 be o-subalgebras on €2. We say that S than 7 if 7 C S.

TBD
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The Power Tower Law: Let V be an L' RV. Let S be a o-algebra
on Q. Then E[E[V|S]] = E[V].

TBD

Definitions and Facts from Topic 3200

For all functions f,g : R — R, the convolution of f and g is the
function f g defined by (f « g)(z) = [~ [f(t)][g(x — ¢)]dt.

This definition was used on the final exam from last year in one of
the first computation problems

T(s) :=[[7 2" da.es

This is the definition of the gamma function, which is used to calcu-
late the PDF for the chi-squared distribution. There is a simpler way

to define the gamma function in a practical way, as given in the two
definitions below.

For integer values of n, the result of the gamma function is given by
(n—1)!

For non-integer values of n, the result of the gamma function is given

by @ /m. Note that [(1) = /7.

4nn)

n (n/2)—1,—x/2
(") () = “Fraroerm

This function yields the PDF for a chi-squared distribution with n
degrees of freedom. Note that it relies on the above definition of the
gamma function.

Fact: Let (M,B),(N,C),(P,D) be Borel spaces. Let F': M x N — P
be Borel. Let x € M and let v be a measure on N. Then F,(6, X v) =

(F(x,0))(v).

Fact: Let (M, B),(NV,C) be Borel spaces. Let F' : M — N be a Borel
isomorphism. Let p be a measure on M. Let g : M — [0, 00] be measurable.
Then Fi(gu) = [g 0 F~1|[F(n)]-

Fact: If f is a PDF for p and if g is a PDF for v then f * g is a PDF for

TES%
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Definitions and Facts from Topic 3300
e TBD

Definitions and Facts from Topic 3400
e TBD

Definitions and Facts from Topic 3500

e The exponential distribution describes the time between events that
occur continuously and independently at a constant average rate.

e The CDF for the exponential distribution is as follows: CDFjs, (x) :=
{1—e*if x>0;0,if <0

e The PDF for the exponential distribution is as follows: PDF;s (z) :=
{ae™ if x > 0;0,if v <0

Fact: X, Y independent = dx .y = dx * Oy

e TODO: Gamma, Poisson, and empirical distributions
Definitions and Facts from Topic 3600

e Fix a probability space (€2, B,u). For all Borel spaces (T,
process is a function X : T — {RV's on Q} s.t. (w,t) — (
2 x T — R is measurable.

A), a T-
(1) (w) :

A process is a series of random wvariables together in a sequence that
describe the evolution of a path of some kind.

e A process is a [0, 00)-process.

By default, a process is defined on the positive real numbers.

e A spacetime-process is an (R x [0, 00))-process.
A process may be defined in terms of both space and time. For instance,

a Brownian motion has parameters that describe both the position of a
particle and a related time index.
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e A process X, (X; or X(t)) is continuous if Vw € Q,t — X(w) :
[0,00) — R is continuous.

Some processes are continuous, like Brownian motion, and others are
not, like a Levy process.

e For any set T C R, a T-filtration is a function F, : T — {o —
subalgebras} s.t. t,u € Tt <u=F, C F,.

A filtration can be thought of a o-algebra that becomes increasingly
finer as time passes. The o-algebra allows for the measurement of the
process. If one thinks of data appearing on a screen and that data is
changing, a filtration is a collection of those data.

e ARV X : Q — Ris S-measurable if for all Borel BC R, X '(B) € S.

TBD

o X, is F,-adapted means: Vt € T, X, is F;-measurable.

TBD

e The filtration of X, is the filtration F.¥ defined by F}¥ :=< Us<: Sx. >0

As mentioned in the definition of filtration above, the filtration is an
increasingly finer o-algebra.

e The (t1,...,tq)-marginal of X, is the joint distribution §[X,, ..., Xy,].

TBD

e X, = Y, in finite dimensional (f.d.) marginals, written X, 2
Y, means: for all integers d > 1,Vty,...tqy € [0,00),0[X4,,..., Xy, =
OYiys ooy Ve,

TBD

Fact: Any process is adapted to its filtration.

Various Useful Facts You Should Know
e E[cA] = c¢(E[A])
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o Var[cA] = *Var[A]
e SD[cA| = |c|SD[A]

e Elc+ Al =c+ E[A]
o Varlc+ Al = Var[A
e SD[c+ A] = SD|A|

o ED " Al =nx E[A]
o Var[d " Al =n x Var[A]
e SD[> " Al = +/n x SD[A]

Finite 1s to algebra as countable is to sigma algebra
sigma-additive is a more “robust” form of additivity than finitely-additive??
sigma s another way to say infinite
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