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1 Setup

Setup: X is a nonempty set and F is a o-field on X.

Definition (Markov Kernel). Given a nonempty set X, and a o -field F on X, a
Markov kernel is a function P : X x F — [0, 1] such that

1. VE € F, P(-, E) is measurable, and
2. Vx € X, P(x,-) is a probability measure on (X, F).

Definition (Stationary Measure/Distribution). Given a measure space (X, F) and
a Markov kernel P on that space, a probability measure m : F — [0,00) is a
stationary measure or P is stationary with respect to 7w, if VE € F,

/ex P(z, E)r(dx) = n(F).

Definition (Markov Operator). Given a measure space (X, F) and a Markov
kernel P : X x F — [0, 1] with stationary distribution © : F — [0, 1], we define the
Markov Operator to be the function P : L*(m) — L*(m) such that Vf € L*(r),

P () = /X f@)P(e.dy),  VreX.

We denote R := [~o0, 0o] and C similarly.

Theorem 1. For any f € L*(w), the Markov Operator evaluated at f, Pf, is
(F,Bg) -measureable (equivalently (F,Bg) -measureable).

Proof. As f € L*(w), f is measureable and thus the integral [ f(y)P(x,dy) is
well-defined for every fixed € X (note that we haven’t shown it is finite).



Notice that for every z € X, as

/X F(0)Pla. dy) = /X 1 () P, dy) - /X I~ () Pz, dy),

where f* and f~ are the positive and negative parts of f, respectively, if
[ fH(y)P(-,dy) and [ f~(y)P(-,dy) are measureable, so is [ f(y)P(-,dy) = Pf.
So we can assume without loss of generality that f is nonnegative. (A similar
argument can be given for complex functions to only consider a positive real part).
As f : X — R is measureable, there exists a sequence of simple functions
{bn}nen, such that 0 < |¢1] < |po| < -+ < |f|, and ¢,, — f pointwise (Theorem
2.10, [2]). As f is nonnegative, we can assume 0 < ¢ < ¢g < -+ < f. As these
are simple finctions, they have the form

Np,
on=1 g, {G}CR, {EJ}CF, N,eN, Vn € N,

i=1
by definition. For every n € N, let F}, : X — R such that
Fo(x) = ({P(x,EY), ..., cy Pz, Ey,),0,...), Vo e X,

and let G : R¥ — R such that G(zy,2q,...) = > .~ x;, for every (z1,29,...) €
R¥. As P(-,F) is measureable for every E € F, ¢} P(-, E') is measurebale for
every ¢ € {1,...,N,} for every n € N. Thus F,, is measureable for every n by
Proposition 2.4 of [2].

As G is continuous, it is also measureable (Corollary 2.2, [2]). So, G o F},
X — R is measureable for every n. Furthermore,

(GoFy) ZC”P:EE” /gbn P(z,dy), xr € X.

As {¢,} and f are nonnegative, ¢,, < ¢,,41 for every n € N, and ¢,, — f pointwise,
by the Monotone Convergence Theorem (Theorem 2.14, [2]),

n—oo

/f (x,dy) = lim | ¢,(y)P(x,dy) = lim (G o F,,)(x), Vo e X.
n—o0

Thus as G o F), is measureable for every n, Pf is also measureable (Proposition

2.7, [2]). O

NOTE: The above works for any (F, Bg) -measureable (equivalently (F, Bg)
-measureable) f.



Theorem 2. If P is a Markov kernel with stationary distribution 7, if f € L' (),
then m7(Pf) = n(f), i.e. E;: L'Y(7) — R (the expectation functional with respect
to ) is invariant under P.

Proof. Let f € L*(w). Then

E.(Pf) = / P f(2)n(dz)

/xex [ )Pt dyyr(a

= /ex f(y) /ex P(z,dy)m(dz)  (Fubini’s Theorem 2.37 in [2])

— f(y)m(dy) (as P is stationary wrt )
yeX

= Eﬂ(f)
]

Theorem 3. If P is a Markov kernel with stationary distribution w, then for every

f e L*(n), Pfe L*n).

Proof. This is just the case r = 2 in Lemma 1 from [4]. Following their proof,

1Py = / P f(a)|Pr(dr)

/zEX / f x dy)

< / . ( / F ()| Pz, dy))2 (dx) (Triangle Tnequality)

m(dz)

/ / |f(y)|2P(z, dy)m(dx) (Jensen’s Inequality)

zeX JyeX

= / |f())? / P(z,dy)m(dz) (Fubini’s Theorem)
yeX zeX

= / | (y) 7 (dy) (as P is stationary wrt 7)
yeX

T

< 0. (as f € L*(n))

]



2 Functional Analysis

Definition (Hilbert Spaces). A Hilbert space H is a linear space over R or C that
s complete with respect to the norm generated by an inner product defined on H.

For the rest of this section, we assume H to be a Hilbert space, and the map
fxgr(f,g) from Hx H — C to be the inner product defined on H, such that
H is complete with respect to the norm generated by this inner product, namely

LFIl = (f, f)1? for f € HL.

Definition (Linear Operators). A function T : H — H is called an operator, and
it 1s linear if for every a,, 5 € C and for every f,g € H,

T(af + Bg) = aT(f) + BT(g).

Definition (Bounded Operators). A linear operator T : H — H is bounded if
there exists C' > 0 such that for every f € H,

ITfl < ClIfIl-

We denote the space of bounded linear operators from H — H by B(H).

Definition (Operator Norm). We define a norm on the operators, i.e. a function
from BH) - C, T — ||T|| as

IT|| := sup{[|Tf[| : f € H,|[f] = 1}

Lemma 4. Here we prove some equivalent definitions of the norm of an operator.
For any T € B(H),

IT) = sup {ITS] - £ € HL |1 f]l = 1} 1)
= s e #0) @)
it {C> 0 T < Clf),vf € H) 3)

Proof. We prove this by showing (1) < (2) < (3) < (2) < (1). Let T € B(H).

(1) <(2):
Notice if f € H such that || f|| = 1, then Tf T[] So,

1T
I

Thus taking the supremum of each set gives us our desired result.

{MvnfeHnﬂ|1}c{ fer%O}
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(2)<(3):
As T is bounded, there exists C' > 0 such that | Tf|| < C'||f]| for every f € H.
For any such C', notice for any f # 0,

e
=C.
71 = T

Thus Sup{% feH, f# o} <inf{C>0:|Tf|<CI|f|,¥f € H.
(3) < (2):
Let S := (2). Note that S exists as {% feH, f# O} is bounded from above,

as T' is a bounded operator.
Now for any f € H, [|[Tf]| < S||fll, as if f = 0, then [|T0]|| = 0. Thus, S €
{C>0:||Tf| <C|fll,Yf € H}, and the result follows.

(2) <(1):
Forany f e H, f #0, g = ”—ch € H and ||g|| = % = 1, by the linearity of the
norm. So, as T" and the norm are linear,
I7f]]
7 = 1Tl
/]

O

Lemma 5. Let T : H — H be a linear operator. The following statements are
equivalent:

1. T is bounded. L.e. T € B(H).
2. T s continuous.

3. T s continuous at 0 € H.

Proof. 1 = 2.
Let f € H and let € > 0. Take § = ¢/ ||T’||. Then for any g € H such that
Hf _g” < 67 as T' € %<H)>

1Tf =Tyl =IT(f = Il < ITNIf =gl <|T[|6=e.

2= 3.

Trivial.

3= 1

Take € = 1. Then there exists § > 0 such that for every f € H such that || f|] <
3, ||Tf|| < 1. Then for every f # 0 € H, let oy = ”;;H. Then ||arf|| = ay || f]| =9,
S0

ITfll = ap " 1T (ar Il < ot =071 £]]-



Proposition 6. If P is a Markov kernel with stationary distribution m, then P :
L3(mr) — L*(7) is a bounded linear operator with operator norm equal to 1.

Proof. P is clearly linear by the linearity of integrals, and we see from the proof
of Theorem 3 that

W#Wz(LXWﬂ@WM@YQS(AQV@WMWOUZ:WN

so that in fact P is a bounded linear operator from L?(m) to itself.

For every f € L?(w), by the above ||Pf|| < || f|l. Thus ||P| = inf{c > 0 :
IPAI<ellfl. felm)} <1

For the reverse inequality, notice that for 1 € L*(r),i.e. 1: L*(7) — L*(r) such
that 1(z) = 1 for every z € X, satisfies ||1|| = 1 as 7 is a probability distribution.
Furthermore,

|széd(4xma@02wwzédﬂmpﬂ.

As [P} = sup{lIP Il - [[f]l = 1}, Pl = P = 1. O

For what follows, unless explicitly stated otherwise, treat P as an operator
from L?(7) to itself.

Definition (Adjoints). If T' € B(H), then we define T* € B(H) such that

(Tf,g)=(f,T"g9) VfgeH,
and ||T|| = ||T*|| to be the adjoint of T

Theorem 7. For every bounded linear operator T' € B(H), there exists a unique
adjoint of T', T* € B(H).

Proof. Refer to [7] Theorem 12.8 and 12.9. O

Definition (Self-Adjoint and Normal Operators). An operator S € B(H) is called
self-adjoint if S = S*, i.e. S equals it’s adjoint.

An operator N € B(H) is normal if NN* = N*N, i.e. N commutes with it’s
adjoint.

It is obvious from the definitions that self-adjoint operators are also normal
operators.

Definition (Reversibility). We say that a Markov Kernel P is reversible with
respect to a probability measure w if

P(z,dy)r(dz) = P(y,dz)r(dy), m-a.e. x,y € X.
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Proposition 8. If P is a reversible Markov kernel with respect to the probability
measure 7, then 7 is a stationary measure of P.

Proof. For x,y € X, as P(y,-) is a probability measure for every y, we have

/ex P(z,dy)r(dx) = /ex P(y,dx)m(dy) = 7(dy).

]

Theorem 9. If P is a Markov kernel with stationary distribution m, then P is
reversible with respect to m if and only if P : L*(7) — L*(x) is self-adjoint.

Proof. Let f,g € L*(r). Then

(Pf.g) = / (P ) (@)g(z)m(dz)
P dy>) g(@)(de)

oL
=/ﬂ/y F(9)9(x) P(x, dy)r(dz)

_ / N /y TP (. dz)a(dy) (by reversibility of P)
_ /y o P(y, dz)r(dy) (by Fubini’s Theorem)
:édf@(Ldm@m%mﬂﬂ@>
= FW)(Pg)(y)m(dy)

<;,€;g>

So, as f,g € L*(rm) are arbitrary, (f,Pg) = (f, P*g) for every f,g € L*(x), so
P =P



For the converse, say P is self-adjoint. Then for any f,g € L?(m),
[ [ )P dy(n)
rzeX JyeX

_ / _(PH@s(a)n(r)

=(Pf.9)
= (f,Pg). (as P is self-adjoint)

/f (Pg)(y)(dy)

/ex exf 9(x) Py, dv)m(dy)
/X Xf )9(x) Py, dz)m(dy). (by Fubini’s Theorem)

Thus by definition, for z,y € X, P(z,dy)n(dz) = P(y,dz)nw(dy). O

It’s worth noting here that according to Mira and Geyer in [5] on page 7, there
are a lot of Markov chains whose Markov operator is not compact. This is why
we must move to a more generalized spectrum. It may be worth exploring some
of these examples to show. They cite a source.

Definition (Invertible Bounded Operators). A bounded linear operator T € B(H)
is called invertible if T is bijective and it’s inverse T=' : H — H defined as
T f = g where Tg = f, for every f € H, is also bounded. Le. T™! € B(H).

Note that this can be a large point of confusion, as the usual notion of inverse
is simply that the inverse map exists and is well-defined. However here, when we
talk about the inverse of a bounded operator, we not only mean that the inverse
map exists and is well-defined, but that is ALSO bounded. Similar to how a
homeomorphism between spaces is a continuous map between topological spaces
that is bijective and it’s inverse is also continuous, an invertible operator is a
bounded linear operator between Hilbert spaces (or more generally vector spaces)
that is bijective and it’s inverse is also a bounded linear operator. (Note that it
is trivial if a bounded linear operator is bijective it’s inverse is linear. The inverse
being bounded is not trivial, and requires more than being bijective).

Definition (Spectrum). For T' € B(H), we call o(T) C C such that
o(T) :={A € C:T — X is not invertible},

the spectrum of T'.



Theorem 10. IfT is a bounded linear operator on a Hilbert space H (T € B(H) ),
then
sup{|A| : A € o(T)} = lim || T7||"/".
n—o0

Proof. Relies on some complex analysis. Proposition 3.8 of chapter VII in Conway
6]. m

Lemma 11. If T is a bounded linear operator on a Hilbert space H (T € B(H)),
then for every A € o(T), |A| < ||T|.

Proof. Let n € N, and let f € H such that ||f|| = 1. Then
1T < TN I =170

So by the first representation of the operator norm of lemma 4, ||77||"/™ < || T for
every n € N.
So, by theorem 10,

sup{[A < A € o(T)} = Tim [T < |17,

]

It is important to note the difference here between finite dimensional vector
spaces and general Hilbert spaces.

Theorem 12. If'V is a finite dimensional Hilbert space and T : V — 'V is linear,
then T is bounded, T € B(V). In particular, if T € B(V) is injective, then T is
wnvertible.

Proof. As V is finite dimensional, let n be the dimension of V. Then there exists
an orthonormal basis for V, {e;}?; C V. Let M = max {||Te;|| : i € {1,...,n}}.

Let € > 0, and take 6 = ¢/(2Mn). Let v € V such that [|v] < 6. Then
as v € V, there exists ay,...,qa, € C such that v = ajeq + --- + a,e,. Let
m, = max{|a;| : i € {1,...,n}}. As T is linear,

|Tv|| = [|T (cvoeo + - - - + amey)||
<ol [[Teol| + - . - || [ Ten]|

n
<MYl
=0

< Mnm,,.



As [jv]] <6, we have |o;| < ||[v|| < § for every i € {1,...,n}, and thus m, <.
So, we have

|Tv| < MZ ;| < Mnm, < Mnéd <¢e/2 <e.
i=1
So, T is continuous at 0 € V, and thus by Lemma 5, T" is bounded.
So, if T" € B(V) is injective, then notice {T'e;}? |, C V is a linearly independent
set of vectors, as otherwise, if Te; =), 2; Tae; for some {a;} C C, we have

0="Te; — ZT&iei =T(e; — Zaiei).
] i#]

As T is injective and 70 = 0, we have e; — Zi# ae; =0, e e = Z#j Q;e;,
which contradicts {e;}"; being orthonormal.

So, as {Te; }I, is a set of n linearly independent vectors and V has dimension
n, V. =span{Te;}" ,, and thus 7" is also surjective.

So, T is bijective, and thus it’s inverse 7! exists and is also linear, and thus
by the first part of this theorem is also bounded. O]

This theorem highlights how in finite dimensions, the set of eigenvalues is
exactly the spectrum of the operator. In the general case however, things are not
so simple.

For £ C H, we define E+ C H to be

Et:={fcH|(fe) =0 VecE}.
Proposition 13. For every bounded operator T on a Hilbert space H, null(T™*) =
range(T)*.

Proof. f € H exists in null(7™*) if and only if 7*f = 0, if and only if (T*f, h) =0
for every h € H, if and only if (f,Th) = 0 for every h € H, if and only if
f € range(T)*. O

Proposition 14. If T is a normal operator on the Hilbert space H, then ||T f|| =
\T*fl| for every f € H. Furthermore, T is injective if and only if T* is injective,
so range(T') is dense in H if and only if T is injective.

Proof. Let T € ®8(H) be normal. Then
ITfl| = (Tf.Tf)"?
= (T"Tf, /)"
= (TT*f, f)!/? (as T is normal)
= (I"f.T°f)'?
=TI
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Say T is injective. Then T™ is injective, as if not, there exists f € H,f # 0,
such that 7% f = 0. But then 0 = ||T*f|| = ||Tf]|, so T'f = 0, which can’t happen
because T is injective. Similarly, if 7™ is injective, then so is 7T'.

Say T is injective. Then T™ is injective, so

range(T)* = null(T*) = {0},

and thus (l"zmge(T)L)l = {0} =H.
Say range(7T') is dense in H. Then

{0} = range(T)* = null(T),
so T* is injective, so T is injective also. O
Proposition 15. Say (X,d;) and (Y,dy) metric spaces with (X, dy) complete.

Then for any continuous function f : X —Y, if

da(f(z), f(2')) 2 adi(z,2)

for every x,z’ € X for some o > 0, then range(f) is closed.

Proof. Let y € range(f). Then there exists (z,) C X such that lim,,_, f(z,) = ¥.
Thus (f(x,)) is a Cauchy sequence in Y.

We now show (z,) is a Cauchy sequence in X. Let ¢ > 0. As (f(x,)) is a
Cauchy sequence, pick N € N such that for every n,m > N, da(f (2, T)) < €/.
Then for every n,m > N,

d2<f(xn7 xm))

dl(xn7xm> < —— < €.
(6]

As X is complete, (x,,) converges in X, say to z € X. Then as f is continuous,
f(z) = lim, o f(x,) =y, so y € range(f). O

Lemma 16. If T is a normal operator, then T is invertible if there exists & > 0
such that |Tf|| > & ||f|| for every f € H.

Note that this condition is actually an if and only if, though the other direction
uses the open mapping lemma, and isn’t required in the proof that the spectrum
of a self-adjoint operator is real.

Proof. First we notice that given the hypothesis, 7' is injective, as for every f € H
such that f # 0, |Tf|| > 0/ f]| > 0, so T'f # 0. Thus, by Proposition 14, range(T’)
is dense in H. Next notice that by Proposition 15, range(7") is closed in H. So,

H = range(7T") = range(T).

So, T is invertible. |
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Lemma 17. If T is a normal operator, then o(T) C R.

Proof. Let A € o(T'). Then write A = a +if3, and assume for a contradiction that
B # 0. Then for every f € H,

(T =NfIP=Tf —af —iBfI* = ITf —af|*+18P1IF17,

and so [[(T" = A)f[| = 8] [If]-
So by Lemma 16, T' — X is invertible, and thus A ¢ o(7T"). O

Proposition 18. If P is a reversible Markov kernel with respect to m, then the
spectrum of the Markov operator as a function from L*() to L*(x), is a subset of

[—1,1). That is for P : L*(7) — L*(x), o(P) C [-1,1].

Proof. As P is reversible, by lemma 9 P is self-adjoint and thus also normal, so
by lemma 17, o(P) C R.

By lemma 11, for every A € o(P), |A| < ||P|| = 1 by proposition 6, as 7 is
a stationary distribution of P by proposition 8. Thus, as o(P) C R, we have
o(P) C [-1,1]. O

Definition (Projections). An operator T € B(H) is called a projection if T? =T .

Definition (Spectral Measure). (From Conway [6] page 256. Mira Geyer[5] call
the spectral measure the next definition, and this measure the resolution of the
identity. That is also what Rudin [7] calls it). Given a set a measurable space
(Y, M) and a Hilbert space H, a spectral measure on (Y, M,H) is a function
E: M — B(H) such that

1. for every A € M, E(A) is a self-adjoint projection,

2. E(0)=0and E(Y) =1,

3. for every A,Be M, E(ANB) =E(A)E(B),

4. if {A, )22, C M are pairwise disjoint, then E(U;2 1 A,) =7 E(A,).

Definition (Eigenmeasure). Given a spectral measure £ on the space (Y, M, H),
an Eigenmeasure with respect to f,g € H is a function Esg4: M — C such that

Ero(B) = (E(B)f.g). VBeM.

Theorem 19 (Spectral Theorem). If T' is a normal bounded linear operator on
the Hilbert space H, then there is a unique spectral measure £ on the Borel subsets

of o(T) such that
T = / AE(AN).
Xeo(T)

12



Remark. For a discussion on the above spectral theory, see Rudin [7] chapter 12,
or Conway [6] chapter IX.2.

In our context, given a reversible Markov kernel P, P is self-adjoint and thus
also normal, so the spectral Theorem applies. So, P has a spectral decomposition,
and for every f € L*(7), there exists an associated eigenmeasure. We denote the
spectral measure of a Markov operator P by Ep, or just £ when P is understood.
For our purposes, as the eigenmeasure will almost always be for an inner product
of the same function. For every f € L?(r), we express the eigenmeasure of (f, P f)
as just Ep, so

(. Pf) = /A o AP

where Ep(-) := (f,€(-)f), where & : Bypy — B(L*(m)) is the unique spectral
measure of P implied by the spectral Theorem. In the case where we have more
than just one function in the inner product, we express the eigenmeasure as follows.

For f,g € L*(m)
Epgp(-) = (f,€()9).

An important fact about the eigenmeasure of the same function on both sides of
the inner product is the following.

Lemma 20. For any normal bounded linear operator T' on the hilbert space H,
for any f € H, the eigenmeasure of T with respect to f, Er, is a non-negative
measure.

Proof. Let A € B(C). Then

Er(A): = ({f,&r(A)f)

= ([, Er(A)*f) (as Er is a projection)
= (&r(A)f, Er(A)f) (as Er is self-adjoint)
=: |Er(A)fI* = 0.

Definition (Point-Spectrum). We call 0,(T) C C such that
0p,(T) :=={Ae€ C:H D ker(T'— \) # {0}},
the point spectrum of T

Notice that 0,(7") is exactly the set of eigenvalues of 7', and ker(T" — \) is
exactly the set of eigenfunctions of T" with eigenvalue \ € C.
We denote by Hgr the space of f € H such that the coefficients of f are real.
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Lemma 21. If T s a self-adjoint operator on H, then
1. the eigenvalues of T are real,
2. the eigenvalues of T have real eigenfunctions,
3. and eigenfunctions with distinct eigenvalues are orthogonal.

Proof. 1. Let A be an eigenvalue of 7. Then there exists u # 0 € H such that
Tu = Au. So,

AMull? = Mu,u) = (Tu,u) = (u, Tu) = Mu, u) = X|ul|® .

So (A=) Jlul|®> = 0. As u#0, ||Jul|* # 0, thus A = X, so X € R.
2. Let A be an eigenvalue of 7. Then there exists u # 0 € H such that
Tu = Au. As u € H, there exists a,b € Hr such that u = a + ib. So,

Ta+iTb="T(a+ib) = Tu = \u= \a + iAb.

Furthermore, as u # 0, a # 0 or b # 0. So either a # 0 or b # 0, and is thus a real
eigenfunction of 7" with eigenvalue .

3. Let A\, Ay be distinct eigenvalues of T with eigenfunctions u; and us respec-
tively. Then as T is self-adjoint and A, Ay € R by (1), so

(A1 — Xo)(ug,u9) = (Tuy, ug) — (uy, Tug) = (Tuq, ug) — (Tuy, ug) = 0.
As A1 and Ay are disjoint, (A — Ag) # 0, so (ug, us) = 0. O
Proposition 22. If P is a reversible Markov kernel, then
1. the eigenvalues of P are real,
2. the eigenvalues of P have real eigenfunctions,
3. and eigenfunctions with distinct eigenvalues are orthogonal.

Proof. As P is reversible, by lemma 9, P is self-adjoint. Lemma 21 completes
it. O

We now discuss the eigenvalue 1 of a Markov operator.

Proposition 23. If P is a Markov kernel (not necessarily reversible), then 1 is
an eigenvalue of P. Furthermore, any m-almost everywhere constant function is
an eigenfunction of P with eigenvalue 1, where 7 is a stationary distribution of P.
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Proof. Let ¢ : X — R (or C) where ¢ = K € R (or C), w-almost everywhere.
Then for any € X, (as we are considering ¢ € L*(7), we can take ¢ = K
everywhere),

_ / KP(y,dr) = K = c(z).

Definition. We now define the subspace

Li(n) :={f € L*(n) : f L1} C L*(n),
where 1 € L?() is the function identically equal to 1 w-almost everywhere.

Remark. Another more probibalistic interpretation is that L3(w) = {f € L*(x) :

E.(f) =0}, as
n= [ sl = 1),

Lemma 24. If P is a Markov kernel (not necessarily reversible) with ™ as a
stationary distribution, then P restricted to Li(w), maps back to L3(rw). Le.
range(P|y3r) C L3(7).

Proof. Let f € Li(mw). Then

Pr.1) = [ P

/%X [ PG dy(an

_/ f(y)/ P(z,dy)m(dx) (by Fubini’s Theorem)
yeX zeX
= f(y)m(dy) (as P is stationary wrt )
yeX
=/, 1)
=0. (as f € Li(n))
So Pf e L(m). O

We just showed that for a Markov kernel P with stationary distribution m,
P is a well-defined map from LZ(w) — LZ(w). From here on out, unless stated
otherwise, we restrict ourselves to the subspace LZ(7) of L*(m).

Definition (p-Irreducibility). A Markov kernel P on (X, F) is @-irreducible if
there ezists a mnon-zero o-finite measure ¢ on (X, F) such that for every E € F
such that p(E) > 0, for every x € X there exists n € N such that P™(x, E) > 0.
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The reason we restrict ourselves to this subspace, is on this subspace, if P is
p-irreducible, then 1 is not an eigenvalue of P on LZ(w). We prove this result here.

Lemma 25. If P is a g-irreducible (not necessarily reversible) Markov kernel
with stationary distribution w, then 1 is NOT an eigenvalue of P when restricted
to Li(m).

Proof. We provide only a very rough sketch of this proof, as the full proof is very
involved, and uses facts about martingales, a stochastic process not included in
this paper. We follow the same proof as in [11].

As P is g-irreducible with stationary distribution 7, it follows that 7 is the
unique stationary distribution for P. (As by Proposition 10.1.1 of [12] P is recur-
rent, so Theorem 10.0.1 of [12] proves it).

We then see that if f € L?(r) is an eigenvector of P with eigenvalue 1, then
we must have f(z) = E.(f) for m-almost every = € X, and thus f is a constant
function. As f is an eigenvector, f(z) # 0 for m-almost every = € X, so E.(f) # 0.
And thus f ¢ L3(7), as (f,1) = E.(f) # 0.

(The above is a rough sketch of the proof of Proposition 22.1.2 of [13]. The full
proof uses the fact that for every n € N, where X, : X — X is random variable
that equals the state space of the Markov chain with Markov kernel P at time n
started from the stationary distribution 7,

B, (f(X,)) = / P (@ye(dn) = Bx(),

so {f(X,) : n € N} is a martingale.) O

Remark. Note that the above is NOT saying that 1 ¢ o(P) when P : Li(mw) —
L3(7), but that 1 is not an eigenvalue, so there doesn’t exist f € Li(m) such that

Pf=F.

Lemma 26. If T € B(H) is a normal bounded linear operator, with spectral
decomposition T = f/\ea(T) Aer(dN), then if X € o(T) is not an eigenvalue of T,
then for every f € H, Err({\}) =0.

Proof. By Theorem 12.29 (b) of [7], as A € o(T) is not an eigenvalue of T
Er({\}) = 0. So for every f € H,

Err({A}) == (f,Er({ADf) = (f,0) = 0.
0

Proposition 27. If P is a p-irreducible (not necessarily reversible) Markov kernel
with stationary distribution 7, then for every f € L3(r), Ep({1}) = 0.
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Proof. By lemma 25, 1 is not an eigenvalue of P. So if 1 € ¢(P), then by lemma
26 for any f € Li(w), Ep({1}) = 0. If 1 ¢ o(P) then for every f € Li(m),
Ep({1}) = 0 trivially. O

(From [6] page 264.) We now define what we mean when we take a function of
an operator. For every Borel measureable bounded function ¢ : o(P) — C where
P is a self adjoint operator,

o(P) = / o PER(N)

where P = f eo(P) AEp(dN) is the spectral decomposition of P. As a consequence

(6P ) = / (N Ep(dh).

A€o (P)

An important function is P + P* for nonnegative k. Notice that as o(P) C
[—1,1], as [~1,1] is compact and -* is continuous, it is bounded by it’s maximum
and minimum. It is also Borel measureable being continuous. Furthermore, notice
for any x € X,

(P*f)(x) = P* o (Pf)()
— pk-1 o/ . f(z1)P(x,dxy)

=Pk2op (/ f(xl)P(l’?dxl))
r1€X
_ phk-2 P dx)P(z,d
& /IQEX/QHEXJC(J:l) <l’2’ xl) (I’ xz)

'= /MX---/MX Fla1)Ps, day) - - P, diy)
- /yexf<y>P’f<:c,dy>.

3 Relation to Asymptotic Variance

Definition (Asymptotic Variance). Given a Markov kernel P with stationary dis-
tribution ™ and f € L*(r), we define the asymptotic variance as

R al
o(f, P) == lim [NVar <; f(Xn)>] ,
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where { X, }22 is the Markov chain with Markov kernel P started from stationarity
(Xo chosen wrt ).

Lemma 28. For every f € L3(w) and for every N € N,

Proof. Notice that

e (S 5000) = feer | (S r000) | - fes

But by the linearity of E, we have

E7T,P Z f(Xn)] = Z Ew,P[f(Xn)]
= Z Efr[f]
= 0. (as f € Li(n))

Now by expanding the square and using the linearity of E,

E.» <Zf(Xn>> —E.p (Zﬂxnf)mzjﬂxn)f(x»
SN B G123 S By bl (X £ (X

1 n=1 i=1
N k-1

NE(f*)+2) > E.p[f(X,)f(X))].

n=1 i=1

S
Il

We can rewrite this second sum, using n =1 + k, as

N N-k

2 Z Z E. plf(Xitr) f(X5)].

k=1 i=1

As 7 is a stationary distribution and P is assumed to be time-homogeneous, this
is equivalent to

2> (N = k)Eq p[f(X3) f(Xo)].

k=1
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As B (1) = [, f(x)?(dx) = (£, f), and
B, p(£(X0)f(X0)) = / @ manPe.a)

= (@) (P*f)(w)m(de)

rzeX
= (f,P*f),
we have proved the result. O

Theorem 29. If P is a g-irreducible reversible Markov kernel with stationary
distribution 7, then for every f € Li(w),

14
o(f, P) :/ ()
A€o (P)

Note however, that this may still diverge to oo.

Proof. Let f € L3(w). Then by lemma 27, Ep({1}) = 0, so by lemma 28 and the
spectral Theorem,

v(f,P) = lim %Var (i f(Xn)>
= i |11° +22( Y ka‘f>]
— 17 +2 Jim / . z(N ’“)xcgp(d»]

. N~k
= [IfII° +2 lim _/Ae[m) ; Lien (k) (T) A’“EP(dA)] L)

Notice that as for every N € N and for every fixed A € (—1 1),

w1k<N<k>(N k) ZW\— o,

k=1



So, letting h} : (0,1) — R such that Al (\) = Y o2, Lr<n(k) g%) A for
every A € (0,1), and letting 2% : (0,1) — R such that A*(\) = 25 for every
A € (0,1), by equation 2, kY, — h* as N — oco. Furthermore, h}, < hy,, for
every A € (0,1), for every N € N, thus as hj; and h™ are continuous and thus

Borel measurable for every N € N, by the Monotone Convergence Theorem ([2]
Theorem 2.14),

Jim [ /| (mﬁlkg(m (*+) A’%(d»] = [ e @

k=1
Simlarly, letting hy, : (—1,0] — R such that hy(X) = > 72 L<n (k) (NT_IC) AF
for every A € (—1,0], and letting A~ : (—=1,0] — R such that h™(\) = =5 for

every A € (—1,0], by equation 2, hyy — h™ as N — oco. Furthermore, as |hy| < 2
for every N € N, thus as h and h~ are continuous and thus Borel measurable
for every N € N, by the Dominated Convergence Theorem ([2] Theorem 2.24),

_ - N —k\ &
Aim [/Ae(—lo} > Lien(k) <T) AN Ep(dA)
O k=1

:A A Ep(dy). (4

e(-1,00 L —

As seen in [14], notice that for every N € N,

E)MN S D ER (1)

:if%ﬁ<>@ﬂ{u>

_ (Epgv_l})) é(iv —k)(-1)*

_ (EP%V— 1})) i[levemk)(i\f k) + Loaa(k)(=N + k)]
_ (EP(EV 1})) Lm/ij (N —2m) + (=N + 2m — 1)]
() 5

- (53 et
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(=N-1)/2
N —

Also, as —1/2 = limy_,
limpy e SN2 = —1/2. So,

i S 1wt () oo = () B )

By equations 4 and 5, we know that

lim > Lien(k) (%) AFEp(d))

N=roo Jxe(-1,00 12

lim i i) (S5 ) Ep<{—1}>‘ - \(‘71) Ep<{—1}>] <o,

A
E (d/\)' < 0
/)\6(1,0] 1-"7"

so comining equations 3, 4 and 5,

> N —k A
lim / 1 k (—> N B (d) :/ Ep(d)\).
N%o[ AE[M); k< (k) N p(dN) el T p(dN)

Plugging this into 1, and as Ep({1}) = 0 by lemma 27, we have

o(f,P) = 7P +2 Jim [ [ S naw (F5F) A%(d»]

€-11) p—q

A
SR B V300
AE[-1,1)

A
_ / Ep(d\) +2 / Ep(d)
Aea(P) reo(p) L — A

1+ A
_ / AR ().
reo(P) L — A

O

Notice that this integral may very well diverge to infinity. From the above
proof, we notice that it is in deriving equation 3 that this integral may diverge.

Note that during the above proof, we also prove another useful characterization
of the asymptotic variance for a reversible Markov chain. We note it here as a
Proposition.

Definition (Periodicity). A Markov kernel P with stationary distribution 7 is
periodic if there exists d € N, d > 2 and {X}¢_, C F such that P(z, Xpy1) = 1
for m-a.e. x € Xy, for k€ {1,...,d—1} and P(z, X)) =1 for m-a.e. x € Xy. If P
18 periodic, it’s period is the largest such d such that the above holds.

If P is not periodic, then P s called aperiodic.
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Lemma 30. If P is a reversible aperiodic Markov kernel reversible with respect to
m, then —1 is not an eigenvalue of P : Li(w) — L(m).

Proof. Assume for a contradiction that —1 is an eigenvalue of P. Let f € L3(n)
be an eigenvector of P with eigenvalue —1 such that || f|| = 1. By lemma 22 we
can further assume that f is real valued. Take d = 2 and let X} = {z € X :
f(x) >0} = f71((0,00)) and Xy = {z € X : f(z) < 0} = f}((—00,0)). As f is
(F, B(R))-measureable, X}, X, € F.

Notice that m(AX), 7(Xy) > 0 by definition of X} and Xy as f # 0, as f is an
eigenvector, and as

- /X f)(dn) = | f@ye(dn) + [ flamiz),

as f € L3(m).
So, as Pf = —f, for m-ae. x € X, [y f(y)P(x,dy) = —f(x), so

N fy)P(z,dy) = —f(z) — N f(y)P(z,dy).

Thus as P is reversible with respect to 7 and [, f(z)n(dz) = — [, f(z)7(dw

/M ey, TP dun(d) = / N {—f(x)— y€X2f<y>P<x,dy>] n(d)
[ rwrwansan = [ sman - [[ swpo. s

. fy)P(y, Xo)m(dy) = — N f(x)m(dx) — N F(y)P(y, Xs)m(dy)
_F@P@ ) =~ [ fyrtn - [ )P Ay(ds)
/ F@)P(r Xr(de) = = | f(a)r(as)

/ f(@)Pa, X)n(de) = [ f(a)n(da).

reEX]

Similarly, [y f(z)P(z, X1)7(dz) = [y, f(z)n(dz
So assume for a contradiction that there exists F € F such that 7n(FE) > 0,
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E C X, and for every x € E, P(x,X3) < 1. Then by definition of X5,

[ Pty = [ pya)
f(a:)P(x,Xg)W(dx)

/f Pz, X)r(dz).

So for m-a.e. x € X, P(x, Xy) = 1. Similarly, for m-a.e. z € Xy, P(z,X}) = 1.
So, P is periodic with period d > 2, which contradicts the assumption that P
is aperiodic. O

Proposition 31. If P is an aperiodic @-irreducible reversible Markov kernel, re-
versible with respect to m, then for every f € Li(m),

o(£.P) = IfIF + 23 U Ph) (: % +2Z%> .
k=1 k=1

Proof. Let f € Li(w). Then by lemma 30, —1 is not an eigenvalue of P, so by
lemma 26, Ep({—1}) = 0. So by theorem 29,

v(f,P)Z/A ()

ca(P) 1 -
:/ Ep(d)) + 2 < Ep(d))
Aea(P) Ao (P
A
SRy AEp<dA> (1)
Ae(-1,1)

Let h™ : [0,1) — R such that A"(\) = 2 for every A € [0,1), and let
hi; : [0,1) — R such that hi(\) = SO AF for every A € [0,1). Then for
every A € [0,1), h{(X) — h(N), and as hy < hj,, for every N € N, as h}; is
Borel-measureable for every N (as it is continuous), by the Monotone Convergence
Theorem ([2] Theorem 2.14),

A = / .
Ep(d)\) = N Ep(d)N).
/Ae[o,l) L—A P(dM) ; A€[0,1) P(d})

Let h~ : (—=1,0) — R such that h™(\) = 2 for every A € (—1,0), and let
hy : (=1,0) = R such that hy(\) = S2~ | A* for every A € (—1,0). Then for
every A € (—=1,0), hyy(A) — h(\), and as |hy| < 2 for every N € N, as hy is
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Borel-measureable for every N (as it is continuous), by the Dominated Convergence
Theorem ([2] Theorem 2.24),

)\ (o ¢]
Ep(d\) =) / N Ep(d)).
/Ae(—l,o) 1—x" — Jre(-1,0) i

So equation 1 becomes

, A
P = [ @)

nﬂ|+2§j/’ N Ep(d\)

Ae(=1,1)

= | £I +22/ N Ep(d))

A€o (P

:4UW+2§}ﬁPW>
k=1

]

We define here the identity operator Z : L3(7) — L(w) such that Zf = f for
every f € L(m).

Proposition 32. For a g-irreducible reversible Markov kernel P reversible with
respect to w, for every f € L3(m),

o(f, P) = IfIF + 20, P =P)7'f).
Note however that in many cases (Z —P)~" ¢ B(L3(r)), i.e. (Z—P) ' is NOT

a bounded operator. This is true whenever 1 € o(P).

Proof. By theorem 29, we have

14\
UUJU=/ 2 B ()
reo(P) L — A

— / Ep(d)\) +2 / A B ()
Ao (P) reopy L — A

= [I£1*+ 2(f, P(Z = P)f),
as P(Z —P)~ f/\eU 25Ep(dN). O

Remark. Note however that in many cases (Z—P)~* ¢ B(Li(w)), i.e. (Z—P)7!
is NOT a bounded operator. This is true whenever 1 € o(P).
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4 Inverse Inequalities, Lemma 6 of Neal Paper

Lemma 33. If X, Y, and Z are bounded linear operators on a Hilbert space H such
that {f, X f) < (f,Y f) for every f € H, and Z is self-adjoint, then (f, ZXZ f) <
(f,ZY Z[) for every f € H.

Proof. For every f e H, Zf € H, so
([, ZXZf)=(2f,XZf) <(Zf,YZf)=(f,ZYZf).
]

In the finite state space case, L2(m) is a finite dimensional vector space, and
thus in order to prove that (f,Tf) < (f,Nf) for every f € V if and only if
(f,T71f) > (f, N71f) for every f € V, when T and N are self-adjoint operators,
the only additional assumption needed is that 7" and N are strictly positive (next
definition). This is presented by Rosenthal and Neal in [1], section 8. However, in
the general case, as L2(7) may not be finite dimensional, 7" and N being strictly
positive is not enough. So, we must use a slightly stronger assumption, which in
the finite case, is equivalent to being strictly positive.

Definition (Positive Operators). We say a bounded linear self-adjoint operator T
on a Hilbert space H is (strictly) positive, denoted T > 0 (T' > 0), if for every

feH, [#0,
;1) >0,  (f,Tf)=0).

If T is strictly positive, or even just positive, then no negative numbers will be
in it’s spectrum.

Lemma 34. If T is a positive bounded linear self-adjoint operator on a Hilbert
space H, then o(T) C [0, 00).

Proof. If A < 0, then for every f € H such that f # 0,

(T =N 0= KT ) = XFIP
> (Tf, f)+ I (as A < 0and T > 0)
> £ (as T > 0)

Furthermore, by the Cauchy-Schwarz inequality,
(T =Nf 00 < T = NI
Thus, as A # 0, we have
0 <A< T = Nfl-
So, by lemma 16, T'— X is invertible, and A\ € o(T") by definition. ]
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Lemma 35. IfV is a finite dimensional vector space and T € B(V) is self-adjoint
and strictly positive, then T is invertible. I.e. 0 ¢ o(T).

Proof. Let f € V such that f # 0. Then by the Cauchy-Schwartz inequality, as
T is strictly positive,

0<{ATH < TSI

So, || Tf|| # 0, and thus T'f # 0. So, ker(7') = {0}, and thus 7" is injective. So as
V is a finite vector space, by theorem 12, T is invertible. O

In general however, being strictly positive doesn’t mean that 7' is invertible.
Although the spectrum won’t have any negative numbers, 0 may still exist in the
spectrum even if it is strictly positive. This is why we must assume something
stronger, which in the finite case is equivalent to being strictly positive.

What we assume is that 7' € B(H) is self-adjoint such that o(7") C (0,00). As
0 ¢ o(T), T is invertible, and as T' = fa(T) AE(dA) is the spectral decomposition
of T, for every f € H,

(£,Tf) = /U(T) AE7 f(d)) = /(0700) AE7 ¢(dX) > 0.

(NOTE: This lemma is also proved in section 5 using the open-mapping theorem,
as that is the justification Rudin gave for it in [7]. We prove it more directly here.)

Lemma 36. If T is a normal bounded linear operator on a Hilbert space H, then
there exists 6 > 0 such that 0 || f|| < [|Tf|| for every f € H if and only if T is
wnvertible.

Remark. The forward implication is lemma 16.

Proof. We've already done the only if direction in lemma 16. I copy and paste it
here:

First we notice that given the hypothesis, T is injective, as for every f € H
such that f # 0, |Tf|| > 0/ f]| > 0, so T'f # 0. Thus, by Proposition 14, range(T’)
is dense in H. Next notice that by Proposition 15, range(T) is closed in H. So,

H = range(T') = range(T).

So, T is invertible.
For the converse, say T is invertible. Then let § = ||[77!||". Then for every
f E H?
LA =TT Al < ([T

and the result follows. O]
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Lemma 37. If T and N are self-adjoint bounded linear operators on a Hilbert
space H, such that o(T),c(N) C (0,00), then (f,Tf) < (f, Nf) for every f € H,
if and only if (f,T~1f) > (f,N71f), for ever f € H.

Proof. Say (f,Tf) < (f, Nf) for every f € H.
As 0 ¢ o(N), N is invertible, and so

N~V2 .= / A2EG 1 (dN) = / ATV2EN (dN)
Ao(N-1) AEa(N)

is a well defined bounded self-adjoint linear operator. Similarly,
TV = || o(T) A/2€5(d)) is a well defined bounded self-adjoint linear operator.
So, for every f € H, we have

<f, N—l/ZTN—1/2f> — <T1/2N_1/2f, TI/QN—1/2f> — HTl/QN—l/QfHQ 2 0.

Furthermore, as ¢(7T") C (0,00), T is invertible, so by lemma 36 there exists
57 > 0 such that ||Tf| > o7 | f|| for every f € H. Also, notice that o(N~/2) C
(0,00), thus by lemma 36, there exists 6; > 0 such that |N=Y2f|| > 6, || f| for
every f € H. So, for every f € H,

NN 2 b0 [T 2 e [N > G 1]

so by lemma 36, N~'/2T'N~'/2 is invertible, and thus 0 ¢ o(N~Y2TN~1/2),
By using lemma 33 with X =7, Y = N and Z = N2 for every f € H,

(f, NTVPTNTI2f) < (f, NTANNT2f) = | £

Soif A > 1, for any f € H, as 0 < (N"V2TN-2f ) < |If|I?, by the Cauchy-
Schwartz inequality,

[N RN XA = (N TN = ) )

= [(NTVETNTVEE f) = AFI
> 1= A

so [[(NTYVATN=Y2—X)f|| = [1 = A|If]l, and as |I — A] > 0, by lemma 36,
(N=Y2TN=1/2 — )\) is invertible, so A & o(N~Y2T N~1/2),

Thus we have o(N~Y2TN-1/2) c (0,1].

As0 ¢ o(N“V2TN-Y2) N~12TN=1/2 is invertible. Let K denote the inverse.
Le. let K = (N~Y2TN~Y/2)~1_ Furthermore, we have o(K) C [1,00). So for every
fEH NP < (£, Kf).
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So by using lemma 33, with X =Z,Y = K and Z = N~/2_ for every f € H,

(LNTU) = (f, NTVPINTV2 )

< (f,NTVPENTV2f)

<f N— 1/2( N2 N- 1/2)—1N—1/2f>

= (f, NTVANV2PI N2 N1/2 ) (same as finite case)
= (£, T7'f).

For the other direction, replace N with 7! and T" with N 1. O

5 *Understanding the Open Mapping Theorem

Recalling lemma 36, Rudin uses an important Theorem in functional analysis, the
open mapping Theorem, to complete the only if direction. To understand the
open mapping Theorem, we need the following results and definitions. There are
competing definitions, one is given in Rudin’s Functional Analysis, [7], the other
is given in Munkres’ Topology, [9]. I present both versions here for completeness,
though they are equivalent. The first definition can be found in Rudin’s book [7].

Definition (First and Second Category Sets). Given a topological space (X,T),
a subset A C X is said to be of the first category if it is the countable union of
nowhere dense sets, sets whose closure has empty interior. Sets not of the first
category are of the second category.

A perhaps easier to understand, though (I think) lesser known equivalent def-
inition is that of Baire spaces, as seen in Munkres’ book, [9].

Definition (Baire Spaces). A topological space (X,T) is a Baire space if given
any countable collection of dense open sets of X, {U,} C T such that U, = X for
every n € N, their intersection is also dense in X, i.e.

NU, = X.
Note that Baire spaces are of the second category. Thus,

Theorem 38 (Baire’s Theorem). If X is a complete metric space, then X is a
Baire space, or X is of the second category.

Proof. Half of Theorem 48.2 of [9]. O

Now we can understand the open-mapping theorem. Though it is much more
general than this, I present a version more direct for our purpose.
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Definition (Open Map). A function f: X — Y, where X and Y are topological
spaces, is an open map if for every open set U C X, f(U) CY is open.

Theorem 39 (Open Mapping Theorem). If T : H — H is a bounded linear
operator on a Hilber space H, then T is an open mapping if T(H) is a Baire
space.

Proof. A simplified version of Theorem 2.11 of [7]. O

Now we are able to prove the converse of lemma 16, the only if direction of
lemma 36, with the open mapping Theorem.

Lemma 40 (Lemma 36 again). If T is a normal bounded linear operator on a
Hilbert space H, then there exists § > 0 such that 6 || f|| < [|Tf|| for f € H if and
only if T 1is invertible.

Proof. We've already done the only if direction in lemma 16. I copy and paste it
here: First we notice that given the hypothesis, T is injective, as for every f € H
such that f # 0, |Tf|| > 0/ f]| > 0, so T'f # 0. Thus, by Proposition 14, range(T’)
is dense in H. Next notice that by Proposition 15, range(7’) is closed in H. So,

H = range(7T') = range(T).

So, T is invertible.

Say T is invertible. Then as T is bounded, it is continuous by lemma 5.
Furthermore, by definition of a Hilbert space, H is a complete metric space. Thus,
by Baire’s theorem, theorem 38, H is a Baire space.

So, as T is invertible, it is surjective. Thus, T(H) = H, and T'(H) is a Baire
space. So by the open mapping theorem, theorem 39, 7" is an open map.

Thus 7! is a continuous map, and thus is bounded by lemma 5, so for any
f E H?

LAl =T A < | THIT A

6 Efficiency Dominance

Definition (Efficiency Dominance). Given two Markov kernels P and @ on (X, F)
with stationary distribution w, we say that P efficiency-dominates @) if for every
feL*(m),

o(f. P) <o(f, Q).
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Theorem 41. If P and Q) are p-irreducible reversible Markov kernels, reversible
with respect to m, then P efficiency dominates Q if and only if for every f € Li(r),

([ PFy <} Qf)

Proof. Say (f,Pf) < (f,Qf) for every f € Li(w). For every n € [0,1), let
Tp,=Z—nPand Tg, =Z—nQ. Then as ||P||,||Q] < 1, for every f € Li(x), by
the Cauchy-Schwartz inequality, [(f, Pf)| < [PfI |/ < IPIIfI* < If]% and
similarly |(f, Qf)| < || f|I%, so again by the Cauchy-Schwartz inequality,

T, fIF = (Tp fo £
= |IF1> = n(f. P£)|
> |1 -] || £IP,

s0 [|Tppfll = |1 =l || f|| for every f € Li(r), and similarly [|Tg,fI| = |1 = n][|f]
for every f € L3(w). Asn €[0,1), |1 —n| > 0, so by lemma 16, Tp,, and T, are
both invertible, so 0 ¢ o(Tp,),0(To,,)-

So, as o(P),0(Q) C [-1,1], o(Tp,),0(To,) C (0,2) C (0,00) for every n €
[0,1).

So for every n € [0,1), as Tp, and Tg, are both self-adjoint, and for every
f e Li(m),

(f,Tonf) = IFIP = nlf, QF) < IFI* = n(f.Pf) = {f. Tpnf),

by lemma 37, for every f € Li(7), (f, Tg_%f) > (f, Tg%f}
So, for every f € Li(m),

LA +0(f,P(Z —0P) " f) = (f.Tpsf)
<(f.Tgnf)
= IfIIP +n{f, QT -nQ)"" f),

so for every f € L§(m), (£, P (T =nP)"" f) <{f,Q(T—nQ) " f).
Let f € L(w). For every 1 € [0,1) let At : [0,1) — R such that hF(\) = 2

T-nX
for every A € [0,1). Then let A" : [0,1) — R such that h™(X) = 2 for every
A €1[0,1). Then as h:]rl < h;g whenever 1, < 1y, and h; — h* asn — 17, by the

Monotone Convergence Theorem ([2] Theorem 2.14),

A A
lim Er(d)\) = Epn(d)
and
) A A
lim Ego(d)\) = ——FEgo(dN).
.1 1

17*)1_ [071) 1 - 77)\
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Similarly, for every n € [0,1) let h, : [~1,0) — R such that h,()) = ﬁ for
every A € [—1,0). Then let A~ : [~1,0) — R such that h™(\) = 25 for every
A € [-1,0). Then as |h, | <1 for every n € [0,1), and h, — h~ asn — 17, by

the Dominated Convergence Theorem ([2] Theorem 2.24),

A A
lim Ep(d\) = Er(dX
1= J10) L= nA P /[—1,0) e

and ) )
lim Eo(d :/ Eo(dN).
S e T o(dA) T o(d))

So, as P is p-irreducible, by proposition 27, Ep({1}) = 0. So, by theorem 29,

I+ A
o= [ SR ER

A
P2 [ A ER@Y
a(P) 1—=A

A
I w2 [ By

, A / A

= 2 Ep(d\) 4 2 Ep(dX
7P +2 [ s Eea +2 [ EsEn@y

A

A
2 . :

= + 2 lim Ep(d)\) + 2 lim Ep(d\
7P +2 lim | s ERN) £ 2 i | s (i)
= [|fII” +2 lim A Ep(d)\)

n—1- [—1,1) 1-— T])\
= IfIF+2 lim (£, P(Z=0P) " )
< ISP +2 lim (£, Q(Z =0 Q)" f)

A

9 .

= + 2 lim

I w2 i [

A
=12 [ el

14+ A
= Ep(dA)
/U(P) L=A

=u(f, Q).

Ego(d))
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For the converse, just as above, for every f € L3(7),
I£1° 42 tim (£, P (2= oP) " f) = v(f. P)
<v(f,Q)
= 717 +2 lim (£, Q(Z = Q)" /).
So, for every f € L3(m),
Yim (. Tp 0 f) = [ £I°+ Tim n(f,P(Z=uP) " )
< I+ lim nif, QT —nQ)" f)
= lim {f,Tg,,f).
So by lemma 37, for every f € L3(n),
(L@ =P)f) = lim (. Tp,f) > lim (f. Tonf) = (.(T - Q) f).

and thus for every f € Li(m),

([ Pfy<(f.Qf)

Furthermore, for any f € L?(w), fo := f — E.(f) € Li(7) by the linearity of
the expected value functional, and notice that

of. P) L Var Zf(Xn)>

= lim
N—o0

N
:]\}1_1}20 %Var ;fo(Xn)—i-NEw(f))]

1 N
= lim |—Var ZfO(Xn))
n=1

N—oo | NV

= U(fo,P),

and similarly v(f, Q) = v(fo, Q). Thus v(fo, P) < v(fo, Q) for every fo € L3(m) if
and only if v(f, P) < v(f, Q) for every f € L*(r). O

Lemma 42. If T is a bounded self-adjoint linear operator on a Hilbert space H,
then (f,Tf) >0 for every f € H if and only if o(T) C [0, 00).
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Proof. The only if direction is the same as lemma 34:
If A < 0, then for every f € H such that f # 0, by the Cauchy-Schwartz
inequality,

(T =N = (T = A S, )]

= (T, f) = A1
> (TF, )+ I IFII® (as A< 0and T > 0)
> AFIP (as T > 0)

Thus as f # 0 and A # 0,
(T =N fI = [ALf]] > 0.

So, by lemma 16, 7' — A is invertible, and thus A & o(T") by definition.
If o(T) C [0,00), then for every f € H,

(TS = A RCICS

S—

AE7(dN)

€[0,00)

Er(dA)

v

A€[0,00)

Vv
o

as Fr is a positive measure by lemma 20. [

Theorem 43. If P and Q) are p-irreducible reversible Markov kernels reversible
with respect to w, then P efficiency dominates Q if and only if 0(Q —P) C [0, 00).

Proof. By theorem 41, P efficiency-dominates @ if and only if (f,Pf) < (f, Qf)
for every f € LZ(m). This is equivalent to

(f,(Q—P)f) >0, forevery f € Li(n),
as —oo < (f,Pf),(f, Qf) < oo as P, Q € B(Li(m)).

Thus as Q — P is a bounded self-adjoint linear operator on L3(7), by lemma

42, (f,(Q —P)f) >0 for every f € Li(m) if and only if 0(Q —P) C [0,00). [

Theorem 44. Efficiency dominance is a partial order on @-irreducible reversible
Markov kernels with the same reversible distribution. (As shown in [5].)
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Proof. Reflexivity is trivial.

Suppose P and () are g-irreducible reversible Markov kernels reversible with
respect to m such that P efficiency dominates () and @) efficiency dominates P.
Then by theorem 41, for every f € Li(m),

(L;PH <{f,Qf) and (f,Pf)=(f,2QF),

so (f,Pf) = (f,Qf) for every f € L3(n). Thus (f,(Q — P)f) = 0 for every
f € L3(xm). So for every g,h € L3(7), as Q and P are self-adjoint by theorem 9,

0=(g+h,(Q—P)(g+h))
=(9,(Q = P)g) + (h,(Q = P)h) +2(g,(Q — P)h)

So for every g,h € Li(7), (9,(Q —P)h) = 0. Thus Q@ — P =0, s0o P = Q, and
thus P = (). So the relation is antisymmetric.

Suppose P, ) and R are p-irreducible reversible Markov kernels reversible with
respect to 7w, such that P efficiency dominates () and @) efficiency dominates R.
Then by theorem 43, 0(Q — P),0(R — Q) C [0,00), so by lemma 42, for every
f e L3(m), (f, (R~ Q)f) = 0 and (f,(Q — P)f) > 0. So, for every f € L3(x),

(fL(R=P)f)=(f,(R=Q)) +([,(Q=P)f) =0.

And thus by lemma 42 followed by theorem 43, we have P efficiency dominates R,
so the relation is transitive. O

7 Mixing Kernels

Lemma 45. If P is a p-irreducible Markov kernel, then for every Markov kernel
R and for every o € (0,1, aP + (1 — a) R is an irreducible Markov kernel.

Proof. Obviously aP + (1 — )R is a Markov kernel. As P is g-irreducible, there
exists a o-finite measure ¢ on (X, F) such that the definition of ¢-irreducibility
holds for P. So, for every E € F such that ¢(E) > 0, for every z € X, there exists
n € N such that

(aP+ (1 —a)R)" (x,E) > a"P"(x, E) > 0.

So aP + (1 — a)R satisfies the definition of p-irreducibility with the same o-finite
measure . O
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Theorem 46. Let P and Q) be p-irreducible reversible Markov kernels, reversible
with respect to w, and let R be a reversible Markov kernel, also reversible with
respect to w. Then for every o € (0,1), P efficiency dominates Q if and only if
aP + (1 — a)R efficiency dominates a@ + (1 — a)R.

Proof. By theorem 41, P efficiency dominates @ if and only if for every f € L3(r),

(f,Pf)<(f. Qf)

Notice that for every f € Li(7),

(f,(aP+ (1 —=a)R) f) =alf,Pf)+ (1 —a)[,Rf),
and
(f,(@Q+ (1 =a)R) f) =alf,Qf) + (1 — a)(/,R[),

so this is equivalent to

(f;(@P+ (1 -)R) ) <{f,(@Q+ (1 = a)R) )

for every f € Li(m).

By lemma 45, aP + (1 — a)R and a@ + (1 — a)R are also -irreducible.
Thus as they are also reversible with respect to m, by theorem 41, aP + (1 —
a)R efficiency dominates a@ + (1 — «)R if and only if (f, (aP + (1 — a)R) f) <

(f,(@Q+ (1 —a)R) f) for every f € L3(n). O
Theorem 47. Let Py,..., P, and Q4,...,Q; be Markov kernels reversible with
respect to w. Let aq,...,q; be mizing probabilities, i.e. oy > 0 for every k, and

Yap = 1. Assume P = > apPy and Q = > aQ are p-irreducible. Then if
0(Qr — Px) C [0,00) for every k, then P efficiency dominates Q.

Proof. By lemma 42, for every k we have for every f € L2(7)

{(f:(Qk —Pr) f) = 0.

So, for every f € Li(m),

(f.(Q=P)f) = ar(f,(Qx—Pu) f) > 0.

So by lemma 42, 0(Q — P) C [0,00), so by theorem 43, P effieciency dominates
Q. O
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8 Peskun Dominance

Definition (Peskun-Dominance). For two Markov kernels P and Q) with station-
ary distribution w, P Peskun-dominates Q) (or P dominates Q) off the diagonal) if
for m-almost every x € X,

P(z,E—{z}) > Q(x,E —{x}), VE€F.

Lemma 48. (As seen in [10]) If P and Q are Markov kernels reversible wrt m,
such that P Peskun-dominates QQ, then Q — P is a positive operator.

Proof. Let f € L(w). Then

- / ] S@I W)@t dy) ~ PGyl

—P)f)
:lxx dm——/ fly

/ ) SO @)@, dy) = Pl, dy))(dz)
:é|:xEX xﬂdx_/ fly)*n(d
_2/ N Xf 8. (dy) + P(z,dy) — Q(z, dy))w(dz)

w2 [ jpea y>]
=51 L e )+ Py — @) i

- / ) Xf:v (4) (6:(dy) + Pz dy) — Q(z, dy)) 7(dz)
/ ) Xf b.(dy) + P, dy) — Q(x, dy))n(dz)

/x/x * (0:(dy) + P(x,dy) — Q(z, dy)) m(dx).

Notice that (6,(-) + P(z,-) — Q(z,-)) is a positive measure for m-almost every
x € X, as for every m-almost every z € X, for every F € F, if x € F, then as P
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Peskun-dominates (),

0.(FE)+ P(x,E) —Q(z,E) =1+ P(x, E — {x}) — Q(z, E — {z})
+ Pz, {z}) — Q(z,{«})

>1+Q(x, E—A{z}) - Qz, E — {z})
+ P(z,{z}) — Q(z, {z})
1+ Pz, {z}) — Q(z,{z})
P(z,{z})
0,

(A\VARAVAR VS

and if = ¢ E, then similarly
02(E) + P(z, E) = Q(z, E) = P(x, E — {z}) = Q(z, E — {z}) > 0.
[

Theorem 49. If P and Q) are p-irreducible reversible Markov kernels reversible
with respect to w, if P Peskun-dominates @), then P efficiency dominates Q.

Proof. For every f € Li(r), by lemma 48, (f,(Q—P)f) > 0,50 (f,Pf) < (f, Qf).
Thus by theorem 41, P efficiency dominates Q). m

9 Non @-Irreducible Kernels

In this section, we look at efficiency dominance for kernels that may not be -
irreducible.

Lemma 50. If P is a reversible Markov kernel reversible with respect to w, then
null(P — Z) C L3(w) is closed.

Proof. Let f € null(P —Z). Then there exists {f,} C null(P — Z) such that
fn — f in the Li(m) norm, i.e. ||f, — f|| = 0. So, as Pf, = f, for every n € N,
we have

IPf=fll =1Pf=Phu+ fu = FI <IPU =Sl + 10 = Il <200 = Fll =0,

so |[Pf— f|l =0, and thus Pf = f (as the equivalence class of functions equal
m-almost everywhere), and f € null(P — I). O

Lemma 51. If P and Q) are reversible Markov kernels reversible with respect to m
such that (f,Pf) < (f,Qf) for every f € L&(r), then null(P —Z) C null(Q — I).
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Proof. Let g € null(P —Z). As Pg = g and ||Q|| < 1, by our hypothesis and the
Cauchy-Schwartz inequality (Theorem 12.2 (1) in [7]),

lglI* = (9. Pg) < (g, Qq) < 1Qgll llgll < QI Igl* < gll”.

so || Qgll = [lg]l
Thus as Q is self-adjoint,

199 — g|* = [|Qg|I* — 2(g,Qg) + ||g]”
< |1Qgl* - 2(g,Pg) + |lg|I*
= llglI* - 2(g, 9) + llglI?

2 2 2
= [lglI” = 21lg[I" + |9
=0,

so Qg = g. m

Theorem 52. If P and Q) are reversible Markov kernels reversible with respect to
7, such that for every f € L3(x), (f,Pf) < (f, Qf), then P efficiency dominates
Q.

Proof. Let f € Li(rw). For every n € [0,1), let Tp,, =Z —nP and Tg, = —nQ.
Then just as in theorem 41, o(Tp,),0(To,,) C (0,00). Furthermore, notice that
as (f,Pf) < (f, Qf) for every f € Lj(n),

(f:Tonf) > (f,Tonf), Ve Ljn).
So by lemma 37,
(f,Tpf) <, Tonf), Vf € Li(n).
Notice that as

Tpt =(Z—nP)""
=nP(Z—nP) '+ (Z—-nP)(Z—-nP)""
=P (T—nP) "+,

and similarly Té; =nQ(Z — nQ)fl + Z, we have

(L, PZ—nP) ) <{f,Q(Z—-nQ)"" ), Vfe Lin).
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If Efp({1}) = 0, then as n € [0,1) was arbitrary, by theorem 29, just as in
theorem 41,

I+A
o(f, P) = / B p(dN)
Xeo(P) A

I+ A
= ——FE;p(dA

) 1+ A
= lim
n=1- Jxe-1) 1 — 1A
=P +2 lim (f,P(Z —nP)"" f)
n—1
< ISP +2 lim (£, Q(Z=9Q) ™ f)
14+ A

Erp(dX)

= lim E:o(dA
=1 Jaej—1,1) 1 — nA reld))
14+ A
= — Ero(d))
/>\€0(Q) I—=A
=v(f, Q).

(assuming Efo({1}) # 0, as otherwise trivial).

If Efp({1}) # 0, then by Theorem 12.29 (b) in [7], 1 is an eigenvalue of P. As
null(P — Z) is a closed subspace by lemma 50 (proved above for this specific case,
but more is true. The null space of every bounded operator is closed), we have by
Theorem 12.4 in [7],

Li(m) = mull(P — Z) @ null(P — 7).

So, there exists g € null(P — Z) and fy € null(P — Z)* such that f = fy +g.
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As g e null(P —7), g € null(Q — Z) by lemma 51. So by lemma 28, we have

o(/.Q) = 7] +2 Jim i(NNk) (. Q") ]
= I +2 Jim. kZN;(NN’“) (o + 9.9 + 9))
= |I£” +2 lim ?;(NN’“) (fo, Q" o) +2(fo, Q9) + <g,Q’fg>)]
= I +2 Jim. i(NN’“) (o @ o) + 2 forg) + <g,g>>]
= /I +2 lim i (%) ((fo, Q" fo) + Hg|\2)] -

Note now that for every N € N, as Q is self-adjoint, by the Cauchy-Schwartz
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So, plugging this into what we had earlier,

o(£,Q) = I +2 Jim. [Z (NT"“) (o @ o) + HgHz)]

LV)

> 2]\}21100 (%) (fo. Qfo) —I—; [(%) 19™ foll ]
N
3 () hale
k=1
N
zz]&nm[(]v ) oo+ 30 (T ) ol
_ —k
=2 (V) o 2 im 3 (N o

— 2(fu, Qo) +2 lim Z( ) bl

Finally, notice that as limy_,e > p, (22E) lg||* = oo, we have v(f, Q) = oo,
s0 0(f. P) < 00 = v(f,Q). 0

With theorem 52, we can establish many of the same results on efficiency
dominance for more general kernels just as we did in previous sections for -
irreducible kernels.

List of Results that carry over for (not necessarily ¢-irreducibe) reversible
kernels:

e proposition 31
e if direction of theorem 41, possibly converse as well
e if direction of theorem 43, possibly converse as well

e theorem 44 if converse of theorem 52 is true, if not then it is false (I think,
doubt the antisymmetric)

e theorem 47

e theorem 49 (as seen in [10])
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Notes

e Not many Markov Chains have compact Markov operators. This is said in
[5], bottom of page 7. They cite a source for this. It may be worth showing
some examples.

e [5] cite a source that identifies the set of minimal variance operators when
in matrix form.
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