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Abstract The criteria on separation cutoff for birth and death chains were
obtained by Diaconis and Saloff-Coste in 2006. These criteria are involving
all eigenvalues. In this paper, we obtain the explicit criterion, which depends
only on the birth and death rates. Furthermore, we present two ways to
estimate moments of the fastest strong stationary time and then give another
but equivalent criterion explicitly.
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1 Introduction and main results

In [6], Diaconis wrote: “At present writing, proof of a cutoff is a difficult,
delicate affair, requiring detailed knowledge of the chain, such as all eigen-
values and eigenvectors ....” Diaconis and Saloff-Coste [9] gave a necessary and
sufficient condition for separation cutoff of a sequence of continuous or discrete
time birth and death chains. This condition is involving all eigenvalues of the
generator or transition matrix of the birth and death chains. In this paper, we
give an explicit criterion, via three different ways. First of all, based on their
criterion, we will give the explicit criterion by using the celebrated estimates of
the spectral gap for the birth and death processes [5], and an eigentime identity
for the birth and death processes [16]. Second, cutoff in separation is closely
related to the fastest strong stationary time (FSST) [1,7]. A use of Chebyshev
inequality involving the mean and variance of the FSST will give the criterion of
cutoff. See [9]. We will recall briefly this argument in Section 2. So our second
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way for the criterion is to calculate explicitly the mean and variance of FSST
for the birth and death chains. Third, from the definition of the separation
between two probability measures, a halting state is crucial, especially for a
stochastically monotone Markov chain. See [13] and Section 3. The third way
we use is to give the moments of FSST via the moments of the hitting times.
Actually, all three criteria are nevertheless equivalent, but appear in disguises.

Let Xi,t > 0, be a continuous time birth and death process on the state
space E = {0,1,...,m}. Its generator is the matrix Q = (g;;):

bi, O0<ism-—1,j=i+1
qij = @i I<i<m, j=i—1
—(a; +b;), 0<i=j<m.

Here, a; >0 for 1 <i<m, b >0for0<i<m-—1, and a9 = b,, = 0. This
process is ergodic (positive recurrent and irreducible). Let 7y = 1/Z, and
C1byebig

T =
Z ai---a; ’

I1<i<m, (1.1)

where Z is such that 7 = (m;, 0 < i < m) is a probability measure. Then 7 is
the stationary distribution.
The separation between probability measures u, v on finite space E is

Mz‘}
= 1— =3 1.2
) = g {1 2 =

Applying the separation to the birth and death chains as above, we have

tli>nolo Sep(/’t(t)7 m) =0, (13)

where p(t) is the distribution of the chain at time ¢.
Separation cutoff is concerning a family of birth and death processes. For

n=20,1,2,..., let Xt(n) be a sequence of birth and death process on E, =
{0,1,...,m,} with generator matrix QM. Let 7™ be the corresponding
stationary distribution. Let

0=A" <A <A

be the eigenvalues of —Q(™ and set

Let p(™(t) be the distribution Xt(n) starting from state 0O:

ity =Px™M =i | X" = 0], i€E,
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)p(n)

It is proved in [9] that whenever lim,,_. )\gn T

= OO,
0, ¢>1;
nlgrolo sep(u™ (cT™), 7™ = {1 o (1.4)

The expression in (1.4) is referred to separation cutoff for birth and death
processes.

A similar separation cutoff was also proved in [9] for discrete-time birth
and death chains, under the additional assumption that the processes are
stochastically monotone. In the discrete time case, we keep the notations as in
the continuous time as same as possible. Let P = (p;;) be transition probability
matrix on £ = {0,1,...,m}:

bi, 0<i<m-—1, j=i+1;
Ci,y 0<Z:]<m

Here, all a’s and b’s are positive, and ¢’s are nonnegative. Assume
ai+bi+e=101<i<m-1), by+co=1, am—+cm=1.

The chain P is stochastically monotone whenever b; + a;11 < 1 for 0 < i < m.
Let 7 be defined in the same way as in (1.1) and set 0 = A\g < A\ < --- < A\, tO
be the eigenvalues of I — P, where [ is the identity matrix. Then it was proved
in [9] that a family of ergodic and stochastically monotone discrete time birth
and death chains has the separation cutoff if and only if

nhﬁn;o )\gn)T(”) = 00.

In this paper, for the sake of simplicity, we focus on the continuous time
birth and death processes. For the discrete time birth and death chains, we
only point out the difference.

The rest of the paper is organized as follows. In Section 2, we will give
a general sufficient and necessary condition for separation cutoff, and revisit
the criterion in [9]. In Section 3, we present three explicit criteria. Finally, in
Section 4, we apply the criteria to the restricted chains and the Metropolis
chains.

2 Fastest strong stationary time

For the continuous time birth and death process X (¢) on {0,1,...,m} starting
at 0, let pu(t) be the distribution of X;. It is known from [7] that there exists a
FSST 7 such that

sep(u(t), m) = P[r > t]. (2.1)
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And the distribution of 7 is given in Laplace transformation:

T A
Ee ™ = v A>0, 2.2
¢ 1157 N (22)
v=1
where A\ < -+ < A, are positive eigenvalues of the matrix —@Q.

For the discrete time birth and death chains on {0,1,...,m} starting at 0,
assume that the chain is stochastically monotone. It was proved in [11] that
(2.1) holds and the distribution of 7 is given by

T s )\l’
Es” =] e € [0,1). (2.3)
v=1

Diaconis and Saloff-Coste [9] used this formula and a Chebyshev inequality
to give the cutoff for the birth and death process. The sufficient part in the
following proposition is essentially due to them, here we give a direct proof for
the necessary part.

Proposition 2.1 For the family of birth and death chains Xt(n) on the state
space {0,1,...,my} starting at 0, let 7™ be the FSST. Then there is the
separation cutoff (1.4) if and only if

(ET(”))2
Var(7("))

(E7(7))2
E(7(n)2
Proof Assume first (2.4). The following Chebyshev type inequality can be

found on [10; p. 152]). For a non-negative { with mean E{ and variance Var(§),
we have, for any ¢ > 0,

— 00, or, equivalently — 1. (2.4)

Ple > B+ o/ Var(®)] < 1=, PlE <BE— o/ Var®)] < 1

<—
142

Apply this Chebyshev inequality to the sequence of fastest strong stationary
times 7(") to get that under (2.4),

cEr(™)

Plr™ > (14 ¢)Er™] = IP’[T(”) >Er™ 4 ———
Var (7))

Var(r(") ]

1

<
= 9 [Er(m]2
L+e Var((n))

— 0,

and similarly,
Plr™ < (1 — ¢)Er™] — 0.
Conversely, assume (1.4). Let £ = 7" /T Then (1.4) implies that ¢
converges to 1 in probability. Since it follows from (2.2) that

E(r™)? <6(T™)3  or E(£™)? <6,
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we have (cf. [3])
lim E[¢™ — 12 =0.

In particular, the limit

lim E¢™ = lim E(EM™)? = 1.

Therefore,
lim LZT(”))Q = lim (Eg(n))Q =
n—o0 E(T(”)) n—0o00 E(g(”))Z
The assertion is proved. O

We remark that in general, we can derive from (2.2) that
E(r)E < RHTM)F, k=1,2,....

For the FSST 7(" it follows from (2.2) that

n

Er = 7 — ZT n))_Z(ﬁ)Q-

v=1

Since w2 .
(W) < Var(T(")) < NOI T("),
A A
we get
A < BT o)
! h Var (7)) =

From this and (2.4), we obtain (1.4) whenever lim,,_,~ )\gn)T(") = 00, as did in
[9].

3 Explicit criteria

In this section, we will present three explicit criteria for separation cutoff of the
birth and death chains.
3.1 Eigenvalues
Our first explicit criterion is rather a direct use of the celebrated estimates for
)\gn) in [5; Corollary 6.6], and the explicit formula for 7(*) in [16].

The formula for T comes from the so-called eigentime identity, appearing

first in [2; Chapter 4]. Let )\l(,n), v > 1, be the non-zero eigenvalues of —Q™.
Then it holds that

Mn Mn

Z Z 7r(n ; (n) E;7 An) = Zw§n)EiT;n) for all 1.

Vl)\ 4,j=0 7=0
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According to [16], for birth and death chains, we have

. Mn 1 mp—1 1 Mn . 7 .
T():ZW:ZWZ W]UZW]U. (3.1)
v=1 "\ =0 i i Jj=i+1 7=0

Next, we introduce an elegant estimate of spectral gap for ergodic birth and
death chains derived recently in [5]. Let

- ) W\ (e
= it (B7) (X)) [(Smim) - 02

i=m % i i

Then 1
1 kM < )\gn) < kM, (3.3)

This estimate is a generalization of the classical Hardy inequality. The
obvious advantage is the universal constant 1/4 appears in (3.3). See [5] for a
comprehensive study on this topic.

The following is the first explicit criterion for the separation cutoff.

Theorem 3.1 Separation cutoff occurs if and only if

lim k™7™ = .

n—oo
The only seeming obstacle is taking minimum in two variables ¢, m in (3.2).
For the discrete time case, the eigentime identity and the formula in (3.1)

remain true. Now, )\gn) is eigenvalue for I — P, and P — I can be seen as the
generator of a continuous time birth and death chain, thus the estimates in (3.2)
still work. Therefore, Theorem 3.1 holds for stochastically monotone discrete
time birth and death chains.

3.2 Duality

From the above routine of the proof for the separation cutoff, we see that one
has only to get the first two moments of the FSST. In the sequel, we will focus
on this for a birth and death process, instead of a sequence of birth and death
processes.

For discrete time birth and death process P given in (1.5), Diaconis-Fill
[7] constructed a dual absorbing birth-death process, whose absorption time 7*
has the same distribution as 7 the FSST, after then Fill [11] obtained the same
conclusion for the continuous time birth and death process. Set for 0 < 7 <
m, H; = ngi mj and for i <m — 1,

af = —HEl bi, b= —Hfj[fl aip1, al, = b, =0.
Let
bo H?

3
o= )
! m;bi
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Let af (1 < ¢ < m) and b (0 < ¢ < m) be the birth and death rates for a
dual process X*(t), respectively. So m is an absorbing state for X*(¢). Assume
that both X (¢) and X*(¢) start at 0. Then the absorption time (hitting time to
m) of X*(t) has the same distribution as the FSST 7 of X (¢). From these and
[15; Theorem 4.1], we have the first and second order moments of 7:

m—1 1 @
Er =Er* = 5 T,
=0 v 5=0
Er? = E(r*)?
m—1 7 m—1 i
1 * 1 *
=2 TFD* T e Zﬂ-l
i=0 1% j=0  k=j Kk =0
m—1 1 % 7—1 1 J
— 2 * *
- 2(ET) -2 _— Ty e Zﬂ-l
i=0 1% j=0 k=0 k'K =0
Denote
m—1 1 % 7—1 1 J
_ 2 2 _
S = (Er) §ET = —5 U - *Z ’
i=0 170 j=0 k=0 k'K =0
To get the expression of these moments by a;, b;, we need the following lemma.

Lemma 3.2 Let «; be a positive sequence. For k < m, we have

k—1 ) k—1
1 . 1 H;(Hy, — Hj)
D TG S 2 T % (3.4)
b = Hy, = 7;b;
Proof Note that
Tk = bOHZZ ! = ot - {i_ 1 } (3.5)
¢ 7TZb ’ *bx bOHi+1H H, Hi+1 ' '
We have
k—1 1 7 k—1
TFb* 7-(-;‘04]- = ZF;QJZ * I
i=0 11 =0 j=0
k—1
-y el z
— boH;i1 H
B k-l Odj[‘[]2 kz_i [ 1 1 }
= ;b i— H; Hin
k—1
1 H;(Hy, — Hj)
= ;.
k ; mby

The proof is finished. 0
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By letting k = m, a; =1 in (3.4) and noting that H,, = 1, we get
m—1
1
— 1 — =T.
=2 o7 H;) =T
7=0
Again in (3.4), letting k = m and

j—1 i j—1

1 1
i—0 i bi k=0 k=0
we have -
m—1 J—
1—-H; Hi(H; — Hy)
S = J J . (3.6)
;) mib; ];) bk
Since
Er? S

&2 TP E

Proposition 2.1 yields the following result.

Theorem 3.3 Separation cut-off occurs if and only if

S(n) 1
i e = 0 (8.7)

where T™ is given in (3.1) and

mp—1 (n) j=1 gp(n) rr(n) (n)

n 1y fl 2™ (E™ — 5™)
(n) _ J k J
7=0 j j k=0 k

wzthH() k Oﬂ,g).

For the discrete time case, the only difference is that
Er? = Er + 2(E7)% - S.

But for discrete time birth and death chains,

,_.

m—

1

=0 b;

*
0o, m — o0, as by <1

Sex

Therefore, Theorem 3.3 also holds for stochastically monotone discrete time
birth and death chains.
3.3 Stochastic monotonicity

In this section, we will obtain the distribution of the FSST for the birth and
death process via the halting state. We will deduce Theorem 3.3 once again.
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However, this method can be used to deal with general stochastically monotone
Markov processes.

A stochastic matrix P = (p;;, 0 < 4,5 < m) is said to be stochastically
monotone if for all 4, 7 with ¢ < j,

Zpik < ijk

12k 12k

for each k. A Markov chain is monotone if its transition probability matrices
are monotone. It is known that the continuous time birth and death process
is monotone, and the discrete time birth and death chain is stochastically
monotone whenever b; + a; 11 < 1.

Following [13], i € E is called a halting state for the FSST 7 if for all ¢ > 0,

i(t
Pr>tj=1- 'u; ) = sep(u(t), ). (3.9)
Since ®)
Hj
sup (1 ————) = Sep(/‘(t)a 77)’ (310)
7 is the halting state if and only if for ¢ > 0,
it . (Tt
s i T

We remark that the definition of “halting state” appeared in a draft version
of [13], but disappeared in the final version published by AMS. Whatever, we
learned this definition from them.

Lemma 3.4 For the continuous time or stochastically monotone discrete time
birth and death process chain on state space E = {0,1,...,m}, starting at 0,
state m is a halting state for the FSST .

Proof Let
pij(t) =P[Xy =7 | Xo =1].

Then m;p;;(t) = m;pji(t) by the symmetry, so that

Um(t) _ pOm(t) _ me(t) )
T T, o

But by the stochastic monotonicity,
Pmo(t) = miinpig(t).
It follows that

pn(t) min pio(t) _ min poi(t)
Tm 2 ™0 A T i T

The assertion is proved. O
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Next, we will use Lemma 3.4 to give the distribution of the FSST in Laplace
transformation form. And then, we use the results in [14,15] to calculate the
first two order moments of the FSST by that of hitting times.

Theorem 3.5 Let 7 be the FSST for a discrete time or continuous time birth
and death process on {0,1,...,m}, starting at 0.

(1) For the discrete-time case, assume further that the chain is stochastically
monotone, that is, b; + a;41 < 1. Let

P (s) = ZP[Xn = m|s".
n=0

Then
Es" = (1 -5 sep01). (3.12)

Tim,

(2) For the continuous-time case, by letting

Um(N) = /000 ef)‘tIP’[Xt = m)|dt,

we have

Fe " = M, A>0. (3.13)

Tm
Proof (1) Since 7 > 1, for s € (0,1), we have

Es™ =Y Plr=Fks" =) Pr=k(1-5) s=01-5> sPr<li

k>1 k>1 1>k I>1

Hence, by Lemma 3.4 and (3.9), we get

Es™ = (1—5s) Z S"—M::j) =(1-y9) wm(s)

Uy
n>1 m

(2) For A > 0, the integral by parts gives
o0 o0
Ee " = / e MA(P[r < t]) = )\/ e MP[r < t]dt.
0 0

Then by Lemma 3.4 and (3.9), we get

Eef)\T _ )\/ ef)\tlu’m(t) dt = )\¢m(>\)
0

Tm, Tm,

The proof is finished. O

To compute moments of 7 of birth and death chains, we will use the
construction theory for birth and death chains on boundary. Let 74 be the
hitting time of state k. The following result was proved in [12; Theorem 7.4].
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Lemma 3.6 For the continuous time birth death process Xy, let

oo

bim(N) =0, 6y() = / e NPIX, = j, t < T | Xo = dt, 0<irj <m,

0

and for 0 < i,j < m,
o0
Tl)Z](A) = / ef)‘tIP)[Xt =7 | Xo = ’i]dt.
0

It holds that for 0 < i,j < m,

§i(M)m;&5(A)
Yij(A) = 05N + = 3.14
where
gz()\) = E[G_AT"L | Xo = ’L]
From Lemma 3.6 and Theorem 3.5, we can deduce the relationship between
the FSST 7 and 7.

Theorem 3.7 For the continuous-time birth and death process starting at 0,
-1
Fe A = <7T0 + Z 7 (Be™ %)~ ) , A=0. (3.15)

Proof By the skip-free property of birth and death processes, we have
&o(N) =E[e™7 | Xg = 0]Efe™™ | X =i] = E[e™7 | Xy = 0]&()\).

Since
é-m()\) = 1a (b()m()‘) = 07
it follows from (3.14) that

o gO(A)Wm o 7T_m 1
PonlN) = ST mED) A S, mEle [ Xg = 0] 1
This plus (3.13) gives (3.15). O

From (3.15), we can obtain the moments of FSST 7 from that of hitting time
Tk, and the moments of hitting time are explicitly known. By taking derivatives
n (3.15) twice, we have

m m m
Er = Z mBr, Er?=2(E7)? + Zﬂ'iETZZ -2 Z i (Er)2. (3.16)
1=0 =0 1=0

And it is known [15] that

Er; = Z Z e, Er? =2(E7)? -2 Z Z i ET. (3.17)

]OJJkO ]offko
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Combining these formula, we have

m 1 7 m m i—1 1 J
ET:ZHZ@ Z ), ETZ—Q(ET)2—2Z7TZZWZ7T]€ET]€
i=0 j=0  j=i+1 i=0 j=0 7177 k=0
If let
1 m i—1 1 i k—1 1 u
S =(Er)? - ZEr? = T — Tk T,
= 2 Z Z ijjkz_o u=0 "ulu 2o ’

and exchange the first summation and the second one, then exchange the third
one and the forth one, one can see that S is the same as in (3.6). Again, we
derive Theorem 3.3 in case of the continuous time birth and death processes.

As for the discrete time case, in the place of Lemma 3.4, we have the
following construction result. The proof is almost the same as in case of the
continuous time, thus is omitted here.

Lemma 3.8 For the discrete time birth death process Xy, let
o0
Gim(s) =0, ij(s) =Y "P[Xp =it <7 | Xo=1i], 0<i,j<m,
n=0

and for 0 < i,j < m,
bij(s) =Y $"PIX, =i | Xo=1i].
n=0

It holds that for 0 < 1i,j < m,

i(s)mi€5(s)

Yij(s) = ¢ij(s) + (1—s)> " m&i(s)’

(3.18)

where
52(8) = E[STm | X() = Z]

From Lemma 3.8, we have the following relationship.

Theorem 3.9 For the stochastically monotone discrete-time birth and death
chain starting at 0, the FSST T satisfies

n —1
Es™ = <7T(] + Zﬂk(EosT’“)1> , s€]0,1). (3.19)

k=1

By taking derivatives at s = 1 twice, we can also get similar relations as in
(3.16). Therefore, we deduce that Theorem 3.3 holds in case of discrete time
stochastically monotone birth and death chains.
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4 Applications and examples

In this section, we will give two applications and some examples. First, we
apply [9] to the family of restricted chains from a birth and death chain on
the half line. We show that the separation cutoff is closely related to the
exponential ergodicity and strong ergodicity. Second, we use the explicit
formula in Theorem 3.3 to detect the separation cutoff for the Metropolis
algorithm based on the simple symmetric random walk. These results can
be comparable with that in [9], where the arguments rely heavily on the exact
estimates of the eigenvalues.

4.1 Restricted chains

In this section, we will use the explicit criteria to study a special case: the
family of the birth and death chains are the restricted chains taking from a
birth and death chain on a countable state space.

Let a; (i > 1) and b; (i > 0) be the death and birth rates, respectively, for the
continuous time birth and death processes on {0, 1,...}. Foreachn =1,2,...,a

restricted process Xt(n) on {0,1,...,n} is referred to a birth and death process

with birth rates bgn) =bfor0 <i<n-—1and b%n) = 0, and death rates
(n)

a; ' = a; for 1 <i < n. Then Xt(n) is ergodic with reflecting boundary at n. In
the discrete time case, we can define the ergodic restricted chains in a similar

way.

Corollary 4.1 Suppose that X; is a continuous time birth and death process
on B ={0,1,2,...}. For each n = 1,2,..., let Xt(n) be the restricted chain
on E, ={0,1,...,n} of Xy with reflecting boundary at n. Assume that Xy is
exponential ergodic. Then Xt(") has separation cutoff if and only if X; is not
strongly ergodic.

Proof Let A1 be the spectral gap for X; and A\; > 0 by exponential ergodicity.

Let )\gn) as before. Then by [4; Theorem 9.21], lim,,_.~ )\gn) = A1. On the other
hand, it is easy to see that

[e'¢) o0
1
;> lim 7™
2 oy 2 ™2l
=0 Jj=i+1
=T
00 1 i e’}
=D > T2
) 7Tz '3 R
=0 7=0 Jj=i+1

\

3
L[]
3 —
g
S

But the birth and death process is not strongly ergodic if and only if
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[e'e) 1 [e'e)
;EZ 7Tj:OO.

Jj=i+1
Therefore, the non-strong ergodicity is equivalent to

lim )\gn)T(") = 00,

n—0o0

which completes the proof according to [9]. O

Since the strong ergodicity implies the exponential ergodicity, the family of
restricted chains of a strongly ergodic birth and death process cannot have the
separation cutoff.

The discrete time case is somewhat different and simpler.

Corollary 4.2 Suppose that X; is a discrete time birth and death chain on
E ={0,1,2,... }, which is stochastically monotone and geometrically ergodic.
For eachn=1,2,..., let Xt(n) be the restricted chain with reflecting boundary
at n. Then Xt(n) has separation cutoff.

Proof From [17], we know that for X,,, the spectral gap A; > 0 if and only if
it is geometrically ergodic. As in the continuous time case,

lim A™ =Xy, lim T =T

n—~0o0 n—oo

But noting a; < 1, we get

o0 1 o0
ST
° T304 -
=0 Jj=i+1

=1
= T Z b T4+1
i=0 "t
o0
1
= 7'(0
ZZ_; Ai+1
= 00.
The proof is finished. O

Let us present some examples.

Example 4.3 For the continuous time case, let a; = a, b; = b, or for discrete
time cases, let a; = a, b; = b with a + b < 1.
(1) If a>b >0, then
M= (Va—Vb)2
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Thus, this process is exponentially ergodic, but not strongly ergodic, so that by
Corollary 4.1, there is separation cutoff for the restricted chains.

(2) If b > a > 0, then the process is transient. In this case, we cannot apply
Corollary 4.1. Instead, we apply Theorem 3.3. For 8 :=b/a > 1, we have

m+1_1 %

6—1
A direct and tedious calculation implies that the separation cutoff occurs.

(3) For a = b, we have m; = 1/m. Again, an easy calculation shows that
there is no separation cutoff.

Example 4.4 For the continuous time, let a; = ai”, b; = b with v > 0, a,b >
0. Then there is separation cutoff for the restricted Chams if and only if v € [O, 1].

Proof As the death rates a; > b for i large enough, by comparing with the
processes with constant birth and death rates as in Example 4.3, we see that
the process is exponentially ergodic. To derive the assertion, we will show that
T = oo if and only if v € [0, 1]. For this, note that

1 X >
= Zay z;
where A\ = b/a. It is easy to see that

E Tj N il

jit1

)\i
(a)7’

(x =y means 3¢,C, 0 < ¢ < C < 00, such that cy < x < Cy). Thus,

T= Zwb Z”ﬂ Z T

= Jj=i+1
~ Z DI
=0 Z ] =i+1
i 1
~ Tit1
m;ibi "
=0

100
=—>» (i+1)”
2

which is infinity if and only if v € [0, 1]. O
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4.2 Metropolis algorithm

Another application is the Metropolis algorithm. The base chain is chosen to be
the simple symmetric random walk. See [8] for example. For each m = 1,2,. ..,

a Metropolis chain on {0,1,...,m} is formulated as follows:
1 i1
3y m o .
@i =9 5. 7T‘_Z1 1<i<m,
(] , K] < 1’
U U
1 e
- i+1 > 1’
2 I .
b; = T 7r<11 0<i<m—1.
1+ ’ 1+ < 1’
ur ur

In the following, for positive sequences {x,,} and {ymm}, Tm ~ Ym means

lim — =1.
m—0o0 ym

Corollary 4.5 Let 7; = (i+1)?/Z with d € R, where Z makes © a probability
measure. For a family of Metropolis chains on {0,1,...,m} defined as above,
there is mo separation cutoff.

Proof Case 1 d>0.
Since 7; is increasing in 4, b; = 1/2 for 0 < i < m — 1. Note that

i jd+1
D K~ gy i oo
k=1 +

Thus, by definitions of 7" and S, we have

2 4
T~ S~ m :
d+3 2(d+3)(d+5)
so that
i d+3 7&1
2 " 2(d+5) 7 2

Case 2 —-1<d<0O.
As m; is decreasing in i, a; = 1/2 for 1 < ¢ < m, using facts

: d+1
. 1
Tib; = mir1ai41 (0 <@ <m — 1), de~d+1,
k=1
we have
T:iHi—l(l_Hi—l) N m? S m
— i, d+3’ 2(d+3)(d+5)’
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so that

Case 3 d=-—1.
As in Case 2, we have

Now, using facts

m

Z 101 i 7 (log i)7 = mP*(logm)? Z 1 ( 1
v ~logm, 1" (log 1 P (logd)? 7,
i=1 : i=1 : p+1 p+1 ’

we can inductively get

2 4
AL S~ m
d+3 2(d+3)(d+5)
as in Case 1.
Case 4 d< —1.
Using the fact
d+1
2 4 |dT1| (for some ¢ = ¢(d) > 0),
we get
2 4
T~ S~ o :
1—d 43 =d)(1 —d)
so that g
=73 -

From Example 4.3, we obtain the following results for geometric measures.

Corollary 4.6 Let m; = 3'/Z with 3 > 0, where Z makes © a probability
measure. For a family of Metropolis chains on {0,1,...,m} defined as above,
there is separation cutoff except B = 1.
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