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ABSTRACT. This report provides a comprehensive overview of fundamental theoretical
convergence results in Markov chains on general state spaces, along with a brief glimpse
into their applications. T'wo applications of probability theory to MCMC (central limit
theorems and optimal scaling problems) are also discussed

While the majority of the theorems and proofs are drawn from [RR04], I have
enriched the content with additional details and examples.
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1. INTRODUCTION

The subsequent content offers an overview and summary of the supervised reading
course I took with Professor Jeffrey Rosenthal at the University of Toronto in Summer
2023. During my study, he motivated me to explore the areas of MCMC that I found
intriguing and clarified every concept I was not familiar with. I am grateful for his
thoughtful guidance and inspiring advice.

2. GENERAL STATE MARKOV CHAINS

In this section, we will delve into the concepts of Markov chains on general state

spaces, with a focus on ergodicity and asymptotic convergence. The material presented
here draws heavily from the works of [Ros06], [MT93], and [RR04].

2.1. Fundamentals. In this subsection, we generalize most of the notions of discrete
Markov chains to general (possibly uncountable) state spaces.

Let X be a general state space, which is non-empty (possibly uncountable) set, to-
gether with a o-algebra G of measurable subsets. We define transition probabilities
{P(x,A)}rex acg as follows:

(1) For each fixed x € X, P(xz,-) is a probability measure on (X, G).
(2) For each fixed A C G, P(z, A) is a non-negative measurable function on X.

If X is countable, then P(x,{i}) corresponds to the transition probability p,; of discrete
Markov chains, which is the probability of moving from State = into State ¢ in a single
step. However, in the case of uncountable state spaces, we may have P(z,{i}) = 0 for
all i € X (continuous probability distribution). Instead, we use P(z, A) to represent the
probability of jumping into the subset A in a single step if the current state is x.

We first consider a finite sequence {Xg, X1, Xo,...,X,,} of random variables on the
product space [[I_, X (the direct product of n copies of X), equipped with the product
o-algebra @', G.

For any measurable sets A; € X, fix a starting point z € X, we have

P(Xl S A1|X0 = .CE) = P(x,A),

P(X, € Ay, Xp € As|Xp = ) = / P, day)Play, As),

T1€A;
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P(X1 EAl,XQ GAQ,...,Xn EAn|X0:l‘) :/

T

P(33>d$1)/ P(x1,dzs)---
1€A1 T2E€A2

/ P(xn—Qadwn—l)P(xn—laAn)‘
wn—leAn—l

We also need an initial distribution v for X, which is any probability distribution on
(X,G). Then, we have

P(X() EAo,Xl EAl,...,Xn GAn) :/

€A

wmw/ Pla,day)---
r1€A;

/ P(xn—Qadxn—l)P(wn—lyAn)-
xn—IEAn—l

The integrals are well-defined by the measuribility of the function P(x, A) of x € X.
Then, we want to extend the above property to the infinite product space:

Theorem 2.1. For any initial distribution v over (X,G) and any transition probabil-
ity {P(x,A)}, there exists an stochastic process X = {Xo,Xy,...} on Q = [[2 X
measurable with respect to F := @;-, G and a probability measure P, on F such that
(1) P,(B) is the probability of the event {X € B} for B € F;
(2) for any n and measurable sets A; C X, i=0,1,...,n,

(21)  Py(Ag x Ay x -+ xAn):/ y(dxo)/ _ Plada)--

zo€AQ
: / P(mn—Z’dxn—l)P(mn—laAn)‘
mn—leAn—l

The proof can be found in [MT93] Theorem 3.4.1.
We are ready to define Markov chains on general state space:

Definition 2.2 (General State Space Markov chains). The stochastic process defined
in Theorem 2.1 is called a general state space(discrete-time, time-homogeneous) Markov
chain, i.e. the stochastic process X = {Xp, X1,...} on (2, F) with transition probability
{P(z,A)} and initial distribution v satisfying Equation (2.1)

Analogous to the countable state space case (discrete Markov chains), general state
space Markov chains have the property of being memoryless. This means that the fu-
ture outcome of the process solely relies on the current state and is independent of the
entire past history. Consequently, the transition probability after n steps is solely deter-
mined by the initial state. We can inductively establish the n-step transition probability,
denoted as P"(x, A), as follows:

P'(z, A) = P(z, A),
and
P"(gc,A):/ P(x,d2)P" (2, A), Vn>1.
X

Lemma 2.3. For any 1 < m < n,

(2.2) PaA) = [ P dy)P Ty A), ze X A€
X
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Proof.

/Pm(az,dy)P"_m(y,A) = P(m,dml)/ Pm_l(xl,dy)P"_m(y,A)
X r1EX yeX

— [ Ple.dn) / P(er, das) / P™2(29, dy) P" " (y, A)
ro€EX

r1EX yeX

_ / Pz, dzy) / Py, dy) - - / Py 1, din) P (2, A)
T1EX ToEX TmEX

= / P(z,dz,)P" (2, A) = P"(z, A).
r1EX

O

Intuitively, when X transitioning from x to A in n steps, X may takes any valuey € X
at the intermediate state m; at the m-th step, due to the memorylessness property of
Markov chains, the process continues the subsequence n — m steps with respect to the
transition probability P"~"™(y, A).

Alternatively, we can write Equation (2.2) as

P,(X,€A) = / P.(X,, € dy)Py(Xp—m € A),
X

where P,(-) denotes the probability of an event conditioning on Xy = x.
Similar to discrete Markov chains, we are interested in the stationary distribution of
a Markov chain:

Definition 2.4 (Stationary Distribution). The stationary distribution of a Markov chain
is a probability distribution 7 (-) over (X, G) such that

(A) = / w(dz)P(z, A), YA€,
X
or equivalently,

r(dy) = / _#ld)Pla.dy)

Example 2.5. Consider the Markov chain on the real line, where P(z,-) ~ N (
each x € X. Equivalently, X,,+1 = %Xn + U, where U, i N (0 )

Consider 7(-) ~ N(0,1). It suffices to prove the stationary dlstrlbution condition over

{[a,b] : a,b € R}:

/Rw(d:r)P(x, [a, b)) :/R\/;_Wexp (——x )/ \/%,exp< 2(y3_ I)Q) dydz
= /b/ \/1_2exp <—%x2 + w> dxdy

/ = (—1y2> dy = ([a, b]).

,%) for
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Then, by countable additivity of probability measures, the stationary distribution con-
dition holds for all A € G.

Moreover, notice that the stationary distribution of a Markov chain may or may not
exist. A key notion related to the existence of stationary distributions is reversibility, as
follows.

Definition 2.6 (Reversibility). A Markov chain on X is reversible with respect to a
probability distribution 7(-) on X" if
m(dz)P(z,dy) = m(dy)P(y,dx), Va,y€ X,
or equivalently,
/ 7(dx)P(z,B) = / n(dy)P(y,A), VA,Begqg.
€A yeB
Here comes an important property of reversibility:

Proposition 2.7. If a Markov chain is reversible with respect to m(-), then m(-) is
stationary for the chain.

Proof. By reversibility,

/w ) PG.dy) = / () Ply.d) = w(dy) / Py, dz) = n(dy).

zeX
]

However, it should be noted that a Markov chain might not necessarily converge to a
stationary state even if it has stationary distribution:

Example 2.8 (Reducible Markov Chain). Suppose X = {1,2,3} and 7({1}) = n({2}) =
m({3}) = 1. Consider the Markov chain on (X, 2%) with transition probability P(1,{1}) =
P(1,{2}) = P(2,{1}) = P(2,{2}) = % and P(3,{3}) = 1. Then, the Markov chain is

reversible:
(NP AN = 7 UDPGAIN =5 5 =5, =12,
"D PG, () = n(GHPG D) =0, i=1

RPN = w({HPG AN =5 1=3, 6i=3
It follows that 7(-) is the stationary distribution for this Markov chain. However, if
we start from State 1, i.e. Xg = 1, then the Markov chain will never reach State 3, i.e.
P(X,=3)=0#n({3}) = % for all n, which means it fails to converge to the stationary
distribution 7(-).
Moreover, in this case, the stationary distribution is not unique; it is easy to verify
that w({1}) = m({2}) = 3 is another stationary distribution.

and

To avoid this problem, it is natural to consider the case that every state of a Markov
chain is accessible from any other state. For countable state spaces, one may be familiar
with the concept of irreducibility, which entails that for all i, € X, there is n € N
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such that P(X,, = j|Xo = i) > 0. As previously mentioned, in the context of uncount-
able state spaces, it is possible to encounter situations where the transition probability
P(i,{j}) is zero for all i, j € X. Consequently, P(X,, = j|Xo = i) is zero for n. There-
fore, we introduce the concept ¢-irreducibility for Markov chains on general state spaces,
which can be viewed as a weaker version of irreducibility.

Definition 2.9 (¢-irreducibility). A chain is ¢-irreducible if there exsits a non-zero o-
finite measure ¢ on X such that for all A C X with ¢(A) > 0, and for all z € X, there
exists a positive integer n = n(z, A) such that P"(z, A) > 0.

In short, for a ¢-irreducible Markov chain, there almost every subset A C X is acces-
sible from any state in X in finite steps.

It is easy to verify that every irreducible discrete Markov chain is ¢-irreducible with
respect to any o-finite measure ¢.

Then, we present a running example that we will revisit multiple times throughout
the report, which involves the Metropolis-Hastings algorithm introduced in Section 3.2.

Running Example. Here we present an example of a ¢-irreducible Markov chain.

Let m(-) be a probability measure characterized by an unnormalized density function
7, With respect to d-dimensional Lebesgue measure. Consider the Metropolis-Hastings
algorithm for 7, with proposal density ¢(x,-) with respect to d-dimensional Lebesgue
measure. We will show that the resulting Markov chain constructed by the algorithm is
m-irreducible if ¢(-, -) is positive and continuous on R? x R% and 7, is positive everywhere.

Fix an arbitrary subset A C X such that w(A) > 0. Then, there exists R > 0 such
that m(Ag) > 0, where Ar = AN Bgr(0) (Br(0) represents the ball of radius R centered
at 0). By continuity, for any x € R%, infyca, min{q(x,y),q(y,x)} > € for some € > 0.
Recall that P(x,dy) = q(x,y)a(x,y)dy. We have

Pl ) 2 Pl Ar) > | gfy)min L
-/ min [«m»mf’f’x)} dy
> [ comin 1205 o
mu(y)

= 6/ 1dy + e/ Yy
VEAR: u(X)<mu () yeAR: mu(x)>muly) Tu(X)

=eLleb({y € Ap: mu(x) < mu(y)}) + T({y € Ar: mu(x) > mu(y)}) .

eK
7o (X)
where K = f X 7y (X)dx is the normalizing constant for 7.

Since m(A) = fAiKy)y for any A C G, 7(+) is absolutely continuous with respect to
Lebesgue measure. We need to consider three cases:

o If Leb({y € Ar: mu(x) < mu(y)}) #0and 7 ({y € Ar: mu(x) > mu(y)}) # 0,
then it directly follows from the above calculation that P(x, A) > 0.
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o If Leb({y € A : mu(x) <mu(y)}) = 0, then 7 ({y € Ar: m(x) < m,(y)}) =
0. It follows that

m({y € Ar: mu(x) > mu(y)}) = 7(Ag) — 0> 0.
Hence, P(x,A) > 0.
o If T({y € Ar: mu(x) < mu(y)}) = 0, then 7 ({y € Ar: m,(x) > m,(y)}) =
m(Agr) — 0 > 0. By absolute continuity,
Leb ({y € Ar: mu(x) < mu(y)}) > 0.
Hence, P(x,A) > 0.
Therefore, the Markov chain is ¢-irreducible.

In general, it is easy to verify that Markov chains generated by most algorithms are
¢-irreducible (e.g. with respect to Lebesgue measure over an appropriate region).

However, even if a Markov chain is ¢-irreducible, it might not converge in distribution.
An example is given as follows:

Example 2.10 (Periodic Markov Chain). Suppose X = {1,2,3} and 7({1}) = 7({2}) =

m({3}) = 3. Consider the Markov chain on (X, 2%) with transition probability P(1,{2}) =

P(2,{3}) = P(3,{1}) = 1. It is easy to verify that 7(-) is the stationary distribution.
Let ¢(-) = 01(:). Then, ¢(A) > 0 if and only if 1 € A. For any A > 1,

P3(1,A) > P3(1,{1}) =1 > 0,

P%(2,A) > P?(2,{1}) =1 >0,

P1(3,A) > P1(3,{1}) =1>0.
It follows that this Markov chain is ¢-irreducible.

However, if Xg = 1, then X,, = 1 if and only if n is a multiple of 3, which means
P(X,, = 1) oscillates between 0 and 1. Hence, P(X,, = 1) /A 7({3}).

Hence, the concept of aperiodicity becomes necessary. In this report, we adopt the
following definition:

Definition 2.11 (Aperiodicity). A Markov chain with stationary distribution 7(-) is
aperiodic if there do not exist d > 2 and disjoint subsets X;,Xs,...,X; C X with
Pz, Xiy1) =1forall z € &; (1 <i<d-1), and P(x,X;) = 1 for all x € Xy, such
that 7(X1) > 0 (and hence w(A&;) > 0 for all 7). Otherwise, the chain is periodic, with
period equal to the largest such value of d, and corresponding periodic decomposition
Xi,..., Xy

Intuitively, a periodic Markov chain alternates between visiting disjoint subsets of
states, following a specific pattern.
Then, we return to the running example:

Running Example. We will show that the Markov chain constructed before is aperi-
odic.

Suppose that it is periodic with period d and periodic decomposition X7,...,X;. In
particular, we have P(x,X) = 1 for all x € &;. Take any x € Xj. Since the chain
is m-irreducible and 7(X;) > 0, we have proved previously that P(x,X;) > 0. Then,
P(x,Xs) <1— P(x,4&1) < 1, which contradicts to P(x,X2) = 1.
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(Alternatively, since w(X7) > 0, X} has positive Lebesgue measure. It follows that

P(x, 1) 2/ q(x,y)a(x,y)dy > 0.
yEX

This again leads to contradiction.)

Similar results holds true for many other MCMC algorithms, including the Gibbs
sampler discussed in Section 3.4. In fact, it is quite uncommon for MCMC algorithms
to be periodic.

2.2. Total Variation Measure. Our focus lies in studying the convergence behaviour
of Markov chains. Specifically, we are interested in investigating whether P"(z, A) is
“close” to m(A) for sufficiently large values of n, as well as determining the threshold at
which the value of n can be considered ”large enough” for practical purposes. Hence, it
becomes necessary to employ a measure that can quantify the distance between proba-
bility measures.

Definition 2.12 (Total Variation Distance). For two probability measures v1(-) and
vo(-) defined on (X, G), the total variation distance between v (-) and vo(-) is

[v1(-) = v2(-)]| = sup [v1(A) — v2(A)].
Aeg
We then present some simple properties of total variation distance.

Proposition 2.13. (1) [[1(-) = v2()[l = supf.xp0.1] [ fdvy — [ fdval.

(2) () = 12Ol = 525 suPp.xv—s[ap | [ fdvr — [ fdva| for any a < b, and in partic-
ular [[v1(-) = v ()|| = g sup g1 | [ fdn — [ fduval.

(3) If w(-) is stationary for a Markov chain with transition probability {P(z,A)},
then || P"(x,-) — 7()|| is non-increasing in n, i.e. ||[P™(z,-) — 7(-)| < HP”_l(a:, ) = 7r()H
for all n € N.

(4) More generally, letting (v;P)(A) := [ vi(dz)P(z, A), we always have [|(11 P)(-) —
PO < () — s

(5) Let t(n) = 2sup,cy [|[P"(x,-) — m(-)||, where 7(-) is stationary. Then ¢ is sub-
multiplicative, i.e. t(m +n) < t(m)t(n) for m,n € N.

(6) If p(-) and v(-) have densities g and h, respectively, with respect to some o-finite
measure p(-), and M = max(g,h) and m = min(g, h), then

1
) = vl =5 [ O =mydp =1~ [ map,
X X
(7) Given probability measures p(-) and v(-), there are jointly defined random vari-

ables X and Y such that X ~v(-), Y ~v(-),and P[X =Y] =1—||u(-) —v()|.

Proof. (1) Apply (2) with a =0 and b= 1.
(2) Let p be any o-finite measure such that both v; and v are absolutely continuous
with respect to p (e.g. p = 11 + 12). By Radon-Nikodym Theorem, there exists
a measure function g : X — [0,00) and h : X — [0, 00) such that

Vl(A):/gdp and I/Q(A):/hdp7 VAeg.
A A



GENERAL STATE SPACE MARKOV CHAINS 9

= /fgdp—/fhdp‘
= /f(g—h)dp’

=/ f(g—h)dp+/ f(g— h)dp),
{9>h} {g<h}

which is maximized over 0 < f < 1 when f =bon {z € X : g(z) > h(z)} and
f=aon{x e X:g(r) <h(zr)} Hence,

[tan= [ i =|[ wg-mdo+ [ alg-mdp
{g>h} {g<h}
=b/ (g—h)dp+a/ (9—h)dp
{g>h} {g<h}

:b/ gdp—b/ hdp+a/ gdp—a/ hdp
{g=h} {9=h} {g<h} {g<h}

= [bri({g = h}) = bra({g = h}) + ai({g < h}) — ara({g < h})|
= lan({g =2 h}) —ara({g = h}) +b[1 —v1({g = h})] = b[1 — a({g = h}])|
= (a—0)[n({g = h}) —r2({g = h})|

/ (9—h)dp
{g>h}

Then,

'/fdyl—/fdug

sup
f:x—[a,b]

(2.3) = (a—1b)

On the other hand, for A € G,

v1(A) — ma(A)| = \/A@—h) ol

which is maximized when A = {z : g(z) > h(z)}. Hence,

/ (9 —h)dp|.
{g>h}

Combing Equation (2.3) and (2.4), we get
/fdl/1 /fdl/g .

7(-) since P"(z, A) = [,y P (2, dy)P(y, A) =
= (nP)(A) foralln € Nand A € G.

(2.4) [1() =2 ()l =

sup
_an%aM

[1(:) —v2() =

(3) Apply (4) with vy (- ) = P” Nz, ) and 1/2( ) =
(P"1P)(A) and n( f ex™ A)
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(4) For all A € G,
(11 P)(A) — (12 P)(A)| = ‘/Vl(d:c)P(:x,A) — /Vg(dx)P(a;,A)‘

((4) = P(y, 4)) _ \ [ s - [ m(dx)f(y)‘
(By (1)) < 1 (4) - ().

(5) Let P(z,-) = P"(z,") — 7(-), Q(z,") == P™(z,) — m(-), and

POf(z) = / W) / Pz dy).
We have
POf(x) = / W / Pl )
ye zE

- / ) / P" (2, dz) — w(d2)] [P™ (=, dy) — n(dy)]
yeX zeX

_ / ) / P (x, d2)P™ (2, dy) — P"(z, d2)r(dy) — 7(dz)P™ (2, dy) + 7(dz)m(dy)
yeX zEX

_ / @) / [P" (2, d=)P™ (2, dy) — 7(d2) P™ (=, dy))
yeX z€X

[ty / [P" (2, dz) — m(d2)

yeX zEX

= f(y)Pmm(l‘ady)—?T(dy)—/ m(dy)(P"(z, X) — m(X))
yeX yeX T :/1"

(2.5)
— [ 1@ [P e dy) - wldy)]
yeX

Let g(x) = (Qf) (x) = fyeX Q(x,dy)f(y) and ¢g* := sup,cy |g(x)|. Consider
f:X —[0,1]. Then,

g* = sup

[ (PGt f<y>]

rzeX
—swp s [ (P dy) — wliy) f(y)l
z€X f:X—[0,1] |/yeX
(By (1)) < sup | P"(z) = )
:lt(m).

2
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If g* = 0, then g(z) = (Qf) () =0 and (PQf) (r)=0foralz e X. If g* # 0,

2sup | (PQf) (x)| = 2sup | [P (Qr)] (@)

reX =
=2 swp| |7 ()]
< ttm sup |2 (& )|

Since g(z) < g* = —1 < g% < 1, applying (2) with a = —1 and b = —1 gives

o

sup
reX

<sup sup
TEX f:X—[-1,1]
— sup 2||P(z, )|
zeX
=2sup ||[P"(z,) -« ()|
zeX

= t(n).

/yeX P(z,dy) f(y) —0’

It follows that for all f: X — [0, 1],

(2.6) 2 sup ‘ (PQ f) (g;)‘ < t(m)t(n).

zeX

Moreover,

t(m+n) = 2sup |[P" " (z,-) — x(-)]|
rzeX

=2 s [ f)ari ) - f(y)dw(dw]
z€X f:X—[0,1] |/yeX yeX

(By Equation (2.5)) =2sup sup |PQf(z)]
TEX f:X—[0,1]

— swp 2sup [POS(@)
f:X—[0,1] zeX

(By Equation (2.6)) < t(m)t(n).
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(6) For the first equality: applying (2) with a = —1 and b =1 gives

1
() =vOl =5 sw | [ rdu= [ rav
f:X—=[-1,1]
1
=L s /f@—@@‘
f:X—=[-1,1]
1
=1 s f@—mw+/)fw—mm'
Fix—[—11] [ Jg>h g<h
1

Lﬁw—mw+4dm—w@

=§(Lﬁu4fmmp+AQM4me

_ %/(M—m)dp.

[\

For the second equality: since M +m = g + h, we have
/(M+m)dp= / (9+h)dp
X X
= / gdp+ / hdp
X x
=uX)+vX)=2
Hence,

%/(M—m)dpzl—lﬂL%/(M—m)dp

:1—%<2—/(M—m)dp>
%(/X(Mer)dp—/(M—m)dp)

:1—/dep.

(7) Define g, h, M,n as in (6). Let a = [, mdp, b= [,,(g —m)dp, and c = [,.(h —
m)dp. If any of a,b,c equals 0, the statement is trivial. Assume a,b,c > 0.
We then construct random variables Z,U,V,I such that Z has density =, U

has density 5™, V has density h=m ~and T is independent of Z,U,V with

C

PI=1=aand P[I =0 =1—a. Wethenlet X =Y = Zif [ =1, and

-1—
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X=U,Y=VifI=0. Forany A € G,

PXeA)=PUecAI=0)+PZcAI=1)
=PUcAPI=0)+P(ZcAP(I=1)

:/po (1—a) /—dpa
1—-a

= /(g—m)dp+/mdp
b Ja A

zl_fx—mdp/(g—m)dp—F/Amdp

f)((g_m) dp Ja

_ 11— [ymdp —m m
‘mm—hm@A@ ot [

—/A(g—m)der/Amdp

= /AgdPZM(A)

and

PYcA) =PV ecAI=0)+P(ZcAl=1)
—P(VeAPI=0)+P(ZcAP(I=1)

h—

:/ mdp-(l—a)—i—/@dp-a
A ¢ A
1—

= a/(h—m)dp—i—/mdp
¢ Ja A

:M/(h—m)dp+llmdp

fx(h —m)dp J4
:/ hdp = v(A).
A
Hence, X ~ v(:) and Y ~ v(-). Moreover,

PX=Y)=P(X=Y,I=0)+P(X=Y,1=1)
=P(I=1)

(By (6)) =1—[uC) vl
O

2.3. Asymptotic Convergence Theorem. Now, we are prepared to present the main
asymptotic convergence theorem, the proof of which can be found in Section 4.
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Theorem 2.14. Let X = {X;,...,} be a Markov chain on a state space X with count-
ably generated o-algebra G. If X is ¢-irreducible and aperiodic, and has a stationary
distribution = (-), then for m-a.e. z € X,

lim [P (z, ) —7()[| =0,

n—oo

where || - || is the total variation distance.
In particular, lim,,_,o P"(z, A) = 7(A) for all measurable A C X.

Note that the theorem applies only when the state space’s o-algebra is countably
generated. Indeed, this condition is quite lenient. In fact, any countable state space
is guaranteed to be countably generated. Additionally, subsets of R% equipped with
the standard Borel o-algebra satisfy this condition as well. This is because the Borel
o-algebra is generated by open balls with rational centers and rational radii, which are
countable.

Remark 2.15. (1) Under the given conditions of Theorem 2.14, if h : X — R with
m(|h|) < oo, then the strong law of large numbers holds for A, i.e.

1 n
lim — » h(X;)=n(h ith probability 1.
nl—>nolon§ (X;) =m(h) with probability

This result can be extended to positive and Harris recurrent chains (see [MT93],
Theorem 17.0.1). A Markov chain is Harris recurrent if for all A C X with
m(A) > 0 and x € X, the chain will eventually reach A from x with probability
1,ie. P(Inst. X, € A|Xg=12)=1.

(2) To utilize Theorem 2.14, Markov chains must satisfy three conditions: ¢-irreducibility,

aperiodicity, and possess a stationary distribution. Theorem 2.14 is widely ap-
plied to MCMC algorithms because most MCMC algorithms inherently produce
chains that are ¢-irreducible and aperiodic, while also aiming to generate chains
with a desired stationary distribution .

It is important to note that the convergence mentioned in Theorem 2.14 is specifically
for almost every x € X with respect to the stationary distribution 7. However, the chain
may exhibit unpredictable behaviour on a null set of m-measure 0, leading to failure of
convergence in that region. To illustrate this, consider the following simple example:

Example 2.16. Let X = {1,2,...,}. Let P(1,{1}) =1, and for > 2, P(z,{1}) = %
and P(x,{z+1})=1-— % The chain has stationary distribution 7(-) = §1(-). Indeed,

/EX m(dx)P(x, {1}) = 7({1}) P(1,{1}) = =({1}),
and
/eX w(dx)P(x,{i}) = n({1})P(1,{i}) = 0 =n({¢}), Vi>1.
Also, it is m-irreducible since for all A containing 1,
P(i,A)=1>0, ifi=1,

and

1
P(i,A) > — >0, ifi>1.
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Moreover, it is aperiodic since a subset has positive m-measure if and only if it contains
1.

Hence, by applying Theorem 2.14, we have for m-a.e. © € X, the chain converges to
the stationary distribution 7 with probability 1.

Consider Xo = > 2, then P[X,, = 2 +n for all n] = [[2, <1 — J%) > 0. Hence,
P"(x,{3,4,...}) ~ 7({3,4,...}) = 0. Here Theorem 2.14 holds only for x = 1 which is
indeed m-a.e. z € X, but it does not hold for x > 2.

Remark 2.17. The transient behaviour of the chain on the null set in Example 2.16
is not a random occurrence. In the scenario where the chain converges to a different
stationary distribution on the null set, it will still possess a positive probability of es-
caping the null set due to its ¢-irreducibility (for all states in the null set, we have
¢(A) > 0= Ins.t. P"(x,A) > 0). Then, the chain would eventually exit the null set
with probability 1 and thus converge to 7(-) from the null set.

Under what circumstances do the conclusions of Theorem 4 hold for all z € X', rather
than just m-almost everywhere? This occurs when the transition probability P(x,-) is
absolutely continuous with respect to 7(+) for all z € X'. In such cases, the chain will not
be able to escape the null set since 7(A) =0 = P(x, A) = 0. Consequently, the chain
will converge to m(-) within the null set. This property also holds for any Metropolis
algorithm where the proposal distributions Q(z, -) are absolutely continuous with respect
to m(+). More generally, we can extend the same result to Harris recurrent chains, which
is a stronger condition compared to ¢-irreducibility with respect to 7(+).

Lastly, we explore periodic chains, as they occasionally emerge in MCMC algorithms,
and many of the theory can be applied to this case.

Corollary 2.18. If a Markov chain is ¢-irreducible, with period d > 2, and has a
stationary distribution 7(-), then for 7m-a.e. z € X,

lim
n—00 4
==

1 n+d—1 '
oy Pl(x,»—w(-)H:o

and also the strong law of large numbers in Remark 2.15 (1) continues to hold without
change.

Proof. Let Xy,...,X; C X be the periodic decomposition. Let P’ be the d-step chain
P? restricted to X;. Clearly, P’ is ¢-irreducible and aperiodic.
Let 7(-) denote the stationary distribution of P’. Then, for

(' P 1)(A) = / (dz)PI Y (z, A),

reX]
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we have

! pj— d _ , . .
/Mj(” PP (de) P, A) = / » / TP )P, )
N /EX- /EX /EX 7 (dy) PP (y, dz) PP~ U= (2, dz) PP~ (2, A)
:/ / ' (dy)P*(y, dz) PP~ (2, A)
yeX] JzeX)
:/ m(dz)PI7 (2, A)
zEX1
= (7' PI71)(A).

Hence, (7/P7~1)(-) is the stationary distribution of the d-step chain restricted to X;.
Moreover,

d

L[5

=

[y

al
=

e
M
o

(T('/Pj)(d$)) P(x,A) = (7' P71 (dz) P(z, A)
‘ ,

<
Il
-

/ 7 (dy) P\ (y, dz) P(, A)
€X; JyeX:

<
Il
-

I
ISHN
M=
sz\

' (dy) P’ (y, A)

I
Ul
M=

@\
M
=

7j=1
1< :
= L @R A
j=1
d—1
1 A
(by periodicity) =7 (7' P7)(A),
j=0
and
d—1 d—1
1 . 1
P = g Y 1=1
7=0 Jj=0

It follows that m(-) = ézg;é(ﬁ’Pj)(-).
Due to periodicity, we assume WLOG that € X;. From Proposition 2.13 (4), we
have

1P (2, ) — (PO < [P, ) — 7' ()l, Vi EN,
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Then,
| mdtd—1 = =
5> Pl - w(->H =2 P, - 2 S P
i=md 1=0 Jj=0
d—1
1
(triangle inequality) < P HPmdﬂ (z,-) = (7" P7)( )H
1=0
1 d—1 1 d—1
<=3 | 70| = 5 S IP @) -0
=0 1=0

Applying Theorem 2.14 to P’ gives

lim HPmd(') — 7r'()H =0, Vrmae zedi.

m—0o0

Hence,

lim lmdi%_lpi(ac Y —7()| < lim Hpmd(-) —7r'(-)H —0, Vrae z€X.

m—oo || d = ’ ~ m—o0 ’
By Proposition 2.13 (3), we can conclude that

ntd—1 | mdtd=1
nh_)ngo 7 Z P'(x,) —7()|l < n}gnoo p 'Zd P'(z,-) —7r()H =0, Vrmae z€X.
i=n i=m

To establish the strong law of large numbers, let P be the transition probability over
the state space X x- - - Xz with corresponding sequence { (X4, Xmd+1s - - - s Xindrd—1) Fooo-
It is obvious that the chain induced by P is ¢-irreducible and aperiodic with the sta-
tionary distribution

7' x (7'P) x --- x (7' P,

T =
Let h : X — R with 7(|h|) < co. Define h : Xy x ---X; — R by h(zg,...,zq-1) =
1 Z?;é h(zj). We have 7(|h|) < oo and then applying the strong law of large numbers
to P gives

Ll — . . s
Jim —~ z; W Xigy Xidgits - - Xigra—1) = 7(h)  with probability 1.
It follows that
R . .
7}1_)11010 - Z; h(X;) =m(h) with probability 1.
P

O

Remark 2.19. In the case of an irreducible Markov chain with a finite state space, the
assumption of periodicity is not required to establish Corollary 2.18.
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2.4. Uniform Ergodicity. Theorem 2.14 establishes the convergence of a Markov chain
to its stationary distribution under certain conditions. However, in practice, we are often
interested in understanding the speed at which the chain converges to the stationary dis-
tribution. Our“qualitative result” regarding the convergence rate is uniform ergodicity.

Definition 2.20 (Uniform Ergodicity). A Markov chain with stationary distribution
m(+) is uniformly ergodic if

”Pn(x7>_ﬂ-()” SMpn7 n:172737
for some p < 1 and M < oo.

An equivalence of uniform ergodicity is stated as follows:

Proposition 2.21. A Markov chain with stationary distribution 7(-) is uniformly er-
godic if and only if sup,cy [|P"(z,) — 7(-)|| <  for some n € N.
Proof. Assume the chain is uniformly ergodic. Then,
sup || P"(z,) — w()| < Mp" = lim sup |P"(z,) — x(-)| < lim Mp" = 0.
reX n—oo reX n—oo
Hence, for sufficiently large n, we have
1

sup [P"(z,-) =7 ()l < 5
reX

Conversely, assume sup, ¢y ||[P"(z,-) — 7(+)|| < 3 for some n € N. Recall the notation
introduced in Proposition 2.13 (5), where t(n) = 2sup,cy |P"(z,-) — 7(-)| is defined.
Let 8 :=t(n) < 1. Then, by the submultiplicative property,for all j € N,

t(jn) < (t(n)) = B’.
It follows from Proposition 2.13 (c) that
1 m
1P (@, ) = () < [PU/mdnga, ) — x| < St (lm/njn) < gind < gt ()"
Therefore, the chain is uniformly ergodic with M = ! and p = gi/n, O

The above proposition holds if we replace % by § for any 0 < § < % However, it
is false for § > 3. Let’s see a simple example. Consider X = {1,2} with P(1,{1}) =
P(2,{2}) =1, and (") is uniform on X. Then, ||P"(z, ) — 7(-)|| = 5 for all z € X and
n € N and thus the chain is not uniformly ergodic.

Next, we explore the condition that guarantees uniform ergodicity. Prior to delving
into that discussion, we require the following definition:

Definition 2.22 (Small Set). A subset C C X is small (or, (ng,e€,v)-small if there
exists a positive integer ng,e > 0, and a probability measure v(-) on X such that the
following minorisation condition holds:

(2.7) P™(z,:) >ev(:), Vrel,
ie. P"(x,A) > ev(A) for all z € C and all measurable A C X.
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Remark 2.23. Alternative formulations of this definition may additionally require that
C has positive stationary measure. However, for the sake of simplicity, we do not explic-
itly impose this requirement. However, 7(C') > 0 follows under the additional assump-
tion of the drift condition discussed in the subsequent section.

Intuitively, this condition means that all of the ng-step transitions from within C' have
a overlapped component of size e.

Example 2.24. Let X be a countable space. If

€ngy = Z ég(fj P (z,{y}) >0,
yeX

then C' is (no, €ny, v)-small where v({y}) = €, infzec P™(x, {y}). Indeed,
PP, (3)) > eny - v({9)) = inf P (a, {y}).

V(X)) = e inf P™(z,{y}) = 6,0 > _ inf P"(x,{y}) =1,
vex zeC e zeC

/

:EnO
and for all y; # s,
V({y17 yQ}) = 6';01 :rnég pmo ($, {y17 yQ})
-1 . n -1 7|
= €no Inf P™(z, {y1}) + &, inf P*(z,{y2})
=v({y}) +v{y2})-

For a finite state space, if the chain is irreducible (or just indecomposible) and aperiodic,
then €,, > 0 for sufficiently large ng. Indeed, for any states i, j, there is an N;; € N such
that P"(i,j) > 0 for all n > N;; due to irreducibility and aperiodicity. Then, we can
take M = max{N;; : i € X,j € X'}, which smaller than infinity since & is finite. Hence,
PM(i,5) >0 foralli,j € X.

For a general state space, if the transition probability is absolutely continuous with
respect to some measure 7(-), i.e. P"(x,dy) = pn,(x,y), then we can take €,, =

fyeX (infzex pno (2, y)) n(dy).

Definition 2.25 (Pseudo-small Set). A subset C' C X is pseudo-small if there exists a
ng € Z, € > 0, and a probability measure v,,(-) on X (depending on z,y) such that the
following pseudo-minorisation condition holds: for all z,y € C,

P(x,-) > evgy(+),
and
P™(y,-) > el/zy(')-

The above notion of pseudo-small set is weaker than that of small set. Intuitively,
this condition means for every pair (z,y) € C' x C of states, the ng-step transitions has
a overlapped component, the size of which depends on the choice of x and y.
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Theorem 2.26. Consider a Markov chain with stationary probability distribution 7 (-).
Suppose the minorisation condition (2.7) is satisfied for some ng € N and ¢ > 0 and
probability measure v(+), in the special case C' = X (i.e. the entire state space is small).
Then the chain is uniformly ergodic, and in fact |P"(z,-) — «(-)|| < (1 — €)l*/0] for all
rEX.

Remark 2.27. (1) The pseudo-minorisation conditon is perfectly adequate for pair-
wise coupling construction, which is used to prove Theorem 2.26 in Section 4.
Consequently, the minorisation condition in the above theorem can be replaced
by the pseudo-minorisation condition, without affecting any bounds that rely on
pairwise coupling. This includes all of the bounds explored in this section.

(2) Theorem 2.26 allows us to find a quantitative bound on the distance to stationary
distribution ||P"(z,-) — 7(:)||. After determining the values of € and ng, we can
identify an appropriate n, such that ||P™*(z,-) — m(-)|| < ¢, where the specific
choice of ¢ depends on the context. We can then say that n, iterations “suffices
for convergence” of the Markov chain to a certain standard or level of accuracy.
Moreover, for a discrete state space, we can use €,, specified in Example 2.16.

Running Example. Recalling our previously introduced running example, we have

imposed strong conditions of strong continuity on ¢. Therefore, it is reasonable to

conjecture that compact sets would be small. However, without additional regularity

conditions, this conjecture proves to be false. Consider the following example: suppose
(z—y)?

dimension d = 1, m,(z) = 10<|x‘<1|§c]*1/2, and ¢(z,y) x exp {_T} Let N be any

neighbourhood containing zero. We will show that N is not small. We have

_ 2 1 —1/2
P(x,dy) = q(x,y) min {1, ™ (y) } dy o exp {—M} min {1 —0<|y|<1|y||_1/2 } dy.

() 2 " Locjz<tlz

Let z € N. If x — 0, we observe that P(z,dy) — 0. Hence, the minorisation condition
is not satisfied.

Return to the general setup of our running example. Let C be any compact set on
which 7, is bounded by k£ < co. We will show that C' is small. Let x € C' and D be any
compact set of positive Lebesgue and 7 measure such that infy yecup ¢(x,y) =€ > 0
and supyccyep (X, y) = M < oo (this is possible since ¢ is continuous). We then have
forany x € C,y € D,

P(x,dy) > q(x,y) dymin{l, %} > edymin{l, 67;\}2(]2’) } .

Therefore, C' is small.

We can conclude that if 7, is continuous, the state space X is compact, and q is
continuous and positive, then X is small; as a result, the Markov chain is guaranteed to
be uniformly ergodic.

2.5. Geometric ergodicity. Since only a few MCMC algorithms satisfy the require-
ment of uniform ergodicity, it becomes necessary to relax the minorization condition
imposed on the entire state space. Our goal is to establish a more general theorem that
can provide bounds on the convergence rate of MCMC algorithms. To this end, we
introduce a weaker condition known as geometric ergodicity, defined as follows:
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Definition 2.28. A Markov chain with stationary distribution 7(-) is geometrically
ergodic if

[1P"(z,) —7w()|| < M(2)p", n=1,23,...
for some p < 1, where M(z) < oo for m-a.e. x € X.

In contrast to uniform ergodicity, geometric ergodicity allows the constant M to de-
pend on the initial state x.

As we have previously shown that all irreducible and aperiodic Markov chains on finite
state spaces are uniformly ergodic, it follows that they are also geometrically ergodic.
However, in the case of an infinite state space X, the conditions of irreducibility and
aperiodicity alone are insufficient to guarantee geometric ergodicity. For example, a
symmetric random-walk Metropolis algorithm is geometrically ergodic essentially if and
only if m(-) has finite exponential moments. As a result, we will now delve into the
conditions that establish geometric ergodicity.

Definition 2.29. Given Markov chain transition P on a state space X, and a mea-
surable function f : X — R, define the function Pf : X — R such that (Pf)(x) is
the conditional expected value of f(X,11), given that X,, = x. In symbols, (Pf)(x) =

Jyex f(W)P(z, dy).

Definition 2.30 (Drift Condition). A small set C satisfies a drift condition (or, uni-
variate geometric drift condition if there are constants 0 < A < 1 and b < oo, and a
function V' : X — [1, 00] such that

(2.8) PV < \V +blc,

Le. [ cx Pz, dy)V(y) < AV(z) +blo(z) for all z € X.

Th main result guaranteeing geometric ergodicity can be stated as follows:

Theorem 2.31. Consider a ¢-irreducible, aperiodic Markov chain with stationary dis-
tribution 7(-). Suppose that minorisation condition 2.7 is satisfied for some C' C X
and € > 0 and probability measure v(-). Suppose further that the drift condition 2.8 is
satisfied for some constants 0 < A < 1 and b < oo, and a function V' : X — [1, 00| with
V(X) < oo for at least one x € X (and hence for m-a.e.) x € X. Then, the chain is
geometrically ergodic.

Theorem 2.31 is proven in Section 4 by direct coupling constructions.
Example 2.32. Here we consider a simple example of geometric ergodicity of Metropolis

algorithms on R. Let X = R* and m,(z) = e~®. We will use a symmetric (about x)
proposal distribution ¢(z,y) = ¢(|y — z|) with support contained in [z — a,x + a]. Take
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a drift function V(z) = e“ for some ¢ > 0. Then, for x > a, we compute

PV = [ VWP

r+a

z+a T
o)yt [ Viaat s+ [ Vieaatendy

T

a(z,y)dy

/ Viz
r+a

~ V®alz,y)- 1dy+/ V(y)a(z,y)

r+a

/ V(x)q(z,y) (1 - :Zgi) w

N
B /:a Vv)a(@,y)dy + /;M V(y)a(z,y) ;rzgz; dy + /:+a V(z)q(x,y) (1 - ;r“(y)> dy

Wu(y)
Tu(@)

z+a
V@)P.dy) + Vis) [0 Pla.dy)
Ja(z,

L.
/V
-

z+a rta T, va T
_ V(2z — y)q(z,y)dy _|_/ V(y)q(w,y)#ﬁi;dy —I—/ V(z)q(x,y) <1 — ﬂzgio dy
_ [ T T — mu(y) xz)|1- ™u(9)
_/m q( ,y) |:V(2 y) + V(y) 7Tu($) + V( ) (1 ﬂu($)>] dy
=1(z,y)

We have
_ . 7I-u(y) . Wu(y)
e = Vit )4 Vi 2 Ve (1- 2
- -y
_ (2:13 y) + 6cy + RES ( - e_x>
e~ e
— e2cm—cy _+_ecy+ac Y 4 et _ Tty
— o [B—C(y—w) +ele=Dly—2) 4 _ e—(y—z)]
(u=y—x) =% {e*w +elemDu 4 q e*“}
_ le=1u _ _—cu
2[ _fodei >}

=2V(z)(1—e),
Note that 0 < € < 1 if ¢ < 1. Then, take any 0 < € < 1, we have

Tr+a
PV(2) < V()1 - o) / 2q(z,y)dy = (1 — )V (x)
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Similarly, one can show that PV (z) is bounded on [0,a]. Additionally, since [0,a] is
compact and m,(x) is bounded on [0,al, it is a small set. Hence, we have shown that
both minorisation and drift conditions are satisfied. The resulting Markov chain is
geometrically ergodic by Theorem 2.31.

Geometric ergodicity is a useful property that provides insights into the convergence
behaviour of MCMC algorithms. However, it is important to note that while geometric
ergodicity is desirable, it does not always guarantee the efficacy of an MCMC algorithm.

Example 2.33 (Witch’s Hat). Let X = [0,1], § = 10719 Consider m,(x) = 6 +
1(4,044)(x), where 0 < a <1 — 4. Then,
mu(X)d §+1)6
m(la,a+0]) = Jiparg = O+1) = 0.55.
f[o,1] 7y (X)dx (6+1)6+d(1—9)

Let’s run a Metropolis algorithm on 7. Since the interval [a, a + §] is very small, unless
the sampler gets really lucky, the outcome will appear to converge to Uniform([0,1]),
which is very different from 7(-). However, the algorithm is still geometrically ergodic
(and even uniformly ergodic). Hence, the example illustrates that geometric ergodicity
does not necessarily ensure the behaviour of a sampler.

In addition to the above example, there are numerous examples of MCMC algorithms
which generate geometrically ergodic, but exhibit extremely slow convergence to the
stationary distribution since Theorem 2.31 does not provides no quantitative bounds on
M (z) and p. As aresult, it is preferable, whenever feasible, to obtain explicit quantitative
bounds on the convergence of Markov chains.

2.6. Quantitative Convergence Rates. Considering the aforementioned, our objec-
tive is to establish explicit quantitative bounds on convergence rates. Specifically, we
seek bounds of the form
Pn(xa ) - 7T() < g(xvn)
where g(z,n) is an explicit function that, ideally, remains small for large n.
Our result requires the following bivariate drift condition:

Definition 2.34 (Bivariate Drift Condition). A small set satisfies a bivariate drift con-
dition if there is a constant o > 0 and a function h : X x X — [1,00) such that

(2.9) Phiz.y) < &Y o eoxe,

where
Ph(z,y) ::/X/Xh(z,w)P(x,dz)P(y,dw).

Intuitively, P represents running two independent copies of the chain. The bivariate

drift condition is closely related to the univariate one, as exemplified by the following
proposition:
Proposition 2.35. Suppose the univariate drift condition (2.8) is satisfied for some
V:iX = [lo, C C &, A< 1, and b < co. Let d = inf ¢ V(). Then, if d >
% —1, then the bivariate drift condition (2.9) is satisfied for the same C, with h(z,y) =
V(@) +V(y)]and o™t =X+ 225 < 1.
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Proof. If (z,y) € C x C, then either z ¢ C or y ¢ C (or both). Assume WLOG that
x ¢ C, then V(z) > d and

h(x,
hay) = 5 V) + V)] > 5(d+1)= ﬁ >

Moreover, it follows from the univariate drift condition that PV (x)+ PV (y) < AV (z) +
AV (y) +b. Then, we compute Ph

?h(x,y):/X/Xh(z,w)P(x,z)P(y,dw)
/ / S IV() + Vi(w)] Ple,dz)Ply, dw)
X JX

V(w) + %PV@)P(y, dw)

N | =

Il
T
| =

—

PV (x)+ PV (y)]

IN

AV (z) + AV (y) +b]

> N =N

Since d > % — 1 by assumption, we have

d+1>L:>L<1—>\

1—AX d+1
b
= —+ A< 1.
i1’
Therefore, the bivariate drift is satisfied with a=1 = \ + dfb_l. O
Now, take
(2.10) B := max {1, a0 (1 —€) sup Fh} ,
CcxC

where for (z,y) € C x C,

Th(z,y) = /X /X (1= &)2h(z,w) (P (2, d2) — ev(d2)) (P™ (y, dw) — ev(dw)) .

Given these assumptions, we present our result as follows:

Theorem 2.36. Consider a Markov chain on a state space X, having transition kernel
P. Suppose there is C C X, h : X x X — [1,00), a probability distribution v(-) on X,
a>1,n9 € N, and € > 0, such that the minorisation condition (2.7) and bivariate drift
condition (2.9). Define B,,, by (2.10). Then for any joint initial distribution £(Xy, X{),
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and any integers 1 < j < k, if {X,,} and {X],} are two copies of the Markov chain started
in the joint initial distribution £(Xo, X()), then

1£(Xk) = LX) < (1 =) + aF(Bay )~ E[R(Xo, Xg)].

In particular, by choosing j = |rk] for sufficiently small » > 0, we obtain an explicit,
quantitative convergence bound which goes to 0 exponentially quickly as k — oo.

Theorem 2.36 is proved in Section 4.

Remark 2.37. Although applying Theorem 2.36 to realistic MCMC algorithms can be
challenging, it is feasible and often can rigorously provide a reasonably small number of
iterations which is is adequate to ensure convergence.

Alternatively, in cases where applying Theorem 2.36 to complicated Markov chains
proves challenging, MCMC practitioners often rely on ”convergence diagnostics”. These
diagnostics involve conducting statistical analyses on the realized output Xi, Xo,...
to assess whether the distributions of X,, appear to be ”"stable” for sufficiently large
values of n. For instance, one approach is to run the Markov chain multiple times from
different initial states and observe if the chains all converge to approximately the same
distribution. This technique often yields satisfactory results in practice. However, it
does not provide rigorous guarantees and can occasionally be misled into prematurely
claiming convergence.

2.7. More examples. Consider a Markov chain {X,,} on the real line, where P(z,-) =
N(%,3) for each z € R. Equivalently, X,41 = 2 X,, + Upt1, where {U,} are i.i.d. with

U, = N(0,3).

Note that for any A € B(R),
1 1,2 2 2 x\2
m(dz)P(z, A / e_im (/ = 3W3) dy) dx
/R (de)Plz, 4) = z€R yeA V3V2r

/ / ——e —3a° 2 e_%(y_%)Qdyda?
zeR JyecA \/27T \/g\/ 21w

/ / —2(y- )Qda:dy
yeA IER 2m/3

% = n(A),

v

which means the Markov chain {X,,} is stationary with respect to N (0, 1).
Then, for any A C B(R) such that A(A) > 0 (A is the Lebesgue measure on R), for all
r € R, )
Plr. A) = L o 5y-3)? .
(x,A) /yEA\/gme dy >0
It follows that {X,,} is A-irreducible.
The next is to show that {X,} is aperiodic. Suppose to the contrary that {X,} is
periodic with periodic decomposition A7, ..., Xy.
Let z € X}, then

2 2 2
P(x, X)) = — = 3 gy = 1.
( ) yEXs \/g\/ 27
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It follows that

2 2 x\2
2 o35 gy =
e 3WT2) dy = 0.
/yeX,E V3V2r

Since 0 < ﬁf/ﬂekg(y*%)Q < 00, we have )\(Xg) = 0. Since &} C XQC, A(X1) = 0. Hence,

for x € Ay,

2 20, _m\2
P(z, X :/ —= 5 gy =0,
( ) yeX1 \/g\/ 2m

which contradicts to periodicity. Applying Theorem 2.14 gives
lim ||P"(z,-) —n()]| = 0;
n—oo
more explicitly,
1 1

17T 502

on—1 Uz +

WU3+---+U,L—>N(O,1),

for any = € R.
We now start to build a small set C. Consider C = {x : 2? < ¢}, where 0 < ¢ < 1.
Then, let

¢ /R < inf Plr, dy))

2
— inf —° ¢
/IRIE[—\/E\/a V321

~3-5) gy

win

0 o)
2 T \2 2 2 x\2
= inf e 3-3) dy—I—/ inf 7 _e3-3) dy
/_ooxe[—ﬁ,m V3V2r 0 @el—vevd V32T

0 2 2 (1 /22 > 2 2 (y—¥E)2

— —2(y+%°) ; -3 y—%)

= e 3 2 dy+/ inf e 3 2/ dy > 0.
/_oo V321 0 zel—ve/d V32

Additionally, define v(A) = Jpeai = HE) _ Jieallzec P
yER x 3

Clearly, v is a probability measure. Then, for x € C' and all measurable subsets A,

Pud)= [ Pedy= [ (inf Plo.dy)) = ev(a),

which means C is a small set.
Then, we are going to build the bivariate drift condition based on this small set C.
Note that

for all measurable A.

N R L A
Let h(z,y) =1+ 22 +y? and {X,}, {X/} be two copies of the Markov chain. We have
Ph(z,y) = E[M(Xp41, )| Xn = 2, X5, = ]
=1+ E[X; | X0 = o] + E[(X},41)*1 X5, = 9]
22+ 3 +y2+3 _ h(z,y) +9

4 4 4 4

Wl

57

=1+
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If (z,y) € C x C, then h(z,y) > 1+ 2¢c = h@y) - 1. 1t follows that

1+2¢
Ph = - < - = .
@y ==~ 171 Titia 1+ 8¢
Since 0 < ¢ < 1, we have a = % > 1. Therefore, we can apply Theorem 2.36 to get

quantitative convergence rates.

However, if the transition probability P(z,) is instead given by N(z,3), then the
chain does not have a stationary distribution. Suppose to the contrary that =(-) is the
stationary distribution for {X,} with P(z,-) = N(z,3). Then,

n(dz) = / 7(dy) Py, dz),

which means

3
X+Y ~n(), where X ~x(-)and Y ~ N(0, Z)
It follows that for n > 1,
i, 3
Zn=X+Yi+Ys+ - +Y, ~7(-), where X ~7(-) and V1,...,Y, NdN(O,Z).

Then, for any a € R,
. 1
m((a,00) = nh_}rrgo P(Z,>a)= 3"

This leads to a contradiction since limg, o 7((a,c0)) = 0.

3. MARKOV CHAINS MONTE CARLO ALGORITHMS

MCMC algorithms are widely used in statistics to sample from complicated probability
distributions in high dimensions. They not only offer practical solutions but also raise
intriguing questions related to probability theory and the mathematics of Markov chains.
In this section, we will explore some classic MCMC algorithms and provide illustrative
examples.

3.1. Motivation. Let’s consider a density function m, defined over a measure space
(X,G, ). The density function may be unnormalized but satisfies 0 < [ x Tudp < 00.
Typically, X represents an open subset of R%, and the densities are taken with respect to
Lebesgue measure, though other settings are also possible. This density function gives
rise to a probability measure 7(-) on X using the following formula:

[y mu(x)dx
m(A)=“2——— VAeg.
(4) S mu(x)da
Our objective is to estimate expectations of functions f : X — R with respect to 7(+),
i.e.
Ju f(@)mu(x)d
=E;[f(X)] = .
() = Belf(0)] = A

However, when X is high-dimensional, and 7, is a complicated function, computing the
integrals in the above equation, either analytically or numerically, becomes extremely
challenging.
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The classical Monte Carlo solution to this problem is to simulate i.i.d. random vari-
ables Z1,Zs,...,Zn ~ 7(+), and then estimate 7(f) by

1 N
#(f) =~ D_ (%)
=1

Note that 7(f) is an unbiased estimator of m(f), with standard deviation of order
O (\/—%) Furthermore, if 7(f) < oo, then by the classical central limit theorem, the

error 7(f) —m(f) will have a limiting normal distribution. However, if 7, is complicated,
it is very difficult to directly simulate i.i.d random variables from ().

MCMC algorithms provide a solution to the drawbacks of Monte Carlo methods by
constructing a Markov chain that can be efficiently run on a computer and has the
desired stationary distribution 7(-). Assuming that the Markov chain satisfies certain
conditions (e.g., as stated in Theorem 2.36), the MCMC algorithm is guaranteed to
converge after a certain number of iterations. For sufficiently large n, the distribution
of X, will be approximately stationary, i.e. £(X,) ~ 7(-). We can then use Z; = X,, as
a starting point and restart the Markov chain to generate Zs, Z3, and so on. Then, we
can use these samples to compute the unbiased estimator 7(f) as in the classical Monte
Carlo method.

Remark 3.1. In practice, instead of starting a fresh Markov chain for each new sample,
we often take an entire tail of Markov chain to create an estimate such as ﬁ Efi a1 f(Xi),
where the burn-in value B is chosen to ensure £L(Xpg) ~ 7(-).
However, in this case, the different f(X;) are not independent, but the estimate can
be computed more efficiently. We tend to ignore this issues.

Remark 3.2. MCMC is just one method among various approaches for sampling and
estimating from complicated probability distributions, such as “rejection sampling” and
“importance sampling”. However, other algorithms have limited applicability and are
effective only in specific cases.

Next, we discuss one of the most prevalent applications of MCMC algorithms, which
is Bayesian statistical inference.

Let L(y|@) be the likelihood function (i.e. the density function of data y given unknown
parameters ) of a statistical model, for § € X. Usually, X C R%. Let the prior density
of 6 be p(#). The (unnormalized) posterior density given y is

mu(0) = L(y[60)p(6).
The posterior mean of any functional f is given by
f(@)my(z)da
7I-(f) = fo .
2 Tu(z)dz

MCMC algorithms have proven to be extremely helpful for such Bayesian estimates.
In the next few subsections, we will see that constructing an appropriate Markov chain
with a desired stationary distribution is surprisingly straightforward.
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3.2. The Metropolis-Hastings Algorithm. Suppose again that 7(-) has a (possibly
unnormalized) density m,. Let Q(z,-) be any easily-simulated Markov chain, whose
transition probability has a (possibly unnormalized) density with respect to Lebesgue
measure, i.e. Q(x,dy) x q(x,y)dy.

The Metropolis-Hastings algorithm proceeds as follows:
1. Choose some X.
2. Given X,,, generate a proposal Yy 1+1 from Q(X,, ).
3. Flip an independent coin, whose probability of heads equal to a(X,,, Y;,11), where

a(z,y) == min {1, mu(y)aly, ¥) } .
Ty, (l')Q($, y)

To avoid ambiguity, we set a(z,y) = 1 whenever 7(x)q(x,y) = 0.
4. If the coin is heads, accept the proposal by setting X,, 11 = Y, +1; if the coin is tails,

then reject the proposal by setting X,,+1 = X,,.
5. Replace n by n + 1 and repeat.
To simulate the flipping of an independent coin with a desired probability «, we can
achieve this by generating U, 1 ~ Uniform([0, 1]) and accepting the proposal if U, 1 <
a, otherwise rejecting the proposal.

The transition probability of the resulting Markov chain can be expressed as follows:

P(z,A) = /eA a(z,y)q(z,dy) + 0,(A) /ex(l —a(z,y)q(x,dy), xe€ X, Aeq.

The derivation of the Metropolis-Hasting algorithms relies on the following proposi-
tion:

Proposition 3.3. The Metropolis-Hastings algorithm (as described above) produces a
Markov chain {X,,} which is reversible with respect to ().

Proof. Assume x # y and set ¢ = [, m,(z)dz. We have
m(dx)P(z,dy) = [¢ ' my(x)dz] [g(z,y)a(z,y

= ¢ my(2)g(z,y) min {1,

1

22
~ |~
8] |

N |
QR
—~|—
5le
< |8
~— |~
——

min {7, (2)q(z,y), Tu(y
which is symmetric in z and y. Hence, we have

m(dz)P(x,dy) = w(dy)P(y,dz).

:ci

g

If follows from Proposition 2.7 that converges to the stationary distribution 7(-). How-
ever, there is no guarantee that starting from any initial state will lead to convergence
to the stationary distribution (e.g. Example 2.8 and 2.10); one may additionally require
¢-irreducibility and aperiodicity (Theorem 2.14). To determine the required number of
iterations, one can refer to Section 2.

To run the Metropolis-Hastings algorithm, we only need to compute ratios of densities
mu(y)
Tu ()
an appropriate Q(z,-), running the algorithm would be quite feasible.

in a(z,y), eliminating the need to calculate the integral [, m,(z)dx. Hence, with



30 XINYU HUO

The choice of proposal distributions Q(z, -) is another critical factor to consider. There
are several commonly used approaches for choosing the proposal density, including:

e Symmetric Metropolis Algorithm: ¢(x,y) = q(y,x), and the acceptance proba-

bility simplifies to
a(z,y) = min {1, ngzi } )

Random walk Metropolis-Hastings: ¢(z,y) = q(y — z). For example, Q(z,-) =
N(z,0?) or Q(z,-) = Uniform([x — 1,z + 1]).

Independence sampler: g(x,y) = q(y), i.e. Q(x,-) does not depend on z.
Langevin algorithm: The proposal is generated by

0
Yn+1 ~ N (Xn + §V10g7r(Xn)75> ;

for some (small) § > 0. This is motivated by a discrete approximation to a
Langevin diffusion processes.

3.3. Combining Chains. If P; and P, are two distinct chains, each with stationary dis-
tribution 7(-), then the new chain P; P, also has stationary distribution 7(-). Therefore,
one can make new MCMC algorithms out of old ones, by specifying that new algorithm
applies first the chain P;, followed by the chain P,, and then repeats the chain P;, and
so on. More generally, it is possible to combine many different chains in this manner.
It is important to note that even if each individual chain, P, and Ps, is reversible, the
resulting combined chain P; P, may not be reversible in general.

3.4. The Gibbs Sampler. Suppose again that m,(-) is d-dimensional density, with X
an open subset of R?, and write x = (x1,...,2q). The i-th component Gibbs sampler is
defined such that P; leaves all components besides ¢ unchanged, and replaces the i-th
component by a draw from the full conditional distribution of 7(-) conditional on all the
other components. More formally, let

Sxiab ={y € X 1y; == for j #4, and a < y; < b},
then ,
fa T (T1y oo L1, by Tig1y - -y Tpy)dl

P;(x, S5, = a
Z( ' m’%a’b) f_ooooﬂu(xl,...,$i_1,t,1‘i+1,...,xn)dt, o

Proposition 3.4. P is reversible with respect to 7 (-) for any i € {1,...,d}.

Proof. For x and y such that y; = x; for j # ¢, we have

Ty (dx Tu( X1y i1, Y, Tty e v ey Tpy)d
(dx) P;(x, dy) = T ;u((x))dx f_ooozgr:(:pl, . .Z, :;:Jl,tz,zﬂ, . .7,1;173(11&
B Ty (dX) T (T1y oo X1, Yy Tt 1y -+, T )Y
N ffooo (1, oo X1, by Tig 1y - ooy Tp))dE fX Ty (X)dx
_ 7y (dX) Tu(Y1s - Yie 1, Yy Yit1s - - Tn)dy
N o Ty, @1, i1, - ) dE S Tu(x)dx

= Pi(y, dx)m(dy).
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g

It follows that P; has 7(-) as its stationary distribution. In fact, P; can be viewed as a
special case of Metropolis-Hastings algorithm with acceptance probability of a(z,y) = 1.
Next, we can build the full Gibbs sampler by combining different P; chains using one
of the following approaches:
e Deterministic-scan Gibbs sampler: P = P; P --- P;, that is, it performs the d
different Gibbs sampler components, in sequential order.
e Random-scan Gibbs sampler: P = % Z?zl P;, that is, it does one of the d different
Gibbs sampler components, chosen uniformly at random.
Both versions yield an MCMC algorithm with 7(-) as its stationary distribution. The
output of a Gibbs sampler exhibits a "zig-zag pattern,” where the components are up-
dated one at a time. Moreover, the random-scan Gibbs sampler is reversible, while the
deterministic-scan Gibbs sampler is usually not.

3.5. Detailed Bayesian Example: Variance Components Model. The model con-
sists of fixed constants pg and positive constants ai, by, as, be, and 08. There are three
hyperparameters: ag, 02, and 1, each with priors based on these constants as follows:

oa ~ IG(a1,b),

03 ~ IG(CLQ, bg),

o~ N (o, Ug)
Additionally, there are K further parameters 61,6, ...,0x, which are conditionally in-
dependent given the hyperparameters. Specifically, 6; ~ Normal(u,ag). The data Y;;,
where 1 <i < K and 1 < j < J, is assumed to be distributed as Y;; ~ Normal(;, a?),

conditionally independently given the parameters. A graphical representation of the
model is shown below:

L

T

01 Ox 0; ~ N(p, 05)

| !

Yll,'--;YIJ YKl,...,YKJ Y;jNN(Hi,ag)

The Bayesian paradigm then involves conditioning on the values of the data {Yj;},
and considering the joint distribution of all K + 3 parameters given this data. That is,
we are interested in the distribution

7(-) = L(0F,02, 11,01, ..., 0k |{Yi;})

defined on the state space X = (0,00)% x RE*L. We would like to sample from this
distribution 7(-). We compute that this distributions’ unnormalized density is given by

—(0-m? ~(¥ij—0:)*
_by by _wee0)? KT 252 K J 3z
2 2 0 0 o2 2\—a1—1_" o2/ 2\—az—1 202 € 0 € ©
(0,05, 1,01, ...,0K) xe % (op) e 7¢(07) e 0 X Tx —
. . . €
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The above expression appears to be complicated and high-dimensional. Now, let’s focus
on constructing MCMC algorithms to sample from the target density m,. We will start
with the Gibbs sampler. In order to run a Gibbs sampler, we need to compute the full

conditional distributions by % (1-dimensional integration) as follows:
2 2 1 1 2
L(oglu, 07,01, 00, Yig) = 1G | a1 + S, by + 5 Z(ai —n)?,

1 1
L(o2|p, 03,01, ...,0k,Ys;) = IG a2+§KJ,bQ+§Z(YEj—9i)2 :
ihj
o+ AT,0  olod
U%—FKO’% ,O'g—l-KO'g ’

ﬁ(u|03,03,01,...,0K,YU) =N (

J0'2?‘+0'2 0,20.2
£(91'|,U,,0'3,0'2,91,...,9i71,9i+1,...,9K,YVij) :N< 0~ * e 9~0 ),

Jo}+o02 ' Jo}+ o2
where Y; = % ijl Y, and the last equation holds for 1 <i < K.

The Gibbs sampler then proceeds by updating the K + 3 variables in turn (either
deterministic- or random-scan), according to the conditional distributions. This process
is feasible because the conditional distributions can be easily simulated.

Alternatively, we can run a Metropolis-Hastings algorithm to sample from this model.
For example, we can choose a symmetric random-walk Metropolis algorithm with pro-
posals of the form N(X,,,0?Ix 1) for some o? > 0. This algorithm can be effective for
this model as long as the value of o2 is appropriately selected.

4. CONVERGENCE PROOFS USING COUPLING CONSTRUCTIONS

In this section, we present proofs for some of the theorems mentioned earlier using
the method of coupling, which appears to be particularly effective for analyzing MCMC
algorithms on general state spaces. This method offers a more concise alternative to the
other lengthy analytical arguments found in the literature.

4.1. The Coupling Inequality. Consider two random variables, X and Y, defined
jointly on a space X. Let £(X) and £(Y) be their respective probability distributions.
Then, we have

1£(X) = £LY)[| =sup [P(X € 4) — P(Y € 4)|
:sip|[P(X EAX=Y)+P(X €A X #Y)

—PY eAY+X)+P(Y €AY # X)|
=sup|P(X € A, X#Y)-P(Y €AY # X)|
A
<P(X #Y).
In short, we have the relationship

(4.11) |£(X) = L(Y)| < P(X #Y)
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The fundamental concept of coupling relies on the above relationship. The goal is to
construct two random variables: one updates according to the transition probability
and another follows the stationary distribution. Then, we can demonstrate desired
convergence results using Equation (4.11).

4.2. The Coupling Construction. Suppose that C is a small set. Consider the fol-
lowing coupling construction.

Begin with X¢ = = and X ~ 7(-), and set n = 0. Then, repeat the following loop
forever.

Beginning of the loop. Given X,, and X :

(1) If X,, = X}, choose X,,41 = X, | ~ P(X,,-), and replace n by n + 1.
(2) Else, if (X,,X,,) € C x C, then:
(a) With probability €, choose Xy 1ny = X}, 10, ~ v(+);
(b) Else, with probability 1 — €, conditionally independently choose
1
1—e¢

Xn+no ~ [P’flo (Xn7 ) - 61/(')]

1
X7/1+n0 ~ 1—¢

[P(X5, ) — ev()]

In the case ng > 1, for completeness, we go back and construct X, +
1,..., Xptny—1 from their correct conditional distributions given Xy and
Xntng, and similarly (and conditionally independently) construct X, ,¢,..., X .
from their correct conditional distributions given X;, and X7, .
Replace n by n + ng.

(3) Else, conditionally independently choose X, 11 ~ P(Xp,-) and X]; ~ P(X,,").

Then return to the beginning of the loop.

We then check the marginal distributions of X,, and X/, are correctly updates:

Given that Xy = z and X ~ 7(+), it is straightforward to check that conditions (1)
and (3) ensure that the two chains marginally follow the correct distributions (P (X, -)
and 7(-), respectively.

For condition (2), when (X, X},) € C x C, we have

Kntng ~ € v(-) + (1 =€) [P"0( X, ) — ev(0)] = P (Xy, ),

1—c¢
and

X/

n+no

1
~ev()+ (1= T [PP(X5, ) —ev()] = P (Xp, ).
Therefore, P(X,, € A) = P"(z,A) and P(X], € A) = n(A) (since X starts from the
stationary distribution) for all n.

For the intermediate steps Xy t1,..., Xp4no—1, We update inductively by

P(Xn+z € A|Xn+i71 = b, Xn+n0 = C) = / P(b, dx)PnO_i(ﬂf,C) V1 S 7 S ng — 1.
A
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4.3. Proof of Theorem 2.26.

Theorem 2.26. Consider a Markov chain with stationary probability distribution = (-).
Suppose the minorisation condition (2.7) is satisfied for some ny € N and € > 0 and
probability measure v(-), in the special case C' = X (i.e. the entire state space is small).
Then the chain is uniformly ergodic, and in fact |[P"(z,-) — «(-)|| < (1 — €)1/} for all
recX.

Proof. In this theorem, the small set C' = X’; hence, we only need to consider the second
step in the coupling construction. Obviously, every ng steps, we have probability at least
e of coupling (making X,, = X}). Consider n = ngm where ng,m € N,

P(X, £ X)) < (1- ™
It follows from the coupling inequality (4.11) that
[Pz, ) =7 ) < (1 —e)™ = (1 —¢e)m.
Generally, by Proposition 2.13 (3), we have

1P, ) — 7l < (1 - o)l5) wnen.
O

4.4. Proof of Theorem 2.36. Prior to proving Theorem 2.31, let us first take a look
at Theorem 2.36 since we will need this results to establish Theorem 2.31.

Theorem 2.36. Consider a Markov chain on a state space X', having transition kernel
P. Suppose there is C C X, h : X x X — [1,00), a probability distribution v(-) on X,
a>1,n9 € N, and € > 0, such that the minorisation condition (2.7) and bivariate drift
condition (2.9). Define B,,, by (2.10). Then for any joint initial distribution £(X, X{),
and any integers 1 < j < k, if {X,,} and {X],} are two copies of the Markov chain started
in the joint initial distribution £(Xg, X{), then

[1£(Xk) = LX) < (1= e) + a™"(Ba, '~ E[R(Xo, Xg)].

In particular, by choosing j = |rk] for sufficiently small » > 0, we obtain an explicit,
quantitative convergence bound which goes to 0 exponentially quickly as & — oo.

Proof of Theorem 2.36. We first consider the case ng = 1 in the minorisation condition
for the small set C'. In this case, we write By, as B.
Let
Ni=#{m:0<m <k, (X, X)) eCxC},
and let 71, 79, ... be the times of the successive visits of {(X,, X))} to C x C. Then for
any integer 7 with 1 < j <k,

(4.12) P(X) # X}) = P(Xp £ X}, N1 = j) + P(Xp £ Xfy Ni1 < ).

Then, we are going to bound the probability that X,, and X, are unequal by bounding
the two terms on the right hand side of the above equation.

Notice that the event (X # X}, Ny—1 > j) implies that after at least j times entering
C x C before the k — 1-th step (including k — 1), the Markov chains have not successfully
coupled. This indicates, whenever the Markov chains enter C' x C' before the k — 1-the
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step, the chains are updated using (b) of condition 2 in the coupling construction. Hence,
we have

P(Xy # Xp, Noo1 > §) < (1—e).
For the second term in (4.12), let
My, = "B Ne1h (X, X))1( Xy # X}), k=0,1,...
(where N_; = 0). We want to prove {M}} is supermartingale.
Lemma 4.1. We have
E[Mji1|Xo, ... X, X)), ..., XL] < My,
i.e. {My} is a supermartingale.
Proof of Lemma 4.1. If (X, X)) ¢ C x C, then Nj, = Nj_;. It follows that
B{Me1|Xou- - X X0, X} = 0¥ BN El(Xp1, X ) LXKt # X)X X

Notice that 1(Xp1 # Xj, 1) < 1(Xg # X)) since Xpy1 # Xjyy for (X, X;) ¢ C x C
implies X}, # X;. We have

E[My11|X0, - Xiy X4y -, X3 < F BN Bl (X1, X70)1(Xg # X3) | Xk, X
= oM BTN B[R (Xp 1, X)Xk, Xg]L(X # X3)
E[h(Xk+l7X]/<;+1)|Xk7Xl,g]

= MkOé

< M,

by the bivariate drift condition (2.9).
If (Xj, X},) € C x C, then N = N1 + 1. If X3 = X}, we have M1 = My, =0 and
then the supermartingale inequality holds trivially. Assume X} # X, we have

E[Mps1|Xo, -, Xp, X0, -, Xi] = P BT A BA(X 1, X)) WXk 7 X)X, X
= o BNe1 T (1 — ) (Rh) (X, X7)
a(l — e)(Rh)(Xg, X3) |
h(Xy, X,)B ’

< Mj,

by the definition of B and the fact h(x,y) > 1.
Therefore, {M}.} is a supermartingale. O
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Since B > 1,

P(Xy # Xp Ne—1 < J) = P(Xp # X, N1 <5 — 1)
<P(X# X}, B~ N1 > B~UD)
= PO, £ XBNet = B0Y)

(by the Markov’s inequality) < BITIE[1(X) # X},) B~ Ne-1]

(h(z) > 1) < BIE[L(X, # X})B- N1 h(X, X))
(by defintion) = a FBITIE[M)]

(by Lemma 4.1) < a FBITIE[My)

(by defintion) = o *BITIE[h( Xy, X})]

Therefore, we have

P(X, # X/)
P(Xp # X}, Nno1 > j) + P(X,, # X, Np1 < )
(1—¢) +a "B 'E[h(Xo, Xp)],

1P (2, ) —7()
(by 4.12)

IN

IN

which prove Theorem 2.36 in the case where ng = 1.

Finally, we consider the case that ng > 1. In this case, we do not count the vis-
its to C' x C corresponding to the “filling in ” times for going back and constructing
Xn+1s- -+ Xngno—1 in condition 2 of the coupling construction. Instead, we define NVj
as the number of visits to C' x C, and 7; as the actual visit times, excluding any “filling
in” times. Moreover, replace Nj_; with Nj_,, in (4.12) and the definition of {M}}. Let
t(k) be the latest time smaller than k& which does not correspond to a “filling in” time.

Lemma 4.2. {M,;,} is a supermartingale, where M,y = ot (k) B=Ni(k)—ng h( Xk Xé(k))l(Xt(k) #
X/ 00).
t(k)

Proof of Lemma 4.2. If (Xt(k),Xg(k)) ¢ C x C, then N = Nj_,, and t(k) = k. In this
case, the proof follows exactly the same steps as in Lemma 4.1.
If (X, t(k ) ¢ C x C, we assume Xy # X (otherwise it is trivial). Then

Nik) = Ni(k)—no + 1 and the rest of the proof follows as in Lemma 4.1. H
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Since By, > 1,
P(Xy) # Xikys Niky—no < J) = P(Xa) 7# Xigrys Netk)—no <3 —1)

< P(Xyp) # X{gy By O > BLO7Y)

= P( (Xt (k) #X t (k) )BnoNt(k)ino > B_(j_l))
(by the Markov’s inequality) < B 'E[L(X) # X %)) Bno O "]

i —N, n

(h(w,y) > 1) < Bly 'Bl1(Xy) # X’ 1) Brg " R(X, X))
(by defintion) = o) Bl 1E[Mt(k)]
(by Lemma 4.1) < a_t(k)BzglE[Mg]
(by defintion) = a*t(k)BfglE[h(Xo, X))
Combining the above inequality with (4.12) gives Theorem 2.36. O

4.5. Proof of Theorem 2.31. The proof of Theorem 2.31 relies on the previous theo-
rem (Theorem 2.36). Let’s first recall 2.31:

Theorem 2.31. Consider a ¢-irreducible, aperiodic Markov chain with stationary dis-
tribution 7(-). Suppose that minorisation condition 2.7 is satisfied for some C C X
and € > 0 and probability measure v(-). Suppose further that the drift condition 2.8 is
satisfied for some constants 0 < A < 1 and b < oo, and a function V : X — [1, c0] with
V(X) < oo for at least one z € X (and hence for 7-a.e.) = € X. Then, the chain is
geometrically ergodic.

Proof of Theorem 2.31. We may assume WLOG that

(4.13) sup V(z) < oo
zeC

due to the following lemma:

Lemma 4.3. Given a small set C and drift function V satisfying (2.7) and (2.8), we
can find a small set Cy C C such that (2.7) and (2.8) still hold (with the same ng, € and
b, but with X replaced by some A\g < 1), and such that (4.13) also holds.

Proof of Lemma 4.3. Consider \ and b as defined in (2.8). Choose ¢ such that 0 < § <
1— X Set \p=1—-0 and K = ﬁ, then define Cy as follows:

Co=Cn{reXx :V(z)<K}

Since Cy C C, (2.7) continues to hold over Cy.
Then, we are going to check if (2.8) holds with C replaced by Cy and \ replaced by
No. For z € Cy, since § < 1 — X, we have

(PV)(x) < AV(x)+b<(1—=6)V(x)+b= NV (z)+0.
Similarly, for x ¢ C, we have

PV(z) < AV(x) < (1=90)V(z) =NV (x).
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Finally, we consider the case x € C\Cy. Since V(z) > K, we have
(PV)(z) <AV (z)+Db

=1-0)V(z)—(1-A=0)V(z)+b

<A=-9)V(x) —1—-A—=0)K+Db

=1 =0)V(x)

= AoV (z),
which shows the drift condition (2.8) holds with C replaced by Cp and A replaced by
Ao- O

(4.13) together with (2.8) implies

sup  Rh(z,y) < oo,
(z,y)eCxC
which also ensures that the quantity B, is finite.

Let h(z,y) = i[V(z) + V(y)] and d := inf ¢ V(z). Then, if d > % — 1, the
bivariate drift condition will hold by Proposition 2.35. In this case, applying Theorem
2.36 proves Theorem 2.31.

Ifd< % — 1, then the previous argument is not applicable. Our strategy involves

enlarging the set C' in a way that the updated value of d meets the condition d > % -1,
and then using aperiodicity to demonstrate that this modified C remains a small set,
i.e. satisfies (2.7) with possibly larger ny and smaller e. Then, applying Theorem 2.36
again proves Theorem 2.31.

To proceed, we choose any d > 25 — 1. Let S == {z € X : V(z) < d'} and
C' == CUS. Then, inf e V(z) > d > & — 1. Hence, by Proposition 2.35, the
bivariate drift condition hold. It remains to show that C” is a small set:

Lemma 4.4. C'is a small set.
To prove the above lemma, we need to introduce the concept of “petite set,” as follows:

Definition 4.5 (Petite Set). A subset C' C X is petite (or (ng, €, v)-petite), relative to
a Markov chain P, if there exists a positive integer ng, e > 0, and a probability measure
v(-) on X such that

no
> Pix,) = ev(:), zeC.
=1

A petite set allows states in C' to cover the minorisation measure ev(-) at different
times ¢, while a small set restricts states in C' to cover ev(-) at a single, specific time.
Obviously, any small set is petite. However, the opposite does not hold true in general
since a petite set does not rule out periodic behaviour of the chain. For example,
some of the states z € C cover ev(-) only at odd times, and other only at even times.
Nevertheless, we can establish the following lemma:

Lemma 4.6. For an aperiodic, ¢-irreducible Markov chain, all petite sets are small sets

The proof is provided in Appendix A.
With the help of Theorem 4.6, we can prove Lemma 4.4.
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Proof of Lemma 4.4. Choose N large enough that r == 1 — A\Nd’ > 0. Define 7¢ =
inf{n > 1: X,, € C} as the first return time to C, and let Z,, .= A"V (X,,) and W,, ==
Zmin(n,ro)- Then, the univariate drift condition implies that W, is a supermartingale;
indeed, if 7¢ < n, then

EWp41|Xo, X1,.... X, = ElZ .| X0, X1,.... Xy =Z;, =W,
while if 7 > n, then X,, ¢ C and the univariate drift condition gives
E[Wy41|Xo, X1, ..., Xp] = A" F(PV)(X,,)

< ANV (X)

="V (X,)

=W,.
Hence, for z € S, using Markov’s inequality and the fact that V' > 1,

P(rc > N|Xo = 2] = PO\ > XV Xy = 2)

(Markov’s inequality) < MVE\TC| Xy = 1]
V() > 1) < AWVEDOV (X)X = 1]
(by definition) = \VE[W,.| X, = 2]
(W), is a supermartingale) < \WVE[Wy|Xo = ]
=\Vv(x)
<\Vd'

It follows that
P(rc < N|Xg=1x)>r.
On the other hand, since C'is (ng, €, v(-))-small,
P™(xz,-) >ev(), VrxeC.

Then,
N+ng N+ng
Z Pz($a') > Z PZ('T7 )
=1 i=14ng
N
= ZPH‘”O(‘%’ )

Therefore, S U C is petite. Then, by Lemma 4.6, C' = S U C is small. O
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Since the minorisation condition and bivariate drift condition holds for C’, applying
Theorem 2.36 proves Theorem 2.31.
O

5. PROOF OF THEOREM 2.14

Theorem 2.14. Let X = {X1,...,} be a Markov chain on a state space X with count-
ably generated o-algebra G. If X is ¢-irreducible and aperiodic, and has a stationary
distribution 7 (-), then for m-a.e. z € X,

lim ||P"(z,-) —m()[| =0,

n—oo

where || - || is the total variation distance.
In particular, lim,,_, P"(z, A) = 7(A) for all measurable A C X.

By the previous proofs, we can see that the coupling construction is particularly
effective for handling small sets. However, the above theorem does not assume the
existence of any small set. As a result, we need the following result about the existence
of small sets:

Theorem 5.1. Every ¢-irreducible Markov chain, on a state space with countably gen-
erated o-algebra, contains a small set C' C X with ¢(C') > 0. (In fact, each B C X
with ¢(B) > 0 in turn contains a small set C' C B with ¢(C) > 0.) Furthermore, the
minorisation measure v(-) may be taken to satisfy v(C') > 0.

The key idea in proving Theorem 2.14 is to show that (X, X)) will hit C x C in-
finitely often, which means they will have infinitely many opportunities to couple, with
probability > € > 0 of coupling each time. As a result, they will eventually couple with
probability 1, which proves Theorem 2.14.

Proof of Theorem 2.14. Let us start by presenting the following lemma about return
probabilities:

Lemma 5.2. Consider a Markov chain on a state space X', having stationary distribution
7(+). Suppose that for some A C X, we have P, (74 < c0) > 0 for all z € X. Then for
m-almost everywhere z € X', P,(14 < o0) =1

Proof of Lemma 5.2. Suppose, for the sake of contradiction, that the stated conclusion
does not hold, i.e.

(5.14) 7({zx € X : Py(ra = 0) > 0}) > 0.

Then, we present the following claims (proved later):

Claim 1. Condition (5.14) implies that there are constants [,ly € N,§ > 0, and B C X
with 7(B) > 0, such that

P,(ta =o0,sup{k >1: Xy, € B} <l)>6, x¢€B.
Proof of Claim 1. By (5.14), we can find ¢; and a subset B; C X with 7(B;) > 0 such
that P,(74 < 00) < 1—0; for all z € By (Trivially, we can take {z € X : P,(74 = 00) >
0} as By).
On the other hand, given that P,(74 < c0) > 0 for all x € X', we can find [y € N, §,
and By C By, such that 7(B) > 0 and P (z, A) > & for all x € Bs.



GENERAL STATE SPACE MARKOV CHAINS 41

Let n == #{k > 1: Xy, € Ba}. Recall that for any x € By, we have P (74 = 00) <
1 — Plo(x, A) <1 — 65. This means, once the Markov chain enters the states within By,
the probability of the event {74 = oo} occurring becomes less than 1 — d9. If the chain
enters By for r times, the probability of {4 = co} happening would then be less than
(1 —42)7, i.e. for any r € N and € X, we have

Py(ta=o00,n=71)<(1—209)".
In particular,
P,(14 = 0c0,n=00) =0.
Hence, for z € By, we have
Py(ta=00,n<o0)=1—Py(ra=00,n=00) —Pr(t4a <o00)>1—-0—(1—01) = .

If n < oo, then sup{k > 1: Xy, € Ba} is finite. It follows that there is [ € N, 4 > 0, and
B C By with 7(B) > 0 such that

P,(t4 =oco,sup{k > 1: Xy, € B2} <) >0, VreB.
Finally, since B C Bs, we have
sup{k > 1: Xy, € Ba} > sup{k > 1: Xy, € B},
which gives the desired result
P,(74a =oco,sup{k >1: Xy, € B} <l) >0, x€B.
O

Claim 2. Let B,l,ly, and ¢ be as in Claim 1. Let L :=llp, and S := sup{k > 1: Xy €
B}, using the convention that S = —oo if the set {k > 1: Xy, € B} is empty. Then,
for all integers 1 < r < j,

/ T(d2)Po(S = 1, X1, & A) > 7(B)S.
zeX
Proof of Claim 2. We have

/meX m(dz)Po(S =7 X1 ¢ A) = /

xT

W(dm)/ Pz, dy)P,(S = —00, X(j_nyL & A)

eX yeEB

= / / 7(dx) Pt (z, dy)P, (S = —00, X(j_rr & A)
yeB JzeX

(By stationarity) = / m(dy)Py (S = —00, X(j_ryL ¢ A)
yeB
({sup{k > 1: Xy, € B} <1} C{S = —oo}, {Ta = 00} C{X(j_r)1 & A})
> / 7(dy)Py (14 = oo, sup{k > 1: Xy, € B} <)
yeB

(By Claim 1) > / m(dy)o
yeB

=7m(B)J
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With these two claims, we are ready to complete the proof of this lemma. By station-
arity, for any j € N, we have

T E: miaxr 'L.'ﬁ C
(4b) /M (dx) I (r, A°)

/ (da)P, (X1, ¢ A)
reX
j
> Z/w m(dzx)PL(S =7, X, ¢ A)

(by Claim 2) > ZJ:W(B)(S

For j > ﬁ, the above inequality gives ﬂ'(AE) > 1, which is impossible. This gives a

contradiction and proves Lemma 5.2. 0

Next, let us first take a small set C' as in Theorem 5.1. Returning to the coupling
construction (X,,Y,), consider the set G C X x X, which consists of pairs (z,y) for
which P, ,y(3n > 1: X, =Y,,) is satisfied. By the coupling construction, if (Xo, Xg) =
(z,X{) € G, then lim, ,,.P(X,, = X)) = 1. It follows from the coupling inequality
(4.11) that

lim ||P"(z,-) — ()] =0,
n—oo
which proves Theorem 2.14. It remains to show that
P((z, X)) €eG)=1, Vrmae z€X.

Let G, ={y € X: (z,y) € G} for z € X and G = {r € X : m(G,) = 1}. It suffices
to prove the following lemma:

Lemma 5.3. 7(G) = 1.

Proof. To begin, we are going to show that (7 x 7)(G) = 1. Since v(C) > 0, as proved
in Theorem 5.1, it follows from the minorisation condition and Lemma A.1 that, for
any (z,y) € X x X, the joint chain has a positive probability of eventually entering
C x C. According to Lemma 5.2, the joint chain will return to C' x C' with probability
1 for m-a.e. Once the joint chain reaches C' x C, then it will update from R, which is
absolutely continuous with respect to m x 7, if the joint chain is not coupled. Again, by
Lemma 5.2, the chain will return to C' x C' with probability 1. As a result, the chain will
repeatedly revisit C' x C' with probability 1, until such a time that X,, = X/. By the
coupling construction, each time of the joint chain being in C' x C' yields a probability
of at least € for X,, = X,. Consequently, we will eventually reach X,, = X thereby
showing that (7 x 7)(G) = 1.

Assume that 7(G) < 1. Then, since 7(G;) < 1 on @C,

(mx m)(E) = [ waoyr(ch = [

. m(dz)(1 — w(Gz) > 0,
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contradicting the fact that (7 x 7)(G) = 1.

6. CENTRAL LIMIT THEOREMS FOR MARKOV CHAINS

Let’s consider a Markov chain {X,,} on a state space X, which is ¢-irreducible and
aperiodic, and has a stationary distribution 7(-). We start the chain from stationarity,
i.e. Xy follows the distribution 7(-). Additionally, let A : X — R be a functional with a
finite stationary mean denoted as m(h) := [ _, h(x)m(dz).

Definition 6.1 (Central Limit Theorem). If there is some ¢ < co such that the nor-
malized sum n~2 S [h(X;) — m(h)] converges weakly to a N(0,0?) distribution, then
h is said to satisfy a Central Limit Theorem (CLT, or \/n-CLT).

We allow for the special case 02 = 0, corresponding to the constant 0.

Under the assumptions of reversibility or uniform integrability, we find that

" 2
(6.15) o2 = lim “E (Z[h(XQ—w(h)]) ,

n—oo N ¢
=1

and also 0 = 7Varg(h), where 7 := Y, _, Corr(h(Xy), h(X})) represents the integrated
autocorrelation time. In the reversible case, this is also related to spectral measures;
however, we will not discuss this topic in this paper. It is evident that o2 < oo requires
that Var,(h) < oo, i.e. m(h?) < c0.

These Central Limit Theorems (CLTs) play a crucial role in understanding the errors
originating from Monte Carlo estimation, making them an important topic of discussion
in the MCMC literature.

6.1. A Negative Result. In this subsection, we will illustrate that where CLTs might
not hold, even when 7(h?) < co. For example, Metropolis-Hastings algorithms with very
low acceptance probabilities can lead to 7 = oo, resulting in the failure of /n-CLTs. To
elaborate further, we will establish the following result:

Lemma 6.2. Consider a reversible Markov chain, beginning in its stationary distribution
7(+), and let r(x) == P(X 41 = X,|X,, = z). Then if

(6.16) lim nx([h — m(h)]*r") = oo,

n—oo

then a /n-CLT does not hold for A.
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Proof. We compute directly from (6.15) that

- )
(Z[h(Xi) - W(h)])
i=1

1
o? = lim —E
n—oo N

" 2
> lim 1B (Z[h(Xi) - w(h)]) 1(Xo= X1 = - = X»)
1=1

n—o00 N

= tim B [(nfh(X) - w(h)))?r(X0)"]

n—oo N

— lim © - n2B [(h(X0) — 7(h)2r(Xo)"]

n—oo N

= lim nr ([h — 7w (h)]*r")

n—00

(By (6.16)) =00
Therefore, a 1/n-CLT does not exist. 0

The next question to address is what conditions on the transitions of the Markov
chain, as well as on the functional h, ensure a /n-CLT for h.

6.2. Conditions Guaranteeing CLTs. In this subsection, we introduce several posi-
tive results about the existence of CLTs and some of these results will be proved in the
following subsections.

For i.i.d. samples, the classical theory ensures a CLT when the second moments are
finite. For uniformly ergodic chains, an identical result exists:

Theorem 6.3. If a Markov chain with stationary distribution 7(-) is uniformly ergodic,
then a /n-CLT holds for A whenever 7(h?) < oc.

Then, it is natural to consider the scenario where a chain is geometrically ergodic but
not uniformly ergodic. Interestingly, a similar result exists:

Theorem 6.4. If a Markov chain with stationary distribution 7(-) is geometrically
ergodic, then a \/n-CLT holds for h whenever m(|h|>*?) < oo for some § > 0.

The above result can be strengthened if the chain is reversible:

Theorem 6.5. If the Markov chain is geometrically ergodic and reversible, then a /n-
CLT holds for h whenever m(h?) < co.

It is worth pondering over the following open issue: Consider a Markov chain that is
geometrically ergodic, but not necessarily reversible. Let h : X — R where 7(h?) < oo.
Does a y/n-CLT always hold for A in this context?

To explore possible solutions for this open question, a promising starting point could
involve examining chains of the form P = P, P,, where each of P, and P» is reversible
with respect to 7(+), but P is not reversible. Showing that y/n-CLT’s must exist whenever
7(h?) < oo may gives interesting results.

On the other hand, demonstrating a counterexample would involve a Markov chain
that is geometrically ergodic but not reversible, and a functional A : X — R such that
7(h?) < oo but 7(|h|*T9) = oo for all § > 0, which does not have a /n-CLT.
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Olle Haggstrom has produced a counterexample showing that the answer is no in
general; see [H&05] for details.

If P is reversible, then as demonstrated in the following theorem, the only requirement
for the establishment of a y/n-CLT is the finiteness of o

Theorem 6.6. For a ¢-irreducible and aperiodic Markov chain which is reversible, a
v/n-CLT holds for h whenever o2 < oo, where o2 is given by (6.15).

In a different direction, we have the following:

Theorem 6.7. Suppose a Markov chain is geometrically ergodic, satisfying the univari-
ate drift condition (2.8) for some V : X — [1,00] which is finite m-a.e. Let h : X — R
with h? < KV for some K < co. Then a /n-CLT holds for h.

Before we proceed with the proofs of the previously mentioned results, let us consider
the following propositions, which could have practical significance.

Proposition 6.8. The above CLT results (Theorem 6.3 - Theorem6.7) all remain true if
instead of beginning with Xy ~ 7(-), as above, we begin with Xy = z, for m-a.e. x € X.

Proof. The assumptions of the above CLT results all indicate that the chain is ¢-
irreducible and aperiodic, with stationary distribution 7(-). Hence, by Theorem 2.14,
the chain converges to 7(-) from m-a.e. x € X. Fix such an x € X and an arbitrary
€ > 0. There exists some m € N such that

IP™(@, )~ 7()| < e Vn>m.

Then, by Proposition 2.13 (7), we can jointly construct copies {X,} and {X]} of the
Markov chain, starting from X = = and X{, ~ 7(-), such that

P(X, =X, ,Yn>m)>1—|P"(z,")—7(")| >1-e
Therefore, for any A C X,

P (né SIh(X) —7(h)] € A> -P (né > (X)) —w(h)] € A>

i=1 i=1

lim sup
n—oo

= lim sup
n—oo

P (mé zn:[h(xi) —m(h)] € A, X, = X;> +P (n‘% zn:[h(Xi) —n(h)] € A, X, # Xé)

=1 i=1

~P <n—% f:[h(xg) —n(h)] € A, X, = X@) ~P <n—% i:[h(xg) —n(h)] € A, X, # X,g) |

=1
<limsup |P (mé zn:[h(Xi) —n(h)] € A, X, # X,Q) - P <n-% i[h(X{) —n(h)] € A, X, # X;> ‘
n—00 i=1 =1
<1-P(X,=X,,Yn>m)
<1-—(1—c¢)

—€
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Since € > 0 is arbitrary, and P (nfé S h(X)) — w(h)]) converges weakly to N (0, 0?)

by the previous CLT results, we have P <n7% Yo [h(XG) — w(h)]), which starts from
x € X, also follows \/n-CLTs. O

Proposition 6.9. Theorem 6.3 and Theorem 6.4 remain true if the chain is periodic of
period d > 2, provided that the d-step chain P’ = P%y, (as in the proof of Corollary
2.18) has all the other properties required of P in the original result (i.e. ¢-irreducibility,
and uniform or geometric ergodicity), and that the function h still satisfies the same
moment condition.

Proof. Recall the proof of Corollary 2.18, let P be the d-step chain defined on & x...x X,
and h(zg, ..., xq_1) = h(xg)+- - -+h(xg_1). Clearly, As in the proof of Corollary 2.18, let
P be the d-step chain defined on X; x...x Xy and h(zo, ..., 24 1) = h(xg)+---+h(xg_1).
Then P inherits the irreducibility and ergodicity properties of P’:

e Irreducibility: Since P’ is irreducible, there exists a o-finite measure ¢ on X
such that for all A C X with ¢(A) > 0, and for all z € X, there exists a
positive integer n = n(x, A) such that (P')"(x,A) > 0. Then, consider the
measure ¢ = ¢ X (¢P) x --- x (¢PI71). If Ay x --- x Ag C Xy x --- x Ay
G(A1 x --- x Ag) > 0, then ¢(A1) > 0,(¢P)(As) > 0,...,(pP*1)(Ay) > 0. Tt
follows from the ¢-irreducibility of P’ that there exists m € N such that

(P)*((z1,. .., 2a), A1 X -+ X Ag) > 0.
e Ergodicity: By [RR01b] Theorem 1, since P’ is de-initializing for P, we have

IP((21, ... 2a), ") = 7C) < 1P (), 7 ()]l
Then, ergodicity follows.
Then, Applying Theorem 6.3 or 6.4 establishes a CLT for P and h, which implies a CLT
for P and h.
O

Remark 6.10. In particular, for any irreducible (or indecomposible) Markov chain
on a finite space (then it is uniformly ergodic), we can deduce from Theorem 6.3 and
Proposition 6.9 that a v/n-CLT is always valid since 7(h?) is always finite.

6.3. CLT Proofs using the Poisson Equation. In this subsection, we will prove
some of the previously mentioned results using the Poisson euqation. We will start by
introducing a version of the martingale central limit theorem, a theorem widely covered
in standard textbooks.

Theorem 6.11. Let {Z,} be a stationary ergodic sequence, with E[Z,|Z1,...,Z,—1] =
0 and E[(Z,,)?] < co. Then, n2 S | Z; converges weakly to N(0,02) distribution for
some o2 < oo.

To make use of Theorem 6.11, consider the Poisson equation h — w(h) = g — Pg. A
useful result is the following:

Theorem 6.12. Let P be a transition kernel for an aperiodic, ¢-irreducible Markov
chain on a state space X, having stationary distribution 7(-), with Xo ~ 7(:). Let
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h : X — R with 7(h?) < oo, and suppose there exists g : X — R with 7(g?) < oo
which solves the Poisson equation, i.e. such that h — w(h) = g — Pg. Then h satisfies a

V/n-CLT.

Proof. Let Z,, = g(X,) — Pg(X,—1). Then, since the Markov chain starts from the
stationary distribution, we have X, ~ 7(-) and {Z,} is stationary. Additionally, {Zyn
inherits irreducibility and aperiodicity from {X,}. It follows from Theorem 2.14 that
the Markov chain converges asymptotically, which implies {Z,,} is ergodic. We notice
that

Elg(X,) — Pg(Xn-1)|X0, .., Xn-1] = E[g(Xy)|Xn-1] — Pg(Xn-1)
= Pg(Xn-1) — Pg(Xn-1)
=0.

Since Z1,...,Zp—1 € 0(Xo,...,Xn—1), we have
E:[Z,|Z1,...,Zn-1)] = E[g(Xy) — Pg(Xp-1)| X0, ..., Xpn—1] = 0.
Then, by Theorem 6.11, n-: S | Z; converges to N(0,0?). Moreover,

(by the Poisson equation)

n

n~2 Y [h(X;) —w(h)] = n"

i=1 i=1

=
(-
=)
N
s
SN—r
|

e
Q
~—
s
=

—n3 Z[g(Xi) — Pg(X;1)] + n~2Pg(Xo) — n"7 Pg(X,)

:nfézn:zi-f—n*

D=

Pg(Xo) — n"2 Pg(Xy).

Since nféPg(Xo) and 'rf%Pg(Xn) converge to zero in probability as n — oo and
ne S | Z; converges weakly to N (0, 0?), we have built an /n-CLT for h, i.e. nz S [h(Xs)—
7(h)] converges weakly to N(0,02). O

Corollary 6.13. Let P be a transition kernel for an aperiodic, ¢-irreducible Markov
chain on a state space X, having stationary distribution 7(-), with Xo ~ 7(:). Let
h: X — R with 7(h?) < co. If Y22 /7 ((PF[h — m(Rh)])2) < oo, then h satisfies a
/n-CLT.

Proof. Let g(z) := Y72 gx(x), and

gu(x) = P*h(z) — w(h) = P*[h — n(h))(z),
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where by convention P°h(z) = h(z). By direct computation, we have

(- Po)(a) = > gu(2) = 3 Poi(x)
k=0 k=0

——
=m(h)

= gk(z) =Y P""'h(z) — Pr(h)
k=0 k=0

= ng(iﬂ) - ngﬂ(l‘)
k=0 k=0

= g0()
= P°h(x) — w(h)
— h(z) — n(h),

and the Poisson equation is satisfied. Then, we are going to show that 7(g?) < co. Since
the L?(7) norm satisfies the triangle inequality,

V@) = = (Z gk> <3y /7(g) = 32 7 (P — w(R))?) < oc.
k=0 k=0

k=0

It follows from Theorem 6.12 that h satisfies a \/n-CLT. O

In the rest of this subsection, we will provide the proofs for Theorem 6.5 and Theorem
6.7.

Theorem 6.5. If the Markov chain is geometrically ergodic and reversible, then a /n-
CLT holds for h whenever m(h?) < occ.

Proof of Theorem 6.5. Consider the usual L?(7) operator norm for P, which is

2
Pl = sw w((PH?) = s [ ( f(y)P(a:,dw) n(dz).
w(f)=0 w(f)=0 JzeXx yeX
m(f2)=1 (f?)=1

It is shown in Theorem 2 of [RR97] that reversible chains are geometrically ergodic if
and only if they satisfy

[ Pllp2(xy < 1.
It follows that there is 8 < 1 such that
©((Pf)%) < B%n(f%), Vf with n(f) =0 and 7(f?) < oo.
Furthermore, since reversibility implies self-adjointness of P in L?(7), we have
1P¥|| L2y = HPH]E%T)-
By the above inequality and equality, we have

m((P*£)?) < B 7(f?).
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Let g = P*h — 7(h) as in the proof of Corollary 6.13. Then, since m(g) = 0 and
7(g%) < oo, we have

m((gr)?) < B 7 ((h — 7 (h))?).
It follows that

> \V7g7) < > \/B”“ﬂ((h —n(h)2) = Va((h—n(0)?) Y s = W((fll = 7;(71))2) -
k=0 k=0 k=0

Therefore, the result follows from Corollary 2.18. g

Theorem 6.7. Suppose a Markov chain is geometrically ergodic, satisfying the univari-
ate drift condition (2.8) for some V : X — [1, 00] which is finite m-a.e. Let h: X — R
with h2 < KV for some K < co. Then a 1/n-CLT holds for h.

Proof of Theorem 6.7. Proposition 1 in [RR97] builds the equivalence between geometric
ergodicity and V-uniformly ergodic. This equivalence implies that there is C' < oo and
p < 1 such that for z € X and |f| <V,

[P"f(z) —7(f)| < CV(x)p".
Let gr = P¥[h — n(h)] as in the proof of Corollary 6.13. By the Cauchy-Schwartz
inequality,
(9x)* = (P*[h = x(R)])* < P*([h —n(h)]?).

6.4. Proof of Theorem 6.4.

Theorem 6.4. If a Markov chain with stationary distribution m(-) is geometrically
ergodic, then a 1/n-CLT holds for A whenever 7(|h|?*%) < oo for some § > 0.

In this subsection, we will use regeneration theory to to provide a relatively straight-
forward proof of Theorem 6.4.

Th regeneration construction is very similar to the coupling construction, except now
just for a single chain {X,,}. A small set is still crucial, as in the coupling construction.
An important fact we will leverage is the equivalence of the minorization condition
(2.7) and the univariate drift condition (2.8) with geometric ergodicity (also equivalent
to V-uniform ergodicity); this fact follows form Theorem 15.0.1, Theorem 16.0.1, and
Theorem 14.3.7 of [MT93], and Proposition 1 of [RR04].

The regeneration construction is given as follows:

Begin with Xy = = where z € X, and set n = 0. Then, repeat the following loop
forever.

Beginning of the loop. Given X,

(1) If X,, € C, then:
(a) With probability €, choose Xy 4, ~ v(+);
(b) Else, with probability 1 — €, choose

Xn-‘,—no ~ R(Xna )

In the case ng > 1, for completeness, we go back and construct X,, +
1,..., Xnyny—1 from their correct conditional distributions given Xy and
Xntng-
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Replace n by n + ng.
(2) Else, choose X, 41 ~ P(X,,-).
Then return to the beginning of the loop.

Consider the regeneration times Th,T5, ..., which are the moments when X7, ~ v(-)
as in Condition 1 of the regeneration construction.

Thus, the regeneration times occur with probability e precisely ng iterations after each
time the chain enters C' (not counting those entries of C' which are within ng of a previous
regeneration attempt). Obviously, provided the chain enters C, the regeneration times
occur with probability € precisely ng iterations (excluding those entries of C' which are
within the “filling in” times for going back and constructing X, 11, ..., Xyin,)-

We can break sums > ;[h(X;) — m(h)] into sums of independent and identically dis-
tributed (i.i.d.) “tours”. Indeed, take the random variables Y; := (Xr,, X1, 41, .., X1;,,-1)
as a complete tour; it is not hard to see that Y7, Ys, ... begin from the same fixed distri-
bution v(-) and are i.i.d. Let Ty = 0, and let r(n) :=sup{i > 0: T; < n}. We can break
the sum as

(6.17) > [h(Xi) = w(h)] = [h(X;) — w(h)] + E(n),
i=1 j=1 i=T;

where E(n) = Xo+ -+ X1 + X7,y T+ Xy Is an error term which collects
the terms corresponding to the first tour Xo,..., X7,_1 and the incomplete final tour
X1,y 415 X

By the elementary renewal theory,

r(n)

—— — en(C) in probability.
n

If each sum has finite second moment and the error term is bounded in probability, we
can apply classic central limit theorem and then prove Theorem 6.4.

Lemma 6.14. E(n) is Oy(1) as n — oo.

Proof. Geometric ergodicity implies (as in the proof of Lemma 4.6) exponential tails on
the return times to C, i.e. there exists N € N such that

P(rc > n|Xo=2) < \"V(z), Vn>N.
It then follows that
(6.18) E.[81] < 0o, and E[pL+71] < 0.

By the above inequalities, standard renewal theory ensures that E(n) has limiting distri-
bution as n — co. Hence, E(n) is Op(1) as n — oo and can be neglected when multiplied

by n"z. O

Since each tour starts from the distribution v(-), the finiteness of second moments of
each term in (6.17) can be concluded by the following lemma:

Lemma 6.15. [ . v(dz)E [(Zzﬂlol[h(Xi - 7T(h)])2 ’Xo = $] < o00.
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Proof. Note that

(By stationarity) m(-) = /g:e;\f mw(dz)P(z,-)
(C c Xx) 2/ m(dz)P(z,)
zeC
(C is small) > (Cev(-).
It follows that
m(dx)
v(de) < Jiae
and then
T -1 2
/ (dz)E ( h(X:) — w(h)]) % ==
TEX =0

S/ W(dI)E
zeX I/(C)E
It suffices to prove that the right hand side is finite, which is equivalent to prove
Ti—1 2
[ 2| (e -] o=
zeX

i=0
For notational simplicity, set H; = h(X;) — w(h). We have

Ti-1 2 o 2
<Z[h(Xi)—7r(h)]> - (Z L, H) _
1=0

i=1

m(dr) < 0.

Then, by Cauchy-Schwartz inequality E[AB] < \/E[A?|E[B?],

T —1 2 00 2
<Z [h(X;) — W(h)]) ] = E; [(Z 1i<T1Hi) ]
i=1 i=0

= Z > Er[(Licr, Hi) (1<, Hy))]

Ex

<SS VB (Liar Ho) B (1, By

=0 =0

0o 2
619 . (z E, [1Z-<T1H31>
=1
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Letp:1+§ andq:1+g. Wehavepq=2+%+g=p+q=>%+%:1- Then, by
Holder’s inequality,
1 1
(620) Ew[li<T1Hi2] S E?T[]-’i<T1] pEW[’Hin] 1.

Since Xg ~ 7(+), Ex[|H;|?] is a constant, independent of i, say K = E[|H;|?]. Addi-
tionally, K < oo since 7(|h|**?) < cc.
Then, we again take a look at (6.18). By Markov’s inequality,

(6.21) E(locicn,] < Ex[lgn o] < B7'Eq[8"].
Combining (6.19) and (6.20) gives

-1 2
E, (2 (h(X,) - w(hn)
i=0

IA
VRS
[]e
<
=
3
=
i
N
=i-
=
il
=
K
Q=
N

(by (6.21)) <

(since Bﬁ > 1) =
(by (6.18) and finiteness of K) < 0

7. OPTIMAL SCALING AND WEAK CONVERGENCE

In this section, we will provide a brief overview of another application of probability
theory to MCMC, known as the optimal scaling problem. However, we will only give an
introduction and not delve into extensive details here.

Sometimes, the Metropolis-Hastings algorithms might be very inefficient, i.e. it will
take too many iterations to reach the target distribution.

Let m, : R? — [0,00) be a continuous d-dimensional density (d large). Consider
running a random walk Metropolis algorithm for 7, with proposal distribution given by
Q(z,-) = N(z,0%I;). The acceptance probability simplifies to

alz,y) = min{l, Tu(y) }

7u ()
We are interested in the following question: How do we determine the appropriate
value for o?
If 02 is chosen to be too small, then the proposal Y, generated from X, will be

very close to X,,. Due to continuity, ;I‘Ezg will be relatively large, resulting in a high

acceptance probability. Consequently, the next state X,,41 will either be very closed to
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X, (accept Xp41 = Yni1), or stay at X, (reject, and set X,,11 = X,;). Therefore, the
chain will moves very slowly, leading to very poor performance.

On the other hand, if o2 is chosen to be too large, then the generated proposal Y;, 41
will often be far from the current state X,,. This can be advantageous since accepting
such a big jump would pushes the Markov chain forward. However, again by continuity,
the acceptance probability will be quite low. Hence, unless the chain happens to be very
“lucky”, most of these large-step proposals will be rejected, causing the chain becoming
“trapped” in the same state for long periods of time. This scenario would also result in
poor performance.

Therefore, we aim to pick values that satisfy a Goldilocks Principle: ¢ should be “just
right”, neither too small nor too large.

To prove theorems about this, assume for now that

d

(7.22) mu(x) = [ [ f (@),

i=1

i.e. that the density m, can be factored into i.i.d. components, each with (smooth)
density f. Although this assumption is quite restrictive and not practically useful,
as it would allow each coordinate to be simulated independently, it does provide a
framework for developing interesting theoretical insights. Also, assume that chain begins
in stationarity, i.e. that Xo ~ m(-).

7.1. The Random Walk Metropolis (RWM) Case. Define I := E[((log f(Z))")?]

where Z ~ f(z)dz. In this subsection, we will provide a brief overview of how to show

2
that under the assumption (7.22), as the dimension d — oo, choosing 02 =~ (2';’5)

becomes optimal. This choice results in an approximate asymptotic acceptance rate of
0.234.

We set 02 = %, where | > 0 is to be determined later. Let {X,} denote the Markov
chain generated by the random walk Metropolis algorithm for 7(-) on R¢ with proposal
distribution Q(z,-) = N(x,021;). Additionally, let {N(¢)};>0 be an Poisson process
with rate d which is independent of {X,,}. Finally, let

7%= Xy 120,
where X(1) denotes the first component of a multidimensional random variable. Obvi-
ously, {Z@},>¢ follows the first component of { X}, }, with time speeded up by the Poisson
process {N(t) }+>0.
It is proved in [GGR97] that as d — oo, the process {Z{};>0 converges weakly to a
diffusion process {Z;}+>0, which satisfies the following stochastic differential equation:

1
dZ, = h(l)2dB; + SOV logm,(Z)dt.

where

h(l) = 20°® (@)
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32
corresponds to the speed of the limiting diffusion, and ®(z) = \/% ffoo e~ 2 ds is the

cumulative distribution function of N(0,1).

In the paper [GGR97], the authors argue that as d — oo, the optimal choice for [ is
the value that maximizes the speed function h(l). Through straightforward calculations,
we find that the derivative of h(l) with respect to [ is given by:

VIl
d 41 T2 2 12 ik
—h(l) = —— e 2ds — ——VIe 5.
dl © V2T J s V2
Setting this expression equal to zero yields two solutions: [ = 0 and [ ~ %. It turns

out the value [ ~ % that maximizes the aforementioned speed function and results in

optimally fast mixing. It is also proved in [GGR97] that the expected acceptance rate
Aq(l) = / / Ta(x)o(x, y)q(x, y)dxdy
Re JRd

of the random walk Metropolis algorithm in d dimensions converges to A(l) = 2® (* @) .

Plug | = % into A(l), we have A(l) ~ 0.234, which gives the optimal asymptotic ac-

ceptance rate.

7.2. The Langevin Algorithm Case. Let J = E {5((1"“ (Z)")3(llog / (Z))")T where
again Z ~ f(z)dz. In this subsection, we will provide a brief overview of how to show
2
(0.%251)
J2d3
becomes optimal. This choice results in an approximate asymptotic acceptance rate of
0.574.
We set 0% = ;—i, where [ > 0 is to be determined later. Let {X,,} denote the Markov
3

that under the assumption (7.22), as the dimension d — oo, choosing 02 =~

chain generated by the Langevin Algorithm for 7(-) on R? with proposal distribution
Q(z,-) = N(z+ %ZVlog 7o (), 0%14). Additionally, let {N(¢)};>0 be an Poisson process
with rate d3 which is independent of {X,,}. Finally, let

74 = x{)

N(t)’ t Z 07

where X1 denotes the first component of a multidimensional random variable. Obvi-
ously, {Z¢};>¢ follows the first component of { X,,}, with time speeded up by the Poisson
process {N(t) }+>0.

It is proved in [RR02] that as d — oo, the process {Zf};>o converges weakly to a
diffusion process {Z;}+>0, which satisfies the following stochastic differential equation:

1
dZ, = g(1)2dB; + 590V logm,(Z,)dt,

where
g(l) = 21°®(—J1%)

corresponds to the speed of the limiting diffusion.
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It can be shown that the value of | which maximizes the speed function g(l) gives an
optimal choice for [ in the Langevin Algorithm. By direct computation, we find that the
derivative of g(I) with respect to [ is given by:

d ar [P 2 6Jit
—g(l) = — e~ Tds — ——e 270",
dl V2T ) V2T
Setting this expression equal to zero yields two solutions: [ = 0 and [ ~ 0'5275. It turns

out the value [ ~ 0%5 that maximizes the aforementioned speed function and results in

optimally fast mixing. It is also proved in [RR02] that the expected acceptance rate of
the Langevin algorithm in d dimensions converges to A(l) = 2® (—J l3). Plug | = 0'\3%5
into A(l), we have A(l) ~ 0.574, which gives the optimal asymptotic acceptance rate.

7.3. Discussion of Optimal Scaling. The above result offers a straightforward guide-
line for tuning the RWM and the Langevin algorithm under the assumption (7.22): adjust
the proposal scaling to achieve an acceptance rate close to the optimal asymptotic rate
(0.234 for RWM, 0.574 for Langevin). Applying these results in practice is actually quite
simple, as computers can easily track the acceptance rate the the algorithm, allowing
users to adjust o2 accordingly to achieve the desired acceptance rates. Furthermore,
adaptive MCMC algorithms, which speed up the efficiency, have been widely used in
recent times. That is, at each iteration, we allow MCMC algorithms to update the pro-
posal distribution Q(z,-) according to specific rules, so that the optimal algorithm can
be learnt. However, since adaptive MCMC algorithms violate the Markov property, they
in general do not converge to the target distribution. Hence, adaptive MCMC algorithms
should be carefully implemented to ensure stationarity; see for example [GRS98].

The above results also shed light on the computational complexity of these algorithms.
To elaborate, we have o2 = % and thus the efficiency of RWM algorithms scales like
d~1; it follows that its computational complexity is O(d). Similarly, for the Langevin
algorithms, we have 02 = @ and thus its computational complexity is O(d%)7 imply-

ing that the Langevin algogfthms are more efficient than RWM algorithms in terms of
computational complexity.

It is worth highlighting that achieving an acceptance rate of exactly 0.234 (or 0.574)
isn’t essential for achieving good efficiency; a fairly close value is enough. Additionally,
in practice, we don’t need a very large dimensions in order to approach the asymptotic
behaviour; in fact, even in dimensions as small as 5 or 10, the value of 0.234 (or 0.574)
is close to being optimal. One can refer to the review article [RR01a] for further details.

The results presented above are established under the strong assumption 7.22. Numer-
ous researchers have attempted to relax and generalize this assumption. For example,
the optimal-scaling results are extended to inhomogeneously-scaled components of the
form m,(x) = Hle C;f(C;z;), [Rob98] in [RRO1a], to discrete hypercubes in [Rob98],
to finite-range homogeneous Markov random fields in [BROO0]; in particular, the opti-
mal acceptance rate remains 0.234 (under appropriate assumptions) in all of these three
scenarios. On the other hand, if the chain starts far out in the tails of the stationary
distribution 7(-), instead of Xy ~ 7(+), we will encounter some surprising behaviours; see
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[CRRO5] for details. The true level of generality of these optimal scaling results remains
an open problem.

APPENDIX A. PROOF OF LEMMA 4.6
Lemma 4.6. For an aperiodic, ¢-irreducible Markov chain, all petite sets are small.
To prove this, we require a lemma related to aperiodicity

Lemma A.1. Consider an aperiodic Markov chain on a state space X, with stationary
distribution 7(-). Let v(-) be any probability measure on X. Assume that v(-) <
7(-), and that for all x € X, there is n = n(z) € N and § = §(z) > 0 such that
P"(x,-) > dv(-) (for example, this always holds if v(-) is a minorisation measure for
a small or petite set which is reachable from all states). Let 7' :== {n > 1 : 36, >
0s.t. [v(z)P"(z,-) > ,v(-)}, and assume that T is non-empty. Then there is n, € N
with T D {n.,n. + 1,n. + 2,...}.

Proof. Since P™®)(z,.) > §(z)v(-) for all z € X, T is non-empty. If n,m € T, we have
[ vty = [ [ vdoP P,
zeX zeX JyeX

(since n € T') > / S (dy)P™ (y, -)
yeX
(since m € T') > 0nOmv(+).

Therefore, if n,m € T, n+m € T. Then, we are going to show that ged(7') = 1 by
contradiction. Suppose to the contrary that ged(7T') = d > 1. For 1 <i < d, define

X; = {x €X:3eNandd>0st. P4 > 61/(-)}.

Since P™(z,-) > 6v(-) holds for any z € X, it follows from the assumption that U;izl X =
X. Set
S = U(Xi N X;)
i#]
and
S=SU{re€X:ImeNst P™xS) >0}

We can see that S is the union of common areas shared by at least two X;’s and S is
the set of all elements in X which can reach S. Let X! := X;\S. X/’s are by definition
disjoint. We note that for z € X/, P(x,S) = 0; hence, P(z,|J; X]) = 1 — P(z,S) = 1.
In fact, for z € &,

P(w,XZI+1) — 1, lf'l < d7
and

Pz, X)) =1, ifi=ad.
Indeed, suppose z € &} for i < d, and P(z,X]) > 0 for some j # i + 1. Then, by
definition, there exists [ € N and ¢ > 0 such that

P73 (z,) > du().
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It follows that

pld—(j—l)(x, D> / P(z, dy)Pld_j(y, )
yeX!

> / i)

= P(z, Xj)ov()
(Let ¢' = P(x, X[)d > 0) =§v(-).
Hence, z € X_;. However, X] ; and X] are d15301nt contradiction.
We claim that for all m > O vP™(X;N &) = [, v(dz)P™(x,X; N X;) = 0 whenever
i # j. Indeed, if vP™(X; N &) > 0, then there would be S"c X, li,lpeNand § >0

such that for all z € 5/, ‘

Pho () > ow()
and A

PRI () > 6 ().
This implies liyd—i+m € T and lad— j+m € T, contradicting the fact that ged(T') = d.
Setting m = 0 gives v(&; N &;) = 0 for ¢ # j and setting m > 0 gives v({x € X : m €
N s.t. P™(z,S) > év(-)}) = 0. Then, by subadditivity of measures, we have

v(8) <Y vXinX) +v({xeX:meNst P™(x,8) > 6v()}) =0.

it
d d B
v (U X{) =v (U Xi> —v(S)=vX)=1.

It follows that
i=1 i=1

Additionally, since v < m, we have 7 (Ule X! ) > 0. Since X7, ..., X, have positive

m-measure, the Markov chain is periodic with periodic decomposition X1, ..., X/. This
contradicts the the assumption of aperiodicity. Therefore, ged(T) = 1. By [Bil95]
p.541 (A numer theoretic fact), we can conclude that there is n. € N such that 7" D
{ns,ns + 1,n, +2,...} as desired. O

Then, we are ready for the proof of Lemma 4.6.

Proof. Suppose that R is a (ng, €, v(+))-petite set. Then,
Z Pi(z,-) >ev(-), Yz €R.

Let T be as in Lemma A.1. Slnce
no

; /:ceX v(dz)P'(z,") 2 ev(:), VzeR.

Hence, there is at least one 1 < i < ng satisfying

/ v(dx)P(z,-) > ev(-), V€ R,
TEX
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which implies 7" is not empty. By Lemma A.1, there is n, € N such that for all n > n,,
there exists d,, > 0 satisfying

/ v(dx)P"(x,-) > v (+).
TEX

Let r := min {0, : n. <n <n,+mng— 1}, and set N = n, + ng. Then, for z € R,

PN(z,) > Z/ PNz, dy)P'(y,")
> Z / v(dy)P'(y.-)
=1 JvE
> / rv(dy)ev(-) = rev(-).
yER
Therefore, R is (N, re, v(-)-small. O
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