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Abstract

We sharpen the Evolving set methodology of Morris and Peres and extend it to study convergence
in total variation, relative entropy, L? and other distances. Bounds in terms of a modified form
of conductance are given which apply even for walks with no holding probability. These bounds
are found to be strictly better than earlier Evolving set bounds, may be substantially better than
conductance profile results derived via Spectral profile, drastically sharpen Blocking Conductance
bounds if there are no bottlenecks at small sets, and give intuition into the workings of Canonical
Path methods.

This paper is intended solely to develop theoretical underpinnings, and as such we focus on two
points : proving the sharpest most general results we can, and showing the Evolving Set methods to
be better than previous isoperimetric methods. In order to learn about Evolving Sets we recommend
the relevant chapter in our book with Tetali [23], and of course the original paper of Morris and
Peres [26]. To learn about some applications please see our paper on Cheeger Inequalities [21], that
on Canonical Path bounds for non-lazy walks [18], our alternate interpretation of Morris’ study of
the Thorp shuffle [23, 25], Morris’ paper on the Exclusion process [24], and the paper of Diaconis
and Fill on the duality method [2].
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Chapter 1

Introduction

An isoperimetric bound on mixing time uses a geometric quantity, such as conductance, to bound
the rate of convergence of a Markov chain. Such bounds have played a key role in proving mixing
time results, beginning with Jerrum and Sinclair’s [11] proof that a random walk for approximating
the permanent of a dense matrix converges in polynomial time. Their idea has been extended to
apply to non-reversible non-lazy walks [16, 6], to continuous state spaces [15], to walks with low
conductance on small sets [15], and to walks with high conductance on small sets [14].

Three recent papers have built on the Average Conductance idea of Lovész and Kannan [14].
Morris and Peres [26] develop the Evolving Set methodology to show very strong results in terms of
L? distance. Kannan, Lovasz and Montenegro [13] show similar results for total variation distance
of a reversible, lazy walk through the method of Blocking Conductance. Finally, Goel, Montenegro,
and Tetali [9] use the notion of Spectral Profile to extend an approach of Fill [6] and bound L?
mixing of finite Markov chains. Each of these were shown by very different methods: by using a
duality based approach, by considering the n-step average distribution, and by direct examination
of the drop in variance, respectively.

The goal of this paper is to develop a general framework under which these isoperimetric results
are unified as much as possible. This will be done by strengthening the Evolving Set methodology.
Our improved argument leads to bounds on any convex notion of distance: including total variation,
relative entropy, L?, Hellinger, and Wasserstein distances. These are the first isoperimetric bounds
on most of these distances, and even when past bounds are known these are the first which are
sharp. For each of these distances we can also derive bounds in terms of an extension of the
conductance method, known as modified conductance, which is consistent with past bounds when
applied to lazy walks but which also applies in the setting of walks with no holding probability.

How do our new Evolving Set results compare to previous isoperimetric bounds? We find that
our new L? mixing bound is slightly better than earlier Evolving Set results, our conductance
bounds on L? mixing may be substantially better than those derived from Spectral Profile bounds,
and our mixing bounds are significantly sharper than those of Blocking Conductance except when
the worst bottleneck is at a small set. Moreover, our results explain the curious existence of three
total variation mixing bounds in the Blocking Conductance paper [13]. We find these are in fact
total variation extensions of a bound on L? mixing, a bound on relative entropy mixing, and a direct
bound on total variation mixing. An Evolving set approach to canonical paths also suggests that
previous forms in terms of edge-expansion, vertex-expansion, or path lengths can all be considered
to be bounds of the form (edge-expansion)*(vertex-expansion).



This paper is focused on developing a rich theoretical framework, and comparing it to past
methods. As such it is not so much as a text on applying Evolving Sets, as a text developing
theory. Some examples are, however, included at the end in the Examples section. The interested
reader can find additional theoretical developments in [21], where we show a version of Cheeger’s
inequality which bounds (complex-valued) eigenvalues of non-reversible chains, a version to bound
the smallest eigenvalue of a reversible chain, and we also sharpen Cheeger inequalities of Jerrum
and Sinclair, Alon, and Stoyanov for bounding the spectral gap in terms of isoperimetric measures
of edge and /or vertex expansion of a non-reversible walk. In [I8] we develop a canonical path bound
for non-reversible non-lazy walks, and use this to extend past results on mixing times of reversible
walks on Cayley graphs into the general setting. Finally, together with Tetali [23] we substantially
improve on mixing time bounds of Morris for the Thorp shuffle [25], by use of a conductance-profile
bound based on ideas developed in this paper for walks with no holding probability.

The paper proceeds as follows. In Section |2 we introduce the notion of Evolving sets, and use
this to show isoperimetric bounds on distances and mixing times. This is followed in Section 3 by
conductance and modified conductance, an extension of conductance to non-lazy walks. These new
results are compared to previous isoperimetric methods in Section 4.



Chapter 2

Set bounds on distance and Mixing
Times

In this section the main development of this paper is given: isoperimetric methods for bounding
several notions of distance and mixing time. The arguments are based on the evolving set process
of Morris and Peres [26] which was also described in the context of duality by Diaconis and Fill [2].

A little notation is required. Let P be a finite irreducible Markov kernel on state space V' with
stationary distribution 7, that is, P is a |[V| x |V| matrix with entries in [0, 1], row sums are one, V is
connected under P (i.e. Vo,y € V 3t : P(z,y) > 0), and 7 is a distribution on V with 7P = 7. The
time-reversal P* is given by P*(x,y) = % and is a Markov chain with stationary distribution
m as well. If A, B C V the ergodic flow from A to B is given by Q(A, B) = >_ c 4 yep ™(2)P(2,y).
Given initial distribution o, the n-step discrete time distribution is given by o¢P", and if the walk
is aperiodic then oP"™ 2222 7.

2.1 Duality and Evolving sets

In order to relate a property of sets (conductance) to a property of the original walk (mixing time)
we construct a walk on sets that is a dual to the original Markov chain. Given a Markov chain on
V with transition matrix P, a dual process consists of a walk P on some state space V and a link,
or transition matrix, A from V to V such that

PA = AP.

In particular, P"A = AP™ and so the evolution of P and P™ will be closely related. This relation
is given visually by Figure 2.1l
The projection A(S,y) = % 1s(y) is a natural candidate to link a walk on sets to a walk on

states. Diaconis and Fill [2] have shown that for certain classes of Markov chains that the walk K
below is the unique dual process with link A, so this is the walk on sets that should be considered.
We use notation of Morris and Peres [26].

Definition 2.1.1. Given set A C V a step of the evolving set process is given by choosing u € [0, 1]
uniformly at random, and transitioning to the set 4, = {y € V : Q(A,y) > un(y)}. The walk is
denoted by Sp, S1, So, ..., Sn, with transition kernel K" (A, S) = Prob(S, = S|Sy = A).
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Figure 2.1: The dual walk Pp = P projects onto the original chain P.

Definition 2.1.2. The Doob transform of the Evolving set process is the Markov chain K on sets
with transition probabilities

7(S)
(S)

The n-step transition probabilities are K™(S, $') = ((S)) K™(S,S").

The Doob transform produces a Markov chain because of a Martingale property.

K(S,S") = K(S,5").

Lemma 2.1.3. If ACV then

Proof.
1
Q(A4,
/ m(Ay) du = Z m(y)Prob(y € A,) = Z 7(y) 7(7( )y) =m(A).
0 yev yev Yy
O
The walk K is a dual process of P.
Lemma 2.1.4. If SCV,y eV and A(S,y) = %lg(y) is the projection linkage, then
PA(S,y) = AK(S,y) .
Proof.
Z Z Q(S7 y)
S m(S)
: ) m(y) n_ QS,y)
ZKSS =5 ) K(S,9) ="
> )" w(s) 2 ~(5)
The final equality is because 3¢, K(S,5") = Prob(y € §') = Q(S,y)/7(y). O

With duality it becomes easy to write the n step density in terms of the walk K.
Lemma 2.1.5. Let B, denote expectation under K". If z € V and Sy = {x} then

P"(2,y) = Enrs, (1) ,

where Tg(y) = 155}’)

(7;3(7’) denotes the probability distribution induced on set S by .



Proof.
P"(z,y) = P"A({z},y) = AK"({z},y) = Eu7s, (y)

The final equality is because A(S,y) = m5(y). O

2.2 Evolving set bounds on distances

It is now a short hop from Lemma 2.1.5 to a bound on mixing times. First, however, note that if a
distance dist(u, ) is convex in p (i.e. dist(ap; + (1 —a)pe, ) < adist(pui, m) + (1 — a)dist(ug, 7)),
then for any distribution o

dist(oP"™,m) = dist (Z o(x)P"(x > < Z x)dist (P"(x,-), ) < maxdist(P"(x,), 7).

zeV
zeV zeV

In this case distance is maximized when the initial distribution is a point mass, i.e. o(y) = dy—, for
some x € V. Given the preceding lemmas it is easy to show an evolving set bound for all convex
distances.

Lemma 2.2.1. Consider a finite Markov chain with stationary distribution . Any distance
dist(p, ) which is conver in p satisfies

A

dist(P"(z,-),m) < E,dist(rg, )
whenever x € V and Sy = {z}.

Proof. By Lemma 2.1.5/ and convexity,

dist(P"(x,-),7) = dist(Bpmg,, ) < Epdist(rg,, 7).

Many distances are used in studying mixing times. These include:

p(x

e Separation distance: s(p,T) = maxgzey 1 — =

Total variation distance: ||p—7|rv = 1> v |u(z) — 7(2)|

Relative Entropy: D(p|lm) =,y pu(x)log “Emg

2
&_1‘

()

L? distance: ‘ = sz \/E:{:EV

Relative Pointwise distance (L*): ||£ — 1H = maxgcy | X4

2
Hellinger distance: H(p,m) =3 oy ( % - 1> (y)



o Wasserstein distance Wp(u, 7): Given metric d: V x V — RY, let

W;;)(lh m) = sup E,uf +Erg
f7 g: V_>R7
Vy,2€V: f(y)+g(2)<d(y,2)?

Each of these distances can be bounded easily with Lemma [2.2.1.

Theorem 2.2.2. Given a finite, ergodic Markov chain, x,y € V and Sy = {x}, then

s(P™(x,-), ) < ]ADT‘ObRn(Sn#V)

IP"(z,) = 7llry < En(1—7(Sh))

D(P"(x,-)||) < Enlogﬂ(zh)

IPa.) = allar < [T

P"(z,y) e J L= 7W) ob

R A U 1 Protia (1Y)
H(P"(x,-),) < 2E, (1 —/7(Sh))

Wy(P (2, ),m) < (/B WE(r(Sn), )

Most of these are immediate from the lemma and computation of dist(rg, ). For instance, in
the total variation case ||[rg — 7|7y =1 — 7(S5).
A few cases are worth mentioning further. The relative pointwise bound is because dist(u, ) =

wy) ql s convex, with
m(y)
: ms(y) ‘ 1—n(S) { 1 —m(y) }
dist(mg, ) = -1 =1 ———— +1ge(y) <maxq ——=, 179 .
s =) W)y W m(y) e

The Hellinger distance is a special case of dist(u, T) = L (£) for a convex functional L, : (RT)V —
R. Wasserstein distance is a case of Lr(f) = suppep >, ev M(y) f(y) 7(y) for some class of functions
H, by rewriting as

WE (P, ), ) = sup S (f(5) + Exg) (““”) ().
f,9: V>R, yev W(y)
Vy,z€V: f(y)+g(z)<d(y,z)P

The Wasserstein distance W} is just the total variation distance when d(y, z) = dy... It is
easily checked that Wp (rg,m) = 1 — m(S) in this case, and so

IP"(z,) = wllrv = WE(P™ (2, ), ) < EuW) (ms,,, m) = En(1 = 7(Sh)),
which shows the Wasserstein bound generalizes the total variation bound.

Remark 2.2.3. When the initial distribution o is not a point mass then Sy should be chosen
from a distribution. Set oy = o. Inductively define A; = {x : o;(x) > 0}, let Prob(Sy = A;) =



m(A;) minge 4, %, and oit1(x) = 0i(z) — 14,(2) (( )) Prob(Sy = A;). Then Lemma2.1.5 gener-
alizes to

ch Z Prob(s Prob(y € SplSo = 9) & 1s, ()

= =(5) "n(5n)

The results in Theorem |2.2.2 generalize to this case as well, whereas those in the next section will

replace m, with f~Y(Ef(m(S0))).

2.3 Mixing times
Throughout this section assume that the distance to be studied is of the form
dist(P" (z,-),m) < En f((Sy))

for a decreasing function f : [0,1] — Ry. For instance, the total variation, LP and relative entropy
bounds in Theorem 2.2.2 are all of this form. Let 7(€) denote the mixing time in this distance, that
is, the minimum number of steps to guarantee that this distance is at most e.

Mixing time will be bounded using the f-congestion.

Definition 2.3.1. Given a finite Markov chain, and function f : [0,1] — Ry non-zero except
possibly at 0 and 1, then the f-congestion Cy and f-congestion profile C¢(r) are given by

Jo J(m(Ay)) du
VACV:Cp(A) =022 Vr>0:C = max C¢(A), Cr=Cr(1).
r(A) Fn(A) £(r) max H(A), Cp=Cr(1)
A,V
The starting point for our calculations will be the following discrete analog of differentiation.

Lemma 2.3.2.

En1 f(m(Sne1) = Enf(7(Sn) = —Enf(m(Sn)) (1 = Cag(a)(Sn)
< —(1 - Caf( ))E f(ﬂ-(sn))

Proof. The inequality is because VS C V' : 1 —Cop(q) < 1 — Cop(a)(S), by definition of C,y(q). For
the equality,

An—i-lf( n-l—l E ZK SnvS ))

25K (Sn,S)W(S)f(Tr(S))
(Sn) f (7(Sn))

= B, f(n(Sn)) = Enf(7(Sn))Cay(a)(Sn)

A basic mixing time bound follows easily:

Corollary 2.3.3. In discrete time




Proof. By Lemma[2.3.2 En+1f( (Sn+1)) < Cafa) nf( (Sn)). Applying induction to this yields the
relation |, f(7(S,)) < Cot /() f(7(So)). Solving for when this drops to € and using the approximation
log Copay < —(1 - Caf(a)) gives the corollary. O

This can be generalized to take into consideration set sizes. A stronger bound holds under a
fairly weak convexity condition, with about a factor of two lost in the general case.

Theorem 2.3.4. If x (1 — Cyp()(f (%)) is convex then

e _f’(:L‘) dx
T U f@)(1 —cafm)(w)J |

f7e/2) —9f
() < / 2f'(z) dz ‘
F1(f /2 F(@) (1 = Capa) (@)
Proof. First consider the convex case.
By Lemma 2.3.2 and Jensen’s inequality for the convex function z (1 — Cy (o) (f 71 (2))),

while in general

Eni1f(m(Sni1)) — Eaf(m(Sn)) = —Enf(7(Sn)) (1 = Cap(a)(Sn))
_Enf(ﬂ(sn)) [ af(a) (f ! o f(ﬂ-( ))]
~ [t (r(S)] [1 = Coptar (£ Bast (r(5))) ] (2.1)

IN A

Since I(n) = B, f(7(S,)) and 1 —C, () (f 7 (x)) are non-increasing, the piecewise linear extension
of I(n) to t € R satisfies
I'(t) < —1(t) [1 = Copay(FHI(®)))] (2.2)

At integer t the derivative can be taken from either right or left.

Then,
1(t) dI t
/ s =
1(0) I (1 - Caf(a)(f (I))) 0

A change of variables to v = f~1(I) implies that

/f‘l(f(t)) #'(v) dv -,
1)y SO =Capy(v)) =

By continuity of I(t) there exists 7' such that I(T) = e. The theorem follows from f~*(I1(0)) =
FHf(m) = me and f7HI(T)) = £~ (e).

For the general case, use Lemma 2.3.5 instead of convexity at (2.1). O

Lemma 2.3.5. If Z > 0 is a nonnegative random variable and g is a nonnegative increasing
function, then

B(Z9(2)) 2 5 g(B2)2).



Proof. See [26]. Let A be the event {Z > EZ/2}. Then E(Z1xc) < EZ/2, so E(Z1,) > EZ/2.

Therefore,
EZ
B(Z9(22)) > B(ZL1g(EZ)) > 5 g(BZ).

Let U = 2Z to get the result. O

It is fairly easy to translate these to mixing time bounds. For instance, if f(a) = ,/1%‘“ then
by Theorem 2.2.2, Corollary 2.3.3 and Theorem 2.3.4 the L2-mixing times (denoted by 72 (¢)) are:

I 1 1-m,
log 7; in general
2(1 — Cm) T« €

{7 i £ (1- 0 (122))
To(€) < ifr(1-— — | === ) ) is convex
T 27‘(1 — T‘)(]_ — Cm(r)) a(l—a) \ 1+r2
_/ 1+e2/4 dr “ in g 1
in genera
L 1173:;* ’I”(l —T)(l—c\/Ta)(T))
By making the change of variables z = ﬁ and applying a few pessimistic approximations one
obtains a result more strongly resembling average conductance bounds:
o 1 ,
log in general
1-— Cm €/ Ty
/1/6 dx ¢ c )
To(€) < if x (1 — (—)) is convex
2( ) - 21‘(1 _ Cm(x)) va(l—a) \ 1+2?

/4/6 dx . |
n genera
ar, w(1-C /a(1—a) ()

It is often unnecessary to compute Cs(r) for 7 > 1/2. Observe that u almost everywhere
(A%, = (A1—y)". Tt follows that if f(a) = f(1 — a) then

/f A1 —u) /f Al uc /f Ac du=Cp(A%).  (2.3)

In particular, Vr > 1/2 : Cf(r) =Cy(1/2) = max,(4y<1/2Cr(A).

Remark 2.3.6. Mizing time bounds implied by the theorems of this section follow easily for the
other distances, but for instance with Cy(1_q) for total variation distance and Cqlog(1/q) for relative
entropy. However, it is often better to work with a harder distance, such as bounding total variation
mizing (trv(€)) by instead bounding L? mizing (2(€)) and applying the relation 7y (€) < m2(2¢).
The quantities are related by Cyiog(1/q)(A) < % (14 Ca(1—q)(A)) (see remarks after Theorem {.6.2)

\

and Cm(A) < 1/Ca(i—a)(A) (Cauchy-Schwartz), so generally the relative entropy or L?-mizing
bounds are less than a factor two worse than the total variation bound. In contrast, the lazy walk
on a binary cube {0,1}¢ has tiny 1—Cy1—a)({7}) = % 2=, but huge 1 —Cm({x}) Ny — #,

so the L? bounds will give much better asymptotics for this example.

10



2.4 Continuous Time

Not much need be changed for continuous time. Let H; = e~ *"P) denote the continuous time

Markov chain at time ¢. It is easily verified that if K, = e~t0-K) then
Hy(z,y) = Etﬂ-st

where Sy = {z} and K, is the expectation under the walk K;. Bounds involving P™(z,y) then
translate directly into bounds in terms of Hy(z,y). Once Lemma 2.3.2 is replaced by

d

%Etf(ﬂ'(st)) = —Eif(7(S0))(1 = Ca(a)(St))

then mixing time bounds also carry over to the continuous-time case, although it is no longer
necessary to approximate by a derivative at (2.2) nor necessary to take the ceiling of the bounds.

11



Chapter 3

Conductance and Modified
Conductance

The most common geometric tool for studying mixing time is the conductance ®, a measure of the
chance of leaving a set after a single step. Such bounds have been shown only for L? mixing time.
In this section we show bounds on f-congestion in terms of conductance for lazy walks, the most
common situation. The real innovation of this section, however, is the modified conductance, a new
quantity which is equivalent to conductance for a lazy walk in L? distance, but which also applies
to walks with no holding probability and to other distances as well. We finish the section with a
discussion on how our evolving set bounds are effected by changes in edge or vertex-expansion, or
through re-scaling the transition kernel when slowing down a walk to increase its laziness.

3.1 Conductance

Let us begin with a formal definition of conductance.

Definition 3.1.1. The conductance ® and conductance profile CI:)(T) are given by

QA4 L. (r) = min ®(4), &=&(1/2) = min B(A).

ACT: d(4) = D2
VACV: (A) = oA e fran

The conductance ® and conductance profile ®(r) are defined similarly, but in terms of ®(A4) =
Q(A,A°)

min{r(A),7(A°)}"
Markov chain K.

When necessary, notation such as ®x will be used to denote conductance for

The conductance profile <i>(r) can also be used to upper bound the various f-congestion quan-
tities Cy when the Markov chain is lazy. The argument is not hard (see also [26]).

Theorem 3.1.2. Given a lazy Markov chain, and f concave, then

f(m(A) +2Q(A, A%)) + f(r(A) - 2Q(A, A%))
2f(m(A))

Cr(A) <

12



Proof. For a lazy chain, if u > 1/2 then A, C A, and so

oS~ QA Ty ) s e
/1/2w<Au>du—£<ﬁ(y) 5 ) 7 = ) - T = D —a(a, 9.

By the Martingale property fol m(Ay)du = 7(A) it follows that
1/2 1
/ m(Ay) du = m(A) — / m(Ay)du = ”(2‘4) +Q(A, A°).
0 1

Recall Jensen’s inequality, that [ g o h(u)du < g([ h(u) du) if u is a probability distribution and g
is concave. By concavity of f,

ey D B 4 s S (o m(Au) &) + £ (o m(Au) i)
4= 2 (r(A)) = 2f(m(A)) '

O]

For each choice of f a bit of simplification leads to bounds on C;. For instance, a lazy Markov

chain will have
= 2 1
_ 2 i
C rl_a)(A) <3W/1-2(A)?2 and m(e) < {‘i}? log - W*—‘ . (3.1)

See proof of Theorem 3.4.1 for a similar calculation. A conductance bound for a non-lazy walk will
be considered later.

3.2 Modified conductance

While the conductance has proven useful for studying lazy walks, if the chain is not lazy then
the conductance <i>(r) is not useful for studying mixing. Consider the simple random walk on the
complete bipartite graph K, ,,, a periodic Markov chain. Every subset A C K, ,, has many edges
to A¢ so conductance is large, but if A is one of the bipartitions then a Markov chain starting in A
will bounce from A to A and back again, but it will never mix.

The problem here is that the Markov chain never grows into a larger set, but is always stuck in
half of the space. Therefore, it seems more appropriate to consider how much flow from A reaches
a strictly larger set, that is the worst flow into a set B where w(B) = 7(A). In particular, we
consider W(A) = U(A, 7(A)) where

\P(Aat) = BCI\I/lilr)IGV Q(AaB) + (t_ﬂ—(B)) 7T<’U)
m(B)<t, n(BUv)>t

(3.2)

is the smallest flow from A to a set of size t. For a lazy chain the minimum in W(A) occurs
at B = A° so U(A) = Q(A, A°). In general, if 7 is uniform then W(A) simplifies to W(A) =
Ming p)—r(ac) Q(A4, B).

It is now possible to define the set quantity that is the main innovation of this section.

13



Definition 3.2.1. The modified conductance ¢ and modified conductance profile qg(r) are given by

S W(A) S R
WA = Tyean °0) = min 6(4), ¢ =¢(1/2) = min(4).

w(A)<r
Define ¢(A) similarly but without 7(A°) in the denominator.

For a lazy chain W(A4) = Q(A, A°) and so ¢(A) = ®(A), and modified conductance extends
conductance to the non-lazy case. The modified conductance captures important properties quite
well. For instance, a connected reversible chain has W(A) = 0 if and only if A is one of the
bipartitions of a periodic walk; the minimum in W(A) is then achieved by B = A, and ¥(A) =
Q(A, A) = 0 rather than Q(A, A°) > 0 as with conductance.

An alternate interpretation of ¥(A) is as follows. Given a set A C V let pa € [0, 1] satisfy

inf{y : w(4,) < 7(A)} < pa < supfy : w(4,) > 7(A)}.

The set V' \ A, contains the vertices with minimum flow from A, and so if u < p4 then 7(A,) —
m(A)=m({y e V\ A, : Q(A,y) > ur(y)}). It follows that

A 1 1
U(A) = /0p (m(Ay) — 7(A)) du = /p (m(A) —7(Ay)) du = % /0 |m(A) — 7(Ay)| du, (3.3)

A

where the first equality is from the definition of ¥(A) and the second is from Lemma 2.1.3. Since
u-almost everywhere A, = ((A°)1-,)¢ the final equality shows that ¥(A) = W(A°), a property
which is also satisfied by conventional set expansion with Q(A, A°) = Q(A¢, A).

3.3 An Inequality Prover

With this formulation of W(A) it is possible to upper and lower bound each C;(A) via Jensen’s
inequality, although the upper bounds require a careful setup. However, an argument based on
Lemma|3.3.1lis more appealing because it gives a general result for all concave f, and it immediately
implies sharpness due to the explicit constructions (3.6) and (3.7). We find it also to be more
intuitive than Jensen, as it relates a graphical representation of m(A4,) directly to the f-congestion.

Lemma 3.3.1. Suppose that f : [0,1] — R is concave, and g, g : [0,1] — [0,1] are functions such
that g is non-increasing and (g — §) is continuous on a measure one open subset of (0,1) (e.g. a
step function). If

Ve [0,1] : /Otg(u)dUZ/otg(u)du

and fol g(u) du = fol G(u) du, then

1 1
/fog(u)dug/fog(u)du.
0 0

Proof. First we use concavity. Given 6,¢ > 0 and z,y € [0,1] with 1 —§ > 2 >y > dc !, let A =

Wﬁc*l)& € (0,1). Thenz = Ac(y—6c 1)+ (1—=Xe) (z+0) and y = (1—N) (y—dc™ D)+ X (z+9).
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By concavity, f(z) > Ac f(y—dc™ )+ (1= Xc) f(x+6) and f(y) > (1=A) f(y—dc ) + X f(z+9).
It follows that
fl@)+cfly) = fla+8)+cfly—odc). (3.4)
Now, let S1 = {u € (0,1) : g(u) > g(u)}, Se = {u € (0,1) : g(u) = g(u)} and Sz = {u €
(0,1) : g(u) < g(u)}. If (g — g) is continuous on an open interval I then {u € I : g(u) > g(u)}
and {u € I : g(u) < g(u)} are open subsets of I. Hence S; and S5 are open subsets of (0, 1), since
(g — g) is continuous on a measure one countable union of disjoint open intervals. More specifically,
each is a countable union of disjoint open intervals. Define

v =sup{s €015 a9 (- (was

where F*(z) = max{0,+F(x)}. Then h is a bijection from S; \ S to S3, where S = {u € S; :

h(u) € S3\ S3} is countable. Moreover, when u € S \ S then h'(u) = % > 0. Hence, via
integration by substitution,

/ (f 0.§)(x) da = / (f 0 8)(h(w)) ' (u) du,
S3 S1\S

and likewise with ¢ in place of §. The lemma then follows from integration:

/Olfog(u)du _ /514—/52—1—/53(fog)(u)du

- /S (a4 ) (70 5)h(w) dut
> / ((f 0 9)(w) + ' (u) (f 0 g)(h(u))) du+
51\S

= /Sl+/52+/33( o g)( du—/fog

The inequality was an application of (3.4) with x = g(u), y = g(h(u)), ¢ = h'(u), and § =
9(u) = g(u) = c(g(h(u)) — g(h(w))). O

The lemma implies that for any set A C V, and for some initial conditions, if there are non-
increasing step functions m, M : [0, 1] — [0, 1] such that

Ve [0,1] /OtM(u)duz/Otw(Au)duZ/Otm(u)du (3.5)
and /01 M(u) du:/olw(Au)du:/Olm(u) du

then for every concave function f (x) it follows that
))d 1
f(?T(A)) f(m(A))
In the problem at hand, m(A,) € [0, 1] is non-increasing and equation (3.3) implies ¥(A) is the

area below m(A,) and above 7(A), and also above 7(A,,) and below 7(A). The extreme cases of
m(Ay,) can be drawn immediately, as in Figure [3.1.
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T(AY M (u) (A mu(U)
1 = 1

SRy 7 iy
ared 7 areq
W(A) W(A)
T[(A)’A 7 H(A)7%7/77 777’ 7 77” 7 7 -
0 0
o R 1Y o R 1Y
Figure 3.1: Distributions such that fO u) du > fO w) du > fo u) du given ¥(A) and pa4.

3.4 Bounds on f-congestion Cs(A)
We now show modified conductance bounds on some of the f-congestion quantities of interest.

Theorem 3.4.1. Given a subset A C V then

0(A) = 1-C rp(4) = 1—1\/1-6(4)2 > 4(4)*/2

2¢(A)*
p(A) > I—Calog(l/a)(A) = M

G(A) = 1-Cou-a)(A) = 46(A)°m(A)(1 - 7(A))

Proof For the upper bound Figure 3.1 shows that, given W(A) then Vt € [0,1] : f(f M(u) du >

fo w) du and fo u)du=m1(A fo u) du, where
0 ifu>1-— %
M(u) = ¢ m(4) ifue (2, 1- 44 (3.6)
1 ifu < 2

By Lemma 3.3.1 any choice of f(z) which is concave and non-negative will therefore satisfy

(M () du
0
Gl = T
) S0 +<1_ w(4) >f(7T(A))+ w4 7
() F(n(A)) T(A)n(A%) ) F(A) T 1= a(A) F(n( )
> 11— ¢(A)

This shows all of the upper bounds.
To prove lower bounds, suppose oA and \I/(A) are known Then Flgure 3.1 demonstrates that

vt € [0, 1] fo w) du > fo u) du and fO u) du = 7( fo u) du, where
w(A) — qi(A) if u>gpa
m(u) = vl (3.7)
m(A)+ 7 ifu<gpa



All that remains is to substitute this into the formula for 1 — C¢(A) for the various f(x) of
interest, and then minimize over all possible p4 € [0, 1].

The bound on 1 — Cy(1_g) is the easiest. Apply Lemma 3.3.1 with f(2) = a(1 — a) to obtain

Com(A) < Aol du

f(m(A))

n(A)+ A 1 — () - 2D m(A) — 241 r(a) + HA
7 S per 7 S CRl O e s s}
_ o PAPRAT(AY) e e
= 1= oy S 1464 n(A)m(4)

For the lower bound on Cj1og(1/4) Proceed similarly.

Ca log(1/a) (A)

(4) + L4 T(A) m(A4) - £ U(A)
< —py———— 4 A) + —(1— — kA ( A) — >
= b 7m(A)log ( j o8 ( “) ©A > (1=pa) m(A) logﬁ og { m(4) 1—pa
_ o pat o) paté(d) 1-pa—¢(4), 1-pa—d(4)
= — T og — i lo

log = ©A log =75 1—pa

Then (1 Calog (1/a) ( ) log(1/m(A)) > g(pa, p(A)) > 2q§(A)2 by Lemma [3.4.4.
Now for C \/7(14) Applying Lemma [3.3.1/ and equation (3.7) as before,

¢ a(l—a) (A)

o) (1+ 222) (1- 5285 + - 0w (1 - =2 ) (1+ =)

- ¢@m+émwmvﬂ@m—&mwm®)+¢0—pA—amﬂMﬂ)0—pA+&meﬂ

IN

The bound on Cm(A) follows from Lemma 3.4.3 with X = p + ¢(A) 7(A°) and Y = oy —
$(A) m(A). O

It follows, for instance, that

4/ .
(e < [ 52 log - 1ﬂj and  T(e) < { A 7’2?7’)2-‘ . (3.9)

Conductance can be used to obtain a crude lower bound on the modified conductance.

Lemma 3.4.2. For an ergodic Markov chain, if Ve € V : P(z,2) >~y € [0,1] and A CV then

B(4) > &()>mm{L17}imy

-
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Proof. The upper bound ¢(A) < ®(A) is trivial because ¥(A4) < Q(A ; A°). The minimum in the
lower bound is equal to 1 exactly when 4 > 1/2, but in this case ¢(A) = ®(A), so this case is also
trivial. It remains to consider the lower bound when v < 1/2.

m(A%)—n(B)

In the definition of W(A) there is a set B, and one vertex v for which only a =0 fraction
is counted. Extend the state space V' to a space V' by splitting v into two vertices v1 and vy, with
vy of size w(A°) — w(B), vy with the remainder, and ergodic flows into v; and vy determined by
their respective sizes. Then let C' = B U v; be the set where ¥(A) = Q(A, C). It follows that

VU(A) = QA CNA)+QACNA)
> QA,CNA®)+ym(CNA)
A, A€
> Q(A,C N A9 +7M
L=x
> 1fQ(A A°)
The first inequality uses the fact that Yo € A : Q(v,v) > ym(v) and so Q(A4,v) > y7(v). The
second inequality is because 7(C' N A) = w(A°\ C) > Q4 \ ) ANG) > QA AP\C). O

The /(1 —) factor is introduced when converting C'N A into a subset of A€, in short primarily
because Q(A, A€) is not the correct quantity to work with for non-lazy chains. This induces a
mixing bound in terms of conductance for non-lazy walks, but this will be substantially improved
on later.

Although Lemma [3.3.1l was just used to show the bounds of Theorem [3.4.1, the arguments are
easily modified to use Jensen’s Inequality instead (see [21] for just such an approach). However, the
upper bound of <;~S(A) is somewhat more subtle, and so we give here a proof with Jensen’s inequality
as well.

Proof of upper bounds in Theorem 3.4.1 using only Jensen’s Inequality. In the definition of W(A)
there is a set B, and one vertex v for which only a % fraction is counted. Extend the state
space V to a space V' by splitting v into two vertices v; and vg, with vy of size w(A) — w(B), vy
with the remainder and flows adjusted accordingly. Then let C'= B U vy be the set where W(A) is
achieved in the space V.

Observe that when u > pa then m(Ay) = >, 0 0Qay)>ur(y) T(A) ;r(—y) Since w(C) = w(A)

A)
and f(z) = y/x(1 — ) is concave then by Jensen’s inequality

/ m(Au (A) 4 s / ' > m(y) \/ daayzun(y)T(A) (1 — fouyzunyT™A)
oa | 7 (4)) oa pee ™(4) m(A)(1 —7(A))
' )
= 5Q Ayy)>um du
on y;} T(A) (Ay)zu-(y)
b or(Ay) / P4 m(Au)
= odu=1-— 2 du,
/m m(A) o 7(A)
where the final equality uses the Martingale property fo w) du = 7(A). Similarly, when u < p4

then 7(A,) = Zer'\C( T(A) 4 0Q(Aay)>ur(y) T(A9)) 7:2(1‘?{2)’ and because w(V'\ C) = m(A°) then
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Jensen’s inequality can be applied once more to obtain

Pa - Im(Ay)(1 —7(Ay)) a1 —m(Ay) "
| \/w<A><1—7r<A>> wz [T

Combining these inequalities and rearranging a bit gives the result

4 (1 —7(A))m(Ay) — m(A)(1 —7(Ay))
Cyatizaid) = 1= /0 n(A)m(A°) du
Y m(Ay) — m(A) 1§
= - [ e e,

The only properties used in this argument were the concavity of f(x) = y/z(1 — ) and that
f(0) = f(1) = 0. These also hold for 1 —C,(1_q)(A) (With f(z) = 2(1 —2)) and 1 — Cqi0g(1/a)(A)
(with f(x) = zlog(1/x)), giving the upper bounds for these. O

The following two inequalities were used in the proof of Theorem [3.4.1:

Lemma 3.4.3. If X, Y € [0,1] then

g X, Y)=VXY +/(1-X)1-Y)<V/1I-(X-Y)2.

Proof. Observe that

X, Y2 =1 (X4+Y)+2XY + V1 - (X +Y)+2XVP2 -1 -2(X +Y) + (X +Y)2.

Now, VA2— B < A—-Bif A>> B, A< # and A > B (square both sides to show this).
These conditions are easily verified with A =1—(X+Y)+2XY and B=1-2(X+Y)+ (X +Y)?%
and so

g(X,Y)? < 21— (X+Y)+2XY]-[1-2(X+Y)+ (X +Y)?
1+2XY - X?-Y?=1— (X -Y)?

O
Lemma 3.4.4. Ifz € (0,1) and y € [0,1 — x) then
T+y l—xz—y
9(x,y) = (z + y)log . + (1 —x—y)logﬁ > 2°.

Proof. Start by seeing what can be shown by differentiation.

dg = log(l—l—g)—g—log 1- 7 S

dx x x 11—z 11—z

g _ . (z+y)a? + (1 —2)*(1 - (z +y))

da? ?(l-z)3(c+y)1-(x+y) —
It follows that g(z,y) is convex with respect to x, and since % < 0 and g—g >0

Tle=(1-y)/2 Tle=1/2

then the minimum occurs at some z € [(1 —y)/2, 1/2].
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To lower bound the minimum we first lower bound g(z,y). By the inequality f(z) = zlogz +
(1 —2)log(l —2) > —log2+ 2(z — 1/2)? when z € [0, 1] it follows that

1—=x

g(z,y) = f(z +y) —log(l —z) + (z + y) log > h(z,y)

T

where h(z,y) = —log2 + 2(z +y — 1/2)? —log(1 — ) + (z + y) log 1=%. Now,

% = y(4—x(1l_x)>+4x+10g x$_2
d*h 1—2x 1
dr y:EQ(l—ar:)2+ Cz(1—x)

d’h _ deyt(A-co)+4actyt

de? | _( 2 (1 —c2y?)?

The second derivative is positive when ¢ € [0, 1], and so h(z,y) is convex in = when = € [(1 —

y)/2,1/2]. However, %’le/z =0 and so h(z,y) > h(1/2,y) = 2y* when = € [(1 —y)/2,1/2].
It follows that > i > i h > h(1/2,y) = 2. O
ollows that g(x,y) _ze[(lgl)l/lmmg(w,y) 2 e, (z,y) = h(1/2,y) =2y

3.5 Flow distribution

Now let us look at how flow distribution affects the C quantities. To do this we assume that we
have two Markov chains which differ only in a single characteristic, related to either the level of
ergodic flow or the way in which the ergodic flow is distributed among the vertices. The following
applications of Lemma [3.3.1/ then give a good intuition into what governs mixing.

Corollary 3.5.1. Suppose that M and M’ are finite irreducible Markov chains with the same
stationary distribution w, that A C V with ¥(A) = Q(A, A°) (e.g. any subset if M is lazy), and
that f: [0,1] — R* is a concave function. Then

1—Cy(A) >1-Cy(A)
if either of the following two conditions hold:
e Edge expansion / flow: M’ has smaller pointwise flow than M, that is

Vo e A°: Q(A,v) > Q(A,v) and Vv e A: Q(A%v) > Q'(A%v),
e Vertex expansion: M’ has less well distributed flow than M, that is

Vue[0,1] : > minfur(v), QA,v)} > Y min{ur(v), Q(A4,0)}

veEA® vEA®
and Yu € [0,1] : Zmin{uw(v), Q(A%v)} > Zmin{uw(v), Q'(A%v)}
vEA vEA
and moreover V'(A) = Q'(A, A°) (e.g. if M’ is lazy) and Q(A, A°) = Q'(A, A°) (i.e. equal

ergodic flows).
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The first relation says that, all other things being equal, if each vertex in A¢ gets less ergodic
flow from A, and vice-versa, then the Evolving set mixing time bound will be worse. The converse
does not hold, as the periodic walk on the two-point space has higher edge expansion than the lazy
two-point walk, but does not mix.

In order to understand the second case we need to define exactly what is meant by vertex
expansion. One reasonable definition is to say that the flow is well distributed if cutting it off at some
threshold does not cut off too much, that is if the threshold is u then ) _ 4 min{un(v), Q(A4,v)}
is about the same size as Q(A, A°), and likewise with a sum over v € A. The corollary then says
that, all other conditions being equal, lower vertex expansion leads to a slower mixing time.

The requirement that W(A) = Q(A, A€) arises from the following lemma.

Lemma 3.5.2. Given an irreducible Markov chain and A C'V, then V(A) = Q(A, A°) if and only
if Uu>m Ay, CACA, for pa =inf{u:7(A,) < 7(A)}.

Proof. Observe that W(A) = Q(A, A°) if and only if the set B where the minimum occurs in the
definition of W(A) can be taken as B = A°. This happens if and only if Vo € A% v € A :
Q(A,v)/m(v) < Q(A,v")/m(v"), which is in turn equivalent to 7(A4,) > 7(A) if and only if A C A,,.
This occurs if and only if A C A, (observe that (A, ,) > 7(A)) and Vu > pa: A, C A. O

This shows that W(A) = Q(A, A°) if and only if the A, split into two types, everything at
u > p4 is in A and everything dropped at u < @4 is in A°. Most properties of lazy Markov chains
will hold for sets A C V when V(A) = Q(A4, A°).

Proof of Corollaryl|3.5.1. Figure 3.2 gives a visual “proof” using Lemma [3.3.1.

m(A) T(A)
1 higher vertex expansion

original k

AC 5 original
smaller edge \/
A { T
u —~U

0 1 0 1

a—

Figure 3.2: The 7(A4,) for M vs. smaller edge expansion M, and vs. higher vertex expansion M’.

Let us now show rigorously that Lemma [3.3.1 can in fact be applied, as suggested by the
pictorial representations.

First, edge-expansion.

By Lemma 3.5.2, if u < o4 then A, = AU (UveAc5Q(A,v)2mr(u))a while if u > @4 then A, =
UpeA0Q(A,w)>un(v)- LThe Markov chain M’ also splits into cases of u < p4 and u > @4, because if
v € A° then Q'(A,v) < Q(A4,v) < pam(v), while if v € A then Q'(A,v) > Q(A,v) > pan(v), so we
may assume w(m(A)) = g4 for M’ as well.

First consider the case that ¢ < p4. If v € A° then Q(A4,v)/m(v) > Q'(A4,v)/n(v), and so
m(Ay) > w(AL) if u < pa, and in particular V¢ € [0, pa] : fg m(Ay) du > fg m(Al) du.
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Now consider the case when t > 4. If v € A then Q(A U)/ﬂ'( ) < Q(A4, v)/w(v) and so for

u > pga it follows that 7(A,) < m(A,), and therefore Vt € [pa, 1 ft (Ay) du < ft Al) du. But
then, by the Martingale property Lemma 2.1.3,

/()tw(Au)du:W(A)—/tlﬂ(Au)duZW(A)—/tlﬁ(A;)du:/Dtﬂ(A;)du

We have now established that Vi € fo w) du > fo m(A!,) du, and so the corollary
follows from Lemma [3.3.1.
Now, vertex-expansion.

If t € [0,1] then

/t7r(A Viu = 1T 2veac(QlA ) —im(v)T i<
0 ’ A) 'UGA(Q<AC7U> - (1 - t)?'l'('l)))+ ift > pa

{t veAc ) — min{Q(A,v), tr(v)} 1< o
(A) = Xvea Q(AC v) —min{Q(A%v), (1 —t)w(v)} ift> pa
{ — Q(A, A%) + 3 e 4e min{Q(A,v), tr(v)} ift<pa
(A) = Q(A,A°) + > camin{Q(A%v),(1 = t)m(v)} ift>pa

and likewise with fo m(AL) du. By the conditions on vertex-expansion and the relation Q(A, A€) =
Q'(A, A°) it follows that fo Ay)du> [[(A,)du, and so Lemma 3.3.1 finishes the proof. O

3.6 The effect of re-scaling on mixing time

One feature of spectral gap/profile approaches to bounding mixing times is that they “scale prop-
erly,” in the sense that if the Markov chain is slowed by a factor of two by considering H'P then the
mixing time bound also changes by a factor of two, even for non-lazy walks. Conductance bounds
don’t immediately have this property, although they can be modified to behave accordingly. The
following lemma shows that the f-congestion also “scales properly”, in the sense that increasing
the holding probability of a lazy walk also changes the f-congestion in an appropriate way. We also
have a bound when the holding probability is decreased below v = 1/2, but at this point the walk
may start to slow due to periodicity, and so our bound in this case is rather more complicated.

Let us start with the simplest case, re-scaling a walk where ¥(A) = Q(A, A°), such as a lazy
walk.

Lemma 3.6.1. Consider a finite, ergodic Markov chain such that Vx € V : P(z,x) >~ € [0,1]. If
A CV with U(A) = Q(A, A°) then

1=Cp(A) =2(1-7)(1 - C(4))

where C} is the f-congestion for Markov kernel P’ = %P—i— (1 — %) I, that is the Markov chain

re-scaled to holding probability 1/2.

22



The condition that W(A) = Q(A, A°) is necessary because, as will be seen in Example 3.7.3, a
walk on the complete graph K, with holding probability v has

_my—1
1‘Cm<A>—‘m_1"

The lemma will fail for v < 1/m, exactly the region for which ¥(A) # Q(A, A°).
Proof. Let Al, denote the evolving sets for P’ and A,, denote those for P.

o Suppose that v > 1/2. Then
A, =1 A ifuell—"n,7]
A—wjpa-y Fu>7
Applying these relations when integrating for Cf(A) leads to the lemma.

o Suppose that v < 1/2. Fix any pga € [inf{u: 7(A,) < 7(A)},sup{u: 7(A4,) > w(A)}].

To begin with, if y € A then because P/ = 2(11_7) P+ (1 — ﬁ) | it follows that

Q(A,y) + <1 - 2(1—7)) m(y).

Therefore, if y € A then Q'(4,y) > un(y) if and only if
Q(4,y)
™(y)

It follows that A;L N A = A1,2(1,u)(1,7) N A
A similar argument holds for the case of y € A and shows that A, N A = Agu(1—) N AS.
Combining the case of A}, N A® and A/, N A shows that

1

Q(Ay) = 21=7)

> (u—1+2(11_7)> 20—y =1-21—-u)(1 —7).

AL = (Aroa-u)1-y) N A) U (Azy(1-q) NAY)

Ifu > Q(fij‘v) then 2u(1—7) > p4 and by Lemma[3.5.2 it follows that A; NA® = Ay, (1_,)NA° =0
and so A}, = Aj_o1_y)(1—y) N A. If, moreover, u > 1 — l%ff:) then 1 —2(1 —u)(1 —7) > pa and

2(
s0 Aj_g(1—uy1—y) € A, and A}, = Aj_(1_y)(1—y). However, if ﬁ <u < 1-— % then

1 —2(1 —u)(1 —7) < pa, and so by Lemma 3.5.2 A}, N A = A;_51_y)1—y) N A=A and 4;, = A.
Finally, if u < % then 1 —2(1 — u)(1 — ) < pa since v < 1/2, s0 A/, N A = A, and since
2u(1 —7) < pa then by Lemma 3.5.2/ Ay, (1) 2 A, which implies that Aj, = Agy,1_)-

Putting these all together, we have that

Agy(1-+) if u < 5 PA
A, =< A ifue (2(%7)71_ 216?3)
Al 2wy Hu>1- %
Applying these relations when integrating for C} (A) leads to the lemma. O
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One consequence of this is a conductance lower bound on congestion which scales properly. See
Lemma 4.2.2] for details.
We finish this section by giving a more complicated re-scaling inequality which applies even

when U(A) # Q(A4, A°).
Lemma 3.6.2. Consider a Markov chain P with holding probability v € [0,1/2], and let f : [ 1] —

|
=)
that is the Markov chain re- scaled to holding probability 1/2. Suppose h : [0, 1] — [0,1] is a
decreasing function with fo w)dw = mw(A). Then

R4 be a concave function. Let C} be the f-congestion for Markov kernel P' = 1 7 P+ (1

1
21— 9)(1 - Cj(A) > 1~ Cs(4) > 2y <1 _ fof<h<w>>dw> |

f(m(A))
if
v/2(1=7) 1

/“ (h(w) — 7(A)) dw = (/ (m(A) — h(w)) dw (3.9)

0 1=v/2(1=v)

1/2 1/2
/0 m(A,)dw = /0 h(w) dw

vVt € [0,1] : /0 m(A,)dw > /0 h(w) dw (3.10)
It [ +f1 ' )dw = 2ym(A) then by setting h(w) = w(A,,) this implies the lower bound

1-C(A) > 27(1 C' (A)) If this holds in general then the lemma becomes the much more consise
2(1-7)(1-C}(A)) 2 1—Cf(A) > 2min{y,1—~}(1 —C}(A)), and there is no need for the function
h. In Example 3.7.2 it is shown that the simple random walk on K,, with holding probability
v >1/mhas 1 —Cm(A) = 27 (1=7) =2(1—7)(1-C}(A)), and so the upper bound is sharp
for every v > 0. The lower bound is sharp for the two point space because in Example 3.7.1] it was
found that 1 —C m(/}) = 2min{~y, 1 —v}. More generally, it is sharp when A is a bipartition

for the simple random walk on the cycle with an even number of vertices and holding probability
5.

Proof. —First, the upper bound.

If v > 1/2 then by Lemma [3.6.1 the upper bound is an equality, so we may assume v < 1/2.
By the relations shown in the proof of Lemma[3.6.1, and because we may assume without loss that
pA € [v,1—7], then

A2 fus<y
A, = (A;L/2 \A) U A} C(1—w)j2(1—ry) Hu€ [v,1—7] (3.11)
Aiuﬂmmkw fu>1-7y

Integrate over u ¢ [y,1 —~]:

v 1 ﬁ 1
/ [ A - (AL du = 2(1 — ) / Ty / Fr(A) — fr(AL)) dw
0 1—y 0 1

__
2(1=v)
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Now integrate over u € [y,1 —7]. To do this, recall from equation (3.4) that if a +b=c+d
and a > ¢ > d > b then f(a)+ f(b) < f(c)+ f(d). Well, W(A’(u )) w(A) —|—7T(A’ u \A) and so
2(1—~

F(AL o))+ fr(AL i ) < f(r(A) + f(r((A] o \NAYUAL 1 ))-

2(1—7) 2(1—7) - 2(1—7)

It follows that

1—y
/ F(r(A)) — f(m(Ay)) du

</ T ()~ Sl )+ (1) = (s )

2(1 v) 2(1—)

=50

T / F(r(A)) — F(r(AL)) dw

2(1*“/)

Adding the integrals for u ¢ [y,1 — 4] and u € [y,1 — ~] gives the upper bound.

—Now, the lower bound.
The conditions on h(u) were chosen so that if

h 2(1 A/)) ifu<y
ha(u) = $ (g + oty ) = m(A) + (34 5Y) w1

h(1-— 2(1177)> fu>1—7v
then hy is decreasing, fol ha(u) du = 7w(A), and Vt € [0, 1] fo du > fo ha(u) du by (3.10) and
(3.11). It follows from Lemma 3.3.1) that

Cf fO
- f(Tr( ))
By Jensen’s Inequality, the relation fo u)du = 7(A) and (3.9),
1= du 1= du
f(ha(u §f</ ha(u >:f7TA,
[ s g < ([ mr T ) = s

and so

/0 F((A)) — f(ha(u)) du

> [T [ s - o

S 5 1
— 21— / T / Fr(A)) — F(h(w)) du

2<1 )

— 2 / f( (w)) du
> 2y /0 F(r(A)) — F(h(w)) duw.



In the final equality
u) when u <1/2

hs(u
(v h(l-+% (1—u)) when u > 1/2

The final inequahty is an apphcatlon of Lemma [3.3.1. To see this, first apply (3.9) to see that

fo hy(u) du = m( fo w)du. If t < 1/2 then fo hs(u) du > fo du because h(u) is a
decreasmg functlon and so h3( ) > h(u). If t > 1/2 then fo hs(u) du = m( ft hs(u) du >
ft u) du = fo u) du, again because h(u) is decreasing. O

3.7 Examples

The purpose of this section is to demonstrate sharpness of bounds. We start with the elementary
example of a walk on a complete graph, in which each bound is either sharp or at least asymp-
totically of the correct order. This is followed by a careful analysis of random walk on a cycle, in
which we show fairly sharp total variation mixing time bounds. We finish by discussing the simple
random walk on a directed non-lazy Eulerian graph, for which our methods appear to give the first
proof of a mixing time bound.

First, we see that the conductance bounds are sharp.

Example 3.7.1. Consider the uniform two-point space {0,1} with transition kernel P(0,0) =
P(1,1) =~ € [0,1] and P(0,1) = P(1,0) = (1 — 7). Then ®(A) = 2(1 —~), and so by Lemma 4.2.2

2(1—7)21—Cm22min{%1—7}.

Hence 1—Cm:2(1—7) ify>1/2.
More generally, 1 —C Jal=a) < ¢~> = 2min{~, 1 —~} and so the upper and lower bound are equal
and 1 —Cm = 2min{~,1 — v} for all v € [0,1].

Theorem [3.4.1] can lead to sharp bounds, even for holding probability under 1/2.

Example 3.7.2. Consider the random walk on the complete graph K, with P(z,y) = 1/m. Then
VACV:¢(A)=1landsol>1-— Cm(A) >1—+1—12 = 1. Moreover, when 7(A4) = 1/2

then 1 >1—Cuq-g)(A) > 1 and 1 > 1 — Cyiog(1/a)(A) > (2log2) ™ & 0.72. Therefore at least two
of the three bounds in Theorem [3.4.1] can be sharp.

By Lemma 13.6.1 a rescaling argument can be used to extend this to sharp bounds for other
holding probabilities, as long as \I/(A) Q(A, A°). In particular, if v > 1/m then the walk on K,
with P(z,2) = v and P(z,y) = =}, Vy # x satisfies U(A) = 7(A)m(A°) 7 (1 — ) = Q(A, A°).
Hence, if v = 1/m, and P’ is the walk with holding probability 1/2, then 1-C —

1-C_ i (A) _
2(v1—(i/rn)) = 2(1_11/m). More generally, if v > 1/m then

m

1=C g (A) =201 =11 = () = —— (1-1).

In fact, the f-congestion can be used to show sharp mixing time bounds, regardless of holding
probability.
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Example 3.7.3. Given a € [~—15,1] consider the walk on K, with P(z,y) = (1 — a)/m for all
y # x and P(z,x2) = a+ (1 — a)/m, that is, choose a point uniformly at random and move there
with probability 1 — «, otherwise do nothing.

The n step distribution is P"(z,z) = L +a" (1 — 1) and P"(z,y) = L — % for all y # x.
Therefore, when o € [0,1] then D(P"(z,-)||7) = (1 4+ om(1))a™logm as m — oco. When a €
(50 1] then [IP"(,) = v = laf"(1 = 1/m) and [IP"(,) = 7] 2(s) = laf"vm = 1.

Now for evolving sets.

If a € [0,1] then

0 ifue(a+(1—a)r(A),1]
m(Ay) =< m(A) ifue((1-a)r(A),a+ (1—a)r(A)
1 if uel0,(1—a)r(A)]

A quick calculation shows that Cy(1_q) = Cqlog(1/a) = C Jal—a) = & and so Theorem 2.3.3| implies

IP"(z,) = mllrv < " (1 —1/m), D(P"(z,")|[7) < o™ logm and [[P"(z,-) = 7|l L2(r) < a™vm —1.
Total variation and L? bounds are correct, while relative entropy is asymptotically correct.
When a € [m;_ll, 0) then

0 if u>(1—-a)r(A),
m(Ay) = ¢ (A9 if u>a+ (1—a)r(A),
1 otherwise

This time Co(1—q) = Cm = —«a and so ||P"(z,") — 7|lrv < (—a)" (1 — 1/m) and ||P"(x,-) —
Tl r2(x) < (—a)'v/m — 1, both exact.

A harder walk to bound is the simple random walk on the cycle Cy,, that is P(z,z+1) = 1/2. A
bound must distinguish between the (periodic) walk on a cycle of even length, and the (convergent)
walk on a cycle of odd length.

Example 3.7.4. The walk on a cycle C,, of even length has gzg = 0 because it is bipartite, with
the worst set A given by choosing m/2 alternating points around the cycle, and B = A in the
definition of W(A). Therefore 0 = ¢ > 1—C ¢ > 0 for all of the quantities dealt with in Theorem
3.4.1. Correctly, none of our bounds show mixing.

Now for the cycle Cy, of odd length. If 7(A) < 1/2 then W(A) > 1/2m, with the worst sets given
by points alternating around the cycle, as in the white vertices of Figure3.3. Then ¥(A) = Q(A, B)
when B contains those points at least distance two from A, one point adjacent to these and A, and
the points in A, corresponding to the circled regions in Figure [3.3.

Therefore 1

1= Ca(1—a)(A) > 4¢*(A)m(A)m(A°) > 2 (A)m(A9)

By Theorem 2.3.4 it follows that if € > 1/2 then

e da e, _miz 2 1/m2
CEy <1x><1ca(1_a)<x>>§/1/mmm‘ (= e = 1/m?)
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N/

Figure 3.3: Let A be the white vertices and B be the circled points. Then ¥(A4) = Q(A, B) = 1/2m.

and so if z € V then

m?
8

(3.12)

DN |

1
HPn(ﬂf,')—WHTVSl—%\/m ifn <

Standard techniques give poor bounds for large epsilon, such as € > 1/2 above.
Bounds for € < 1/2 can be obtained similarly, but better asymptotics can be derived by a slight
modification of the argument. Observe that

" 1 1 m(l—m)
||P (a;,) - 7THTV < @EW(Sn)(l _W(Sn)) < W(x) sin(3.147r*)

sin(3.147w(x)) m (1 —m) .
; <(1—m,)Cn
m(x) sin(3.14 ) Csm(wa) < (1 —m) sin(ra)

Esin(3.147(S,,))

<

where 3.14 is used to represent the number 7. The choice of Cgn(rq) is because if W(A) > C for
some constant C' then Cy is minimized by f(a) = sin(7a) (see [21] for details).

Now, when 4 = 1/2 then by Lemma 3.3.1/ and equation (3.7) it follows that Cgpn(rqe)(A) <
cos(2mW(A)). On the cycle, if A C V then 7(A,) > 7(A) when u < 1/2, while 7(4,) < 7(A4)
when u > 1/2, so pa = 1/2. Combined with the earlier bound ¥(A) > 1/2m it follows that
Csin(ra)(A) < cos(m/m). Then

IP"(z,") = mllrv < (1 = m) Cip(may) = (1 = 1/m) cos™(m/m). (3.13)

sin(
A fairly close lower bound holds as well. Let A = max{Aa, |[\;n|} be the second largest
w(mfl))

magnitude of an eigenvalue of P. It is easily verified that cos(

eigenvector f(j) = cos (W), SO Amaz > ‘cos (%)‘ = cos(m/m). But then

is an eigenvalue with

1 1
n D) > —\n > - n . .
max [P"(z,) = 7llrv 2 5 Mg = 5 08" (/m) (3.14)

The first inequality is a general bound for time-reversible chains.
One bound that appears in the literature is

1
5 cos" (m/m) < max IP"(x, ) — 7|y < emmIn/2mE ey > m?/40.
Te
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Our bound (3.13) is at most (1 — 1/m)e~™ "/2m* mildly better overall and with no conditions on
n. The old bound also required knowledge of the complete spectrum of the transition matrix. In
contrast, we required only examination of edge expansion properties.

We finish with an example where our methods give the only known mixing time bounds, the
simple random walk on a directed Eulerian graph.

Example 3.7.5. Consider a directed Eulerian graph with vertex set V and m edges, that is, a
strongly connected graph with in-degree=out-degree at each vertex. The simple random walk is
a walk which chooses a neighboring vertex uniformly and then transitions there. This walk has
P(x,y) = 1/deg(z) if there is an edge from z to y, and stationary distribution 7(x) = deg(x)/m.
It is known that the lazy simple random walk (i.e. P(z,z) = 1/2 and P(z,y) = 1/2deg(x)) has
mixing time 7o(e) = O(m?log(m/e)), but nothing seems to be known about the non-lazy simple
random walk even on undirected graphs.

Before stating a mixing bound we must exclude graphs on which the simple random walk
does not converge. For instance, a bipartite graph. More generally, the walk is non-convergent if
a directed graph has k (equal sized) components such that a transition starting in component 4
always goes to component ¢+1 mod k. The problem here is that a walk starting in one component
has a neighborhood the same size as the original set, so it never grows to cover the entire space.
If we let N(A) ={z € V: Q(A,x) > 0} denote the neighborhood of A, then the following weak
expansion condition will suffice to rule out such situations:

VACV, m(A) <1/2,Yw eV : x(N(A)\v) >n(A) (3.15)

This just says that if any single vertex in the neighborhood of A is removed, then the neighborhood
is still at least as big as A. Note this cannot be satisfied if some vertex has only one outgoing edge,
and so T, = min,ey w(v) > 2/m.

We now lower bound ¥(A). Suppose A C V with 7(A) < 1/2, and if V(A) = Q(A4, B)+(7(A°)—
W(B))Qﬁé’;)). If N(A) C B then n(N(A)\v) < n(B°\v) =1—n(BUv) < m(A), contradicting the
expansion condition. Hence, N(A)N B # () and so there are vertices x € A, y € B with P(z,y) > 0.
Then

VA) 2 Q4 B) 2 Py = 0 o) =

It follows that ¢(r) > yifr<1 /2, and so from the convex version of equation (3.8)) that

mr(l—r
@ < /1/2 dr +/1+12 dr
Tol€ = _—
2= N ym 2k = )er)2)2 i 2r(1 - 1)62)2
= |12 T %l

The same argument can be used to improve on the classical 75(€) = O(m?log(m/¢)) bound for
the lazy simple walk. Every lazy walk has W(A) = Q(A4, A°), and so W(A) > 1/2m even without the

expansion condition. It follows that ¢(r) > m, and so the lazy simple random walk mixes in

() < m72+m72101
T2 €) S 3 B ge .
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Note that the (lazy or non-lazy) simple random walk on a cycle with an odd number of vertices
has 75(e) = ©(m?log 1), and so even for the lazy simple random walk our bounds are the first ones
of the correct order.

A total variation bound can be found by integrating the appropriate total variation result of
Theorems 2.3.4 and 3.4.1. Instead, to give a taste of what improvements can be made, we note that
in [17] the above technique is sharpened to show that the (non-lazy) simple random walk satisfies

27ro

—log cos <% €

1 1-2 2 1
v (€) < |V 1 /m“ ~ m

This bound is exact for the simple random walk on a cycle with 3 vertices (i.e. K3 with o = —1/2
in Example 3.7.3), while more generally equation (3.14) shows an extremely close lower bound for
a cycle with an odd number of vertices:

(© > 1 log - m21 1
Trv (€ ————log — | ® —5 log —
W= log cos 2Z 8% o2 89

Numerous other improvements and generalizations are possible. See [17] in which we sharpen

this analysis further, extend it to show bounds on other walks such as the max-degree walk, and
also give near-optimal bounds for spectral gap and other quantities of interest.
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Chapter 4

A comparison to previous
isoperimetric bounds

How do our new results compare to previous isoperimetric bounds? In this section we compare
our new Evolving set mixing bounds to earlier Evolving Set bounds, to Spectral profile bounds, to
Blocking Conductance results, and to Discrete Gradient methods.

4.1 Evolving Sets

Morris and Peres’ used a more probabilistic argument than ours to show that if x € V and Sy = {z}

then
1P (2, ) — 7l 2 < Enmln{\/w(sz)(iggl (S} |

not a major difference but up to v/2 times weaker than our bound in Theorem 2.2.2. They did not
have bounds on total variation or relative entropy.
Our rate of contraction C Ja(=a) on L? distance is also better than the C va that they showed.

Let f(z,y) = \/% — zgiig with domain z,y € (0,1). This is convex in  because %f(a;,y) =

1-(1-0)"/2 /Ty
Az (1—2))3/2/y(1—y)

1 m(Aw) (A1 — 7(Au)) y 17T o s )
/0 (\/”(A) \/ﬂ( )(1— n(A)) >d 2f</0 (Au) du, (A)> = [ (w(A),7(4)) =0,

showing that Cm(A) <C a(4).

> 0. Then by Jensen’s inequality,

4.2 Spectral Profile

Two isoperimetric bounds on mixing time are shown in the Spectral Profile paper [9]:

4/62 4 dr 4/62 2 dr
T2(€) = |V[lﬂ'* Tq)PP*(r)g—‘ and 7_2(6) = |7»/47r* &YT(I)(T’)z—‘ (4.1)
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The holding probability v € [0, 1] is such that Vx € V : P(x,x) > ~.

It will be shown below that the Evolving set L? bounds are at least as good as the bounds of
(4.1). However, Evolving set bounds have the advantage that they apply to other distances, such
as total variation and relative entropy, for which the isoperimetric bounds on mixing via Spectral
gap/profile are merely induced from the L? mixing bound. See [17] for an example where modified
conductance is used to show a total variation mixing bound which is strictly better than the L?
mixing bound. Comparison methods involving conductance are also available with Evolving sets,
as will be shown in Section 4.4. On the other hand, we do not know of decomposition results which
compare favorably to those available with spectral gap or log-Sobolev methods.

First, we show that bounding mixing time with modified conductance is no worse than using the
multiplicative reversibilization PP* in (4.1)), but may give a substantial improvement. In particular,
it is fairly simple to construct a distribution for Q(A,y) in the proof of Lemma 4.2.1! for which the
upper bound is an equality, and likewise for the the lower bound, and so in the worst case scenario
Ppp+ ()2 = ¢(r)*, and the first bound of (4.1) may be nearly as bad as the square of the modified
conductance mixing bound.

Lemma 4.2.1. .

@PP* (A) Z ¢(A) Z ]. - 1 — q)PP* (A) Z 5 (DPP* (A) .
Proof. To simplify notation, in the definition of W(A) assume that the set B satisfies 7(B) = m(A°),
ie. W(A) = Q(A, B). For the general case it suffices to split an appropriate vertex v, as in the

proof of Lemma [3.4.2.
To begin with, we need a few identities:

Q(A. B) = 7(4) - QUA. BY) = 7(4) - (x(B) - QUA", BY)) = Q(4", BY)
Qer-(4,4% = 3 QUL P (5,4 = 3 L) (12 A2

=t = T ™(y)

First we bound the terms in the summation for Qpp+(A, A°) for which y € B.
Let f(a) = a(1 — a). The proof can be completed using Lemma 3.3.1, but using Jensen’s
Inequality is much simpler.

yezf:B Qﬁ?z;)y) <1 - Qi??;)y)> :((?) = y%;f < o ) (g)

(B)
m(y)
< f
o 7T(B)>
)

_ f<Q(A B> U (A

- \P(A))

m(B) 7T(AC) (4°)
To show a lower bound, note that if y € B and v ¢ B then QT(r’é/’;’) < Q by definition of set

QAY) ~ QMAB°) _ m(A)-V(A) _ 1 _ ¥(A)
B, and so ) < 2B = n(A) =1 (A" Then

QA Y) [, QA Y)Y\ 7(y) Q(A,y) ¥(A) m(y)
> (-5 T 20 w(A) 7(B)
U(A) Q(A,B) U(A)?
n(A) w(B)  w(A)w(A°)

yeB
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To bound the terms over B¢ use the relation % =1- % to re-write the sum:
:E:: (3(14731) 1— (Q(/4>Z/) 7T(y) _ :E:: (Q(f4c71/) 1— (Q(chaZ/) 7T(y)
Be) (y) m(y) ) w(B°)
g W) m(y) ) et

Then follow the same steps as before, and apply the relation Q(A€¢, B¢) = U(A), to obtain

U(A) Q(A%,y) Q(A%,y) T(A)?
L) <1‘ w<A>> 22 (1 )”(y) Z (A

Adding the upper and lower bounds for the sums over B and B¢ gives bounds on Qpp+ (A4, A):

m(y)

ye B¢

3 . U(A)?
T(A)(2 — ¢(A)) > Qpp~(A, A°) > ~(A)r (A

Dividing through by 7(A)7(A¢) and then re-arranging the inequalities completes the proof. O

The lemma induces mixing bounds in terms of ®pp- (r) for total variation, relative entropy and
L? distance. For instance,

4/e?
(e) < / _8d L nd m(e) < | = log (4.2)
ar,  rPppi(r)? G €\/Tx

This is not directly comparable to the Spectral profile bound, but it is never more than a factor
two worse, and is strictly better when x(ipp* (ﬁ) is convex as is often the case.

In a survey with Tetali [23] we use a more specialized method based on an idea of [25], which
is applicable only to 1 — C m(A), to show that

1
1—Cm(A) >1—+/1—Pppx(A)2 > Z‘I)PP*(A)Z-

This gives exactly the same mixing bound as the Spectral Profile result, and can be improved by

ﬁ) is convex.

Now, consider the second bound of (4.1), with a holding probability. Modified conductance
via Theorem 13.4.1, combined with Lemma [3.4.2, gives a weak bound on f-congestion in terms of
conductance for non-lazy walks. We now give a more direct argument improving substantially on

this.

a factor two when :L"I>2PP* (

Lemma 4.2.2. Consider a Markov chain with holding probability v € [0,1]. If A CV then

BA) > 1-Coug(d) > (max{jl _7}) b))
; 1 v 24

2A) 2 1= Caoga4) 2 (max{% 1- ’Y}> 1 — v log(1/m(A))
®(4) > 1-C a(lfa)(A) = <4max{’1, 1- 7}) 1 17 2(4)°
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Proof. The upper bounds follow from Theorem [3.4.1 and the relation ¢(A) < ®(A).
The lower bounds will be shown by using Lemma [3.6.2. The lazy walk P’ has dpr(A) = Opi(A) =
72(1177)@(/1).
The lower bounds with v > 1/2 follow immediately from Lemma 3.6.2l and Theorem [3.4.1.
Now, the lower bound for v < 1/2. By Theorem [3.1.2,

Q(A, A)

1/2 1
o = Q4,49 = /0 (m(AL,) — (A)) dw = / (m(A) — n(AL)) duw.

/2

Let h(w) = 7(A) + Q(f%”;lc) if w <1/2, and h(w) = w(A) — %”36) if w > 1/2 . This satisfies
the conditions of Lemma 3.6.2. Theorem [3.4.1/ then completes the proof, for instance if f(a) =

va(l — a) then

1—Cp(A) > 2y <1

f(m(A)) N

! w)) dw Dpi(A)2 -
o FUblw)) dw )zm B = i A

O]

The lemma induces mixing bounds in terms of ®(r) for total variation, relative entropy and L2
distance. For instance,

ey 1- 4 1- 1
ma(€) < max{'yi gl dr| and m(e) < max{'y,~ gl log : (4.3)
A, ﬁ r®(r)2 T §H2 €y/Tx

1=y
This is not directly comparable to the Spectral profile bound, but it is never more than a factor

two worse, and is strictly better when the walk is lazy (i.e. v = 1/2) or z®? ( ) is convex.

1
1+x2
4.3 Blocking Conductance

As discussed in the introduction, our methods give new insight into the mixing time bounds of
Blocking conductance [13]. We note that the improved Average Conductance result of Fountoulakis
and Reed [§] is actually a special case of the Blocking Conductance total variation bound discussed
below, so our discussion applies to their results as well.

In this section we work with the quantity W (A, t), first defined in equation (3.2). That definition
was only used for ¢ < 7(A°), but when ¢ > 7(A¢) a different definition is more appropriate. In
general, let

: Q(4,v)
V(A t) = A, B —7m(B)) ———= 4.4
(A= min o QUAB)+ (- (B) S (1.4
m(B)<t,m(BUv)>t
if t <7w(A°) and V(A,t) = W(A° 1 —t) when t > w(A°).
The Blocking Conductance theorem is the following:

Theorem 4.3.1. [Blocking Conductance [13]] Given a lazy, reversible, ergodic Markov chain then

1/2 .
v (€) < 15000 (/ h(zx)dx + h(1/2)> logy(1/2¢)

*

where ﬁ(x) can be any of the following:
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A 1 Ly(Ac )
1. Vx €10,1]: hy(z) > sup ————+—~ where Py(A :/ - dt
O U Ral0) 2 0P AT () ald) = | iy
w(A)<z
. 1 LA t)
2. Vx €[0,1] : hpoa(z) > sup —————~ where Ypeq(A :/ 2 dt
[ ] d( ) ACB x¢m0d( ) 1/] d( ) 0 tﬂ'(A)
(A)<x

A 1 m(A) WA, t)

3. Vzel0,1]: hT(z)> sup ——— where ¥ (A :/ L dt

0@z e - [
z/2<7(A)<z

The state space V= [0, 1] is the continuization of V', and is defined by associating to each v € V a
disjoint interval of size m(v), with ergodic flow such that if de C v1 and dy C ve then Q(dx,dy) =
d
dx P(v1,v9) ng)
The large coefficient is due to a conversion from one measure of mixing time to another, and
the need for the continuization is because the theorem is proven in the continuous space setting. A

discrete version of this is discussed in Section 4.5.
To relate this to Evolving sets we first rewrite W(A,t) in terms of Evolving Sets [20]:

Lemma 4.3.2. Given a finite irreducible Markov kernel and A C V then

1
[ =mande i<
w(Ae, 1) =

w(t)
/0 (7(Ay) — t)du if t>7(A)

where w(t) is any value satisfying inf{y : w(A4,) <t} < w(t) <sup{y : 7(4,) > t}.

Proof. We consider only the case that t < m(A) since the case when ¢ > 7(A) is similar.
By definition, if v; € A, and v ¢ A, then eré;’f)l) > Qi’é)’:f), and equivalently Q(’?USI) <

QST’?ZSQ). Hence, if m(Ayy)) =t then B = A, is the same set where the minimum occurs in the
definition of W(A¢, ). If instead 7(Ay4)) > t, then B = Uy~ ) Ay is the set where the minimum
occurs in the definition of W(A€ t), and if v is any vertex in A, \ B then Q(A,v)/m(v) = w(t).

In both cases
Q(A¢,v)

(v)
Let B be as defined in the previous paragraph. Then, B C A, ), and A, C B whenever
u > w(t), and so

1 -7 u = —w(t)) — Q(A’y)—w T

[, 0= rana = 1w Z};( Cl = i) wt)
= (1 w(t) - (QA, B) ~ w(t)=(B))

= (1wt~ =(B) + QA" B)

— QA% )+ (¢ - n(m) T =

V(A% t) = Q(A%, B) + (t — m(B))

T(A%t) .
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The first equality is because f w)du =73 ¢4 (Prob(y € Ay) —z)m(y). The third equality uses

Q(A, B) = 7n(B) — Q(A¢, B). The fourth equality is because Q(‘? )v) =1- T(F(v)) =1—w(t) by our

choice of v and w(t). O

The next step is to rewrite f-congestion quantities in terms of the 1)(A) quantities appearing
in the Blocking Conductance theorem.

Lemma 4.3.3. Let 1)y(A fo % dt and Yt (A) = fgr(A) % dt. Then,

1—Co-a(A) = 2m(A)m(A)g(A)

wmod(A)
1- Calog(l/a)(A) = T 1
log m

1 -
1-C raagd) 2 g P(A).
The identity 1 — Cm(A) =1- Cm(AC) can be used when w(A) > 1/2.

Proof. Start with the case of 1 — Cyog(1/4)(A)-
First, rewrite things a bit.

A)log(1/m(A) ) log(1/m ) du
1_C’alog(l/a)(A) = ( ) g / 241({2(1/7(( ))g / ( )

(A)
= / / dtd
log ﬂ(A (Au) t7r

The second equality applied the identity fo w) du = m(A).
Now to rewrite ¥,,04(A) in terms of Evolvmg Sets. By Lemma 4.3.2,

/OI‘ILET"(‘Z;)dt - / /t) —m(Au) 4, dt+/ﬂ(A)/ A =
— // t_ﬂ t=mlAu) 4o (4.5)

The 1 — Cy(1—q)(A) result is shown similarly.

For the 1 — Cm(A) case we first re-write ¢)(4)T in terms of Evolving Sets. Let pj4 =

w(m(A)), as in previous sections. Then
w(A) c w(A) pl _
/ 7\11(;1’t)62dt - / / o) ;T(AC) du dt
o m(A)m(A°) (1) T(A)?m(A°)?

w(A) _
= // B G,
pa JT(Aw) W(A )

L w(A)—w(A Dy
or T(A(4)?

2
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Finish with the inequality that for x,y € [0, 1]

1-2z (y —x)? 1
\/y(l—y)g\/x(l—x)er(y—x)—W <5y§x4+5y>a:$(1—37)> ;

substitute y = 7(A,) and = = w(A), and then integrate to obtain Cm(A) <1-1 Yt (A). The

relation follows from the inequality v/z <1+ (2 —1) — %(z —1)26,<1 with 2z = % O

When combined with Lemma 2.3.2 it follows, for instance, that

Ep41log - — E, log

1 ~
— =-E Sn) -
Sn—i—l) W(Sn) nwmod( n)
Hence the expectation of ¥,,,4(A) is exactly the rate at which the evolving set bound on relative
entropy decreases. This shows that in a sense Blocking Conductance and Evolving Set bounds are
both based on measuring the derivative of the distance with respect to time. Not surprisingly, the
Evolving set mixing bounds then imply bounds of the Blocking Conductance form.

Corollary 4.3.4. Consider a finite (non-lazy, non-reversible) ergodic Markov chain. Then

(1 1—7,
mry(e) < 5h91(1/2)log - —‘

i 1/2 9
™) < |2C / hmod(x) dx + C hpnoq(1/2) log w
VT €

i 1/2
To(e) < 4/ h+(m)dx+h+(1/2)logmw
47ry €
where
ho(@) = max — o huea(®) = max —— A¥(s) = max ——
AN, 7 Aa(A) T R w4 T AV, 2t (4)

m(A)<z m(A)<z m(A)<z
and C is the optimal constant satisfying

Vr > T wmod(A) > Cfl min @Z)mod(A)

=T e log(1/m(A)) T Az log(1/r)
Proof. For the total variation and L? bounds apply Corollary 2.3.3/ and Theorem 2.3.4 respectively
to obtain mixing time bounds in terms of various 1 — Cf(A). Replacing the f-congestion by the
appropriate (A) quantities from Lemma4.3.3/ then gives the results. However, the relative entropy
case requires more work. This is because Vr > 1/2 both 1 — Cy1_q)(1) = 1 — Cy(1-4)(1/2) and
1- Cm(?") =1- Cm(l/Q), while 1 — Calog(l/a)(r) 7é 1-— Calog(l/a)(l/Q) when r > 1/2.

From Theorem 2.2.2, it follows that if g(a) = min{1 + log 5, :=2(1 + log ﬁ)} then

1
7(Sn)

D(P"(x,-)||7) < K, log < E,g(7(Sp))-
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By Theorem 2.3.4, and the relation Cyg(q) (1) = Cag(q)(1/2) for r > 1/2 (since ag(a) = (1—a)g(1-a)),
the mixing time is then bounded by

/1/2 2dr 2log 2

i = |V Ver./2 r(1+log(1/2r))(1 — Cag(a)(r)) - 1— Cag(a)(l/Q)

Consider set A C V with m(A) < r < 1/2. Then 7(A)g(n(A4)) = 7(A4)(1 + log Wlm) and
ag(a) < a(l +log 5-) Va € [0, 1], and so

1-— Cag(a) (A) > 1- Ca(l+log(l/2a) (A)
log(1/7(A))
T lOg(1/27T(A)) (1 - Calog(l/a)(A))
log(1/r) 1 ¥moa(r)
1+ log(1/2r) log(1/r)

Substituting this into the bound on 7p(€) given above completes the proof. O

The Corollary shows that as long as the bottlenecks get sufficiently worse as set size increases,
then Evolving set bounds sharply improve on Blocking conductance results. To see this for the
himoa case note that if ming 4)<, % = ming(A)elr/2,] %, i.e. congestion decreases
with set size, then it suffices to take C = 2. The new bounds are, however, usually much better
than the Blocking Conductance bounds because the laziness and reversibility requirements have
been dropped, the bounds are given in terms of stronger measures of distance, and there is no need
to work in a continuous state space.

This suggests that the Blocking Conductance method is the best method only in the case when
bottlenecks are worst at small sets. This situation can arise when total variation mixing time is
an order of magnitude faster than relative-entropy or L2-mixing times. For instance, Fountoulakis
and Reed [8] use a version of Blocking Conductance to find the correct mixing time of walks on
the giant component of the random graph G, ,. The bottleneck condition also does not apply to
certain walks used for estimating volume of convex bodies, or to Example [4.3.7 below.

The interested reader can use the quantities calculated in Example [3.7.3| to find that Corollary
4.3.4 is within a factor 4 of being sharp for the walk on a complete graph. A “convex” version,
based on Theorem 2.3.4, can be used to strengthen this to a factor 2.

Remark 4.3.5. A straightforward generalization of work in [20] can be used to show that

Yut(4) 2 Stmod(4) 2 1= C(A) 2 10 (4) 2 10(4)?.

Hence, these various (A) quantities are closely related to each other, and to modified conductance.
Remark 4.3.6. For a lazy walk a useful interpretation of 1+ (A) is given in [13]:
AQ(AN S, A9 1

t(4) > in 2 2 S ZP2(A4).
v )_,\52&) SCA, m(A)? T2 ()
- w(S)<A
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When combined with Lemma |4.5.5 it follows that

| QAN S, A 14,
_ > = — s 2o :
P Cama@d 2 g s min et = g )

w(S)<A

This can be interpreted as follows. Let X denote the maximal size of a “blocking set”, such that
if any set S smaller than this is blocked from transitioning then it does not block too much of the
ergodic flow Q(A, A). For instance, Q(A\ S, A°) = Q(A, A°) — Q(S, A°) > Q(A, A°) — \/2, and so
by setting A = Q(A, A€) then the first lower bound on ¢+ (A) implies the second.

See Remark|4.6.3 for a similar discussion involving the non-lazy case.

Example 4.3.7. The L? mixing time can be slower than total variation mixing time when there
is a bottleneck at a small set, in which case the difference between Theorem 4.3.1/ and Corollary
4.3.4 may be real, and not simply an artifact of the method of proof.

Consider the complete graph K, on m vertices and attach an additional vertex v by a single
edge. We examine the lazy max-degree walk given by choosing a neighboring vertex with probability
1/2m each, and otherwise do nothing.

First, bound ¥ (A). If A = {v} then let A = 7({v}) = %ﬂ The only set 7(S) < Ais S = 0,

and so ¥t ({v}) > % = 5. If A# {v} then ®(A4) >1/8, and so ¥ (A) > .

To bound mixing via Blocking Conductance, note that A (r) < 277” ifr < m, while At (r) <
% otherwise. Then, by Theorem 4.3.1}

rrv(€) = O(mlog(1/e)),

which is of the correct order.
For Evolving Sets, we can only say that ht(r) < 277” for all . Then, by Corollary 4.3.4,

T9(€) = O(mlog(m/e))

which is again of the correct order.

4.4 Comparison and Canonical paths for Evolving Sets

One of the most useful isoperimetric arguments for bounding mixing times has been the method of
Canonical Paths, and in its more general form the method of Comparison. In this section we find
similar results for Evolving Sets, although our results are somewhat weaker than might be hoped
as they only allow us to compare the f-congestion Cy of one Markov chain with the Conductance
Profile ®(r) of another. Nevertheless, the results do serve to provide an overarching framework
explaining why different versions of canonical path bounds are stronger in different situations, and
in particular why p. (edge-congestion) can be multiplied by any of p. (edge-congestion), or p,
(vertex-congestion) or ¢ (maximum path length) in order to bound spectral gap (and mixing time):
A > ¢/pepe, €/ pepuv, ¢/pel. Certainly pe is a measure of edge-congestion, but it is perhaps more
surprising that the terms potentially multiplied by this are all measures of vertex-congestion; for
a lazy chain p, > p./2 and so p. bounds vertex congestion, certainly p, does as well, and we will
find that ¢ is a guarantor of good “typical” vertex congestion in some well defined sense.
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In [21] we found that if only the worst case edge expansion (i.e., conductance or edge congestion)
are known then the best evolving set bound that can be obtained for spectral gap is via 1—C Jal=a)’

a(l—a)
which we have seen to be a natural quantity for bounding L? or chi-square distance. The same idea
suggests this to be the best that can be done for mixing time as well. This partially explains why
all path bounds have been bounds on chi-square distance, since paths are generally used to show
good edge expansion.

We start with an elementary comparison result, comparison of ergodic flows, to illustrate the
use of canonical paths.

Theorem 4.4.1 (Comparison of Flows). Suppose M and M’ are finite Markov chains on state
space V and edge sets E and E' respectively. To every edge ¢ = (x,y) € E' associate a path
Yoy C E from x toy. Let

Pe = max _ Z 7' (x)P'(z,y) .

e=(uw)eE m(u)P(u,v) =,

Then, for every A CV,
Q(A, A%) > Q'(A, A%)/pe -

Proof. For each edge ¢ = (z,y) € E' with € A and y € A°, transport flow of 7'(x)P'(z,y)
along the path 7., C E from z to y, for a total of Q'(A, A°) from A to A°. By definition of p, it
follows that if e = (u,v) € E with u € A, v € A® then m(u)P(u,v) > po 1 3 7' (z) P'(x,y), and
therefore

’Yzyae

QALY = S P > Zrctaer T OP ) QA

e=(u,v)€E, Pe Pe
ucA, veEAC
because if (z,y) € A x A° then 7., must include some edge (u,v) € A x A°. O

It follows that ®(A) > p-! %, and in particular when 7 = 7’ then ®(A) > ®'(A)/p.. By

equation (3.1), if M is lazy and 7 = 7’ then 1—Cm(A) >1- \/l — (®'(A)/pe)?. Furthermore,

since spectral gap determines the asymptotic rate of convergence, then also if M is reversible then

Azl—szl—\/1—(@’//)6)22@’2/205- (4.7)

As with comparison methods, by comparing to the complete graph we obtain a “standard”
canonical path type bound. In this case let M’ have transitions P'(z,y) = 7(y), so that Q'(4, A°) =
m(A)m(A°) and ®'(A) = 1. Then

A>1—/1-1/p2>1/2p7,

a factor of 4 improvement over Jerrum and Sinclair’s bound A\ > 1/8p? [11} 27].
Our main result in this section is a comparison theorem in terms of edge and vertex congestion.
This applies to a wide range of distance measures and to non-reversible Markov chains.
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Theorem 4.4.2. Suppose M and M’ are finite Markov chains on state space V' and edge sets E
and E' respectively. To every edge € = (x,y) € E' associate a path v,y C E. Let
1 1
Pe = MaxX —— Z 7' (x)P'(z,y) and p, = max — Z 7' (x) P'(z,y) .

ceE Q(e) . veV 7(v) et

If M is lazy, ACV, and f: [0,1] — R is a concave function with f(w(A)) # 0 then

s Q(AAC _ QA9

In the sum for p, if both paths vz, and 7y, pass through the vertex v then it suffices to replace
the sum of weights 7(x) P'(z.y) + 7 (y) P'(y,) by max{w'(z) P'(z,y), 7 (y) P'(y, )}.

Proof. Given a set A C V, by Lemma [3.3.1 to lower bound 1 — Cf(A) it suffices to construct the
distribution of m(A, ) which minimizes fot m(Ay) du.

Recall that [ 120 (Ay) du = # + Q(A, A°). Therefore, given the correct distribution of w(Ay)
on [0,1/2], and an underestimate of the ergodic flow Qp(A, A¢) < Q(A, A°), then the distribution

mo(Ay ) = m(A) + (W(Au) — W(A))%O((ﬁ:ic)) will certainly satisfy V¢ € [0,1/2] : fo mo(Ay) du <

fo «) du and fo Ay)du = # + Qo(A, A°). A similar argument holds for ¢ € [1/2, 1]. It
follows that underestlmatlng the ergodic flow by only considering that due to the paths will only
make the lower bound on 1 — C¢(A) too pessimistic.

Now, let Qo denote the ergodic flow measured by the paths, so that Yo € A° : Qu(A,v) =
> reAyeac Oreys0 T (2)P'(2,y)/pe and likewise for v € A, so Qo(A, A°) > Q'(A, A°)/pe. The vertex
congestion implies that not too much of this passes through any specific vertex, and in particular

QAU) QAA)/e C.Q(A'U) v
Vv e A: 0(() gQéAAL)/Z Lv while Vv € A 0() <Z as well.
It follows that if M := pv/p6 then Vu € [M,1— M]: w(A,) = 7(A). Subject to this constraint,
in Lemma 3.3.1 the integral fo «) du is minimized by

7(A)+ M 1Q(A,A°) ifu< M
7(Ay) = { 7(A) if ue[M,1— M|
m(A) - M1Q(A,A°) ifu>1-M

For these values of 7(A,) integration shows that

/f du—Mf< (A )+Q(‘§1\’4AC))+(1—2M)f(ﬂ(A))+Mf<ﬂ(A)_‘W)

By definition M = p,/pe, and by the remarks above Q(A, A°) = Q'(A, A°)/p., which combined
with the integral above gives the result.
The final comment on p, follows because if v € A then we need only consider congestion among

paths entering A, and as only one of ~y,, or v, will enter A then there is no need to count congestion
due to both paths. Likewise if v € A°. O

This can be used to show lower bounds for the various f-congestion quantities, and hence upper
bounds on each notion of mixing times.
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Corollary 4.4.3 (Comparison with Conductance Function). Suppose M and M’ are finite Markov
chains on state space V and edge sets E and E' respectively. If A C 'V is a proper subset and m = 7’
then

pu ¥/(4) 1 /(4"

et = 20 [ (50) )25
1 o'(A)?
1-C, log(1/a) (4) log(1/m(A)) pu pe
¥(4)°

L= Cupoa(d) 2 2m(A)m(4) =

If m # 7' then replace ®'(A) by % and likewise ®'(A) by %.
Proof. Using the previous lemma it is just a matter of simplification.

We will save ourselves the work of simplifying by instead reducing this to a problem that was
already solved previously. Observe that if

Q(A,A%)/2p0
r(Ag) = 4TA =g B > 172 )
Y mA) + FEG) e iy <12
then
/AAc / A A€
s L) -
SGt = 2 [ (A)

is exactly the same as the lower bound on 12_5’[/5:) given in Theorem 4.4.2.

However, the distribution (4.8) is the worst case bound for 7(A,,) for a lazy chain with ergodic
flows Q(A, A°) > Q'(A, A°)/2p, (see Figure 3.1). We already determined that this leads to the

bound 1 — Cm(A) >1—1/1— ®(A)2. Therefore,

1-C — (A) / c 2
oW e e,
2pulpe O \/ ! (r(A)r(AC) >

and the lower bound on 1-C m(A) follows immediately. The other bounds follow similarly. [

If M’ = M, M is reversible and Vo € V : P(z,z) > v € [1/2,1] then p, < (1 —7)pe =1 — 7
and so

~ 2 - 9

Without reversibility we have only that p, < 2(1—)pe, and a slightly weaker result is obtained.

Corollary 4.4.3 is all that is needed to prove Corollary 4.4.4. In the particular case when M
has transition probabilities P’(x,y) = m(y) then ®'(A) = 1 and this reduces to a “canonical paths”
theorem.
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Corollary 4.4.4 (Canonical Paths). Suppose M is a finite ergodic lazy Markov chain on state
space V and edge set E, and I' is a set of paths 7., between every pair of distinct vertices x, y € V.

Define
1

pommias 3 w@r)  odp=max—s 3 w@)w().
’szae 'Yzya’l)
Then
P
— >olv (1 /1= 2) >
1= C iy 22 (1 V1 1/4pv> > o
and

1
<4 1 .
7(€) < 4py pe log N
If M is reversible then p. and p, can be taken as sums over unordered pairs (x,y) with undirected
edges, and moreover

)\Zl—Cm22P—U<1—\/1—1/4p%)Z

Pe

4 py pe ’

where A = 1 — )Xo is the spectral gap between 1 and the second largest eigenvalue Ao of the transition
matriz P.

Proof. Let M’ be a walk on the state space V' with transition probabilities P'(z,y) = m(y). Then
' =m, Q(A, A% = n(A)r(A°), to every edge in M’ (i.e. pair of vertices) is associated a path 7y
given in the corollary, and the congestions are exactly the p. and p, given in the corollary. The
bounds on A, 1 — C\/m and 7(e) then follow from Corollary 4.4.3. O

As mentioned earlier, for a lazy chain p, < p./2, which reduces the result to A > 1—C Jal=a) >

1 — /1 — pz?2, which we already know is sharp for the lazy walk on the uniform two-point space.
Our extension shows that the second edge congestion term in the canonical paths bound 7 =
O(pe - pe logmy ") [11, 27] should actually have been the smaller vertex congestion p,. This can be
a significant improvement, as the following example shows.

Example 4.4.5. Feder and Mihail [5] studied a random walk for sampling balanced matroids and
showed a result equivalent to p. < nm and p, < 2n. The Cheeger bound (Jerrum and Sinclair [11])
implies a bound of 7(¢) < 8p2 log 52— < 8m?n? (%logm + log(1/2¢)). By Corollary 4.4.4 our

2e/Tx —
results show the stronger bound 7(¢) < 8 mn? log 2\/17?*5 < 8mn? (% logm + log(1/2¢)), exactly

the same upper bound obtained by Feder and Mihail [5] by using a modified form of Poincaré.

Also, in [22] we showed that ®(A) > W, which by equation (3.1) implies that 7(e) <
4(log 2)m? n? +8m? n? log(1/2¢), not particularly good. However, 1 —Cm(A) > ®(A)?/2, and
combining this with the canonical path lower bound on 1 —C \/m(A) implies that

e log%u/w(A))}

8mn?2’ 8m?2n?

1=Caaa@ 2
_ Jlogd(1/m(A))/8mPn? if w(A) <27V™
B 1/8mn2 if 7T(A)>2_\/m
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and this time the mixing time is 7(e) < 8(log 2)m?®?n? + 8mn? log(1/2¢) when 2-V™ > m~™" an
improvement over the canonical paths bound for all simple balanced matroids (as m < (g)
We note that the correct bound is still much smaller at 7(¢) = O (mn log ) [12].

It is apparent from the definitions that p, > p. min{P(z,y) : = # y, P(x,y) # 0}, since if € is
the worst directed edge then v can be taken as one of the endpoints. In the following example we
show how a common enumeration process sometimes leads to this lower bound being achieved.

Example 4.4.6. One of the first Markov chains analyzed via the canonical path method was a
Markov chain of Broder [1] for approximating the permanent of a dense matrix, or equivalently
counting perfect matchings in a bipartite graph G = K, ,, of minimum degree n/2. Jerrum and
Sinclair [11] constructed canonical paths and used a clever enumeration process to show that p, <
12n5. We give only a rough sketch of where the p, computation differs from the p, computation,
and refer the reader to [11] for further details.

List all cycles in G, assign them an ordering, and to each cycle C fix a “starting vertex” v.. As
done by Jerrum and Sinclair, to each pair of perfect matchings the path v is given by considering
the symmetric difference I & F, and then unwinding the resulting cycles in the cycle ordering just
given. Let M be a fixed vertex (a perfect or near-perfect matching) and suppose vy is a canonical
path joining two perfect matchings and passing through M. If M is near-perfect then let ey,
denote the edge of I incident with the starting vertex of the cycle being unwound when M was
reached, and epys be the edge of I’ that will be added at the next step of the unwinding. The
encoding we use is

IoFoM if M is perfect;
MI,F)={ITI®OF®M —ery if M + ey is perfect;
IOF®M—erny —epy otherwise

Checking a few cases, as in [11], shows that o,/(I, F') is a perfect or near-perfect matching.

To see that this is injective we define the decoding process. If op/(I, F) @ M is a sequence
of cycles then I & F = oy (I, F) & M. If op(I,F) @ M is a sequence of cycles plus a path
containing the remaining vertices then let e be the edge joining the endpoints of the path, and
I®F =o0p)(I,F)® M +e. The only remaining case is if oy (I, F) & M is a sequence of cycles,
plus two paths; each path will have one end in M and one end not in M, join the paths to create
a cycle by connecting the ends in M to those not in M, and this gives I & F.

Given I @ F' then the order in which the unwinding occurred follows from the cycle ordering.
The matching I contains all edges removed before M was reached, plus all edges in M for the
remaining cycles. The matching F' is the converse.

It follows that the enumeration given above measures all paths connecting two perfect matchings
and passing through M, not just those through an edge as in [11]. The computation of Jerrum and
Sinclair then holds for p, as well, but without the need for the P(M, M') term in the denominator.
That is, p, < 12n° maxP(M, M’) = 6n* and therefore A > 1/2887n!°, an improvement over the
A > 1/1152n12 of [11].

The O(n?) improvement over the results of [11] is nice and is the maximum possible with our
path bound, as p, > p. min{P(z,y) : = # y, P(z,y) # 0}. However, this is not as large as the
O(n®) improvement possible by use of a Poincaré bound A > 1/p.f, as in [27, 4]. In the following
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section a comparison theorem is proven in terms of maximum path length via Blocking conductance,
and hence will match the Poincaré bound, at least up to order of magnitude. Unfortunately, we
have been unable to derive a similar theorem for the Evolving sets bounds.

The reason our p, based bound is sometimes as good as using path length, sometimes not, and
occasionally better, can be understood better by the following corollary.

Corollary 4.4.7. Let p and p, be as in Corollary|4.4.4, and also let

pe = 3 () W(l) S (@) n(y)

veV Yoy DV

be the average vertex congestion over the entire space V. Then

1— 2
m(e) <2 <”“( ””””) e Lave log

P syer 7(@) (1) syl
S ezyey 7@W)

2€ /Ty

is the average length of the canonical paths.

where Lype =

Proof. Changing the order of summation gives

o = Yo Y r@nly) = Y w@)w(y) (el +1)

T#YEV VE€EYay TAYeV
= et ) S 7@ 7y) = (Cae + 1)~ ]3)
rz#yeV
Finish by multiplying the upper bound on 7(¢) in Corollary [4.4.4 by 1 < 7%“”8/(;;”“@). O

A similar result for the Comparison theorem also holds, but with the average path length

, 2 eyyer ™ (@) P'(2,) [yl
e Z(x,y)EE’ 7'('/(%‘) P/(.ZU, y)

This shows that when the canonical paths are well distributed among the vertices, as in Example
4.4.5, then Corollary 4.4.3 can be as strong as Poincaré bounds. The Corollary suggests that if
the paths are short but concentrated on a few vertices then our results will be poor. On the other
hand, if ||7||2 & 1, or if the paths are fairly well distributed among the vertices but there are some
paths much longer than average then our vertex bounds may be better. The following example
satisfies both of these conditions.

Example 4.4.8. Consider the lazy asymmetric walk on a line P, = [1...n] given by P(i,i + 1) =
£ <1/2 and P(i,i — 1) = 15¢ < 1/2, with P(1,1) = £ 4+ 15¢ and P(n,n) = § + 5. The stationary

. . n
distribution is (i) = B’ where a = < and 871 =37 | o' = 5 (1 - (ﬁ) >

In particular, when ¢ < 1/2 then 1 — ||7||3 2—"% 2¢, and if ¢ ~ 0 then Corollary 4.4.7 suggests
that using p, should be much better than using path length ¢. There is an obvious choice of
canonical paths given by ~;; = 4,7+ 1, ...,7 when i < j, and vice-versa when 7 > j. It is easily
verified that £ = n — 1, p. — 2 and p, — 1 when ¢ — 07 and n — oo. Then A > 1/2p2 = 1/8
and A > 1/4p,p. = 1/8 give the same bounds, whereas a Poincaré inequality implies only that
A>1/pel =1/2(n — 1), far worse. The correct value is A — 1/2.
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4.5 An aside into Blocking Conductance and comparison

One advantage of the Spectral Profile method over that of Evolving sets is that it is fairly straight-
forward to show that one can compare Spectral Profile of two Markov chains, whereas in the
Evolving set case we do not know how to compare f-congestions directly. Because of the similarity
between Evolving Set and Blocking Conductance bounds we showe here an unpublished comparison
method for Blocking Conductance, in the hope that it may help give insight into future work in
proving such a result for Evolving Sets as well.

Blocking Conductance only applies to reversible chains and the constant factors are significantly
weaker than with our evolving set results, so we skip giving proofs in terms of p. and p, as in
the previous section, although such bounds are not hard to show. Instead, we only consider a
Poincaré type comparison theorem because this is a situation in which we may genuinely improve
on known results. In particular, when studying problems for which total-variation mixing time is
faster than L? mixing, such as the application of Blocking Conductance to studying G(n,p) given
by Fountoulakis and Reed [7], a Blocking Conductance comparison theorem might show stronger
bounds than the L?-based comparison of Spectral Profile method.

Our results will be shown with an earlier form of Blocking Conductance from our Ph.D. Dis-
sertation [19], since it seems best suited for our purposes here.

Given a finite Markov chain M with state space V' of cardinality n = |V, let (V, <) denote an
ordering of the space, say as 1, 2,..., n, let A; denote the subsets 4; = [1...4], and A = 4,41 =
[1...74 1]. Then the blocking conductance theorem says:

Theorem 4.5.1. Given a lazy, reversible, ergodic, finite Markov chain M there exists some order-
ing (V,<)m of the vertices such that if Sy = [1...k| is the largest A; such that w([1...k]) < 3/4,
and if So D S1 D -+ D Sy = [1] is any nested sequence of A;, then the mixing time is bounded by

m

S Z S+ Sc) ’

i=1 i+17
where K' = 1376 arises from converting between different measures of mizing time.

Since the ordering is not known in advance it is necessary to maximize the right hand side over
all possible orderings. We use the notation

, w8y
TBc(M) = K max min _
: c
orderings (V,<) mnested sequences * Q(SZ-H’ S )
802810+ DSm=[1] *=

(4.9)

that is, the best possible upper bound on mixing time when the ordering is not known. In Remark
4.5.3 some more conventional forms of this relation are discussed.
Our main result of this section is then:

Theorem 4.5.2 (Comparison with Blocking Conductance). Suppose that M and M’ are finite
Markov chains with the same set of vertices V', the same stationary distribution m, and suppose
that to every edge €’ = (x,y) € E' is associated a path vyy C E. Let

Pe = MaAxX —— ! Z 7(z) P'(z,y)

eck Q( ) NeyDe
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be a measure of edge congestion and £ = max(, g [Yay| be the length of the longest path.
Then,
Tc(M) < 4pe LT (M)

where Tpc is given by equation (4.9).

Proof. Fix some ordering (V, <) of the state space V', as discussed in the Preliminaries. Let Sy D
S1 D -+ D Sy = [1] be the nested sequence of sets A; = [1...i] which minimizes

—~ 7(S)
2 Q(S;1,8¢)

i=1 +1 %4

that is the sum in the upper bound for 7pc(M). Observe that every set S with S C S C S
satisfies Q(S, S¢) > Q'(S,5%)/pe > Q'(S{, S5)/ pe-

Let By = Sp, and let By be the smallest set A; = [1...i] C B such that Q(B;,BS§) >
Q’(Sfr,Sg)/Qpe. Likewise, let By be the smallest A; C B such that Q(B;,Bf) > Q’(Sf, S6)/2pe-
Continue until either B; C S7, or until By is defined.

Suppose that sets up to Boy were defined and By D S;. Ergodic flow from set B;y; then
satisfies the relation Q(Bji1,BS) < Q'(S],S5)/2pe, since B;y1 was defined to be the smallest
initial sequence [1...k] such that Q(Bj,, BY) > Q(S],5§)/2pe. By definition of p, the ergodic
flow Q(Bi11, BY) therefore contains under half the canonical paths from Si" to S§, and so more
than half these paths pass through B; \ Biy1. It follows that if Cut/(S;,S5) denotes the edges

passing from S;" to S§ in M’, then

201

> m(@) P (@y) (el = 1) = D > m(x) P'(z,y)
(z,y)€Cut! (S7,55) =0 (z,y)eCut'(S],S5),
Yoy N(Bi\Bi+1)7#0

> 2€Q'(Sfr,58)/2
S @) Py) eyl -

(z,y)€Cut' (ST,58)

v

This gives a contradiction, so it follows that By, C 5.
By construction, if sets up to Byy are defined then

20—1
m(Bi) (S0)
St po sS4l o 410
; Q(B;}1, BS) ~ Pet QST 59) (4.10)

If fewer B; were required then the sum is even smaller. Also, it can be assumed that the last B;
is equal to S1, because if say Boy C S7 then increasing the size to Boy = S7 can only decrease the
sum in the left side of (4.10), which reinforces the inequality.

Repeating this process for the other sets Sy leads to a sequence of sets in M which is at most
4 p. ¢ times worse than the Sy sequence in M’. This holds for any ordering (V, <) and so the
theorem follows. O

Just as with Diaconis and Saloff-Coste’s comparison theorem [3], comparison with the trivial
chain P'(z,y) = 7(y) gives the familiar bound 7(M) = O(p.¥ log %) Therefore, at least as far as
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order of magnitude is concerned, Blocking Conductance matches the canonical path bounds found
in most applications. However, the comparison method may be superior to other methods when
the total variation mixing time is smaller than the L? mixing time, such as with Gy, ,, [7].

Remark 4.5.3. It is easier to understand the Blocking conductance theorem in an alternate form.
First, a definitition. For A CV let

B(A) = sup min on(i,;‘l)
agﬂ(A)W(B)B>§r1(4A)—o¢ ﬂ-( )

The quantity Q(B, A°)/n(B) is a lower bound on the probability of leaving A in a single step,
conditioned on the initial point being drawn from B. So B(A) roughly measures the size of a potential
vertex bottleneck relative to the size of A, times the probability of stepping over this bottleneck.
For example, if a = 1 Q(A, A°) then Q(B, A°) > 3 Q(A, A°) when n(B) > m(A) — a, and so
B(A) > iCI)(A)Q. The name Blocking conductance comes from this connection to conductance and
the fact that m(B) > m(A) — « and so « measures the size of a subset of A which is “blocked” when
computing B(A).

Given an ordering (V,<) a good sequence of S; is easily enough constructed from B(-). Given
S; then let S;11 be such that w(S; \ Si+1) = a. The following is a slight improvement on a result of
the author [19].

Theorem 4.5.4. If M is a finite, irreducible, reversible, lazy Markov chain then

3 34 dx
T(M) < 15c(M §K//
M) = aeMY <55 ) o
where K' = 1376 arises from converting between different measures of mizing time and the blocking
conductance function ¢ is given, for x € [m/2,3/4], by

z)= min B(A).
w(A)€[x,2x],
m(A)<3/4

4.6 Spread and the discrete gradients

The quantity we consider here was proposed by Kannan, Lovéasz and Montenegro [13] in the con-
text of Blocking Conductance, in an alternative form by Morris and Peres [26], and also used by
Montenegro [20]. As a bit of motivation, recall that earlier isoperimetric bounds, such as those
involving conductance or modified conductance, were shown by explicitly constructing the worst
case for m(A4,) and then applying Lemma [3.3.1. We now show that useful relations can be derived
even when Lemma [3.3.1] appears not to be appicable. We examine only the relation between the
Evolving set bounds and the spread. The interested reader can see Montenegro [20] for an exami-
nation of the relation between spread, the discrete gradients of Houdré and Tetali [10], and spectral
gap.

Two isoperimetric quantities will be used, extending earlier definitions. Recall from definition
(4.4) that W(A,t) is the smallest flow from from A into a subset of V' of size ¢, so in particular for
a lazy walk W(A,m(A°)) = Q(A, A°).
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Definition 4.6.1. If A C V then the internal and external spread are given by

_ (A g(Ac ) - A w4
+ = —_— an = _— .
4 (“”‘/0 Ay a(aoe @ and vT(A) /o (AR n(A)2

Quantities 1)*(A) are defined similarly but without 7(A¢)? in the denominators.

The spread turns out to fairly closely bound many natural choices of C¢. This was first observed
in [20] where the connection between C 5 and spread were studied for lazy Markov chains in order
to relate Blocking Conductance and Evolving Set results.

Theorem 4.6.2. Given a finite irreducible Markov kernel and A C 'V with w(A) < 1/2 then

B 4 ) max {r(), 2 1= C ) >

20 (4) + ¥~ (4) _
log(1/x(A)) ~

and 1= Cora(A4) =2 (7(A4) + 07 (4)) m(A)m(A%).
The bounds for 1 — Cqiog(1/a)(A) and 1 — Cq(1—q)(A) hold when m(A) > 1/2 as well.

1- Ca log(1/a) (A)

It follows that 1 — Calog(l/a) (A), 1-— Cm(A) > % (1 - Ca(lfa) (A))
Observe that (A, m(A) —t) > U(A°) —t = ¥(A) — ¢, and so

v(4)

FHA) > Jo (W(A) —t)dt

m(A)?m(A°)?

= 5 H(4).

Likewise, @‘(A) > % QNS(A)Q. Therefore, at least up to a small multiplicative factor, this supercede’s
Theorem 13.4.1.

Remark 4.6.3. As discussed in Remark 4.5.6, for a lazy walk spread incorporates measures of
both edge and vertex expansion, whereas (modified) conductance involves only edge expansion. This
can be generalized to a non-lazy walk as well. To see this, given set A C V let f(A) = max{t :

W(AC, m(A) —t) > U(A9)/2}. Then (A > BAYA) - ond so
)

Z 3n(A)Zn(Ae
5 1 - .1 B -
>1— A) > — T (4) > - A).
021-Craadz min v Az min S 4 W

The quantity B(A) is a notion of vertex expansion that measures how large a set of vertices must
be “blocked” so that only half of the flow W(AS) remains. Therefore 1 (A) can be thought of as
a product of edge and vertex expansion. Since @ > B(A) > w then the above lower bound
may be the same order as the upper bound, and is at worst 4 times weaker than our modified
conductance lower bound of Theorem |3.4.1. However, when there are many boundary vertices and

B(A) > W(AC) then this can be substantially better.
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Proof. The proof involves working with the spread written in a form involving Evolving Sets:

1Y ((Ay) — 7(A))2 S0 LA (w(Ay) — w(A))?
¢+(A)2/p 7(A)2m(Ac)? du, Y (A)2/0 m(A)2m(Ac)? du

A

The first of these was derived in equation (4.6); the 1)~ (A) relation follows in exactly the same way.
The equality for 1 — Cy(1_q)(A) follows immediately from the form in Lemma [4.3.3 and the

definitions of ¢+ (A). Alternatively, as an introduction to the method used in the remainder of the
proof, start with the identity

Vo, €[0,1]: y(l—y) =a(l—2)+ (1 -22) (y —2) — (y — =)
Letting y = m(Ay,), x = 7(A) and integrate over u € [0,1]. Finish by applying the Martingale

property that fol (m(Ay) — m(A)) du = 0, and dividing by 7(A)m(A°).
The inequality required to show the lower bound on 1 — Cy104(1/4)(4) is

1 1 1 (y — x)? 1 logl —(1—2)
log - <zlog =+ (log= —1) (y—2) = L2 (Gpen =+ Gpop —2——2) (411
yogy_wog$+(0gx )(y ) =Ty | Guse g 0 = (4.11)

for all z, y € [0,1] (proven below). Let y = m(Ay), * = 7(A), recall fol (m(Ay) — m(A))du = 0, and
use the form of Cqiog(1/4)(A) derived in Lemma [4.3.3)

L 0 (A,
Calog(l/a)(A) _ /0 (Ay)log(1/m(Ay)) du

m(A)log(1/m(A))
_ 7$+(A) — ™ m(A° ! - !
a7y 20 W) (2o = i)
To finish apply the inequality Va € [0,1] : 1% — W > 1 with z = 7(A).

The upper bound on 1 — C,154(1/4)(A) follows similarly, but with

1 1 1 (y —z)?
log = > zlog — + (log = — 1 )2 (146
yogy_wogx+(ogx )(y ) 5 (1 + dy<a)

for all z, y € [0,1].
For the lower bound on 1 —C m(/l) use the inequality

-2z —z)?
\/y(l—y) < \/x(1_$)+21x(12_@(y_$)_2[x((yl—:r))]3/2 <5y<zi+5y>xx(].—x)>

for z € [0,1/2], y € [0,1]. This relation follows from the inequality /z < 1+4(z—1)— (2 —1)%.<1

with z = 38:% A calculation as done for Cqog(1/a)(A) gives the result.

The upper bound on 1 — Cm(zﬁl) uses

— *CEQ 4 z,l—x
VI =) 2 Vall =) + g 22 (= 0) = gt (G (1—2) + 255250 4 1)
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for z € [0,1/2], y € [0,1]. This relation follows from the inequality /z > 1+ 3 (¢ — 1) — 3 (2 —

1)28,<1 — %(z —1)?8,>1, again with 2 = i’g:% Consolidate a bit via the relation %E(zﬁ +

Oy>1-2 T < Oy>; max{z, 1/4}. Finish again as in Cjog(1/a)(4)-
We finish with a proof of equation (4.11). Consider

2

1 1 1 —
o(z.9) = ylog L — log T - <1og L 1) (=) + L ()8, + haf)dyoo)

where hi(z) = 1/x and hy(z) = W. We will show that g(z,y) < 0 for z,y € [0,1] by
showing that g(x,y) is increasing for y € [0, x|, while for y € (z, 1] it decreases and then increases.
It is easily verified that the inequality holds at y = z, y — 2™ and y = 1, so the result then follows.
First, calculate a few derivatives.

ZZ = logg + (y — ) (h1(2)Sy<s + ho(2)5y52)
El;yg = —31/ + h1(x)0y<e + ho(x)dy>e
3
Consider y € [0,z). Since hi(z) = 1/z then 3272 pes < 0 and so g(x,y) is concave in y. But
% e T 0 and so g(z,y) is increasing in y for y € [0,z], as desired. Now consider y € (z,1].
The third derivative is positive, so 3273 is increasing in y. But jiyg —t < 0 and jiyg _t >0 and
so ¢ is initially concave and transitions to convex. Since % - = 0 then g decreases, then if it

transitions to convex then it may increase later. This completes the proof of equation (4.11). O

The bounds are sharp.

The worst case for the lower bound of 1 — Cy1og(1/4)(A) is when the flow leaves a small sliver
of A and flows uniformly into A°, that is W(A°,t) = (t — (7(A) — Q(A, A)))" when ¢t < 7(A) and
U(AC t) = #_&) Q(A, A€) when t > 7(A). For the upper bound this is reversed, with the flow
leaving uniformly from A and concentrated in a sliver of A¢. This is also sharpon 1 —-C m(A)

The upper bound on 1-C_ - A) is sharp for all set sizes, despite the odd looking max{1/4, x}

V (170)(
term. When 7(A) € [1/4,1/2] then look at the walk on K, discussed in Example 3.7.3, with
v =1/n, thatis & = 0. Then 1—C\/m(A) =1,¢1(A) =1/27(A°) and ¢y~ (A) = 1/27(A) and so

the bound becomes 1—Cm(A) < 1/24max{1/87(A), 1/2} which is correct when 7(A4) > 1/4.

When 7(A) < 1/4 then consider a Markov chain with transitions to be defined. Let A be a set of
size x = w(A), let B C A° with w(B) = €, and let the transition kernel satisfy Vv € A: P(v, B) =
1 —P(v,A) = ¢/2z while Vv € B : P(v,A) = P(v,B) = 1/2. Then it is easily computed that
7 7 — €2 €

Pr(A) = a2 ¥ (A) = t—e, and 1—Cm(14) =5+5;—5 /(1L +e/a)(1—¢/(1-2)).
As e — 0T then (1 — C /ata(A) — YH(A) (1 —x)) /1~ (A) — 1/4 for all z € [0,1/2], and so P~ (A)

must always be multiplied by at least 1/4 in the upper bound.

51



Another instance of sharpness is the lazy walk on the line of even length. It is easily checked

that ¥ (A), ¥~ (A4) > 1/8n? n(A)?m(A%)?, with equality when A is an initial interval of the line.
_ . . o . _ 2

Then the lower bound on 1 C\/m is achieved at w(A) = 1/2, with 1 Cm > 1/n*. The

correct bound is 1 — Cm =1 (1 —/1- 4/n2) 27, 1/n?, and our bound was correct.

As mentioned earlier, the spread incorporates measures of both edge and vertex expansion,
whereas (modified) conductance involves only edge expansion. Hence an improvement will be
likely when vertex expansion is much larger than edge expansion. The most extreme example of
this is a walk on the complete graph.

Example 4.6.4. Consider the lazy Markov chain on the complete graph K, given by choosing a
vertex uniformly at random, and moving there with probability 1/2.

Conductance based bounds tend to be decent when considering the L? distance, but may be
poor for other distances. In contrast, the x? bound is fine. Likewise, in this case the Cheeger
inequality of Theorem [3.4.1/is fine for the bound on 1 — Cm(A). In contrast, 1 —Cq(1—q)(A4) =
1 — Cqiog(1/a)(A) = 1/2 but the Cheeger inequalities of Theorem [3.4.1/ shows only 1 —Cy(1_q)(4) >
7(A)m(A°) and (1 — 7(A))?/21og(1/7(A)), both of which go to 0 as 7w(A) — 0.

We now use the spread. It is clear that W(A€ t) = #t if t <7w(A), while U(A,t) = @t if
t < m(A°), and so ¢t (A) = ﬁ while ¢/~ (A) = ﬁ. The lower bounds are now within a factor
of two, with 1 — Ca(l—a) (A) = 1/2 and 1 — Calog(l/a) (A) > %

Compare this to the lazy random walk on the cycle of odd length (see Example 3.7.4). In this
case Q(A, A°) = 1/n and B(A) = 1/n, so edge and vertex expansion are of similar orders. Therefore
it is not surprising that the lower bounds on Cy(1_q) and Cqlog(1/q) given by Theorem [3.4.1 will be
the correct order.

Another case where vertex expansion is high is a walk on a product space. See [20] for a proof

that the lazy walk on a Boolean cube 2% has ¢+ (4) = Q (ﬁgd)’ and so 1 — Cm(A) =

Q (ﬁgd)’ a substantial improvement on the Cheeger inequality bound of Q(1/d?), although when

it comes to mixing time this is still not as good as what can be shown by log-Sobolev or spectral
methods.
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