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Abstract.  In this article, we consider products of random walks on finite groups with
moderate growth and discuss their cutoffs in the total variation. Based on several comparison
techniques, we are able to identify the total variation cutoff of discrete time lazy random walks
with the Hellinger distance cutoff of continuous time random walks. Along with the cutoff
criterion for Laplace transforms, we derive a series of equivalent conditions on the existence
of cutoffs, including the existence of pre-cutoffs, Peres’ product condition and a formula
generated by the graph diameters. For illustration, we consider products of Heisenberg groups
and randomized products of finite cycles.

1. Introduction. Let G be a finite group equipped with a probability Q. A random
walk on G driven by Q is a discrete time Markov chain with state space G and transition
matrix K given by K (x, y) = Q(x~'y). If K is irreducible, then the stationary distribution U
is uniform on G. For simplicity, we write the triple (G, Q, U) for such a random walk. Here,
Q is called symmetric if Q(x) = Q(x~") for all x € G and, in this case, (G, Q,U) is named
a symmetric random walk. Note that if O is symmetric, then K is reversible. To study the
convergence of (G, Q, U), we consider the total variation and its corresponding mixing time,
which are defined respectively by

(1.1) dwwmw=ngWu*m—me
and
(1.2) Trv(x, €) ;= min{m > O|drv(x,m) < &},

where x™'E = {x"'y|y € E} and Q'™ is the m-fold convolution product Q * - - - + Q with

Frg =) f(Dg("x).
zeG
As the total variation and, thus, its mixing time are constant in x, we shall write drv(m) and
Trv (&) for short.
A subset E C G is called symmetric, if x € E implies x~! € E, and is called a generating
set of G, if E™ := {x1x2---xu|lx; € E, Y1 <i < n} = G for some n > 0. We write (G, E) for
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the Cayley graph with vertex set G and edge set {(x, xy)|x € G, y € E} and define its volume
growth function and diameter by

V(m) = |E™|, p=min{m > 1|V(m) = |G]}.

A group G is said to have (A, d)-moderate growth with respect to a generating set E if

d
mzl(ﬂ), Vi<m<p.
V(ip) — A\p

The following are some typical groups with moderate growth.

Example 1: When G = Z, and E = {0, £1}, the graph (G, E) has diameter p = [n/2]
and G has (1, 1)-moderate growth w.r.t. E forn > 2.

Example 2: When G = Z,, and E = {0, =1, +|+/n]}, the diameter p is of order vn and G
has (1,2)-moderate growth w.r.t. E forn > 2.

Example 3: When G is the Heisenberg group mod n + 2, which is the set of 3 x 3 matrices
of the form

1 i &k
(13) 0 1 ] 5 \ﬁ’j, ke Zn+2’
0 0 1
and E contains the following matrices
1 10 1 -1 0 1 0 0 1 0 0
(1.4) Lfo1ojp{o 1 offo 11|10 1 -1/,
0 0 1 0 0 1 0 0 1 0 0 1

it was proved in [7, Lemma 4.1] that (G, E) has diameter n + 1 < p < n + 4 and G has
(48, 3)-moderate growth w.r.t. E forn > 1.

Throughout this article, we will simply write id for the identity of any group. In [7],
Diaconis and Saloff-Coste considered random walks on finite groups with moderate growth
and achieved the following proposition.

PROPOSITION 1.1 (Theorem 3.11in [7]). Let (G, Q,U) be a symmetric random walk
on a finite group and E be a symmetric generating set of G containing id. Assume that G has
(A, d)-moderate growth with respect to E and n = min{Q(x)|x € E} > 0. Then, there is C =
Ci1(A,d) > 0 such that

(1.5) doy(m) < Cre™™™P" | N > 0,

where p is the diameter of (G, E). If it is assumed further that Q is supported on E and that
p > A2%%2 then there is Cy = C2(A,d) > 0 such that

1
(1.6) dey(m) > Ee—q’"/ﬂz, Vm > 0.

In fact, the authors of [7] obtain C; = AY/224@+3)/4 and C, = A22%4*2 This means that
the bounds in (1.5)-(1.6) are far from comparable when A or d is large.
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We now consider product chains. Let (G;, Oy, U;)!L, be irreducible random walks on
finite groups and (py, .. ., pn) be a probability vector. Define

(1.7) G=Gix-XGy, U=Ux-xUp, Q)= piQi(x),
i=1

for x = (x1,...,xx) € G. Here, (G, Q,U) is called the product of (G;, Q;, U;);_; with respect
to the probability vector (py, .. ., pn). Note that if E; is the support of Q; and contains id, then
Q is supportedon E = E\U---UE,, where E; = {x = (X1,...,xn) €Glx; € Ep,x; =id,Vj #
i}. Further, if E; is a symmetric generating set of G; and p; is the diameter of (G, E;), then E
is a symmetric generating set of G and the diameter p of (G, E) satisfies p = p; + -+ + pj.
To see the moderate growth of direct products of groups, let E;, E be as before and assume
that G; has (A;, d;)-moderate growth w.r.t. E;. As G is a finite group and E generates G, there
are always positive constants A, d such that G has (A, d)-moderate growth w.r.t. E. However,
the relation between (A, d) and (A;, di);’:l could be complicated and, in general, A or d can
be very large when n grows. (For instance, consider G; = Zy and E; = {0,x1} for 1 <i <
n. It is mentioned earlier that G; has (1, 1) moderate growth w.r.t. E;. In some combinatoric
computations, one may show that, under the assumption of N > n?, G has (A, d) moderate
growth with A = (1 — 1/N)~? and d = n.) Consequently, (1.5) and (1.6) might not be sharp
enough to provide efficient bounds on the total variation even if the prerequisites, > 0 and
p < A2%2*2 are fulfilled. To proceed the analysis of product chains, as the total variation
mixing times are comparable between (G, Q, U) and its associated continuous time walk, see
e.g. [5], it is more convenient, as is discussed below, to consider the continuous time chain
rather than the discrete time one.

Given a random walk (G, Q,U), we associate it with a continuous time random walk
(G, H;,U), where H; = €' &-D) and K is the transition matrix given by Q. One realization
of (G, Hy, U) is to change the constant waiting times of (G, Q, U) into an i.i.d. sequence of
exponential random variables. Note that, if (G, Q, U) is the product of (G, Q;, U;);_, with
respect to the probability vector (py, ..., pn) and (G;, H;;, U;) is the continuous time random
walk associated with (G;, Q;, U;), then

(18) Ht =H1’plt®"'®Hn,pnt,

where A ® B denotes the tensor product of matrices A and B. In general, K™ does not have the
form of (1.8). Through (1.8), one may study H, via (H;,)!", but, unfortunately, there lacks
an efficient expression of the total variation of (G, H;, U) in terms of the total variations of
(Gi, Hip, Up)L .

In [2], two inequalities were used to compare the total variation and the Hellinger distance
and this leads to a different way to analyze their mixing times. In detail, the Hellinger distance
of (G, Q,U) is defined by

1/2

(1.9) dnGem =3 3 (VK - T |

yeG
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while the Hellinger distance of (G, Hy, U) is defined by replacing K™ with H; in (1.9) and
denoted by dg) (x, 1) in avoidance of confusion. As before, we will write d g (m) (resp. d;_f,') (1))
for short since dy (x, m) (resp. dg) (x, 1)) is constant in x. In the above setting, Equation (1.3)
in [2] says that

(1.10) 1= 1 =d2,(m) < d%(m) < dry(m),

and also hold in the continuous time case. In the Hellinger distance, if (G, Q, U) is the product of
(G, O, U,-);’:1 with respect to the probability vector (pj, . . ., p»), then the Hellinger distances,
d\S and d'), of (G, H,, U) and (G, H;, U;) satisfy

(1.11) d'n? =1 —]_[(1 —dS(pin)?) .

i=1
Such an equality is derived from (1.8) but not applicable to the discrete time case. See p.365
in [12] or Lemma 2.4 in [2] for a proof of (1.10) and see [2] for more comparisons of mixing
times of product chains.

In this article, we focus on the cutoff phenomenon, or briefly cutoff, for products of
random walks on finite groups with moderate growth. The cutoff of Markov chains was
introduced by Aldous and Diaconis in early 1980s in order to catch up the phase transition of
the mixing time. To see a definition, let # = (Gp, On, Up),. | be a family of random walks on
finite groups. For n > 1, let d,, 7v and T, 1v be the total variation and corresponding mixing
time of the nth chain in . Assume that 7}, 1v(g9) — oo for some g¢ € (0, 1). The family ¥
is said to present a cutoff in the total variation if

Tn,TV(g)
m — =
n—oo n,TV(é)
or, equivalently (see [3, Proposition 2.4]), there is a sequence of positive reals (7,),” , such
that

(1.13) lim d,rv([aty]) =0 Va>1, limd,w(laty])=1, Vae(0,1).

(1.12) I, Ve 6€(01),

00

When a cutoff exists, the sequence (tn)nzl, or briefly #,,, in (1.13) is called a cutoff time. By
(1.12), it is easy to see that T, tv(e) can be selected as cutoff time for any £ € (0,1). In
the continuous time case, we write . = (G, Hy, s, Un)fl":1 for the family of continuous time
Markov chains associated with 7 and use d'c5, and 7,(%), to denote the total variation and its
mixing time of the nth chain in .. The total variation cutoff of ¥ is defined in the same way
through (1.12) or (1.13) under the replacement of 7, rv, d,, v With T,(lfT)V, d r(sz)v and the removal
of [-], -] but without the prerequisite of I;E?V(g()) — oo. All above is also applicable to the
Hellinger distance. We refer readers to [6, 11] for more discussions on cutoffs for random
walks on finite groups.

Cutoffs in the total variation and in the Hellinger distance were proved to be equivalent
in [2] via (1.10). Since no similar formula to (1.11) is available for the total variation or for

the discrete time case, it is straightforward to consider the cutoff in the Hellinger distance for
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Total variation cutoffs for discrete time Markov chains

§ (Proposition 1.1 in [5] holds for lazy random walks)
Total variation cutoffs for continuous time Markov chains

§ (Proposition 1.1 in [2] holds for any Markov chain)
Hellinger distance cutoffs for continuous time Markov chains

§ (Proposition 3.3 holds for groups with moderate growth)
Cutoffs for Laplace transforms

§ (Theorem 2.4 in [1] holds for reversible Markov chains)
Precise condition on cutoffs

TABLE 1. A scheme to analyze cutoffs.

families of continuous time product chains. For finite groups with moderate growth, we obtain
a continuous time variant of Proposition 1.1 in Proposition 3.3 with a refined assumption on the
lower bound (from p > A224*2 to p > 4). Through (1.11), the Hellinger distances of product
chains can be expressed in a form related to sums of exponential functions. By regarding those
sums as Laplace transforms, a criterion in [1] was proposed to determine the cutoff and to
characterize the cutoff time. Table 1 is the conclusive scheme of all above discussions.

The aim of this paper is to establish necessary and sufficient conditions for cutoff for
products of random walks on finite groups with moderate growth, and apply them to stimulating
examples. In the first main theorem (Theorem 2.3), we give various equivalent conditions for
cutoff in our framework. It should be noted that in this framework the cutoff is equivalent to
a weaker concept, called the pre-cutoff (note that such an equivalence generally fails; see [8]).
Moreover, one equivalent condition in Theorem 2.3 is consistent with Peres’ conjecture (see
Remark 2.4 (3)), while another is simply determined by the graph diameters and a sequence
given below. In the second main theorem (Theorem 2.5), we apply Theorem 2.3 to the specific
type of products introduced in [2] and derive more concrete conditions on their cutoffs. To
illustrate our results, let us consider products of random walks on Heisenberg groups and
randomized products of random walks on finite cycles. Let G = (G, Oy, Un);’l"=1 be a family
of random walks on finite groups and # = (p,),", be a sequence of positive reals. For n >
1, let g, = 3", pi and write G? for the family of which nth random walk is the product
of (G, 0, U; ;’:1 according to the probability vector (p1/gn, - - -, Pn/gn). Then the following
hold.

PROPOSITION 1.2. Let G = (Gp, On, Uy): ., where Gy, is the Heisenberg group in

n=1’
(1.3), Qy is the probability uniformly supported on the set E, in (1.4) and p,, = n* exp{-n"}
withy > 0. Then, G¥ has a total variation cutoff if and only if 0 <y < 1.
PROPOSITION 1.3. Consider the family G = (Zn+2, On, Un Z"zl, where Q,(0) = 1/2

and Qn(1) = On(=1) = 1/4. Let (X,),> | be i.i.d. positive random variables and P = (pn),’_,

be a random sequence given by (Xn),’ ;.
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(1) Suppose p, = (X1 + -+ X,)Y withy > 0 and X has a finite expectation. Fory €
(0,21, G* has a total variation cutoff with probability 1. Fory > 2, G* has no total
variation cutoff with probability 1.

(2) Suppose p, = X1 X --- x X, and log X; has a positive finite expectation. Then, G¥
has no total variation cutoff with probability 1.

Proposition 1.2 is an immediate result of Corollary 2.9, which shows a phase transition of
cutoffs at y = 1. Proposition 1.3 is of its own interest and discussed in detail in Subsection 2.3.

The remaining of this paper is organized in the following way. In Section 2, we introduce
the core results of the paper. The main theorems are given in Subsections 2.1 and 2.2. As an
example, we consider the randomized product and discuss its cutoff in Subsection 2.3. Section
3 is dedicated to the construction of framework in Section 2. In Subsection 3.1, we review
and develop some theoretical results that are crucial to the equivalences in Table 1, while in
Subsection 3.2, Theorem 2.3 is proved in detail. To make this paper more readable, we address
those minor and involved results in the appendix.

We end the introduction by quoting the following notations. Let x, y € R and a,, b,, be
sequences of positive reals. We write x V y and x A y for the maximum and minimum of x, y.
When a, /b, is bounded, we write a,, = O(b,,); when a,,/b,, — 0, we write a,, = o(b,). In
the case of a,, = O(b,) and b, = O(a,,), we simply say a, < b,. If a,/b, — 1, we write a,, ~
by,. In computations, O(a,) and o(b,) denote two sequences ¢, and d,, satisfying |c,/a,| =
O(1) and |d,/b,| = o(1).

2. Main theorems and applications. In this section, we will introduce our main
results in the general setting and discuss their applications, including Proposition 1.2.

2.1. Framework and main theorem. In this subsection, we introduce the theoretical
framework and one of the main theorems in this article. First, let us consider a concept weaker
than cutoff.

DEFINITION 2.1. Let ¥ = (G, Qn Uy ;":1 be a family of random walks on finite
groups and d,, rv be the total variation of (G, O, U,). F is said to present a pre-cutoff in the

total variation if there are B > A > 0 and a sequence ¢, > 0 such that
2.1 lim d,,rv([Bt,1) =0, liminfd,v(LAt,]) > 0.
n—oo n—oo

REMARK 2.2. (1) The removal of [-], -] provides the pre-cutoff for #. and the re-
placement of d,, rv with d,, i yields the pre-cutoff in the Hellinger distance. When ¢, — oo,
the pre-cutoff in Definition 2.1 is equivalent to

T,
(2.2) lim lim sup _Tnrvie) ,
£-0 poeo Inrv(E0 — &)
for some &g € (0, 1). Such an equivalence also holds for ¥, without the prerequisite of #,, —
0.
(2) Definition 2.1 was introduced for the purpose of studying the mixing times and cutoffs

for families of Markov chains. Readers are referred to [10, 3] for more discussions on this
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subject. It is worthwhile to note that there is indeed another (stronger) variant of pre-cutoff in
[9, Chapter 18], of which definition is similar to (2.1) except the replacement of the second
limit by

lim dn,TV(I_Ath) =1.

When ¢, — oo, the equivalence of the pre-cutoff and (2.2) also holds for such a variant with
g0 = 1. We would like to emphasize that Theorem 2.3 (discussed later) remains true when the
pre-cutoff refers to the stronger one.

In the following, we consider a rather general setting than Proposition 1.2. Let (k»),”,
be a sequence of positive integers and

(2.3) Tz{(Gn,i,Qn,i,Un,i)H <i<kpn>1}j, p:{pn,ill <i<kpn=1},

where (G i, On.i, Uyn,i) is a random walk on a finite group and p,; > 0. We write F % for the
family (G, On, Un)f;l’ where (G, Op, U,) is the product of (Gy,i, On,is Un,,-)fz"1 according to
the probability vector (py.i/qn fz"l and gy = pn1 + - + Pk, As before, we use difT)\,, T,E’CT)V
to denote the total variation and its mixing time of the nth chain in 7.”’. Along with these

notations, we are ready to state the first main theorem of this article.

THEOREM 2.3. Refer to the triangular arrays in (2.3). Let E,; be the support of
QOn.i and pn; be the diameter of (Gp i, En;). Assume that Q,, ; is symmetric, inf{Q,,;(x)|x €
E,i,1 <i < kyn =1} > 0and G,; has (A, d)-moderate growth with respect to E, ; for
all n,i. Assume further that p,1 > 4 for n large enough and there are C > 1 and €,; > 0
satisfying €n; < Cniv1 such that £, ;/C < pn,i/(ani’i) < Clp; for all n,i. By setting t,, =
max{log(i + 1)/¢y ;|1 <i < ky}, one has:

(1) If kK, = O(1), then there are A > 0 and 0 > 0| > 0 such that

1 — exp{—e~972} < ')

mav(aty) < 1—exp{-e™ 7'}, VYa>Anx1.

In particular, 7,” has no pre-cutoff in the total variation.
(2) If k, = oo and min{p, ;|i = m,n > 1} > 4 for m large enough, then the following are
equivalent.
(i) 7.7 has a total variation cutoff.
(i) ?'f has a total variation pre-cutoff.
(iii) t,€n1 — oo.
(iv) T (&)ln1 — oo forall & € (0, 1).
(V) T (€)1 — oo for some & € (0, 1).
Moreover, if 7.7 has a total variation cutoff, then 7\ (&) = ,, and T, (&) =
T (8) + 0(1/Ly,) forall 0 <& < 6 < 1.

n,TV

When E,,; contains id, (2) also holds under the replacement of 7.* and T,E’CT)V with 7%
and T, rv.
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Theorem 2.3 is built on a list of theoretical results in Subsection 3.1. As its proof is a
little complicated, we leave it to Subsection 3.2. In the following, we provide some remarks
to comment the importance of Theorem 2.3.

REMARK 2.4. (1) Note that Theorem 2.3 also holds in the Hellinger distance due to
(1.10) and Proposition 3.2 and this is exactly what is done in the proof of the continuous time
case. See Subsection 3.2 for details.

(2) In the proof of Theorem 2.3, we obtain the order of the cutoff times, which is the same
as t,, but could not determine its asymptotic value, which relies on a more precise estimation
of the convergence rate in the Helinger distance in Proposition 3.3.

(3) A conjectured condition for the existence of cutoffs was introduced by Peres in 2004,
which says that

2.4) A cutoff exists ¢«  Mixing time X Spectral gap — oo.

In the setting of Theorem 2.3, the spectral gaps of the nth random walks in ¥ and 7.* are of
the same order as £,,; due to the assumption of inf{Q, ;(x)|x € E,;, 1 <i < k,n > 1} > 0.
Consequently, the equivalence of (i) and (v) in (2) confirms the conjecture in (2.4) for products
of random walks on finite groups with moderate growth.

2.2. Applications. In this subsection, we apply Theorem 2.3 to the specific type of
products introduced in [2] and derive conditions on their cutoffs. Let G = (G, Oy, Un)fl"=1 be
a family of random walks on finite groups driven by symmetric probabilities and P = (pn),;
be a sequence of positive reals. Throughout this subsection, we write G* for the family, of
which nth random walk refers to the product of (G;, Q;, U;)!L | with respect to the probability
vector (p1/qn, - - -» Pnlqn), Where g, = p1 + -+ - + p,. We now state the second main theorem
of this article.

THEOREM 2.5. Consider the family G¥ introduced above. Let E,, be the support of
O, and py, be the diameter of (G, E,). Assume that G, has (A, d)-moderate growth with
respect to E,, inf{Q,(x)|x € E,, n > 1} > 0, p, > 4 for n large enough and pn/p,zl = {, for
some sequence (£, ;.

(D) If €, < €yy1 and u, = max{log(i + 1)/¢;|1 < i < n}, then QZ) has a total variation
cutoff if and only if u, — oo.

) Ifty = €hv1 andu,, = max{log(i+1)/€,—i+1|1 <i < n}, then gf has a total variation
cutoff if and only if u, €, — .

In either case of (1) and (2), if GZ has a total variation cutoff, then the cutoff time is of order
Unqn. Further, if E,, contains id for all n > 1, then all above also holds for gP.

REMARK 2.6. The lower bound of the graph diameter (at least 4) in Theorem 2.5 is
due to the requirement in Proposition 3.3. As the product of finitely many random walks has
negligible contribution to the total variation (see e.g. Theorem 2.3(1) for an illustration), one
may suitably relax such a restriction on graph diameters as in Theorem 2.5.
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PROOF OF THEOREM 2.5. By Propositions 3.1 and 3.2 in the next section, it suffices
to prove this theorem for G in the Hellinger distance. In the following, we will discuss (2),
while (1) can be treated in a similar way.

Let np > 0 be an integer such that p, > 4 for n > ng. For n > ng, let (G,Q,U)
and (GX,OR, UR) be products of (G;, Q;, Uy, and (Gj, Qi Ui),,41 With respect to the
probability vectors (p;/¢);2, and (p;/q,} L os1> Where g = pi+ -+ 4 py, and R = ppgs1 +
-+ + pu. Clearly, the nth random walk in G* is the product of (G, Q,U) and (GX, QR, UX)
with respect to the probability vector (q/gy, qf /qn)- Letdy, dff y and dffl)i be the Hellinger
distances of the continuous time random walks associated with (G, Q, U), (GZf, QZf, Uf) and
the nth random walk in QP. By (1.11), one has

2
25) a2 = 1= (1= dutatlan?) (1 - dRy (at/an)’)
For the family H := (GX, OX, Uf)"f:no ., and the random walk (G, Q, U), we set
R log(i + 1) log(i + 1)

Up =q, max ——>, =g max
"isisn-ng  Cpois1 1<i<ng  Cpy_it

By Theorem 2.3(1), there are constants A > 0 and 0 > o1 > 0 such that
(2.6) 1 —exp{—e 9%} <dgy(av) < 1l —exp{—-e 7"}, Va>A,

and, by Theorem 2.3(2), H, has a cutoff in the Hellinger distance if and only if v, ¢,/ qff —
oo, Observe that, for n > no,

v v log(i + 1 v
—;Sung—%+ max logli + 1) )S—;
qn qdn n—-no<i<n Zn—i+l qn

log(n+ 1)
(1 " logn—no + 1)) :

This implies v, /gR = u,,.

We are now ready to derive (2). Assume that u,,{,, — oo or equivalently v, £, /gR — co.
By Theorem 2.3(2), H, has a cutoff in the Hellinger distance and the cutoff time w,, satisfies
wy, = v,. Immediately, this implies

0 fora>1, ) P
lim dpy (bwa/qy) =0, Vb >0,

lim d?,, (aw,) =
mH 1 forO<a<1, no®

n—oo
where the second limit results from the second inequality of (2.6) and the observation of u,, >
log(n + 1)/€; — oo. Applying the above computations to (2.5) yields

0 fora>1
lim d'°), (aguw,/qR) = ’
n—co "’H(qnnq") 1 forO<a<l.
This proves that QCP has a cutoff in the Hellinger distance and the cutoff time is of order u,,¢q;,.
Conversely, assume that QCP has a cutoff in the Hellinger distance with cutoff time w;,. Then,
fora > 1,

lim dfy (agRw)/ga) =0, lim dp(aqu;/qn) = 0.
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By the first inequality of (2.6), the latter limit implies w) /g, — oo, which yields
du(bw)/q,) — 0 for all b > 0. In addition with the cutoff for gf , we may derive from
(2.5) that, forO < a < 1,

1= lim d\), (awy) = lim d%y, (agRw;/qn) -

As aconsequence, H, has a cutoff in the Hellinger distance or equivalently u,,£,, < v, €,/ q,"f -
00, as desired. O

REMARK 2.7. Theorem 2.5(1) can be in fact proved in a more direct way.
Consider the exchange of the first random walk in G and the first random walk of
which graph diameter is at least 4, say the Nth random walk. For the new family,
all assumptions in Theorem 2.3 are fulfilled except the monotonicity of the sequence
{Cn, €2, ..., €N=1,L1,€N+1,--.}. Such a concerning can be eliminated by using the origi-
nal sequence (£,),7, along with a larger multiplicative constant and its reciprocal to bound
the sequence {pN/p%, P2/ P3 - - - PN-1/ Pr_1» P1/ P PN+1/ Py - - - }. Under the above con-
struction, Theorem 2.5 follows immediately from Theorem 2.3(2).

The following lemma is auxiliary to Theorem 2.5, which provides conditions on the
boundedness of u,, and u,,{,,.

LEMMA 2.8. Let ¢, u, be constants in Theorem 2.5.
(1) Ifty < Lpya, then

logn
Up > 00 & sup =00.
n>1 gn
(2) Assume €, = €yi1. If Cn/Cni1 — 1, then u,€, — oo. If liminf ¢, /€1 > 1, then
n—oo

uply = O(1).

PROOF. (1) is obvious from the definition of u,. For (2), we first consider the case
Cn/€ns1 — 1. Note that, form > 1,

log(m + 1)

liminfu,f, > liminf =log(m+1).

n—o n—oo n—m+1/Cn

Letting m tend to infinity gives the desired limit. Next, we consider the case liminf £, /€, >
n—oo

1 and choose N > 0 and M > 1 such that £,,/¢,+1 > M for n > N. Immediately, this implies
that €, /€n = M N+ forall0 < m < nand n > 1. As aresult, one has
log(i + 1 log(i + 1
u,{, = max M < MNsup&.) <00,
t<i<n €y_jr1/€n i1 M
O

The following corollary is a combination of Theorem 2.5 and Lemma 2.8, of which proof
is obvious and skipped.

COROLLARY 2.9. Let G*,E,, Pn be as in Theorem 2.5. Assume that G, has (A, d)-
moderate growth with respect to E,, inf{Q, (x)|x € E,, n > 1} > 0, p,, — oo and p,, = pifn
Jor some monotonic sequence ({y),” .
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(1) If sup{logn/€,|ln > 1} < oo or liminf ¢, /{1 > 1, then gf has no total variation
cutoff. T

(2) If supflogn/tyln > 1} = oo and lim €, /€, = 1, then QZ) has a total variation
cutoff. e

In particular, if €, = exp{-n"} with y > 0, then G* has a total variation cutoff if and only if
0 <y < 1. When E, contains id for all n > 1, all above also holds for G* .

2.3. Examples. In this subsection, we consider the randomized product in Propo-
sition 1.3 for illustration of the results developed in Subsections 2.1-2.2. Recall that G =
(Zn+2, O, Un), |, where 0,,(0) = 1/2 and Q. (1) = Q,(—1) = 1/4. It has been stated in the
introduction that the diameter p,, of G, w.r.t. {0, £1}is [n/2+ 1] and Z,+, has (1, 1)-moderate
growth w.r.t. {0, 1}, As the randomness refers to the case that = (p,,),, is a sequence of

positive random variables, we treat the specified cases separately in the following.

EXAMPLE 2.10 (Polynomial random sequences). Let X, X», ... bei.i.d. positive ran-
dom variables, y > 0 and set p, = (X + - - - + X;;)”. Assume that the expectation u of X is
finite. By the strong law of large numbers, one has

X1+ + Xy
———  ~ u, almost surely,
n
which implies
p_; ~ €, = p“/n”_z, almost surely .

n

Clearly, (5,,);":1 is monotonic, £, /€,+1 — 1 and

sup

n>1 fn

logn | <o fory >2,
=00, forO<y<2.

As a consequence of Corollary 2.9, if 0 < y < 2, then G¥ has a total variation cutoff almost
surely; if y > 2, then G¥ has no total variation cutoff with probability 1.

EXAMPLE 2.11 (Exponential random sequences). LetY), 1,,... bei.i.d. positive ran-
dom variablesand p,, = Y; X---xY,. Forn > 1, let ({,,; ;’:1 be a non-decreasing arrangement
of (pi/p?), and set

log(i +1
tn = up M .
1<isn Cni
Using a similar reasoning as in the proof of Theorem 2.5, one may conclude using Theorem 2.3
that QP has a total variation cutoff if and only if ¢,,£,,;; — oo.

To analyze the product #,,{,,1, we assume that the expectation v of log Y1 is finite. By the

strong law of large numbers, there is an event E with probability 1 such that

_ log(pu/pn) y

- onkE.
n
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In the following, we focus on the case v > 0. By writing p,/p2 = €7, one may select, for
each w € E, a constant C(w) € (0, 1) such that p,(w)/p% = C(w)e€ " forall n > 1. This
implies that, on the event E,

iy =1, £i2Ce™, Vi<i<nnz1.

Consequently, we obtain ¢,£,,,; = O(1) on E, which is equivalent to say that QP has no total
variation cutoff with probability 1.
The results in the above discussion are summarized in Proposition 1.3.

3. Constructions of theoretical frameworks. This section is dedicated to proving
Theorem 2.3. In the first subsection, we review those required but developed results in the
introduction. In the second subsection, we treat the discrete time and continuous time cases
separately and provide proofs in detail.

3.1. Review of technical supports. In this subsection, we survey those equivalences
in Table 1 and state them by following the setting in the introduction. The first two propositions
are supportive to the first two equivalences in Table 1 and, in fact, hold under more general
assumptions.

PROPOSITION 3.1 (Theorems3.1and3.3in[5]). LetF = (Gn, Qn, Up),. | be afamily
of random walks on finite groups and 6 = inf,, Q,,(id). Assume that 6 > 0 and, for some &g €
(0, 1), Tprv(g0) — o or T,(lf'T)\,(ao) — oo. Then, in the total variation, F has a cutoff (resp.
pre-cutoff) if and only if ¥ has a cutoff (resp. pre-cutoff). Furthermore, if F or F¢ presents a
total variation cutoff, then T,, rv(g) ~ T,(:T)\, (&) forall € € (0, 1) and, for sequences of positive
reals, (tn),. , and (by),> ,, satisfying b, = o(t,),

n=1’

Torv (@) = ta = O(by), Ve € (0,1) & |\ (8) = ta] = O(ba), Y& € (0, 1)

n,Tv

PROPOSITION 3.2. Let ¥ = (Gy, Qn,Uy) ., be a family of random walks on finite

n=1
groups and let T,(lfT)V and Tr(lcl){ be the total variation and the Hellinger distance of the nth chain
in Fc. Then, F¢ has a total variation cutoff (resp. pre-cutoff) if and only if F. has a Hellinger
distance cutoff (resp. pre-cutoff). Furthermore, if F. presents a cutoff in either measurement,
then T\ (£) ~ T\, (&) for all & € (0, 1).

n,Tv

PROOF. The equivalence of cutoffs is already discussed in Proposition 1.1 of [2], while
the equivalence of pre-cutoffs is given by (1.10). O

To analyze products of random walks, we need a variant of Proposition 1.1 in the Hellinger
distance and, particularly, in the continuous time case.

PROPOSITION 3.3. Let (G,Q,U) be a symmetric random walk on a finite group and
déf,), dg) be the total variation and the Hellinger distance of its associated continuous time
random walk. If G has (A, d)-moderate growth with respect to the support E of Q, then there
is C > 0 depending only on A, d such that

1 02 _ 2
¢ < d () < e 2 0,
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and

%e‘c’/Pz < d\9 (1) < CeM) | v >0,
where p is the diameter of (G, E), n = min{Q(x)|x € E} and both lower bounds require p >
4 in addition.

REMARK 3.4. (1) Compared with Proposition 1.1, the generating set E in Proposi-
tion 3.3 need not contain id and this means that the laziness of (G, Q, U) is not required at all.
In fact, the laziness of a continuous time walk can be seen from the identity %(K -1)= %(K +
I) — I, where K refers to the transition matrix determined by Q.

(2) The prerequisite of the lower bound on the graph diameter (at least 4) is due to the
development of an upper bound on the spectral gap. See the proof of (3.2) in [7] for details.

PROOF OF PROPOSITION 3.3. First, we set Q' = (Q + 1{;4})/2 and E’ = E U {id}.
Let K, K’ be the transition matrices determined by Q, Q’, set p, p’ for the diameters of
(G,E), (G, E’) and define = min{Q(x)|x € E} and n’ = min{Q’(x)|x € E’}. Obviously,
onehas K’ = (K +1)/2 and H, = H},, where H, = ¢”'""K) and H] = ¢7"IK)) Letd],, d\;
be the total variations of (G, Q’,U), (G, H,;,U). By applying Proposition 1.1 to (G, Q’,U),
since G has (A, d)-moderate growth with respect to E (and, hence, with respect to E’), there
is C» > 0 depending only on A, d such that

dly(m) < Coe™ "™’ ym > 0.

By the triangle inequality, this implies

d;i,)(t) <e Z (2;1)' djpy(m) < Cy exp {2, (e—n’/(p’)z _ 1)} < Cze—nt/(2p2),
m=0
where the last inequality comes from p” < p, n’ > 1/2 and the fact thate™ < 1 —u/2 foru €
[0, 1]. To see a lower bound of the total variation, let A be the smallest nonzero eigenvalue of
I — K. Note that 2d'S) (1) = ||H; = H|eeo, where ITf := ()1, || Lllomeo := sup{l|Lf]leo :
[ fllo < 1} and || flleo := maxy | f(x)]. By the symmetry of Q, this implies

1
d) @) = 5e—“, Vt>0.

Based on the (A, d)-moderate growth of (G, E), Diaconis and Saloff-Coste showed in [7,
Equation (3.2)] that if p > 4, then there is a constant C; > 0 depending only on A, d such that
1 <G/ pz, where the assumption of id € E is in fact not required. This proves the desired
bounds for the total variation with C = max{Cj, C;}, while the combination of (1.10) with
such total variation bounds leads to bounds for the Hellinger distance. O

Finally, we introduce the fourth equivalence in Table 1. Let A = {a,i|l <i < kp,n >
1} and A = {4,,;|1 <i < k,,n > 1} be triangular arrays of positive reals and set
kn

(.1 FAN) = (s falt) = ) anie il

i=1
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As f, is nonnegative and decreasing, we define the mixing time of f,, by 7,,(¢) = min{r >
0] fn(t) < g} for &€ > 0 and define the cutoff for F (A, A) as follows.

DEFINITION 3.5. The family ¥ (A, A) is said to present a cutoff if there is a sequence
(tn),, of positive reals such that

0 ifa>1,
o if0<ax<l.

h_)m Sfn(aty) = {

In the above, (¢,),, or briefly 7, is called a cutoff time.

REMARK 3.6. Itis easy to check from Definition 3.5 that ¥ (A, A) has a cutoff if and
only if T,(g) ~ T,,(9) for all € > 0 and § > 0. In particular, if 7 (A, A) has a cutoff, then
T, (&) is a cutoff time for all £ > 0.

By expressing f, as a Laplace transform of some positive measure, the authors of [4]
provided a criterion (Theorems 3.5 and 3.8 in [4]) to determine the cutoff for ¥ (A, A). Later,
such a method was refined in [1, Theorem 2.4]. To see the details, we set, for ¢ > 0,

log(l1+an1+---+ani)

3.2 An(c) = Anj,(c), Tn(c) = max
©2) (@)= Anjnce © i2jn(c) An,i

b}

where j,(c) :=min{i > l|lan1 + -+ an; > c}.

PROPOSITION 3.7 (Theorem 2.4 in [1]). Let F be the family in (3.1), T, (&) be the
mixing time of f, and Ay, T, be the quantities in (3.2). Then, the following are equivalent.

(1) F (A, A) has a cutoff.

(2) There is € > 0 such that T, () A,(c) — oo forall ¢ > 0.

3) 1(c)An(c) = oo forall ¢ > 0.

In particular, 1,(c) is a cutoff time for all ¢ > 0.

REMARK 3.8. It was shown in [1, Lemma 2.5] that, if 7,(c)1,(c) — oo, then
T1(c")An(c’) = oo forall ¢’ > c.

3.2. Proof of Theorem 2.3. The proof of Theorem 2.3 is based on some crucial
techniques, of which proofs are either developed or involved and are addressed in the appendix
for reference. See Lemmas A.1, A.2 and A.3 for details.

PROOF OF THEOREM 2.3 (The continuous time case). To prove this proposition, it
suffices to consider, by Proposition 3.2 and (1.10), the Hellinger distance. Let dilcl)q and
dfl"t.) H be the Hellinger distances of the nth and (n,7)th random walks in TCP and ¥, and set
n =inf{Q,;(x)|x € E,;, 1 <i < k,n > 1}. By Proposition 3.3, there is C; > 1 such that,
foralll <i<k,andn > 1,

1 ,
(3.3) Ze‘cl‘/f’if <d) 1) < Cre M0 >0,
where p,,; > 4 is required for the first inequality.
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For (1), set M = sup,, k. By (3.3), one has

d(C)

nl-H(aPn,ifn/lZn) < Cle—aﬂt’n,itn/(4c) <Cii+ 1)—1177/(4C) < Clz—an/(4C)’

and, in addition with the fact ¢, < log(M + 1)/¢,.1,
c 1 _ 1 -
d\) 1 (aPnttnlgn) = 7€ O = Z(M + 17O
Consequently, the replacement of A, p; with 1/V2, p,.;/¢, in Lemma A.1 yields

1 —exp {—%(M + 1)_2“C‘C} < d,(fl)_l(atn)2 <1l-exp {—MCIZZI_‘”’/(ZC)} ,
foralla > A := (4C/n)(log, C; + 1/2) and n > 1. This proves (1).

For (2), note that (i)=(ii) is clear from the definition of cutoffs and pre-cutoffs, and
(iv)=(v) is trivial. To prove the other equivalences, we first make some analysis on dff}i Let
C be the constant in (3.3), A be the constant defined as above and N be a positive integer such
that p,; > 4 fori > N and n > 1. In a similar reasoning as before, one can show that

kn
(3.4) d\) (=2 1 -exp {— Z d’(fi)’H(pn,,-t/qn)z} , V>0,
i=1
and
kn
3.5) i) (1> < 1-exp {—2 > dr(fi)’H(pn,it/qn)z} . V> Aty
i=1

By (3.3), we have

kn kn kn
2 2 - n,i 2 n 2 i 2 - [n i 2
DA (puitlgn)? < CF Y &Pt CmnonD < € N mntlnsQO)
i=1 i=1 i=1
and

, 1 2 1
© 2 “2Cypa it P2, 2‘ 22CCtln,
z 4dr:i,H(pn,it/CIn) 2 16 z , € s 2 16 ¢ 1 ’

iel, iel, iel,

where I,, = {1 < i < kn|pn; > 4}. Putting the last terms in the above computations back to
(3.4) and (3.5) yields

(3.6) 1 - exp {—%gn(ZCCﬂ)} <d (1) < 1-exp{-2C] fu(nt/(20)} ,

where f,, (1) = Z:.Z‘l e il gn(t) = Yier, €' and the second inequality holds for r > At,,.
We are now ready to proceed the proof of (ii)=(iii)=(iv) and (v)=().

To see (ii)=(iii), assume that Tf presents a pre-cutoff in the Hellinger distance and let
s, > 0and B, > B; > 0 be such that

3.7 lim d\}, (Basy) =0, liminfd,"), (Bisa) = a > 0.
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Note that

kn

© 1
fn(ar,,)sZ(iH)—“sfl uldu= —. Va>1.

a—

i=1

By the second inequality of (3.6) and the fact A > 2C/n, we have
2
2C;

(c) 2 _ -
(3.8) dn,H(atn) <1 exp{ an/(2C0) —1

} , Ya>A n>1.

Next, let’s fix a > (2C?/a? + 1)A. By the fact of A > 2C/n, one may derive an/(2C) — 1 >
2C12/a/2 and, by (3.8), this leads to difl)ﬁ,(atn)2 <1- e~ < 2. As a result of the second
limit in (3.7), we obtain that at,, > Bys, for n large enough. In addition with the fact 1 € I,
for all n > 1, we may conclude from the first inequality of (3.6) that

0= lim d') (Basy)* = lim d\"), (aBaty/B))*
n—oo i

1
>1—exp {—1— lim sup e_z“Bch”"["’l/Bl} ,

n—oo
which leads to (iii).
For (iii)=(iv), assume that ¢,£, 1 — oo. By Proposition 3.7 and Remark 3.8, the family
(fn),,, has a cutoff with cutoff time #,,. By (3.6), this implies

lim &%) (aty) =0, Va > A, lim d\ (ata) =1, Y0 <a <1/(2CCy),
where the second limit also uses the fact
gn (1) = fu(@) = (fu(®) = gn (D)) = fu(t) = Ne™m1".

As a consequence, when € € (0, 1), one has #,,/(4CC}) < T,ECIfI (&) < 2t, for n large enough,
which gives (iv) and the order of the mixing time.

To show (v)=>(i), it suffices to prove T\, (&) = T, (6) = O(1/€y) forall 0 < & < § <
1, which is exactly the specific conclusion in (2). First, we need a refinement of (3.5). Let 5 €
(0,1). In Lemma A.1, the first inequality implies T’( ) > max{T(C)H (0)qn/pn.ill <
kn}, while the third inequality yields

t
difl)q([)z <1- exp{ 52 }(’lcl)H (Pnz ) } VS T,(lcl)q((s) '

Lett = T;‘;I(é )+ a/t,,1 with a > 0. By the quasi-submultiplicativity in Lemma A.3, one has

(c)
d(c) (pn,it) 4d(c) pntT ( ) d(c) ( apn,i ) ]
n,i,H Gn n,i,H Gn n,i,H fn,lQn
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Putting this back to the upper bound for d, ) 1 (1) yields

() 2
pnl (5) . a [
(c) (c) nH (©) Pn,i
d, H(f) <1l- GXP{ 62 nzH( ) dyin (fn,lqn) }

Observe that the second inequality in (3.3) and (3.4) give

2 kn T @\
: aPn.i 2 ,—an/Q2C @ [P 1
d'©) < CPeman/20) | d <lo .
n,i,H fn,l‘]n 1 ; ni,H Gn g 1— 62

Combining the last three inequalities leads to

C2e=an/20) 1
d), (T, 0) + aftn1)’ < 1—-exp{—— log . VYa>0.

1-62 1-62

As the right hand side tends to 0 as a tends to infinity, we obtain TrE‘I; (e)— T’icll, (0) =0(1/tn1)
for € € (0,0), as desired. This finishes the proof of (2). |

PROOF OF THEOREM 2.3 (The discrete time case). We shall prove the discrete time
case by identifying the items in (2) with the continuous time case. First, we show that
Ty 1v(€) — co and T,(fT)\,(e) — oo for some € € (0,1). Let dffl)w be the total variation of the
(n,i)th random walk in . and let N > 0O be a positive integer such that p, ; > 4 fori > N and

n > 1. By Proposition 3.3, there is C, > 0 such that

1 2 1
d,(,lcl)TV(t) > Ee_CZt/pn’i > Ee—CZI/l()’ Vi > 0’ P> N, n> 1.

Note that the first inequality in Lemma A.1 also holds for the total variation (see [2, Proposi-
tion 3.2]) and this implies that, for k,, > N,

i it 1 Czl Pni
dCl () = d) (2R > 2 in —=
TV( ) Nllltagi n,i, TV qn - 2 16 Nr<nl<nk dn

1 Pn,i Cot
EeXp{ 16(ky —N)Z } {_16(kn—N)}’

where the last inequality uses the fact that (p,,;/ q,,) " is a probability vector. As k, — oo,
one has T(CT)V(1/4) > 8(k, — N)/C, for n large enough which yields T, CT)V(1/4) — oo, In the
discrete time case, observe that, by the triangle inequality,

e8] 14 0
¢ Z N Z _ Z "
d( '1)"V(t) < —m!dn"rv(m) < e t_m! +( e t—m!>dn"rv(€).

m=0 m=0 m=_{+1

When ¢t = T(CT)V(1/4) and ¢ = [t/2], it’s easy to check (or to see from [3, Lemma A.1]) that

t m
lim ¢! — =0,
n—oo m!
m=0
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which leads to
lim dyry (LT,E?V(IM)D

Consequently, we obtain 7;, v (1/5) > 1 T(‘T)V (1/4) for n large enough and, thus, T, tv(1/5) —
co. Now, we are ready to prove (2) for the discrete time case.

Let (x)° with * € (i, ii,iv, v} be respectively the corresponding statements for 7% in
Theorem 2.3(2). Immediately, the equivalence of (x) and (x)’ with * € {i,ii} is given by
Proposition 3.1. Let u,, and u, 1 be the second largest eigenvalues of the transition matrices
determined by Q,, and O, ;. Itis easy to check that 1 — u,, < (pn,1/Gn)(1 — pn,1). A similarly
reasoning as in the proof of Proposition 3.3 implies

dpry(m) = (0, 1= pyy < C3/p,, Ym=0n>1,
where C3 is a positive constant depending on A, d. As a result, this yields

dn TV(m) > e_m(l_/ln) > e_CfimPn,,l/(CInPf,Yl) > e_cciim{n,l .

When F % has a total variation cutoff, one has
exp {—2cc3 lim inan,Tv(s)fn,l} < 1im dury QTry()) = 0, Ve € (0,1).

This proves (i)’=(iv)’.
Based on the above discussions, it remains to show (v)’=(v). Assume that
T rv(e1)ln1 — oo for some g1 € (0,1). We will prove (v) by contradiction and thus as-
sume the inverse that TS(C)TV(gz)t’é:n 1 = O(1), where &3 € (0,1) and (§,),7, is an increasing
sequence of positive integers. Note that we may restrict ourselves to the case of &, < 1/4.

Set ru = \Tg, (€], 1. Obviously, Ty, (£2) = o(ry) and ry = 0(Tg, v (£1)). By the

quasi-submultiplicativity of the total variation, one has

limsup2d'®’_ (r,) < limsup (demw (T( ) (e 2))){r"/Té‘ZTTV(82)J
n—oo

TV LTV
n—oo f f

(c)
< lim sup Z_P" /Tfn’TV(gz)J =0

n—oo

As a consequence of Lemma A.2(3), this implies
r}l_r)r;@ de,v([ar,1) =0, Ya>1.
But, however, as ar, = o(T¢, tv(€1)), we have
liminf dg, rv(Tary1) > iminf de, 1y (Te,rv(e) = 1) 2 81 > 0.

This makes a contradiction and, hence, T;, rv(£2)€,,1 — 0, as desired. O



PRODUCTS OF RANDOM WALKS 299

Appendix A. Techniques and auxiliary results.

LEMMA A.l1 ([2, Proposition 3.2]). Let (G;, Q;, U,-);‘:1 be random walks on finite
groups and (G, Q,U) be their product according to the probability vector (p1,...,pn). Let
dl(CI; and dg) be the Hellinger distances of the continuous time random walks associated with
(G, 0i,Up) and (G, Q,U). Then, one has

dy) (1) 2 max {d (pin)|1 <i < n},

and

o C C 1 L C
1- exp{—Zd;}}(p,-tﬁ} <d'9)? < 1-exp {—1 — Zdlﬂg(pit)z} :
i=1

i=1
where the second inequality requires t > rnax{Tifg(A)/piH <i<n}withAe€(0,1).
LEMMA A.2 ([5, Proposition 3.1]). Let F = (Gp, On, Un)S . be a family of random

n=1
walks on finite groups and ¥ be the family of continuous time random walks associated with
F. Forn > 1, letdy v, d‘“). be the total variations of the nth random walks in F, F¢. Suppose

n,TV
inf,>1 0n(id) > 0. Then, for any sequence (t,),. | tending to infinity,

(1) duv(Ltal) = 1 if and only if d53, (1) = 1.

) If duav([ta]) = 0, then d$) (aty) — 0 forall a > 1.

(3) IfdC)(tn) = 0, then dyrv([aty]) — O forall a > 1.

LEMMA A.3. Consider an irreducible Markov chain on a finite or countable set X
with transition matrix K and stationary distribution n. Set H; = e 'K and let dp, dg) be
the maximum Hellinger distances defined by

1/2
dp(m) = sup (% > (VK y) - \/n(y))z) ,

xeX yeX
and

1/2
1
di () = sup(z > (VH ) - «/n<y>)2) :

xex |2 5%
Then, the mappings

m e 4dy(m), 1 4d\S @),
are non-increasing and submultiplicative.

PROOF. We deal with the discrete time case, while the continuous time case can be
shown in a similar way. Let n, m be positive integers and x, y € X. Note that

2zex K (x,2) = (DK™ (z, y) — n(y)]
Kmim(x, y) —n(y) =
v v VK™ ™ (x, y) + 7 (y)

= > AB.,

zeX

(A1)
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where

A; = (VE"(x.2) - V7(@) (VE™ 2 y) - Va(w))

and

(VK™ 2) + Va (@) (VE™ (@ ) + V7 ()
VK™ (x, y) + n(y) '

7z =

Consider the following two cases.
Case 1: K" (x, y) > n(y). In this case, one may apply the Cauchy-Schwarz inequality
to obtain

VK™ (x, ) - \/ﬂ(y)|2 < (Z Ag)(z Bg) .

zeX zeX
Note that (va + Vb)? < 2(a + b) for all a,b > 0. As a result, this implies
Z B < 4% ex(K"(x,2) + 1(2))(K™(z, y) + n(y))
s <
Z

(VE= ) + )
4LK™ ™ (x, y) +3n(y)]

<4,
K™ (x, y) + n(y) + 24/ K™ (x, y)n(y)

and, hence,

VK™ (x y) - \/n(y)|2 < 4(2 Ag) :

zeX

Case 2: K" (x,y) < n(y). For this case, set
Ey = {zln(2) > K"(x,2), K"(z, y) > n(y)}
and
E> = {zln(z) < K"(x,2), K" (2, y) <7n(y)}.
By (A.1), one has

YizeEuE [m(2) = K" (x, DK (z, y) — m(y)]
VK™ (x, y) + 7 (y)

Z A, B, .

zeEIUE,

0 < yr(y) — VK™ (x, y)

IN

As before, we may apply the Cauchy-Schwarz inequality to get

‘\/Kn+m(x,y)—\/7r(y)|2$( Z Ai)( Z BZZ)
zeE|UE) zeE|UE,
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Note that, for z € E,

(VE"(x.2) + Vr(@)” (VE" G p) + 7))

2
Kﬂ )
<4 (\/K"(x, )+ \/ﬂ(z))zK”’(z, y) = 4(,/ n(();)Z) + l) ()K" (z, y),

and, for z € Ej,

(VE () + V2 @) (VE™ G p) +Vaw))
< 4K"(x, 2) (VKT @ p) + V7))

By the Jensen inequality, this implies

Z (VK" (x.2) + \/ﬂ(z))2 (VE™ o) + \/7r(y))2

Z€E)

(A2) ?
< 4( Z K"(x,2)K™(z, y) + x/cm(y)) ,

Z€E)

where ¢ = Y, cp, 71(2)K™(z, y)/n(y), and

Z (\/K”(x, 7) + \/7r(z))2 (\/K'"(Z, y)+ \/7T(y))2

zZ€E,

(A3) g
< 4( Z K"(x,2)K™(z, y) + \/Czﬂ(y)) ,

Z€E

where ¢3 = 3 g, K" (%, z). Summing up (A.2) and (A.3) yields

2, B

< eE0E (VK™ ) + ()

while the last inequality uses the fact of ¢; < 1 and ¢, < 1. As a consequence, this leads to

VK™ (e, 5y~ x| < 8( P RIS

z€E|UE, ) zeX

4 (VEzemom K ORT@y) + e T enn ) .
. <3,

IA

which is also applicable for Case 1.
Based on the result in the above discussions, we obtain

1/2
4dp(n +m) = sup {8 Z (\/K’“’"(x, y) - \/ﬂ(y))z}

xeX yEX

1/2
< sup{ > 8 (VK" (x2) - V(@) x8 (VET(z ) - x/ﬂ(y))2}

xeX yizeX
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172
< sup {8 (VK" (x.2) = Vn(2)) } X 4dp(m) = 4dp (n) X 4dp(m) .
xeX

O
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