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1 Introduction

This paper deals with important inequalities found in the study of conver-
gence rates and variance bounding for Markov Chains, and Markov Chain
Monte Carlo. We present results for bounding the convergence rate of Markov
Chains to it’s stationary distribution using total variation distance, and re-
sults on efficiency dominance of finite space Chains. We also provide a partial
answer to an open-problem posed by Jeffrey Rosenthal and Radford Neal in
Efficiency of Reversible MCMC Methods: Elementary Derivations and Ap-
plications to Composite Methods, as well prove new results on the efficiency
dominance of finite chains on perpendicular subspaces of L?. We also present
bounds on the total variation distance for finite product measures. The Con-
vergence rates of discrete-time time-homogeneous Markov Chains to their
stationary distributions are explored. Sections 2-3 and 10-11 of this paper is
a very thorough retelling of the results presented in Markov Chains, Eigen-
values and Couplings by Jeffrey Rosenthal, covering finite state space chains
in sections 2-3, finite group state spaces in section 10, and general state space
chains through the use of coupling in section 11. Those sections fill in nearly
every gap of the paper by Jeffrey Rosenthal, making it much more accessible
to audiences newer to probability and stochastic processes. Sections 4,5 and
7-9 cover the Efficiency Dominance of finite Markov Chains covered in the
paper Efficiency of Reversible MCMC Methods: Elementary Derivations and
Applications to Composite Methods by Radford Neal and Jeffrey Rosenthal,



once again making results more explicit and accessible. Section 6 presents
the partial answer to the open problem of finding an explicit function for
which @ is more efficient than P when () — P has negative eigenvalues, and
presents results converining the efficiency dominance of chains on perpen-
dicular subspaces. Finally, section 12 provides a some final inequalities and
technical lemmas, including an original bound of the variation distance of
product probability measures on finite state spaces. Topics are introduced
from the initial definitions, and the text is almost completely self-contained,
with the only prior knowledge required being basic probability theory and
linear algebra.

2 Initial Definitions

We start with the initial definitions of discrete-time, time-homogeneous Markov
Chains.

Definition (Discrete-Time, Time-Homogeneous Markov Chains). Given a
measure space (X, M) with state space X and event space M, a discrete-
time, time-homogeneous Markov Chain is a countable (hence discrete-time)
sequence of random variables X, X1, ... on (X, M) such that

1. there exists an initial distribution po on (X, M) such that P(X, € E) =
1o(E), YE € M,

2. there exists a transition kernel P(x,dy), such that P(x,-) is a probabil-
ity measure on (X, M), Vo € X,

3. where P(X,11 € E|X, =2)=P(x,E) =P(X; € E|Xo=2x), VE € M
and Vx € X, Vn € N. lLe. the tranisition probabilities do not depend
on the time n (hence time-homogeneous).

Some important things to point out, is that both the initial distribution
tto and the transition kernel P satisfy [, po(dy) = [, P(x,dy) =1, Vo € X.

This paper is mostly concerned with finite state space Markov Chains. Luck-
ily, in this case, our definitions can be drastically simplified.

Definition (Finite State Space Discrete-Time, Time-Homogeneous Markov
Chains). Given a non-empty finite state space X, a Discrete-Time, Time-

Homogeneous Markov Chain is a countable sequence of random wvariables
Xo, X1,... on X such that



1. there ezists an initial distribution o on X such that po(x) = P(Xy =
x), Vo € X,

2. a transition kernel P(x,y), such that P(x,-) is a probability distribution
on X for everyx € X,

3. where P( X, = y| X, =) = P(x,y) =P(X; =y|Xo=2), Vx,y € X,
Vn € N.

This is equivalent to the previous definition, taking X to be finite, and
taking M = P(X). We can make this assumption without loss of generality,
as for any non-empty finite state space X and event space M on X, we can
define a new non-empty finite state space A’ such that P(X’) = M. In the
rest of our study of finite state space Markov Chains, we will without loss of
generality always make the assumption we are working with (X, P(X)).

In this case, our earlier remark simplifies to >,y p10(y) = > cr Px,y) = 1.
Furthermore, assuming X = {zo,...,x,_1}, we can express the transition
kernel P as a matrix,

P(IIZD, QT()) Ce P($0, [En_l)
P = : :
P(Z‘n,h iL'()) e P(ﬂ?n,l, xn,1>

Continuing with this linear algebraic idea, we can express the initial distri-
bution as both a set {uo(x;) : z; € X'} and as a vector pg = (po(zo), - - -, pto(Tn_1))-

Given an initial distribution py and a transition kernel P(z,dy) on a proba-
bility space (X', M), we can define u, Yk € N to be the probability measure
on (X, M) such that y,(E) = [, P(z, E)pp—1(dz), VE € M. This is equiv-
alent to saying that p; is the probability distribution of the Markov Chain
at k steps, given it’s initial distribution.

Notice that if A’ is finite, this reduces to px(E) = > v P(x, E)pp—1(x).
Furthermore, using the notion of expressing P as a matrix and u; as a vector,



notice that we can write this as

w(y) =D P,y (o)

reX

= Z Paylti—1()

zeX

- (:uk—lp>y7

SO We can express [ = fi_1P.
Notice that as pp_1 = pp—2P t00, iy = pp—1P = pj_o PP = jij_o P2
Repeating this k times gives us uy, = poP*.

Definition (Total variation distance). Let p and v be probability distributions
on the probability space (X, M). Then the total variation distance between
woand v is

8 = vl|var 1= supgep|(E) — v(E)].

Sometimes the subscript will be omitted when it is understood we are talking
about the total variation distance.

The total variation distance can be thought of as simply the distance
between two probability distributions. So, if we are given a sequence of
probability distributions, {4 }r=o, not necessarily from a Markov Chain, and
another probability distribution v on the same space, the sequence of distri-
butions is said to converge to v if limy o ||tx — ©||var = 0.

In our study of convergence of finite space Markov Chains, we will make
alot of use of the following fact about the total variation distance on finite
state spaces.

Proposition 1. If X is a finite state space, and p and v are two probability
distributions on X, then ||p —v|| = 33, v |u(z) — v(z)].

Proof. Notice that as X is finite, any A C X will also be finite. So,

[l = vl == supacln(A) = v(A)| = maxacx| Y _[u(x) = v(@)]]-
€A



So, this is maximized on the set £ = {x € X : u(z) > v(z)} or B¢ = {x €
X p(x) < w(z)}. But as p and v are probability distributions on X', we
have

0=1-1=) [u(x) —v(@)] =Y [ux) = ov(@)]+ Y [u(z) - v(x)]

TEX zel z€eEC
So, as Vo € E, pu(x) —v(xr) > 0 and Vo € EY, p(x) — v(x) < 0, this is
equivalent t0 0 = | 3, [1(2) — (&)]] = | Xyepelile) — v(a)]l. So,

1D [u@) —o(@)] =1 Y [u(@) —v(x)].

zeFE zeEC

Thus, as | Y, 4[p(z) — v(2)]| is maximized when either A = F or A = EC,
and the sum is the same using either, they both satisfy the max. Combining
this with the fact that [u(z) — v(z)] is greater or equal to zero when = € F
and less than zero when = € E, gives us

2[|pe — vl = 2(maxac| Y p(z) —v(z)])

TEA
=Y (@) —v@)][+ ] D [u(x) = v()]
zeE z€EC
=Y lul@) —v(@)[+ Y u(x) = v()|
xelb z€EC
= (@) = v()|.
zeX
[
3 Finite sample spaces and Linear Algebra
We continue on a finite state space X = {zq,...,x,_1}, n € N. Let po be an

initial distribution on X', and let P be a transition kernel on X.
If v is a vector and x; € X, then v(x;) is the i*" entry of v.

We start with some basic facts about the matrix P.



Proposition 2. The stochastic matriz P has an eigenvalue A = 1. Further-
more, the vector v = (1,...,1) is it’s associated eigenvector.

Proof. Let P be defined as earlier. Let v = (1,...,1).

P(xg,20) + -+ + P(xo, 2p-1)
Pv = : =,
P(xn—ly IO) + e+ P(xn—ly xn—l)

as Vi € {0,...,n — 1}, P(z;,20) + -+ + P(z;,2,-1) = 1 (Law of Total
Probability). O

Notation. Let Ay, ..., A\,_1 be the eigenvalues (generalized eigenvalues in the
case of a non-diagonalizable stochastic matriz) of P, and assume \g = 1 is
the eigenvalue found in the above proposition.

Definition. Let A, := mazi<j<p—1|\].
Proposition 3. For any stochastic matriz P, A\, < 1.

Proof. Let P be a stochastic matrix. Assume A is an eigenvalue of P. Then
let v be an eigenvector of P with associated eigenvalue .

Let © € X such that |[v(x)| > |v(y)|, Yy € X.

(Equivalent to choosing x € & such that |v(z)| = maxyex|v(y)|). Then

[Av(z)| = [(Pv)s] (by assumption)
=) _P(z.y)(y) (by definition of (Pv),)

< Z P(z,y)|v(y)| (by the triangle inequality, as Va,y € X, P(x,y) > 0)

yeX
< Z P(z,y)|v(z)] (by assumption)
yeX
= [v(@)] ) Pla,y)
yeX
= |v(x)| (by Law of Total Probability).

So [Mv(z)] < |v(z)], so |A] < 1.

As X\ was an arbitrary eigenvalue, it follows that every eigenvalue \;, i €
{0,...,n — 1}, satisfies |\;| < 1.

So A\, <1. O



Proposition 4. If P(z,y) > 0, Vx,y € X, then we get the strict inequality
A < 1.

Proof. Assume that P(x,y) >0, Vx,y € X.

Assume initially that P is diagonalizable.

We have already seen in Proposition 2 that if v € span{(1,...,1)}, then the
associated eigenvalue of v is the trivial eigenvalue.

So assume v ¢ span{(1,...,1)}.

If there exists z,y € & such that [v(x)] > [v(y)], then >, P(z,y)|v(y)| <
> yex P(x,y)v(z)], and thus the strict inequality follows, following the same
line of inequalities as in the proof of Proposition 3.

If there doesn’t exist x,y € X such that |v(x)| > |v(y)|, then Va,y € X
o(@)] = |v(y)l.

Then as v ¢ span{(1,...,1)}, there exists x,y € X such that v(z) = —v(y).
So [ > yex Pz, y)v(y)] < 3, cx Plz,y)|v(y)], and the strict inequality fol-
lows.

Now assume P is not diagonalizable.

If )\ is part of Jordan block of size greater than one, then there exists vectors
not in the span of u = (1,...,1), such that it is an associated eigenvector of
)\0.

So, we must show the Jordan block of Ay cannot be greater than one, and the
result will follow from the previous work on P when it was diagonalizable.
So, assume for a contradiction that the Jordan block of A is of size greater
than one.

Then there exists a generalized eigenvector v such that Pv = v + u, where u
is an ordinary eigenvector of \.

As from Proposition 2 u = (1,...,1) is an eigenvector of Ay, there exists v
such that Pv = v+ u where u = (1,...,1).

Similarly to earlier, choose z € X such that Rev(z) > Rev(y), Yy € X,
where Rev(z) is the real part of v(z).

Again, this is equivalent to choosing x € X such that Rev(z) = max,cxRev(y).



Then,

1+ Rev(x) = Re(u + v)(x) (as u(z) =1V € X)
= Re(Pv), (by definition)
= Re ) P(z,y)v(y)
< Re Z P(z,y)v(x) (by assumption)
= Rev(x) Z P(z,y)
= Rev(x). (as ZP(x,y) =1)

But obviously 1+ Rev(z) £ Rev(x) (as Rev(z) < oo, so otherwise 1 < 0),
so we get a contradiction, and thus the Jordan block of A\ must be of size 1.
So, the work done earlier, showing that if v ¢ span{(1,...,1)} and v was
an eigenvector of P then there exists € X such that |Av(z)| < |v(x)] still
holds, so it follows that A\, < 1. O

Now we begin to see why A, is an important value for us in studying the
convergence of these Chains.

Lemma 5. If P is a stochastic matriz such that \, < 1 and P s diago-
nalizable, then there exists a unique stationary distribution, ™ = agvg, such
that

() = m(2)] < (Z jaivi(@)]) (A",

Vr € X, where the v; are a basis of right-eigenvectors corresponding to \;, and
the a; are the unique complexr numbers such that py = agvo+ -+ + ap_1Vn_1.

Proof. Assume A\, < 1, and P is diagonalizable.
As P is diagonalizable, there exists a set of right-eigenvectors vg, vy, ..., Up_1

corrsponding to the eigenvalues Ao, Ay, . .., A,_1 respectively, such that {vg, ..., v,—1}

is a basis for the vector space.
As g is a vector in this vector-space, there exists unique ag,...,a,_1 € C
such that py = agvg + -+ + @p_1Vn_1.



So, as i = poP*,

Mg = ,lLoPk = (CL()UQ + -+ an_lvn_l)Pk
= aguoP* + - + ap_1v,_1 P*

k k
= CL()U())\O + -+ an—lvn—1>\n71-

As )\0 = 1, M = GQoUoy -+ alvl)\’f + e 4 an_lvn_l)\fjfl.

As h <1, A\l <A<, ¥me{l,...,n—1} So (\n)* — 0 as k — oo,
Vme{l,...,n—1}.

So i — agvy as k — oo.

So let m = limy_, o fi.

Then 7 = limg_ oo ptx = limy o0 1 P = 7P, so m = limy_, o fix = aovp is a
stationary distribution.

So Vo € X, we get

() — ()] = [aove(x) + - -+ + Gn1vn_1(T) A4 — aguo(z)]

(by the triangle ineq.)

IA
B
2
S
~—r
>
=

=1

n—1
= > lawi(@)]|(A)"]

=1

n—1

. k B ‘
< (Z; |azvz($)|)()\*) (as )\* = 131?35(_1 |)‘z|)
]

Note that even if the matrix P is not diagonalizable, a similar upper
bound is achievable, only requiring keeping track of some extra terms.

This result leads us to our bound on the convergence rates of finite space
Markov Chains.

Theorem 6. Given a finite space Markov Chain, if A, < 1, then the Markov
Chain converges geometrically quickly to the stationary distribution m = agvy,



where the terms agvg are the same as in Lemma 5. If additionally P s
diagonalizable, then Vk € N,

n—1

i = 7| < %[Z(Z |aivi(@)])](A)".

zeX =1

Proof. Assume that P is diagonalizable and that A\, < 1.
Then by Lemma 5, Vo € X, |up(z) — 7(x)| < (0 Jamwi(z)])(A)F where
T = agty. SO,

s 1l = 5 3 lpale) — ()

TEX

S Ja) 0)F

zeX =1

= %[Z<i |azvz($)|)](/\*)k

rzeX 1=1

<

DN | —

AsVr e X and Vi € {1,...,n — 1} |a;v;(x)| < oo, because X is finite,

LI )] < o

zeX =1

S0 L[>, e (0 agwi(@))(A\)F — 0, as k — co geometrically quickly.

S0, as 0 < ||k =] < 313 ,cx (X1 laivs(@))] (A, || =] also converges
at least geometrically quickly.
A similar result follows for non-diagonalizable P. ]

Now we take a step in a slightly different direction, to prove a result which
will be of help to us in the next chapter.

Definition. L2(7) := {v: (v,v) < o0}, such that (v,w) := 3" v(z)w(z)7 (7).
Definition (Kronecker Delta). The Kronecker Delta is 6;; : X x X — {0,1}
such that 6;; = {(1) Zi ii More generally X can be just about any
space.

10



Lemma 7. Under the conditions of Lemma 5, if additionially the vectors
Vo, ..., Up1 are orthonormal in L*(m), then Y s () — n(2)|*n(x) =

S eIl < (0T laal”) ().

Proof. From the proof of Lemma 5, we have that |, (z)—7(x)| = | 3202 awi(x)(\)F),
where a4, ...,a,_1 and vy, ..., v,_1 are defined as earlier, but now we further
assume they are orthonormal in L?().

So, (v;,vj) = &5, Vi,j € {1,...,n — 1}. So as P is diagonalizable and only

has real coefficients, vy, ...,v,_1 € R", and thus we get

D lunl(z) = m(@)Pr(e) = )| i aivi(w)(N)*[*m (x)

reX zeX =1
n—1
=D D> awi(@)(X) P (x)
zeX i=1
= Z ala]/\k)\k Z () )+ Z aZ\2 (x)v;(z)m(x)
i#£j zeX zeX
= Z alajkk)\k Z v;(z )+ Z aZ\2 Z vi(z)v; ()7 ()
i#£] zeX reX
(as vg,...,v,_1 € R")
= Z a;a; /\k)\kézj + Z a? 2k sy (by assumption)
isﬁj
= Z az A (by definition of §;;)
< Z a2\ (by def. of \,)
n—1
= (Q_a)A
i=1
[

Now coming back to a more general result, we prove sufficient and nec-
essary conditions for A\, < 1, which is in turn a sufficient condition for con-

11



vergence, as proved earlier.
First the conditions:

Definition. Periodicity

A Markov Chain with state space X is said to be periodic if Ix1, ..., xn C
X such that each y; is a subspace, and P(x,x;) = 1, Vo € x;_1, Vj €
{2,...,n}, and P(z,x1) = 1, V& € x,. In words, a Markov Chain is periodic
if it jumps from one subspace to another, then from that subspace to another,
and so on, eventually coming back to the original subspace, then starting the
cycle over again.
Conversely, a Markov Chain is said to be aperiodic if Vx € X, S, C N such
that S, := {k € N: P*(z,x) > 0} has a ged of 1. In words, a Markov Chain
is aperiodic if it can go from any state back to itself in a number of steps
that isn’t part of a pattern.

Definition. Decomposability

A Markov Chain with state space X is said to be decomposable if Iy, x2 C
X such that x; and x, partition X, and V(z,y) € x1 X x2 and x2 X X1,
P(z,y) = 0, where P is the transition kernel. In words, a Markov Chain is
decomposable if there are two distinct subsets of the state space, such that
the Markov Chain will never jump from one to the other.
Conversely, a Markov Chain is said to be indecomposable if Vx1, x2 C X such
that x1 and x» partition X', I(x,y) € x1 X x2 or I(x,y) € x2 X X1 such that
P(z,y) > 0, where P is the transition kernel. In words, given any partition
of X, there always exists a way to jump from one of the subsets to the other.

Finally, the result.

Theorem 8. Given a Finite Markov Chain, A\, < 1 iff the Chain is inde-
composable and aperiodic.

Proof. =>: Assume for a contradiction the Markov Chain is not indecom-

posable, so decomposable.

Then there exists x1, x2 € X such that x; and s partition X, and V(z,y) €

X1 X X2 or X2 X x1, P(x,y) = 0, where P is the transition kernel.

Then define p; for ¢ = 1,2, such that Vo € X, wi(z) = 1if z € y
ZmeX P(m07 a:),uz(m)

and p;(z) = 0 if x ¢ x;. Then as Pu; = : , for

2 aex Pl@n—1, 2)pi(x)

12



0 <j <n—1, by definition of y;,

ZPm], x)pi(x ZP%, x)pi(x +ZP%, x)pi(x ZP:}:J,

reX TEX; TExi TEX;

As x1 and xo partition X, x; corresponds to a state in x; or x, exclusively.
In other words, x; € x1 U x2, and z; ¢ x1 N X2

So, if z; € x;, then > P(x;,x) = 0, as the Markov Chain is decompos-
able.

So, 1= ZzeX P(xﬁx) = ZIEEX ($J? )+ Zzgéx (:L'], T) = Z:pem P(xj? ).
If 2; ¢ x;, then > P(x;,2) = 0 as the Markov Chain is decomposable.
So,Vj €{0,....,n—1}, > o Py, x)pus(x) = lifz; € x;and Y-, o Pz, x)pus(x) =
0if x; ¢ x;.

So, Pu; = p;, Vi. So py is an eigenvector for the eigenvalue A = 1, and ps is
an eigenvector for A = 1. So A = 1 is an eigenvalue with multiplicity two, as
i1 and po are linearly independent. So Ji € {1,...,n — 1} such that \; = 1.
So 1 =X\ < A, <1 (by Proposition 3), so A\, = 1.

TEXG

Assume for a contradiction that the Markov chain is not aperiodic, so peri-
odic.

Then by definition of periodicity, 3xi,...,x» € & such that each x; is a
subspace, and P(z,x;) = 1, Vo € xj-1, Vj € {2,...,n}, and P(z,x1) = 1,
VT € Xn.

Note that this implies P(:E,ch) =0, Vo € xj_1, for j € {2,...,n}, and
P(z,x{) =0, Vz € x¢.

Then let v be the vector such that v(z) = exp(*Z
imaginary constant, Vj € {1,...,n}.

Note that although this vector seems like an odd choice, Euler’s formula and
the cycle like behavior of Chains with periodicity make it a natural one.

1) Vx € x;, where i is the

13



Let je {1,...,n} and y € X such that y € x;. Then

Y Ply.ay(z)= Y Ply,x)o(x)+ Y Plya)()

reX TEXj+1 ST
2mi(g + 1
= Z P(y,x) exp(m) (as each P(y,z) =0asy € x; and x € XJC)
TEXj+1

2mi(y + 1

—ep(T D) S )
TEX +1

omi(j + 1
= eXP(Q)P(% Xj+1)

2mi(g + 1 2mi 211y
= exp(TV D) — oM exp(P), (as y € y)

So, as the above equality holds Vj € {1,...,n}, and consequently Vy € X,
Pv = exp(27mi/n)P.

And as |exp(27mi/n)| = 1, and v ¢ span{(1,...,1)}, 1 < A, <1 by Proposi-
tion 3 , so A\, = 1.

<=: Assume that the Markov Chain is aperiodic and indecomposable.
Further, assume that the Markov Chain has no transient states. So, Vz,y €
X, Iry, € {1,...,n} such that P(X,,, = y|Xo=z) > 0.

In other words, as X is finite, P™¥(x,y) > 0.

Let v € X. Let S, = {k € N: P*(x,z) > 0}.

By Lemma 61 in the appendix, as the Markov Chain is aperiodic and inde-
composable, dk, > 0 such that Vk > k, e N, k € S,.

So, Vo € X, dk, € N such that Vk > k, e N, k € §,.

So, let kg = max,ex(k;) + n, where n = |X].

Then let x,y € X. Then as the Markov Chain has no transient states,

Ir., € {1,...,n} such that P™(z,y) > 0. Then,

14



Pko(xv y) - P(Xko = y|X0 = ZL‘)
=3 " P(Xi, = Xk, = DP(Xiyr,, = 11X0 = 2)

JjeX

=D Phrbray) PR, )
JjeX

= > PGy P (a.)
JjeX

> P'v(x, y) PR (2, 1)

> 0,

as ko — ruy > ky so PP7=v(z x) > 0, and P"v(x,y) > 0.

In other words, the probability that we go from = to y in kg steps is greater
than or equal to the probability that we go from z to  in kg —ry, steps then
from x to y in 7y, steps. And as we know both the latter probabilities are
greater than zero, so is the former.

As x,y € X were arbitrary, Vo,y € X, P¥(z,y) > 0. So by Proposition 4 ,
A\ < 1 for Pho,

Notice that if A\, = 1, then for the associated eigenvector, lets call p,

Prop = PPN (Pp) = PR (Ep) = - = .

But then obviously A, = 1 for P so A\, < 1 for P as well.

Now we must show that Markov Chains with transient states simplify to this
solution as well.

Let x € X such that x is a transient state.

Then by definition 3y € X and r € N such that P"(z,y) > 0 and Vm €
Nu {0}, P™(y,z) =0.

Let T={j € X:3m € NU{0}s.t.P™(j,z) > 0}. Then obviously y ¢ T.

So,
D A@P ) => 1D v P ()

JeET JjeET lex

<Y leOIP(R, ) (by the triangle ineq.)

JET lex

= lIY_ P(lj)-

lex jeT

15



Now if 3l € T° and j € T such that P"(l,5) > 0, then as j € T, Im €
N U {0} such that P™(j,z) > 0. So, P (l,x) = > .o P"(Lk)P™(k,x) >
Pr(l, j)P™(j,x) > 0.

So In € NU {0} such that P"(l,x) > 0, so [ € T by definition of 7.

But we have that [ € T, so we have a contradiction.

So, Vi€ T®and Vj € T, P"(l,5) = 0. So,

oI PG =Y @Y P+ Y @)Y P )

lex JET leT jET leTe jET
=D l@IY_P(.j)
leT JET

(by the fact just proved)
> WO Prg) + o) Y P, )
leT—{z} jET jET

(asx €T, as P'(z,2) = 1. Le. z will be at z in 0 steps.)

< 3 )]+ @) Y P )

leT—{z} Jer
(as ZPT (I,j)=P(I,T) <1)
JET
< D O]+ @)1= P (x,y))
leT—{z}
(asyg¢T,sol=P(z,X)= ZP’"x]
JjeT
+ 2 Pz ) Peg)+Play).)
jETc jGT
= S )] - P )o@,
leT

As P"(z,y) > 0, if v is an eigenvector of P with |A\| = 1 as it’s associated
eigenvalue, then it must satisfy v(x) = 0.

Then A is also an eigenvalue of the same chain on the state space X — {z}.
Thus, as = was an arbitrary transient state, every eigenvalue of P with [\| = 1
is also an eigenvalue of the same chain with the state space X — A, where
A ={x € X :xis a transient state}. So, it reduces to the earlier case, and
the result follows. [

16



Combining Theorems 6 and 8, we see that if a Markov Chain with a finite
state space is indecomposable and apriodic, then it converges geometrically
quickly to a unique stationary distribution, and we get a bound on the total
variation distance for such Chains.

4 Efficiency Results

Once we know approximately how long to run a Markov Chain for it to con-
verge, we then take samples from that time 7" and onwards, say Xp, X711,...,
which allows us to approximate E,(f) for any f : X — R using an important

estimator,
N+T

fy=(5) 3 £, )

But in order for this estimate to be accurate, not only do we need to know
that each X; is approximately distributed by 7, i.e. that the total variation
distance of the Markov Chain and the stationary distribution are sufficiently
low, || — 7|| < chosen small number, but also that the variance of fy is
sufficiently low. So when choosing between Markov Chains with the same
stationary distributions, say two Markov Chains with transition kernels P
and @ respectively, if Var( fN) < Var(gy), VN, where fn is sampled from
X; ~ P and gy is sampled from Y; ~ @, then it’s obvious the Markov
Chain with transition kernel P would be a better estimate most of the time.
This section deals with how to know when one Markov Chain with transition
kernel P is a better choice than that of ().

We continue to assume that X' is finite, and X = {zo,..., 2,1}, so |X| = n.
We further assume that P and () are the transition matrices of two Markov
Chains of X', with stationary distribution 7. For the purposes of this variance
comparison, we will assume the first esimate, 7" is equal to 1, and we take N
estimates.

Now we introduce some new definitions.

Definition (Asymptotic Variance). The asymptotic variance of the estima-
tor (1) of a function f: X — R using the Markov Chain P, is

v(f, P) = lim_ NVar(fy).

17



Notice that by properties of Var and by defintion of the estimator (1),
v(f, P) = lim NVar(fy)
N—oo

= lim NVar((1/N) Zf(Xz»))

N—oo

= lim N(1/N)*Var(} f(X,)

N—oo
=1
N

(1/N)Var(> ~ f(X3)).

i=1

~—

lim

N—oo
The asymptotic method will be our tool for deciding on the better Markov
Chain, which will be decided according to the following definition.

Definition (Efficiency Dominance). We say that the Markov Chain with
transition matriz P efficiency dominates that with transition matriz Q) if

u(f.P) <o(f.Q)  Vf € Ly(n),
where Li(m) C L*(m) such that Vf € La(w),E.(f) = 0.

Recall the definition of L*(r) := {f : (f, f) < oo}, and (f, g) := S0~ flx:)g(z:)m(z;).
For the rest of our current discussion, we will restrict L*(7) to the set of func-
tions in RY. Notice that this means

(og) = S faalmm(z) = 3 Flagle(z)

as g(z;) € R, Va,; € X.

We will also, for most of our further discussion, restrict to functions f € L?(m)
such that E,(f) = 0, denoted as L3(7), so in otherwords L3(7) := {f € R* :
(f, f) < oo and E.(f) = 0}. This will not affect our results about the asymp-
totic variance of functions, as the asymptotic variance is expressed as a scalar
multiple of variance, which is not affected by any finite mean.

Notation. For the rest of this section, we shall refer to the transition ker-
nel/matriz, say P of a Markov Chain as the Markov Chain. Note that this
18 just short for the Markov Chain whose transition matriz is P.

18



Definition. Let D be the diagonal matriz with D(i,1) = w(x;), Vi € {0,...,n—
1}.

Definition. The Markov Chain P is called reversible with respect to m if
m(x)P(x,y) = m(y)P(y, ), Yo,y € X.

We now get into some preliminary results about the transition matrices,
that will serve as the backbone for the rest of the theory.

Definition (Irreducibility). A Markov Chain with transition matriz P is
irreducible if Vx,y € X, Ir € N such that P"(z,y) > 0.

Proposition 9. If P is an irreducible Markov Chain and 7 is it’s stationary
distribution, then 7(z) > 0, Vo € X.

Proof. Assume for a contradiction that z; € X such that =(x;) = 0.
As P is irreducible, 3z; € X such that z; # z; and P(z;,x;) > 0. So, as 7
is a stationary distribution,

0=m(zx;) = ZP(:Bl,xi)W(ml) = Z P(xy, x)m(x;) + P(xj, x)m(x;).

1%

So, m(z;) = 0. If n = 2, then as 7 is a probability distribution, 1 =
Sy w(w) = w(wy) + w (@) = 0,

So we get a contradiction. For any n > 2, an inductive argument, will get
that for any n, if 7(z) = 0 for any x € X, then we must have w(y) = 0,
Vy € X, which contradicts that 7 is a probability disrtibution. Il

Proposition 10. If P is reversible wrt m, then (f, Pg) = (Pf,q), Vf,g €
RY. Le. P is hermitian wrt {-,-).
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Proof. Let f,g € RY. Then

{f, Pg) = i f (@) (Pg)(i)m(x;)
= Z_; f(s) :Z:‘; Pz, 2)g () ()
= n;j f(s) :Z:: P(zp, 2:)g () m(zs)
- nZl 9(x) Hi P, wx) f () ()
= ?lz’of g) .

]

This next Lemma will be foundational for the rest of the theory, as it
shows that if Markov Chains that are reversible wrt their stationary matrices
are very simple and easy to work with.

Lemma 11. Assume that P is irreducible and reversible wrt to w. Then P is
diagonalisable with real eigenvalues, and with a set of orthonormal wrt (-, -)
real eigenvectors.

Proof. Notice that Vf,g € RY, as P is reversible,

(. Pg) = 3 $w) Y Pla midg(aiin(z)
=3 £ S Pl wn(@n)g(an)
=: f-(DP)g.

So, by Proposition 10, it follows that D P is self-adjoint wrt the dot product,
and thus DP is symmetric.

So, as DP is symmetric, DP = (DP)’. And as D is diagonal, (DP)T =
PTD, and thus DP = PTD.
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As P is hermitian, it is diagonalisable. So let v € RY such that Pv = v,
where \ € C, and v is non-zero. Then Ao = o7 PT. So,

A@" Dv) = v PTDv = 5" DPv = A\(¥" Dv).

So, as v is non-zero and D is diagonal with all diagonal entries non-zero by
Proposition 9 as P is irreducible, 77 Dv is also non-zero. Thus A\ = A, so
AeR.

As A € R, if v is an eigenvector, then notice

P(Re(v))+iP(Im(v)) = P(Re(v)+ilm(v)) = Pv = Av = ARe(v)+iAIm(v).

Also, as v is an eigenvector by definition it is non-zero, so at least one of
Re(v) or I'm(v) is non-zero, and hence by the above also an eigenvector of P
with associated eigenvalue A. So, we can take all eigenvectors to be real.
Let v; and v; be real eigenvectors of P with eigenvectors A; and \; respec-
tively. Then as A\;, A\; € R, and v; and v; are real,

/\j(U]TDvi) = U]TPTDUZ' = UjTDPw = )\Z'UJTDUi.

So, if A; # i, then 0 = v] Duv; = (vj,v;).

Notice that if \; = A;, and v; # v;, then we have an eigenvalue A\ with
multiplicity greater than one. So, assuming the dimension of the eigenspace
of X\ is k, we can take any k orthogonal vectors in the eigenspace, and they
will by the above still all be orthogonal to the other eigenvectors.

We can then just scale the orthogonal set of eigenvectors to 1 to make it
orthonormal. O

Notation. We will from now on additionally write the eigenvalues of P is
descending order. Le. Ng > X1 > --+ > My_1. Let vy, ..., vn_1 € RY be the
real eigenvectors associated to the eigenvalues Ng, ..., Ap_1.

Note that this doesn’t contradict any of the earlier work, as A\g = 1 found
in Proposition 2 is still the biggest eigenvalue, as by Proposition 3, A\, < Ag.

As{vo,...,v,_1}is an orthormal basis, Vf, g € RY, we have f = 2?;01 a;v;
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where a; € R, and similarly g = Z;:ol bjv; for b; € R. So, this gives us that

n—1 n—1
(f,9) = O awi, Y bjv;)
=0 j=0
n—1 n—1
= {awi, »_bjvy)
i=0 j=0
n—1 n—1
= Z CLZ‘<’UZ', Z bjUj)
=0 j=0
n—1 n—1
= Z a; Z@iv bjv;)
=0 j=0
n—1 n—1
= a; Y (vi,bjvy)
i=0 j=0
n—1 n—1
=D i) bi(vivy)
=0 j=0

n—1 n—1

= Z a; Z bj(sij
=0 7=0
n—1

= (a)(b).
=0

Importantly, as Pf = P(Z?:_()l a;v;) = Z?:_ol a;Pv; = Z?:_ol ;i \iVi,

n—1

(f P = (a:) A

=0
5 Efficiency Dominance, the Inner Product,
and more Eigenvalues

Lemma 12. If h: X — R is a function, then Vi € N, E; p(h(X;)) = E.(h).

Proof. This follows because 7 is a stationary distribution. This Lemma may
be very unnecessary.
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When ¢ = 1, it is trivial.
When i = 2, notice

Erp(h(X2) =) Y h(y)P(z,y)n()

TeX yekX

= 35" hy) Pl ()

yeX zeX

= h(y) Y Plx,y)r(x)

yeX reX

= h(y)r(y)

yeX

— E,(h).

So, we can continue inductively. Assume E, p(h(X;)) = E.(h), Vh € RY.
Notice this implies

%lyex h(y) 3w € XP'(x,y)m(z) = B p(W(Xy)) = Br(h) = 32 cr h(y)7(y).

Erp(M(Xip1)) = Y > h(y) P (z,y)m(x)

reX yeX

=> h(y)) P (x,y)r(x)

yeX TeEX

=3 " h(y) 33 Ple,y) Pila, 2)(a)

yeX reX zeX

=S X P X P

yeX zeX zeX

=D hy) Y Plyr(z)

yeX zeX

=Y hly)m(y)
— E.(h).
0

Lemma 13. Vf € L3(w), (1/N)Var(3X L, f(X3)) = (f. /)+2 30, X2, PRf).
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Proof. Let f € Li(w). Then by a theorem about the variance of a random
variable, we know

N N N

Var(z f(Xi) = EW,P[(Z F(X))*] — []EW,P(Z X))

=1 =1 =1

But notice by properties of the expected value function, Lemma 12, and as

Ex(f) = 0 as f € L3(r),

Enn(3J(X0) = Y [Brpl(£(X0)
= Y IEA(f)
= 0.

So, we get Var(3.L, f(X,)) = Ex p[(31, f(X))?):
Now, by expanding the square, Lemma 12, and using the linearity of E,

B pl() FO6)) = Easl(Y (X)) +2 303 5
= (BN 420 Y B p(FX)F )
= NE(7) +2 30 Y B p(F60F(X,))

So, in 237 ST B p(f(X0) £(X;)), @ > j for all i and j, using i = j + k,

we can rewrite thls as

N N-k

2 Z Z Erp(f(Xjrr)f(X;)).

k=1 j=1

As 7 is stationary and P is time-homogeneous, this is the same as 2 25:1 (N—
R)E: p(f(X;+1)f(X;)) for some j € N.
So, as (f, f) = E<(f?),
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(f,PEf) = Yaen yer f(@)PHa,y) fy)m(2) = Brp(f(Xjer) f(X;)), and

the above work,
N N

VA FX0) = (NEL(£) + 2 3 (N = BB, p(7 (X267 (X,)

N
= () + 23 S P
k=1

Theorem 14. If P is irreducible, then P is indecomposable.

Proof. Let P be irreducible, and assume for a contradiction that P is decom-
posable.

By definition of decomposability, 34X}, Xy C X such that X} and A5 partition
X, and Y(x,y) € X} x Xy, P(z,y) =0.

Let z; € X and 25 € A, (as A} and X, are non-empty).

As P is irreducible, by definition, 3r € N such that P"(x1,z2) > 0. So,

$1,$2 ZP $1>k1 1(k51,372)

_ Z > Pay k) Pk ko) - P(kooy,3a). (1)

As P is decomposable and x; € Xy, if ky ¢ A (i.e. k3 € Xy) then Pz, k) =

0. So (1) is equal to Zk1€X1 cee ZkT71 P(Il, kl)P(l{Zl, kg) s P(k}-_l,ZEQ) (2)
As ky € &y, if ky ¢ Xy then P(kq, ky) = 0, so (2) equals

Zkle){l Zkze)ﬁ T Zkr_l P(l"l, /ﬁ)P(k‘b kfz) s P(kr—lal?)-

This argument continues inductively to give us

Z Z (1, k1) P(ky, ko) - - P(ky—1,29) = P"(x1,22) > 0.

kreXx; kr—1€X1

But as P is decomposable, Vk,_y € Xy, P(k,_1,22) = 0 as x5 € X5. But then

0= Z Z P((L’l,k’l)P(kthg)"'P(k?r_hxg) > 0.

A contradiction. ]
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We know show the relation between the eigenvalues and eigenvectors of
P with the asymptotic variance.

Proposition 15. If P is irreducible and reversible wrt m, then Vf € L3(r),

—

n— n—1 n—1

o(f P) =) (@) +2) ()

1 i=1 I

2
(@) =5

%

where a; € R such that f = >, ' a;vi, Vi, where {vo,...,Un_1} is the earlier
discussed real orthonormal basis of P.

Proof. Let f € L(w). Then by Lemma 13, we know that

N

1 N—k k
NVar(Zf(Xi))ZU,fH o

=1 k=1

As P is a stochastic matrix that is irreducible and reversible wrt 7, by Lemma
11, there exists an set of real orthormal eigenvectors {vg,...,v,_1} corre-
sponding to the eigenvalues {Ao, ..., An_1}, as defined in Notatlon 5.

So, as f € Li(n), f € RY, Jay,... an 1 € Rsuch that f = 37" ;. So,
we get that

%Var(z F(X) = (a?) +22N ’“Z aZ\k. (1)

i=1 1=0

Notice that as f € Lg(m), by definition 0 = E.(f) = (f,1) = (f,v), so
ag = 0. Furthermore, if we let Iy<y_; : N — {0, 1} be the indicator function
for the set {1,..., N — 1}, then this is equivalently

n—1 oo n—1
@) +2> 0> Tien-a(k) N k2)\f.

i=1 k=1 i=1

If P is also aperiodic, then as P is irreducible by Theorem 14 it is also
indecomposable. So, as P is indecomposable and aperiodic, by Theorem 8
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A« < 1. So, using the triangle inequality,

0o co n—1
—k

Z|Z]Ik<N 1 2>‘k‘<ZZ‘Hk<N 1
i= k=1 =1

co n—1

SH Y
k=1 1=1

co n—1

<D0 lalM
k=1 i=1

co n—1

SR ICL

k=1 i=1
o) n—1
=> PO a))
k=1 i=1
n—1 )\*
- ; TN

< 00,

a2)\k|

as Tp<n— 1Mk < 1. So, as it is absolutely summable, we can freely swap the
order of the sums and any limits herein. So using this and Lemma 13 gives
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us

N
o(f,P) = Jim SVar(y_ f(Xy))
n—1 - oo n—1 ]{5
:Nhgéoz; +2;Zlﬂk<N 1 aZ\f]
n—1 oo n—1
:Z( +2ngnoozzﬂk<]v 1 k a; X7
=1 k=1 =1
—2:1 +2§:nz:1 hm [ )N b a? )\
- i= k=1 i=1 k<N 1 N
— oo n—1
SR Wt
i=1 k=1 i=1
n—1 oo
SCER )t
= =1 k=1
- S Sa
. o 1=\ A
=Sy 2
5 1+
Z;(a?)l_)\z

Now assume P is periodic. Notice that if A\, < 1, then by the above work,
the result follows.

By Lemma 62 in the appendix, as P is irreducible and reversible, \; < 1,
Vie{l,...,n—1}.

Thus the only case we need to consider, is when \; = —1 for some i €
{1,...,n—1}. Weassume \; = —1fori € {[,l4+1,...,n—1} C{1,...,n—1}.
Note that in (1), we can seperate out the {l,...,n — 1} terms to get

N n—

VS F00) = a2y St =L T S )
i k= =0 i=l

i=1 k=1

—_

ﬂ
o
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Then in Z]kvzl Nk (1), replacing k with 2m — 1 if k is even and 2m — 1 if
k is odd, and setting £ = {k € N: k is even} and O = {k € N : k is odd},

> A e = () S - Ry

k=1 k=1

= () S (RN — k) + To(R)(~N + )]
k=1

N

Note that in Efficiency of Reversible MCMC Methods: Elementary Deriva-
tions and Applications to Composite Methods by Jeffrey Rosenthal and Rad-
ford Neal, they write ;]::1 Aok (—1)k = —% — +1o(N —1), though we
find here that this can be simplified to the above, L_LN/%

Now notice that

N—-1)/2 N/2 N/2
—1/2 = lim =12 < lim LN/2] < lim N2 =-1/2,
k—o00 N k—o0 k—00
50 Timy, oo 2 = —1/2 thus for i € {I,...,n — 1},
N
N —k —1 A
lim Y ——(-1)f=-1/2= =

k—o0 N

1—(=1) 1-A"
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So, using this and the work done earlier when \; < 1, we get

N N_knfl
v(f,P>=ngn;oZ +2Z ZQA?HZTZ@W

=ngng +2Z Z 2>\’“+2in 1 —1)"]
=1 k=1 i=l
n—1 n—1 N N — k
:]\}1_{)20 22 Z 2A§+2;(af);—N (—
anl +22a11_ +2 Zall_
=1

n—1

1+)\
=2 (@)

]

Lemma 16. Ifh: R — R, and A is hermitian wrt (-,-) with real orthonor-
mal basis of eigenvectors {vg, ..., vn_1}, then h(A) :== 7" h(\)vivl D is
also hermitian, and has the same real orthonormal basis of eigenvectors with

associated eigenvalues h(A), ... h(A,_1).

Proof. Let h: R — R.

Let Ao, ..., An_1 be the real eigenvalues of A and let {vg,...,v,_1} be the
assiciated orthonormal basis of real eigenvalues. Then as A is hermitian wrt
(-,), A has a spectral representation, i.e.

n—1
A= Z )\ﬂ}zUZTD
1=0
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So, Vj € {0,...,n — 1}, notice

n—1

h(A)’Uj .= Z h()\i)viU?D’Uj
=0
n—1

= Z h(X:) (vi(1) (i, v5), . .., vi(n)(v;, v5))

]

The above formula for the asymptotic variance (Proposition 15) gives us
our first key theorem about Efficiency-Dominance.

Theorem 17. If P is irreducible and reversible wrt 7, then Vf € Li(),

o(f, P)=(f, f) +2(f,.P(I = P)7'f).

Proof. Let f € Li(m). Then by Proposition 15, we know that

n—1 n—1
s
— \2 2 4
o(fiP) =3 (@) +23 (@) 1=5
=0 =0
where f = Z?;()l a;v;, and {vg,...,v,_1} is the real orthonormal basis of

eigenvectors for P.

As f1 € L3(m), we know that 0 = E.(f) = (vo,f) = Sy ailvo,v;) =
Y il aido; = ap, so we can restrict the rest of this to the subspace W =
span({vy, ..., v,_1}).

Let h: R\{1} — R such that h(z) = z/(1 — x).

Then as Vi € {1,...,n—1}, A\; # 1, on the restricted subspace W, h(P)|w =
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P(I — P)"|s. So,

n—

(Fo 1)+ 20 PU= P)7) = 3 (0 + 23 agey, PU= P (Y aawn)

i=0
n—1 n—1 n—1

= Z(ai)2 -+ 2 Z aj Z OJZ'<U]', P(I — P)il’UZ)
=0 j=0 =0
n—1 n—1 n—1

= Z(ai)Q + 2 Z (lj Z ai(vj, P(] — P>_1|in>
=0 7=0 =1
n—1 n—1 n—1

= Z(ai)z + 2 Z aj Z a; <’Uj, h(P>U2>
i=0 7=0 i=1
n—1 n—1 n—1

= Z(ai)z + 2 Z aj Z OJZ'<U]', h()\l)v»
=0 j=0 i=1
n—1 n—1 n—1

= Z(ai)Q + 2 Z (lj Z ai(vj, /\2(1 — /\i)_lv,)
=0 j=0 i=1
n—1 n—1 n—1

= Z(ai)z -+ 2 Z aj Z G,Z)\l(l — >\i)_1<vj7 ’Ui>
=0 7=0 i=1
n—1 n—1 n—1

= Z(ai)Q -+ 2 Z Clj Z &Z)\Z(l — )\i)ilfsj'
=0 j=0 i=1
n—1 n—1

= (@) +2) a1 - M)
=0 7=0

So by Proposition 15, (f, f) + 2(f, P(I — P)~*f) = v(f, P). O

This gives us our first conditions for efficiency dominance.

Corollary 18. Given irreducible and reversible Markov Chains P and Q) wrt
7, P efficiency-dominates Q iff (f, P(I — P)™'f) < {(f,Q(I — Q) f) for all
f e Li(r).

Remark. Note that this result is actually stronger, that for each f € L3(7),
o(f, P) < o(f,Q) iff (f, P(I = P)71f) < {f,QU - Q)7'f).
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Proof. By Theorem 17, v(f, P) = (f, f) + 2(f, P(I — P)"'f) for each f €
L3(7), and similarly for v(f, Q).

Then Vf € L§(r), v(f,Q) —v(f,P) > 0 iff (f,Q(I —Q)"'f) — (f,P( -
P)7f) = 0 (f,Q(I = Q)" f) = (f,P(I = P)7f). O

Lemma 19. Given linear transformations X, Y, and Z on any finite vector
space V and F : 'V x V. — R, if Z is hermitian wrt F' and F(v, Xv) <
F(v,Yv) for allv eV, then F(v, ZXZv) < F(v, ZY Zv) for allv € V.

Proof. Notice that as Z is linear and V is a finite vector space, for any v € V/,
w=ZveV. So, forany v € V,

F(v,ZXZv) = F(Zv,XZv) = F(w,Xw) < F(w,Yw) = F(Zv,Y Zv) = F(v, ZY Zv).
[

Definition. A hermitian matriz A is strictly positive if (v, Av) > 0 for every
non-zero vector v € V.

Remark. Note that because we are assuming the matriz A to be hermitian,
there exists an orthormal basis of real eigenvectors {vo, ... ,v,_1} of A, with
associated real eigenvalues { o, ..., A\n_1}. So for anyv € V, Jag, ... ,a, 1 €
R such that v = 3. av;. So, (v, Av) = S H(a;)?Ni, and thus if A is
a hermitian matriz, then A is strictly positive iff every eigenvalue of A is
strictly positive.

Lemma 20. Given any o € R, if A is a symmetric matriz wrt (-,-) with
real eigenvalues and eigenvectors on the finite vector space V', then (v, Av) <
a(v,v) for every v € V iff every eigenvalue X of A is less than or equal to .
Similarly for >.

Proof. Let & € R and v € V. Let {wy,...,w,_1} be the basis of real or-
thonormal eigenvectors of A with associated eigenvalues Ag, ..., \,_1 € R.
Then Jag, . .., a,_1 € R such that v = 31" a;w;.

So, (v, Av) = SN (a;)?N\i. So, if all the \; < «, then 37 '(a;)*\; <
oY 0 = alo,v).

And if (v, Av) < a(v,v) for every v € V, then for each i € {0,...,n — 1},
picking the eigenvector w;,

Ai{wi, wi) = (wi, Aw;) = (wy, Aw;) < aw;, wy),

so \; < a (as w; is orthonormal wrt (-, -)). O
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Lemma 21. If A and B are strictly positive hermitian matrices on the finite
vector space V', then (v, Av) < (v, Bv) for every v € V iff (v,A"lv) >
(v, B~') for everyv € V.

Proof. Let A and B be strictly positive hermitian matrices on V. Assume
(v, Av) < (v, Bo) for every v € V.

As A and B are both strictly positive, all the eigenvalues of A and B are in
(0,00) by the earlier remark.

So, for every eigenvalue 3 of B, h(3) = 1/+/f is defined for h : (0,00) — R
such that h(z) = 1/y/z for all x € (0,00). So, by Lemma 16, B~'/2 = h(B)
is hermitian wrt (-,-), and as each 3 > 0, 1/4/B = h(B) > 0, so B~'/? is also
strictly positive.

To show that B~Y/2AB~1/2 is also strictly positive, notice for any non-zero
velV,

(v, BY2AB™Y?v) = (B™Y?v, AB™Y/*v) (as B~Y/? is hermitian)
= (w, Aw)

(where w = B~/

1/2

v, notice w # 0 as B~/ is strictly positive)

> 0. (as w is non-zero and A is strictly positive)

Now, as B~'/2 is hermitian wrt (-,-), (-,-) : V x V — R, choosing X = A,
Y = B and Z = B~'/? in Lemma 19, by our assumption we get for every
vevV,

(v, B"Y2AB™Y?v) < (v, B"Y2BB~Y?) = (v, v).
So by Lemma 20, the eigenvalues of B~Y2AB~Y2 say A, ..., -1 € R, are
less than or equal to 1.
And as B~Y2AB~/2 is strictly positive, A; > 0 for every i € {0,...,n — 1}.
So, Vi € {0,...,n— 1}, \; € (0, 1].
So, letting g : R\{0} — R such that g(x) = 1/z for every z € R\{0},
as {Xo;-- -, A1} € (0,1] € R\{0}, by Lemma 16, g(B~Y2AB~1/2) =
(B~'2AB~Y/2)71 has all eigenvalues g(\o), ..., g(A_1) € [1,00).
So again by Lemma 19, we get that for every v € V, (v, (B~Y2AB~/2)"1y) >
(v,v). So,

(v, Iv) = (v,0) < (v, (B"Y2AB~Y2)~\) = (v, BY2A~'BY/%).

Now again by Lemma 19, using X = I, Y = BY/2A4"'BY2? and Z = B~'/2,
for every v € V,

(v, B"Y) = (v, BTY2IB™Y2y) < (v, B"V*(BY?A7'BY%)B~1/20) = (v, A~ ).
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For the other direction, note that from earlier using ¢g : R\{0} — R such
that g(z) = x7! for every z € R\{0} on A and B create by Lemma 16
h(A) = A~! and h(B) = B~! that are strictly positive and hermitian on V.
Thus it follows by replacing A with B~! and B with A~! from the start of
this proof. Il

Proposition 22. If P and QQ are Markov Chains that are irreducible and
reversible wrt w, then Vf € L(n), (f, P(I — P)7'f) < (f,Q — Q)71 f) iff
Vf e Li(m), (f, Pf) < (f,Qf).

Proof. Note that (f, Pf) < (f,Qf) for all f € Li(r) iff (f,(I — P)f) =

(D)= (LPN 210 = (L) ={f,(I = Q)f) for all f € Li().
Next, notice that as Vf € Li(r), 0 = E.(f) = (f,1), and as 1 is an eigen-

vector of both P and () with associated eigenvector \g = 1, on the subspace
L3(7), the eigenvalues of P and @ both exist in [—1,1).

So, using h : R — R such that h(z) = 1 — z for every x € R, by Lemma 16
the eigenvalues of h(P) = I — P and h(Q) = I — @ are both contained in
(0,2], s0o I — P and I — @ are both strictly positive and hermitian.

Thus, by the above Lemma 21, (f,(I — P)7'f) < (f,(I — Q)"'f) for all
f e Li(m).

Andas (I — P)"' = P(I — P)"' + (I — P)(I — P)"' = P(I — P)" + I and
similarly for (I — Q)™!, this is equivalent to

(f,P(I-=P)'f) <(f,QU—-Q)"'f), Ve Ljn).
[l

We now get to our biggest theorems on efficiency dominance, which will
serve as the backbone for the rest of the discussion on the topic.

Theorem 23. Given irreducible reversible wrt @ Markov Chains P and @,

P efficiency dominates Q iff {f, Pf) < {f,Qf) for all f € Li(x).

Proof. By Corollary 18, we get that P efficiency dominates @ iff (f, P(I —

Py L) < (£,QU— Q) ' f) for all f € L3(r).
By Proposition 22, this is iff (f, Pf) < (f,Qf) for all f € L3(r). O

Theorem 24. Given irreducible and reversible wrt @ Markov Chains P and
Q, P efficiency dominates Q) iff QQ — P has all non-negative eigenvalues.
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Proof. By Theorem 23, P efficiency dominates @ iff (f, Pf) < (f,Qf) for
all f e L3(m).

This is iff (f,(Q — P)f) > 0 for every f € Lg(m).

So by Lemma 20, as 0 = 0(f, f) for every f € L3(r), the result follows. [J

Theorem 25. Efficiency dominance is a partial order on irreducible re-
versible chains, meaning efficiency dominance is reflexive, antisymmetric and
transitive.

Proof. For any P and any f: X — R, v(f, P) < wv(f, P), so it is reflexive.
If P and @ are irreducible reversible wrt m Markov Chains, then if P efficiency
dominates ) and () effieciency dominates P, then by Theorem 24, () — P
and P — (@ have all nonnegative eigenvalues, and thus () — P must have all
eigenvalues zero. So, as () — P is hermitian, it is diagonalizable, and thus
Q — P = A(diag(0))A~' = 0 for some change of basis matrix A, so Q = P.
Thus, it is antisymmetric.

As < is transitive, we see that if P efficiency dominates () and @) efficiency
dominates R, then Vf € Li(7), v(f, P) < v(f,Q) and v(f,Q) < v(f, R), so
by the transitivity of <, v(f, P) < v(f, R). And thus P efficiency dominates
R, and it is thus transitive. O

6 New Results on Efficiency Dominance on
Subspaces and Answer to Open Problem

All the results presented in this section are new. We first explore an ex-
plicit function in L3(7), f, such that v(f, P) > v(f,Q) when Q — P has a

negative eigenvalue, as well as explore efficiency dominance on perpendicular
subspaces of L3(7).

Lemma 26. vy = (1,...,1) is an eigenvector of Q— P with eigenvalue A = 0,
for any stochastic matrices () and P.
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Proof.

Q(0,0) — P(0,0) - QO,n—1) = P(0,n 1) 1
(@ = P)ug = z - : :
Qn-1,0—-Pn-10 --- Qn—1,n—1)—Pn—-1,n-1)| |1

Y L[Q(0.2) — P(0. )]

.2 [Qn = 1,3) — P(n—1,)]
erX Q(O7$) - ZCEEX P(O,[E)

S e Q= 1,2) = ¥,y Pn— 1,2)

1 -1
1-1
[0
0

= OU().

]

Proposition 27. If z is an eigenvector of Q — P such that (Q — P)z = pyz
where By € (—00,0) and @ and P are both reversible wrt m and irreducible,
then z € Li().

Proof. By Lemma 26, v, is an eigenvector of (), P and () — P, the last with
eigenvalue 0. So, let {vg, p1, ..., Pn_1} be a basis of real orthonormal eigenvec-
tors of P, guaranteed to exist by Lemma 11. Similarly, let {vo, q1,...,¢n—1}
be such a basis for Q.

Then we can write z as a linear combination of these vecotrs, so let z =
Avg +a1pr + -+ @p1pp—1 = Avg + bigi + - -+ by 1Gn—1-

Then let p be the associated eigenvalue for z for P, and let n be the associated
eigenvalue for z for (). Then,

n—1 n—1 n—1

n—1
PAUO‘i‘PZCLiPi =pz=P(z) = P<A’Uo+z a;p;) = AP(U0)+P(Z a;p;) = AUo+Z Ai@ip;.
i=1

=1 =1 i=1

37



As the vectors are linearly independent, either p =1 or A = 0 and thus z is
orthogonal to vy and z € L3(7).

If p =1, as P is diagonalizable by Lemma 11, either z = v, or the eigenspace
of the eigenvalue A\g = 1 has dimension 2.

Notice that (Q — P)(z) = foz and (Q — P)(vg) = 0 by Lemma 26, so as
Bo# 0, (Q = P)(2) = oz # 0 = (Q = P)(wo). So z # vy.

If the dimension of the eigenspace of the eigenvalue A\g = 1 has dimension 2,
then A\ = 1. But by Lemma 37, \; < 1. So another contradiction.

Thus p # 1, and 2 € L3(). O

Lemma 28. If v is an eigenvector of X, X —Y € M, ., then z is an eigen-
vector of Y.

Proof. Let v € V' be an eigenvector of X with eigenvalue Ax and of X —Y
with eigenvalue Ax_y. Then

Ax—yv=(X-Y)(v)=X(v) =Y (v) = Axv—Y(v).

So,
Y(U) = )\Xv — )\X,yv = ()\X — )\X,y)v.

]

In particular, this shows that if an eigenvector of () — P, say z, is also an
eigenvector of either () or P, then it is also an eigenvector of both ) and P.

Using this fact and the remark after Lemma 21 in the efficiency domi-
nance paper by Rosenthal and Neal, we provide a partial answer to the open
problem left by Rosenthal and Neal.

Theorem 29. If z is an eigenvector of Q — P with associated eigenvalue
B <0 and z is also an eigenvector of P or Q, then v(z, P) > v(z,Q).

Proof. As z is an eigenvector of () — P and of either P or @), by Lemma 28
it is an eigenvector of both ) and P.

By Proposition 27, z € L3(7).

And as (@ — P)(2) = B2, (5, (Q — P)(2)) = {2, 62) = B(z,2). So, (2, (@ —
P)(z)) < 0, as z is not the zero vector as it is an eigenvector so (z,z) > 0.
So, (z, P(2)) > (2,Q(2)). Let ¢ = (z,2)""2 > 0. Then

(cz, P(cz)) = (2, P(2)) > (2, Q(2)) = {cz, Q(c2)).
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This is equivalent to (cz, (I — P)(cz)) = (cz,cz) — (cz, P(cz)) < (cz,cz) —
(e2,Q(c2)) = (e, (I - Q)(c2)).

Further notice as I — P = h(P) where h : R — R such that h(z) =1 — z,
by Lemma 16, cz is also an eigenvector of h(P) = I — P. Similarly cz is an
eigenvector of ().

By Lemma 62 in the appendix, if ¢z is an eigenvector of P and cz # vy =
(1,...,1), then the associated eigenvalue of cz, A < 1. Similary for @, the
associated eigenvalue of cz, a < 1.

Thus, h(A), h(a) < 0, so (cz, (I — P)(cz)) = h(N\){cz,cz) # 0. Similarly for
I-0Q.

Also, as (I — P)~! = u(I — P) where u : R\{0} — R such that u(z) = 27!,
as the associated eigenvalue of cv wrt I — P h(\) # 0, by Lemma 16 cz is
also an eigenvector of (I — P)~! with eigenvalue u(h(\)) = (h(\))™!, and
similarly for I — @ with eigenvalue u(h(«)) = (h(a))™t.

So, we get

So, (cz, (I — P)"(cz)) > {(cz, (I — Q)7 (cz)).
Notice that (I — P)~! =
so this becomes

(cz, P(I — P) " (c2)) + (cz,¢2) = (cz, (I — P)"(c2))
> {cz, (1 = Q) H(c2))
= (e, QI — Q)™ (c2)) + (cz, cz).
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So, we get that

(cz, P(I = P)"!(cz)) > ez, QU — Q) (c2)).
Thus by Theorem 17, v(cz, P) > v(cz, Q).
Further notice that

N N

(1/N)Var() ~ez(X;)) = ¢ dim (1 /N)WVar(D (2(X;)) = *v(z, P).

i=1 i=1

Similarly, v(cz, Q) = c*v(z, Q).
So, c*v(z, P) = v(cz, P) > v(cz,Q) = c*v(z,Q), and as ¢* > 0,

v(cz, P)

= lim
N—oo

v(z, P) > v(z,Q).
]

Proposition 30. Ifv € N C Lj(n) where N := span{wy, ..., wn 1} 12(r) =
{veL3n): (v,w),Yw € span{wy, ..., w,_1}}, then Pv,Qu € N. Le. N is
closed under P and ().

Proof. Let v € N. Then Yw € span{wy,...,w,—1}, Jay,..., a1 € R such
that w = qquw; + -+ + 1w, _1. Let \; denote the eigenvalue of w; wrt P.
Then,

(P(v), w) = (v, P(w))
= (v, P(g a;w;))
_ 2%@, P(w,))
= 2%@, Aiw;)
= gai& (v, w;)

=0.

Similarly for Q. O
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We now generalize another few Lemmas, in order to try and apply them
to a specific subspace of LZ(m).

Lemma 31. Given linear transormations X, Y, and Z on any finite vector
space V., and F : V xV — R, if Z is hermitian wrt F, F(v, Xv) < F(v,Yv)
for allv e E CV where E is a subspace of V', and E s closed wrt Z, then
F(v,ZXZv) < F(v,ZY Zv) for allv € E.

Proof. As E is closed wrt Z, by definition for any v € F, Zv = w € E. So
for any v € F,

F(v,ZXZv) = F(Zv,XZv) = F(w, Xw) < F(w,Yw) = F(Zv,Y Zv) = F(v, ZY 7).
[l

Lemma 32. If A and B are strictly positive hermitian matrices on a subspace
E of the vector space V', and E is closed wrt A and B, then (v, Av) < (v, Bv)
for every v € E iff (v, A=) > (v, B") for every v € E.

Proof. Let E C V be a subspace of V and let A and B be strictly posi-
tive hermitian matrices on E such that E is closed wrt A and B. Assume
(v, Av) < (v, Bo) for every v € E.

As A and B are both strictly positive, all the eigenvalues of A and B for eigen-
vectors in E are in (0, 00).So, for every eigenvalue on E, 3 of B, h(B3) = 1//
is defined for A : (0,00) — R such that h(z) = 1/y/z for all z € (0,00). So,
by Lemma 16, B~'/2 = h(B) is hermitian wrt (-, -).

As F is closed under B, matrix decomposition simply affects the scalar val-
ues of vectors multiplied, but not the geometric propoerties of vectors coming
from B. So, E is also closed wrt B~'/2. And as each 3 > 0, 1/+/B = h(j3) > 0,
so B~1/2 is also strictly positive on E.

To show that B~Y2AB~1/? is also strictly positive on F, notice for any non-
zerov € I,

(v, BTYV2AB™Y?y) = (BY2y, AB™V/?v)
(as B~'/? is hermitian)
= (w, Aw)

(where w = B~Y/2

v, notice w # 0 as B~Y/2

is strictly positive on E)
> 0.

(as w is non-zero and A is strictly positive on FE)
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Now, as B~'/? is hermitian wrt (-,-), (-,-) : V x V — R, choosing X = A,
Y = B and Z = B~'/? in Lemma 31, by our assumption we get for every
veFR,

(v, BTY?2AB™Y2y) < (v, B"Y2BB~Y2p) = (v, v).

So by Lemma 20, the eigenvalues of B~Y/2AB~1/2 on the restricted subspace
E, say Ao, ..., A1 € R, are less than or equal to 1.

And as B~Y/2AB~Y/2 is strictly positive, \; > 0 for every i € {0,..., k —1}.
So, Vi € {0,... . k—1}, \; € (0, 1],

So, letting g : R\{0} — R such that g(z) = 1/z for every z € R\{0},
as {Xo,-., 1} € (0,1] € R\{0}, by Lemma 16, g(B~Y24AB7/?) =
(B~Y2AB~1/2)7! has all eigenvalues g(Ao), ..., g(M\_1) € [1, 00).

So again by Lemma 31, we get that for every v € E, (v, (B~Y/2AB~Y/%)"1y) >
(v,v). So,

(v, Iv) = (v,v) < (v, (Bfl/zABfl/Q)—lw = (v, Bl/zAlel/le

Now again by Lemma 31, using X = I, Y = BY247'BY? and Z = B~'/2,
for every v € F,

(v, B™Y) = (v, BTY2IB™Y2y) < (v, B~V*(BY?2 AT BYHB~1/2)) = (v, A~ W),

For the other direction, note that from earlier using g : R\{0} — R such that
g(x) =z~ for every x € R\{0} on A and B create by Lemma 16 h(A) = A™!
and h(B) = B! that are strictly positive and hermitian on E, and FE is still
closed wrt A=! and B~!. Thus the result follows by replacing A with B!
and B with A~! from the start of the proof. n

Proposition 33. If P and Q are Markov Chains that are irreducible and
reversible wrt m and E C L3(7) is a subspace that is closed wrt P and Q, then

VfeE (fPI-P)7'f) <(f,QU-Q)f) iff Vf € E. {f,Pf) < (f,Qf)

Proof. Note that (f, Pf) < (f,Qf) for all f € E iff (f,(I— P)f) = (f, f) —

(LR 2 (. 1) = (,Qf) ={f,(I = Q)f) for all f € E.
Next, notice that as Vf € E C Li(r), 0 = E.(f) = (f,1), and as 1 is an

eigenvector of both P and @) with associated eigenvector A\g = 1, on the
subspace L2(7), the eigenvalues of P and @ both exist in [—1,1), as by
Lemma 62 in the appendix, they are all less than one.

So, using h : R\{0} — R such that h(z) = 1 — x for every x € R\{0}, by
Lemma 16 the eigenvalues of h(P) = I — P and h(Q) = [ — @ on E are
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both contained in (0,2], so I — P and I — @ are both strictly positive and
hermitian on E.

Thus, as E is closed wrt P, Q, and I (and thus also [ — P and (I — P)~! and
similarly for Q), by the above Lemma 32, (f, (I — P)7'f) < {f,(I — Q)7'f)
for all f € E.

Andas (I - P)'=PUI-P)'+({I—-P)I—-P)'=P(I—-P)'+1TIand
similarly for (I — Q)™}, this is equivalent to

(L,PI-P)'f) <{f,QU-Q)'f), VfeEE.

We now prove why span{wy, . .. ,wn_l}l|Lg(ﬂ) is a special subspace.

Proposition 34. If P and Q) are irreducible and reversible wrt = Markov

Chains, all the eigenvalues of QQ — P, Bo,...,Bn_1, that are negative, say

B, ..., Ba_1, have associated eigenvalues wy, ..., w,_1 that are also eigenval-

ues of either Q or P, thenYv € N C Lg(m) such that N := span{wi, ..., w1} |2(n) =
{ve Li(n): (v,w),Yw € span{wy, ..., w,_1}}, (v, Pv) < (v, Q).

Proof. Let v € N. Then as  and P are hermitian, so is () — P. So by an
argument similar to why ¢) and P have real eigenvalues and an orthonormal
basis, so does @Q — P on LE(m).

By assumption, the wy, ..., w,_1 are also eigenvectors of either ) or P, so
by Lemma 28, they are also an eigenvector of both P and ). Thus we can
assume they are orthonormal.

Then by a process like the Gram-Schmidt process, we can find other eigen-

vectors wy, . .., w;—1 that complete the orthonormal basis for Q) — P.
So, dag, ..., n—1 € R such that v = Z:.L;Dl ;W;.
Butasve N, a,...,a,_1 = 0. So,

(0@ = P} = Y2

And as o? > 0 for every i, and 3; > 0 for every i € {0,...,1 — 1}, (v,(Q —
P)(v)) =Yg a2 > 0.
807 <U7P(U)> < <U7Q(U)>‘ O

Theorem 35. If P and Q) are irreducible reversible wrt @ Markov Chains and
all the eigenvalues of QQ — P, By, ..., Bn_1, that are negative, say B, ..., Pn_1,
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have associated eigenvalues wy, ..., w,_1 that are also eigenvalues of either
Q or P, then P efficiency dominates QQ on the subspace N C L3(w) such that
N = span{wy, . .. ,wn,l}HLg(ﬂ) ={v e Li(n) : (v,w),Yw € span{wy, ..., w,_1}}.

Proof. We know that P efficiency dominates Q on N if (v, P(I — P)~'v) <
(v, Q(I — Q) 1v) for every v € N.

We know that N is closed wrt P and () and thus also () — P by Proposition
30.

By Proposition 34, we know that (v, Pv) < (v, Qu) for every v € N.

So, by Proposition 33 with £ = N, we know that (v, P(I—P) ') < (v, Q(I—
Q) ') for every v € N, completing the proof. ]

7 Combinations of Chains

We now move to using the results in the earlier section to apply to combina-
tions of chains.

Proposition 36. If P is an irreducible Markov Chain, and @) is another
Markov chain, then for any a € (0,1], P = aP + (1 — «)Q is an irreducible
Markov Chain.

Proof. Let x € X. Let A C X. Then as P is irreducible, 3r € N such that
Pr(xz,A) > 0.

So, P"(x,A) > o"P"(xz, A) > 0. Le., the probability that P’ gets to A from
x in r steps is at least the probability that we get P r times, and get to A
the same way P can. O]

Theorem 37. If P, P’ and Q) are reversible wrt m Markov Chains such that
P and P' are irreducible, if o € (0,1], then P efficiency dominates P iff
aP' + (1 — a)Q efficiency dominates aP + (1 — «)Q.

Proof. By the above Proposition 36, both aP’ + (1 —«)Q and aP+ (1 —«a)Q
are irreducible.

As P’ efficiency dominates P iff the eigenvalues of P— P’ are all non-negative,
by combining Theorem 24, P’ efficiency dominates P iff a(P — P’) has all
eigenvalues non-negative as a > 0. So, as

a(P—P)=(aP+(1—-0a)Q)— (P + (1 —a)Q),

the result follows. [
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Theorem 38. For anyl € N, let P,..., P, P|,..., P/ be reversible Markov
Chains wrt m. Assume P = oy Py +---+ P, and P = oy P + -+ - + o P/
are 1rrducible Markov Chains, with aq,...,cq; > 0 and 22:1 a; = 1. Then if
Vi e {1,...,1}, the eigenvalues of P;— P/ are non-negative, then P’ efficiency
dominates P.

Proof. Let f € L(w). Then by Lemma 20, Vi € {1,...,1}, (f, (P —P))f) >
0(f, f) =0, so

l l

(f,(P=P)Yy= (> (Pi=P)f)=> (f,(P.=P)f) > 0.

i=1 i=1

So equivalently, (f, P’ f) < (f,Pf). So by Theorem 23, P’ efficiency domi-
nates P. [

8 Not Dominatable Chains

We now present results showing chains that don’t dominate each other.

Definition (Eigen Dominance). Given two reversible wrt m Markov Chains
P and Q, and their eigenvalues written in non-increasing order, oy, . . ., Q1
for P and [y, ..., fBn_1 for Q, P is said to eigen dominate Q if Vi € {0, ..., n—
1}, ;i < ;.

We shall now see that with irreducible Markov Chains, efficiency domi-
nance implies eigen dominance.

Proposition 39. If P and Q) are irreducible, reversible wrt m Markov Chains,
such that P efficiency dominates @), then P eigen-dominates Q).

Proof. By Theorem 23, as P efficiency dominates Q, Vf € Li(«), (f, Pf) <
(f.Qf).

So, by the "min-max” characterisation of eigenvalues, or the Courant-Fischer
Theorem (Theorem 4.2.6) in Matriz Analysis by Horn and Johnson, we see
that Vi € {0,...,n — 1}, letting «y,...,a,—1 be the eigenvalues of P and
Bo, - -, Pn_1 be the the eigenvalues of @,

J

. (v, Pv)
o; = min [ max
W1, Wi—1 VERX V], (v,w,)=0 <U’ U>
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and similarly for 3; and Q.

So, assume for a contradiction that 3i € {0,...,n — 1} such that a; > f;.
Notice that ¢ # 0, as o; = §; = 1 by Proposition 3.

Then by the above,

, (v, Pv) ,
min |  max ]> min | max
W1y Wi—1 vERY :Vj, (v,w;)=0 <U, U) W1, Wi—1 VERY VY, (v,w;)=0 <U, U>

So let z € RY be the vector such that

(2,Q2) . (v, Qu)
= min | max
<Z, Z> W5 Wi—1 vERX Y, (v,w;)=0 <U, ’U>

!

And as i # 0, we have z € L3(7). So, we get

(2,Q2) _ (2. P2)
) - (aa)

But then

) (v, Pv) (z, Pz)
min | max :
W5 Wi—1 vERX :Vj, (v,w;)=0 <U, ’U> <Z7 Z>

]

Note however the converse is not true. But, this lets us see that if P
doesn’t eigen-dominate (), then P doesn’t efficiency dominate Q).

Proposition 40. Given irreducible reversible wrt m Markov Chains P and
Q, if the eigenvalues of P and @ are identical, then P # Q iff P doesn’t
efficiency dominate (Q and @) doesn’t efficiency dominate P.

Proof. 1If P = @), then as efficiency dominance is relfexive P efficiency domi-
nates () and () efficiency dominates P.

If P # @, then assume P efficiency dominates ). Then by Theorem 24,
@ — P has all non-negative eigenvalues.

But (Q — P cannot have all zero eigenvalues, as then because () — P is hermi-
tian and thus diagonalizable, Q — P = A(diag(0))A~! = 0 for some change
of basis matrix A, so @ = P.

So, there must be at least one positive eigenvalue of ) — P.

As the sum of eigenvalues of a matrix including multiplicity is equal to the
trace of a matrix, we get that trace(Q — P) > 0.
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But as trace is linear, trace(Q — P) = trace(Q) —trace(P) > 0, so trace(Q) >
trace(P).

But as P and ) have the same eigenvalues, trace(Q) = trace(P). So we get
a contradiction.

The argument for why () doesn’t efficiency dominate P follows by replacing
@ with P and P with Q. O

Lemma 41. For any Markov Chain P with 7 as it’s stationary distribution,
trace(P) > max(0,2 — 1/Tyax) where mya = max, ().

Proof. 1f m(z) < 1/2 for all x € X, then trace(P) > 0 as each entry of P is
non-negative.

If 3z, € X such that 7(x,) > 1/2, then assume without loss of generality
that z, = x,,_1. Then

n—1
(1) =Y m(x;)P(xsxn_1) (as 7 is a stationary dis.)
i=0
n—2
- 7T(:]Jnfl)P)<xn717 xnfl) + ﬂ-(xz)P(xu xnfl)
=0
n—2
<7m(zp_1)P(xp_1,2n1)+ Y w(x;) (as each P(x;,x, 1) <1.)
i=0
n—1
=m(Tp_1)P(Xpn_1,Tpn-1) + (1 — m(x_1)). (as Y w(x;) =1).

I
o

%

So, P(zp_1,2n_1) > 2—1/m(2p_1) = 2—1/Tmax (asif m(z,_1) > 1/2, then no
other z; can have 7(x;) > 7(z,_1) as then Z;:ol m(z;) > m(rp_1)+7(z;) > 1).
So, trace(P) > P(Tp-1,%n-1) > 2 — 1 /Tmax. O

Lemma 42. If P is a Markov Chain with stationary distribution © and
trace(P) = max(0,2 — 1/mmax), then every entry on the diagonal is zero
unless 3z € X such that w(x) > 1/2. In that case every diagonal entry is
zero except for P(x,x) =2 — 1/7(x).

Proof. We continue from the proof of the above Lemma 41. If m(z) < 1/2
for every x € X, then trace(P) = 0, and as all entries are non-negative all

diagonal entries are zero.
If z, 1 € X such that 7(x,_1) > 1/2, then 2 —1/7(x,_1) > 0, so trace(P) =
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max(0,2 — 1/m(xy-1)) =2 — 1/m(xy—1).
From the proof of the above Lemma 41, P(x,_1,2,_1) > 2—1/7(x,_1). But
notice

2 —1/m(z) = trace(P) > P(xp_1,Tp1) > 2 —1/7(xp_1),
so trace(P) = P(xy_1,2p1) =2 — 1/7(xp_1). O

Theorem 43. If P is an irreducible reversible wrt m Markov Chain and
trace(P) = max(0,2 — 1/Typax) where Tmax = maxgex m(x), then P cannot be
efficiency dominated by any other irreducible reversible wrt m Markov Chain.

Proof. Assume for a contradiction that @) is an irreducible reversible wrt 7
Markov Chain that efficiency dominates P and @) # P.

Then by Proposition 39, ) also eigen-dominates P.

If @ has the same eigenvalues as P, then by Proposition 40, as Q) # P, )
doesn’t efficiency dominate P.

So, (Q must have at least one eigenvalue strictly less than one of P. But then
trace(Q)) < trace(P), as the trace is equal to the sum of the eigenvalues of
the matrix. But by Lemma 41, trace(Q) > max(0,2 — 1/mpax. S0,

max(0,2 — 1/mpax) < trace(Q) < trace(P) = max(0,2 — 1/Tpax)-

So we get a contradiction. m

9 Peskun versus Efficiency Dominance

We now move to show the relationship between Efficiency Dominance and
Peskun Dominance.

Definition (Peskun Dominance). Given two Markov Chains, P Peskun-
dominates Q if Vr,y € X such that x # vy, P(z,y) > Q(z,y).

Now to show Peskun-dominance implies efficiency-dominance.

Lemma 44. If P Peskun-dominates @), then () — P has all non-negative
values on the diagonal and all non-positive entries off the diagonal, and the
sum of each row is 0. Le. Vx,y € X, if v =y then (Q — P)(x,y) > 0 and if
xr #y then (Q — P)(x,y) <0, andVx € X, Y " (Q — P)(z;,x) = 0.
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Proof. As P Peskun-dominates @), by definition Vz,y € X', P(x,y) > Q(z,y)
if x £ y.

So, if z,y € X such that « # y, then (Q — P)(z,y) = Q(z,y) — P(z,y) <0.
Now, assume for a contradiction that 3z € X such that (Q — P)(z,z) < 0.
Then 0 > (Q — P)(z,z) = Q(x,x) — P(z,z), so Q(z,x) < P(z,x).

So, as P Peskun-dominates @, >_,c v, P(¥:2) = > cv 2, @Y, ). So,

Y Ply.x)= > Plya)+Pxz) > Y QUo)+Qxx) =) QU
yeX yeEX yF#x yeEX yF#x yeX

So we get a contradiction to the Law of Total Probability. Let x € X. Then
by the Law of Total Probability,

n—1 n—1 n—1 n—1

Z Q—P)(z;,z) = Z[Q(mz,x)—P(xz,x)] = ZQ(xZ,x)—Z P(z;,z) = 1-10.

=0 =0 =0 =0

Lemma 45. If X € M™" such that Vi,j € {0,...,n — 1} and i # j,
X(i,i) > 0 and X (i,§) <0, and 3= X(1,i) = 0, then all the eigenvalues
of X are non-negative.

Proof. Let v € R and A € R such that Xv = Av. Then let j € {0,...,n—1}
such that |v;| > || for all ¢ € {0,...,n — 1}.

Without loss of generality, assume v; > 0. Then as —Zi#] | X (5,7)] =
Zi# X(7,1) as they're all non-positive, as the sum of the rows of X is equal
to 0, and by the triangle inequality,

v ZXJ, = X(j.g)v; + ) X,
i#£]
_|ZXJ) vz

1#]

=2 _IXG Dl
i#]

> X(j,)v; — Y 1X (i),
i#]

= 0;(X(j,5) + Y_X(j.))
i
= Uj(O) = 0.
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As v; > 0, this means A > 0. O

Proposition 46. If P and () are irreducible reversible wrt m Markov Chains,
and P Peskun-dominates @), then P efficiency-dominates Q).

Proof. By Lemma 44, () — P has all diagonal entries non-negative and all off
diagonal entries non-positive, and has the sum of each row equal to zero.

So by Lemma 45, all the eigenvalues of () — P are non-negative, and thus by
Theorem 24, P efficiency dominates Q. ]

10 Group state spaces and Random Walks

We move our discussion to a special type of Markov Chain on a special
type of state space. The special properties these assumptions bring give us
an easy, simple bound on the total variation distance of such Markov Chains.

So, we begin this chapter with the definition on the type of state space
we will be working with.

Definition (Groups). A Group is a non-empty set G together with an oper-
ation, denoted (G, -), that satisfies the following.

e 1 €G such thatVx e G, 1-z=z-1=x

e VreG,ye G suchthaty -z =x-y=1

e Ve,yeG,z-yeG

e - is associative, i.e. Vx,y,z € G, (v-y)-z=z-(y- 2).

When working with groups, often the - is ommitted, and we simply write
xy instead of x -y, where it is understood it is the group operation.
For notation, ! represents the inverse of z € G. In other words, 27! € G
such that 71z = 1.

It can be shown that 2!

is unique in G.

Proof. Let G be a group. Let x € G. Let y,2z € G such that yr = zx = 1.
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Then

zy =1
z(xy) = 2
(22)y = 2
Y=z

O

Now we move on to define the special type of Markov Chains we’ll be
working with.

Definition (Simple Random Walks). A simple Random Walk is a sequence
of random variables { X;}i—o, such that for random variables Z;,i € N, satis-
fyingP(Z;=1)=p and P(Z; = —1)=1—p for ap € (0,1),

[ ] XO - 0,
® Xn:Xn—1+Zn; Vn € N.
And now, we put them together!

Definition (Groups and random walks). If X' is a group, then Q(-) is a
probability distribution on X, such that Vx,y € X, P(z,y) = Q(xz1y).
Q s called the step distribution.

From here until the end of the chapter, we will assume that X is a finite
Group.

Our first result should help to show that these special types of distribu-
tions vastly simplify everything we are studying, reducing the stationary
distribution in such cases to arguably the simplest form, uniform.

Proposition 47. The distribution 7(z) = 1/n, Yo € X, where n = |X|, is
stationary for every random walk on X where X is a finite group.

Proof. Let P be the transition matrix of the random walk on X. Let y € X.
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Then

(by def. of )
(as X is a group)

(as X is a group)

(as @ is a prob. dis.)
(by def. of )

O

An important note here is that all finite abelian groups, groups whose
operation is also commutative, can be expressed as the cartesian product of
finite groups of modular integers for some base. In other words, given a finite

abelian group X, Ir € N, 3ng,...,n, € Z such that X = Z/(ng) x ---
Z./(n,.), where Z/(n;) for i € {0,...,r} is the integers mod n,;.

X

Furthermore, for abelian groups, we use addition and subtraction signs to
denote the function of the group. So instead of xy, we would write =z + y.

Similarly for 71y, we would write y — .

We continue with a set of very helpful functions in our discussion of finite

groups, characters.

Definition (Characters). Let X' be a finite abelian group, in the form above.

(Here i is the imaginary constant.)

Then ¥Ym = (mg,...,m,) € X, let Xpm : X — C such that Vx € X

Xm () := exp[2mi(

Proposition 48 (Facts about characters). Vm, j,x,y € X,

L X7 + ) = Xon(T)Xm (Y)-

2. Xm(0) = LIxm(7)| = Lxm(—2)

mox
No
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3. <Xm7Xj> = 5mj-
4o D omese Xm(T) = ndgp.

Proof. The first two items can be easily verified using properties of exponents,
Euler’s formula, and trigonometric identities.

Let m, j,x,y € X, such that z; is the ith coordinate of z € X for z = m, j, 2,y
and i € {0,...,7}.

Using the first two facts and Proposition 47,

XmaX] ZXm )

=" xem)xa(5)(1/n)
= (1/n) Zxx(m
= (1/n) Y xa(m —j).

So if m = 7, then

(o) = (1) 3 xalm = ) = (1) S xa0) = (1/m) Y1 =1

TEX zeX reX
If m # 7, then
<Xm> Xj> = (1/”) Z Xx(m -
TEX
= (1/n) ) xa(k)
TEX

(where k =m — j € X)

k :L'T 0:[,’0
(1/n) E cos(2m( - —1— E sin (27 ( -

zeX TeX

= (1/n)[0 + 0] = 0.

S0, (Xm» Xj) = Omj, VM, j € X.
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Then for fact 4, notice

Z Xm(T) = Z Xm (%) Xm (0)

meX meX

(as xm(0) =1.)

(as 0 = —0, and by item 2. above)

(by direct computation)

(by item 3 above)

Now on to how characters relate to groups and random walks.

Proposition 49. Vm € X, X, P = Eg(Xm)Xm = AnXm, where A, =
Eqg(xm), Q is the step distribution, and E is the expected value function.
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Proof. Let m € X. Then Vy € X,

(TnP)y = 3 Xomla) Pl y)

- meZXXm(_x)Q(y — ) (by def. of Q)
- S Xom(z = 1)Q(2)  (by setting z = y — 2, and as it is a group)
= %xm(Z)xm(—y)Q(Z) (by Prop. 48)
- Zei;xm(Z)xm(y)Q(Z) (by Prop. 48)
= ;em(y) D xm(2)Q(2)

= Xm—(yﬂ;ijzxm). (by definition of E)

So, as the equality is satisfied for each column, our final equality is satisfied.
[

This Proposition shows us that for each m € X, x,,, is an eigenvector of
P for the eigenvalue Eq(x)-
This and the fact that {X,, }mex is an orthonormal basis in L*(7), gives us
the following result.

Theorem 50. For any random walk on any finite abelian group, ||ux — || <
X /Z;.:ll I\ < (Vn—1/2)(A\)F. In particular, N\; = Eg(x;)-

Proof. As {Xum }mex is an orthonormal basis for L?(m) by Proposition 48, so
too must {Xm }mex be an orthonormal basis for L*(7). And by Proposition
49 as each is also an eigenvector, P must be diagonalizable.

Notice further that Eqg(xm) < 1, Ym # 0, and Eg(xo) = 1.

Soas A\; = Eq(x;) by Proposition 49, by Lemma 7, >°_ _+ | (2)—7(x)|*7(z) =
S0 lag PR,

Now as we are working with a random walk on a finite group, by Proposition
A7, m(x) = 1/n, Vo € X,

Notice that in Theorem 6 and Lemma 7 as m = agvy, we get that agvg(x) =
1/n,Vr e X.
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So, vy is the vector such that vy(z) = 1/(apn), Vo € X. So, as the only
character satisfying this condition is Yo, we get that vy = Xg. So, ag = 1/n.
So,as m(z) =1/n=a;, Vje{l,...,n -1},

3 liala) — wt)P(1/m) = 3 11 /m) P
S el = (@) = (1) -

Let u=(1,...,1) € R™. Then, as |[u —7|| = 3 >, cx lm(x) —m(x)] as X is
finite,

@l = 7I)* = O lpn(x z)|)?

TeEX
= [(u- | — 7))

(where - is the inner product s.t. u-v = Z u(z)v(x))
reX

< (uw-w) (| = |- | — 7

Z ZWk

)
(by the Cauchy-Schwarz inequality)
)]

)I%)

reX rzeX
=n Z () —
reX

n—1
= (n)(1/n) ) IA;
j=1
n—1
=> I
j=1
n—1
J=1

= (n = DA™
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So, taking square root and dividing by two,

e — || <

I < (VI /D)

DN | —

[
Remark. Note that in Markov Chains, Figenvalues and Coupling by Jeffrey

Rosenthal, the above theorem is presented as ||y, — || < 3 2;:11 |2 <
(v/1/2)(\)E, though as we found in the above, the slightly stronger inequality,

with v/n — 1/2 holds.

So Group space states and Random Walks give us an easy and clear upper
bound on the variation distance between the random walk, and the uniform
stationary distribution.

11 Coupling and Uniform Minorization Con-
ditions

Stepping away from linear algebra and towards general state spaces, in this
chapter we use coupling to attain bounds on the total variation distance of
not only finite state space Markov Chains, but of General stat space Markov
Chains.

We start with a fact that will be the basis for the idea of coupling.

Proposition 51. Let X and Y be two random variables defined on the state
space X, with probability distributions L(X) and L(Y) respectively. Then
I£(X) = LY)|| < P(X #Y).

Proof.

I£(X) = LY)[| : = supac[P(X € A) —P(Y € A)|
=supycxyP(X € A X =Y)+P(X €A X#Y)
CP(YEAX=Y)-PYEAXAY)
=supcyP(X €A X#AY)-PY c A X #Y)|
(asif X =Y, then X,Y € A)
<P(X £Y).
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So. given a Markov Chain {X;},—o with transition kernel P(-,-), state
space X', and initial distribution py, if we find another Markov Chain {(X;,Y;) }i=o
on the state space X x X where

e Vi € N, X, follow the transition kernel P(-,-),
L4 XO ~ Mo,
e Yy ~ 7 where 7 is a stationary distribution,

e there exists a random variable T' such that Vk € N such that k& > T,
Xk = Y,

then ||p — w|| < P(T > k). T is called the coupling time, and any Markov
Chain with these properties is called a coupling.
We shall see how in the following:

Theorem 52. Let there be Markov Chains as in the above statement. Then
I — 7l < P(T > k).

Proof. As {X;}i— follows the transition kernel P(-,-), Vk € N, L(X}) = s
by definition of py.

As {Y;}i—o follows the same transition kernel, and starts at the stationary
distribution 7, Vk € N, L(Y}) = 7 as 7 is stationary.

So, || —7|| = ||L(Xk) — L(Y3)|| < P(X) # Vi) < P(T > k), by Proposition
5l and as Vk > T, X =Y. O

We can use coupling to find bounds on the variation distance with the
stopping time, T', however finding such a coupling is not always easy.

We now define and use a condition which we can use to find such a cou-
pling.

Definition (Uniform Minorization Conditions). A minorization condition
for a Markov Chain is the existence of a 5 € (0,1] and a probability distri-
bution on X, (, such that kg € N such that for every x € X and for every
measurable subset A C X,

PR (z, A) > BC(A).
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This Uniform Minorization Condition gives us a coupling to produce the
following.

Theorem 53. Given a Markov Chain on a state space X with transition
kernel P(-,-), if there exists B € (0,1] and a probability distribution ¢ on
X such that P(x,A) > BC(A) for all x € X and all measurable subsets
A C X, then given any initial distribtution py and any stationary distribution

o e = 7l < (1= B)~.

Proof. Let X be a state space, P(-,-) be a transition kernel on X, po a
probability distribution on X', and 7 be a stationary distribution on X.
Let 5 € (0,1] and ¢ be a probability distribution on & such that Vo € X
and for all measurable subsets A C X', P(z, A) > B((A).
Let {(X;,Y:)}izo be a Markov Chain as follows.
Let Xy 1L Yy (Xo be independent from Yj) such that Xo ~ o and Yy ~ 7.
Then let {W;},—1 be a sequence of i.i.d. random variables such that P(WW; =
1)=06,and P(W; =0) =1- 3, Vi.
Then Vk € N, if W, = 1, choose z € X randomly by (, and set z = X} =Y.
So, P(X;, € A|W,, = 1) = ((A), and similarly for Yj.
If W, =0, then pick X} and Y} such that X, 1L Y}, and

P(Xk c A) _ P(Xk‘—laA) — BC(A),P(Y]C c A) _ P(Yk’—laA) — BC(A)

1-p 1-p

Notice we can only do this because we know P(x, A) > S((A), Vo € X and all
measureable subsets A C X, as this ensures P(X; € A) = P(X’“*ll’f;;ﬁ ¢(4) >
0, Vk € N, and similarly for {Y;};—o.
So for X, as well as Yj,

P(X), € A[W, = 0) = P(X’“i)ﬂ_ peid)

Then, Vk € N,

P(Xy € A|X)—1) =P(Wy, = 1)P(Xy € A]W, = 1) + P(Wy, = 0)P(X;, € AW, =0)
= B(Wj = 1)C(A) + P(W;, = 0) “Mﬁﬂ— BC(4)
P(Xi1, 4) = BC(A)

1-p

= B¢(A) + (1 -5
= P(X)_1, A).
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Similary for Yj, P(Y, € A|Y,—1) = P(Yi—1, A).
Let T be the first k& such that W, = 1.
Then define a new Markov Chain {(X;, Z;)}i—o on X x X, such that

Yk, if k<T
2y = .
Xk, lfk'ZT

Then

P(Zy € A|Zy_1)

P(T > F)P(X € AlX 1) + B(T < b)B(Yi € AYi_y)
P(T > k)P(Xi-1,A) + P(T < k)P(Yj-1, A)

=P(T > k)P(Zy_1,A) + P(T < k)P(Zy_1,A)

(as when T' < k, Zy_1 = Yy_1, and when T' > k, Z),_1 = Xj_1)
= P(Z)_1, A).

So, as X ~ po, Zo ~ 7, P(Xy € A|X)—1) = P(Xy—1,A), P(Zy € A|Zy—1) =
P(Zy_1,A), and Yk > T, Xy = Z, the Markov Chain {(Xj, Zx)}i—o is a
coupling as defined earlier.

So by Theorem 52,

g — 7| <P(T > k)
:P(Wlw 7Wk — 0)
=P(Wy=0)---P(W; =0)
= (P(Wy =0))* = (1- )

]

This theorem gives us a bound on the variation distance of any Markov
Chain that satisfies a uniform minorization condition, restricted to the first
step. Later the result will be generalized to any uniform minorization condi-
tion without too much trouble.

But for now, let us go back to the finite case. The above theorem allows
us to require only a column of the matrix P to be greater than zero in order
to find a bound.

Proposition 54. Given a Markov Chain {X;},—o on a finite state space X
with transition kernel P(-,-) and transition matriz P, if a column of P has
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all positive entries, then the Markov Chain satisfies P(x, A) > B((A) for
some 3 € (0,1] and probability distribution on X, (, for every x € X and for
every measureable subset A C X .

Proof. Let i € {0,...,n—1} be the column such that all entries are positive,
and let y = ;.

Then let ¢ : X — [0, 1] such that Vo € X, ((x) = d,,.

Then obviously ( is a probability distribution on X.

Furthermore, as P(x,y) > 0, Vx € X, let 8 € (0, mingexP(z,y)].

Let A be any subset of X.

Then if y € A, then B¢(A) = ) cr C(x) = 6.
So, Vo € X, P(x,A) = >, ., P(x,2) > P(x,y) > B = B((A), by construc-
tion of 5.

£y ¢ A, then AC(A) = B3, C(2) = 0.

So, Vo € X, P(x,A) > 0= 5¢(A). O

So, given any Markov Chain on a finite state space X', if P has a column
of positive entries, then the total variation distance is bounded by (1 — 3)¥,

for some g € (0, 1].

Now we show why 3 = [, inf,exP(x,dy) is the largest beta we can use.
Proposition 55. The largest such (3 that can be used is § = [ inf,crP(x,dy).

Proof. First we show such a ( satisfies the condition.
Let 6= [ y infeex P(x,dy). Let ¢ be a function such that for every measurable
subset A C X,
inf:c XP(QT, dy)
() = ol .
fX lnfxEXP<x7 dy)

Notice that ((X) = 1, (@) = 0, and for every measurable subset A C X
((4) > 0.

So by the linearity of integrals, ¢ is a probability distribution on X.

Then Vo € X and for every measurable subset A C X,

P(x,dy) > infjex P(j, dy) (by def. of inf)

) ) f infmeg\eP(Ldy)
P(z,dy) > [ | infjcxP(j, dy)] 22
/1;‘ ( y) - [/,;l jex (‘7 y)]f)( HlfxeXP(xady)

P(z,A) >B((A). (by definitions)

(by monotonicity of integration)
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So 8 = [, infuex P(, dy) satisfies the inequality.

Now let 5" € (0,1] and let (" be another probability distribution on X such
that 8'¢'(A) < P(x, A) for every x € X and for every measureable subset
A C X. Then notice

g = /X inf,ex 8¢ (dy)

(as f" and ¢’ don’t depend on x, and / ('(dy) =1 as ¢’ is a prob. dis.)

x
S/infxeXP(x,dy).
X
(by assumption)

So every [ that satisfies this uniform minorization condition is less than or
equal to [, infyex P(x, dy), making it the maximum. O

We now prove that the total variation distance is non-increasing, in efforts
to generalize Theorem 53. Note here we only present the finite case, but the
following Proposition holds for general state space chains as well.

Proposition 56. The distance to stationarity is weakly decreasing. I.e. for
any Markoc chain P and any k > 0, if m is a stationary distribution of P,
then ||pks1 — || < ||ux — 7||. (Finite case)

Proof. Let k > 0.
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As X is finite,

1
a1 = 7l var = B) Z b1 (z) — 7 ()]

zeX
(by Proposition 1)

1
LSS Pt~ X P
TeEX yeX yeX
(as X is discrete and 7 is a stationary distribution)

_ % ST Ply,2) (uly) — ()]

TeX yeX

% SN Py, a)lik(y) — 7 (y)]

zeX yeX

IN

(by the triangle inequality)

— % Z Z Py, z)|pur(y) — 7(y)|

= 21 ) — 7Y Ply. )
= 21 ) — 7()

(as > P(y,x)) = 1)
= [t — 7||var-

]

Theorem 57 (Generalization of convergence given uniform minorization
conditions (Ex 6)). Given a Markov Chain with state space X, transition
kernel P(-,-), any initial distribution pg and any stationary distribution 7, if
there exists 5 > 0 and a probability distribution ( on X such that for every
r € X and for every measurable subset A C X, P*(x, A) > BC(A) for some
ko € N, then ||, — || < (1—B)*/*ol where |k/ko| is the largest integer not
surpassing k/ko.

Proof. Let ky € NT, ug be an initial disrtibution, and 7 be a stationary
distribution.
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Let X ~ pg and Yy ~ 7 such that X, 1L Yj.

Let {W;}i=1 be asequence of i.i.d. random variables such that P(W, = 1) = §
and P(W, =0)=1— 8 Vk € N,

Then Vk € N such that kg t k, choose X}, such that P(X; € A|X)_1) =
P(X})_1, A) for every measurable subset A C X'. Choose Y}, similarly.

Then Vk € NT such that ko|k, choose X and Y} such that

if Wik, = 1, choose a z € & according to ¢, so X =Y, = 2, so P(X; €
AWk, = 1) = ((A), and similarly for Y,

and if Wy, i, = 0, then choose X}, and Y, such that for any measurable subset
ACAX,

PR (X, A) — BC(A) P (Vi A) — BC(A)
1-p 1-p 7

s0 P(X; € AWy, = 0) = 22t 8 g similarly for Y;.

Then Vk € N* such that kolk, P(X), € A|Xi—k,) = P(Wim, = 1)P(Xi €

AW, = 1) + B(Wipy = OP(Xx € AWy, = 0) = 5¢(A) + (1 -

B) DI = PR (X, A).

So P(Xy € A|Xy_p,) = P*(X}_p,, A), and similarly for Y.

As after Xj_j,, Xj_k, gets updated by P(-,-) for k < j < k, and P(X}, €

Al Xy k) = P*(X}_p,, A) for every measurable set A C X, it follows that

P(Xy € A|Xk—1) = P(Xy, A), and similarly for Y.

So, let T" be the first £ € N such that W, = 1.

Then let {(X%, Zx)}izo be the Markov Chain on & x X such that Vk € N,

Yk, ifk<T

X, ifk>T

P(Xk c A) =

,P(Yk S A) =

Zy =
Then

P(Z, € A|Zy_1) =P

(T > k)P(Xy € AlX)_1) + P(T < k)P(Y, € AlYr1)
P(T"> k)P(Xp-1, A) + P(T < k)P (Y1, A)

=P(I"> k)P(Zk-1,A) + P(T < k)P(Zy-1, A)

(as when T'< k, Zj_1 = Yy_1, and when T' > k, Z_1 = X} _1)

= P(Zy_1,A).

SO, as Xg ~ Mo, Ly ~ T, P(Xk € A‘Xk_l) = P(Xk_l,A), ]P(Zk € A|Zk_1) =
P(Zy_1,A), and Yk > T, Xy = Z, the Markov Chain {(Xj, Z;)}i—o is a
coupling as defined earlier.
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So by Theorem 52, ||py — || < P(T > k) = P(W1,..., Wi, =0) = P(W; =
0)...P(Wyk, = 0) = (P(W; = 0))k/ko = (1 — g)k/ko,

For k € N such that kg { k, by Proposition 56, as the largest integer multiple
of ko not exceeding k, |k/ko, satisfies ||px/ny — 7|| < (1 — B)*/R)] as
k > |k/ko|, and X; such that |k/ko| < j < k get updated by P(-,-),
it = el < pigva) — 71| < (1= B)L&7%), 0

12 Bounds on the Total Variation Distance
of Finite Product Measures

For this section, let X} and X5 be finite state spaces. Let X = A} x A5,

Let p1 and vy be probability distributions on X}, and let py and vs be prob-
ability distributions on A5.

Let p1 X pe be the probability distribution on X’ such that (p; x ps)(x,y) ==
pi(x)pe(y), V(z,y) € X, and similarly let v; X vo be the probability distri-
bution on X such that (v X v2)(x,y) := vi(x)va(y), V(z,y) € X

Proposition 58 (Upper Bound).

||1u1 - Ul”vm’_l— ||N2 - UZHUar S 2||H’1 X Mo — U1 X U2||var'

Proof. As X} and A, are finite sample spaces,

i1 = orlvar + {112 = va var = %(Z () = vu(@)] + Y |nz(y) = va(y))).

reX] yEXs
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So,

%(Z () — v (@) + > pa(y) — v2(y)])

= (Y @)~ X @)+ 1Y m@m) — 3 n@n))
(as they are probability distributions, so 1 = Z w(s))
ses
= %(Z [ D ((@)pa(y) = vi(@)uaw)l + D 1 D (m(@)pa(y) — vi(z)oa())))
< %(Z D (@)pa(y) = vi@)oaW) + > D | (@)pa(y) — vr(2)va(y)])

(by the triangle inequality)

= (Y m@)pa(y) — vi@)oa@)|+ > lm(@)p(y) — vi@)vny))

(z,y)eX (z,y)eX

N[ —

(grouping sums)

=0)3) ¥ @) - v@e)

(z,y)EX

= 2””1 X ftg — U1 X U2Hvar'

Proposition 59 (Lower Bound).
[[p1 X g = v1 X V2| |var < [|p1 — Vilfvar + |12 — Vol var-

Proof. As X} and X, are finite state spaces, X7 x Xy = X is a finite state
space.
So, as X is a finite state space, ||1i1 X pro—v1 X V2 |var = 3 D (egyex [ (T)p2(y)—

vi(z)va(y)|.
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So,

5 ( Z);X i (@)aaly) — o1 (@)va(y)

_ = ( z;x e (@) va(y) + pa(2)va2(y) — v1(2)va(y))|
! ZEX 1 (2) () — 02y)) + 0ay) (1 () — w1 ()

< %( %X(!m(m)(uz(y) — 0a(y))] + [o2(y) (s () — 01 (2))

(by the triangle inequality)

I%( Y (@) (k) —va@)+ Y ) (@) —u@))

(zy)eXx (z,y)eX
1
=5( > m@le@) vl + Y v@)m@) —u@)
(z,y)eXx (z,y)eX

(as > 0 as a prob. dis.)

ZZM Nia(y) = v2@) + DD wa(y)lp(z) — vi(z)])

yGXg TEX TEX] YEX>
1
:§(Z|M2(y)—v2 |+Z |1 (z) — vi(z)])
yEXz xeXl

(as Z,u =1 as prob. dis.)

seS

= [|lp1 — vi]lvar + || 12 — v2|var-

Combining these bounds, we get the following.

Theorem 60.

H:ul X o — U1 XU2Hvar S H,ul _Ulear_'_H,UZ_UQHUaT S 2””1 X g — V1 XU2Hvar-

Examples.
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1. Trivial Example: X1 = {x11,...,T1n}, Xo = {xo1,...,Tom}, 1 and vy
are probability distributions on Xy such that py(z) = vi(z), Yo € A,
and pe and vy are probability disrtibutions on Xy such that po(z) =
vo(x), Vo € Xy. Then

|11 X p2 —v1 X[ = [|p1 — va ]|+ |[p2 — va|| = 2[[p1 X pr2 — v1 X va[ = 0.
2. X) =Xy ={a,b}, 1 = po = (1,0), vy =ve = (0,1). Then

1= [|px po—vi X | = [ —vi[ |+ |2 — vl | < 2[[p1 X pr2—v1 x| | = 2.
3. X =Xy ={a,b}, p1 = po = (3/4,1/4), vy = ve = (1/4,3/4). Then

1/2 = |[p X po—v1 xva| < [|pn—v1|[+]|p2—va| = 2[| 1 X p2—v1 Xv2|| = 1.

4. X = {z11, 212}, X = {xo1, 20,703}, 1 = (3/4,1/4), vi = (1,0),
1 = (1/3,1/3,1/3), vs = (1/3,0,2/3). Then

||ILL1 X o — U1 X UQ” = 11/24 <
[l = ol +[lp2 — vaf | = 1/4+1/3 = T7/12 <
2””1 X g — V1 X 'U2H = 11/12

13 Appendix

Lemma 61. If a finite state space Markov Chain is indecomposable and
aperiodic, then Y,y € X, 3k, € N such that Yk > k,, P*(x,y) > 0.

Proof. Let x,y € X. Let S, = {k € N: P¥(x,z2) > 0}.

As the Markov Chain is aperiodic, by definition ged(S,) = 1.

As ged(S,) = 1, by the Euclidean Algorithm, 3m € N, ay, ..., a,, € Z, and
80y .-+, 8m € S5 such that 1 = agsg + +++ + A Spn-

Let M = lag|so + -+ + |am|Sm. Let p € S,, and let ¢ € N such that
Pi(z,y) > 0 (guaranteed by irreducibility).

Then let k, = pM + q. Then let £ € N such that k£ > k,.

Then let ¢ € N such that ¢ is the largest integer such that p|c and ¢ < k —g.
Then k = pc+ g+ r, where 0 < r < p (think of as a remainder), and ¢ > M
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(as k > k,, and if k = k,, then ¢ = M).

So,
k=pc+q+r
=pc—pM + pM + T(Z a;s;) +q (as Zaisi =1)
=0 =0
= p(c— M) +p(z la;|s;) + r(z a;si) +q (by def. of M)
=0 =0

=plc— M)+ Z[(P|az‘| + rai)si] +q.

Using the fact for any ¢ > land any i > j > 1, P(z,y) = Y., o P/ (z,2) P (z,y),

m

P(x,y) = (P7(x,2)) [ [(Pr (2, 2)) P9} (PO (2, ) > 0.

i=0
As k is arbitrary except that k > k,, the result is proven. O]

Lemma 62. If P is irreducible and reversible wrt m, then \; < 1 for every
ie{l,....,n—1}.

Proof. By Proposition 4, \; < 1 for every 1.

So assume for a contradiction that \; = 1. As P is reversible, by Lemma 11,
P is diagonalizable.

As P is diagonalizable, and A\g = \; = 1, the eigenspace of 1, E(1), has at
dimension at least 2.

So, as 7 is a stationary distribution, 7P = 7. (This is because for 0 < j <
n—1, m; =S w(a)P(xi, x;) = (1P);).

So, v € RY such that {r,v} is linearly independent and span({m,v}) C
E(1).

As m(y) > 0, Vy € X by Proposition 9, let M € R such that M= (z) > |v(z)],
Ve e X.

Then let w € RY such that w = M7 + v, so w(x) > 0, Vo € X. Now let
i 2% — R such that

erA U](m)
2pex w(E)’
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Notice that p is now a probability distribution on X'.
Let C' =1/[}, .+ w(x)]. Then notice

uP = (Cw)P =C(Mr+v)P=C(M(nP)+vP)=C(Mnr+v)=Cw = p,

so p is also a stationary distribution.

And as p = Cw = C(M7 +v), and v and 7 are linearly independent, 1 and
7 are linearly independent, and hence not equal.

But, as P is an irreducible Markov Chain, P can have at max one stationary
distribution, and thus we have arrived at a contradiction. O

If instead of wanting to believe that an irreducible Markov Chain has
at most one stationary distribution, we can instead introduce the Perron-
Frobenius Theorem for non-negative matrices, in order to show Lemma 62.

Theorem 63 (Perron-Frobenius). If X € M™™(R) such that each entry of
X is non-negative, and X s irreducible, then the maximum eigenvalue of
X, call it N, satisfies \g > |A| for all other eigenvalues \ of X, and Ay has
algebraic multiplicity one.

Easier proof of Lemma 62.

Proof. As P is irreducible, nonnegative, square, and only has real entries,
by Perron-Frobenius, the max eigenvalue, which by Proposition 3 and 4 is
Ao = 1, has algebraic multiplicity one. As P is reversible, it is diagonalizable,
and thus )\g also has geometric multiplicity equal to one.

So for every other eigenvalue A of P, as |A\| < Ao and A # )¢ as it has
multiplicity one, A < \g = 1. ]
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