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The logarithmic Sobolev constant of some finite
Markov chains®)

GUAN-YU CHEN!, WAI-WAI L1u2, LAURENT SALOFF-COSTE?

ABSTRACT. — The logarithmic Sobolev constant is always bounded above
by half the spectral gap. It is natural to ask when this inequality is an
equality. We consider this question in the context of reversible Markov
chains on small finite state spaces. In particular, we prove that equality
holds for simple random walk on the five cycle and we discuss assorted
families of chains on three and four points.

RESUME. — La constante de Sobolev logarithmic est toujours inférieure
ou égale a la moitié du trou spectral. Il est naturel de se demander dans
quels cas ’égalité & lieu. Nous considérons cette question dans le cadre
des chaines de Markov sur un espace fini de petite taille. En particulier,
nous montrons 1’égalité pour la marche aléatoire simple sur un cycle fini
de 5 points et discutons plusieurs familles de chaines sur 3 et 4 points.

1. Introduction

1.1. Motivation and results

Let (2, 1) be a probability space equipped with a Dirichlet form (&, D).
Let Var(f) denote the variance of f, that is, Var(f) = u(|f — p(f)|?) where

(*) Regu le 16/11/2006, accepté le 02/02/2007.
First author partially supported by NSF grant DMS 0306194 and NCTS, Taiwan
Third author partially supported by NSF grants DMS 0102126 and 0603886

(1) Division of Mathematics, National Center for Theoretical Science, National Tsing
Hua University, Hsinchu 300, Taiwan
gychen@math.cts.nthu.edu.tw)

(2) Stanford University, Department of Statistics, Stanford, CA 94305-4065
wwl24@cornell.edu

(3) Cornell University, Department of Mathematics, Ithaca, NY 14853-4201
Isc@math.cornell.edu

- 239 -



Guan-Yu Chen, Wai-Wai Liu, Laurent Saloff-Coste

w(f) is the mean (i.e., expectation) of f under pu. The spectral gap A is
defined by the classic variational formula

=in —E(f,f) ar
A= f{var(f).feD,V (f);éO}. (1.1)

The logarithmic Sobolev constant «, introduced (implicitly) in the ground-
breaking paper of Gross [18], is defined by

o JEUS)
a= f{ 56 .feD,LZ(f);éO} (1.2)

where
L(f) = u(|f1*1og(| f12/u(| f17))) = Ent(|f1*/ (1)) (1.3)

is the (relative) entropy of the probability measure with density |f|?/u(|f|?)
with respect to pu.

In the most classical example illustrating these definitions, €2 is the real
line, 41 is the Gaussian measure du(x) = (27T)_1/26_I2/2d$ and E(f, f) =
/ _+:: | f'|?dp which is the Dirichlet form of the celebrated Ornstein-Uhlenbeck
process. In this case, A = 1 is the lowest non-zero eigenvalue of the generator
—d?/dx? + xd/dx (diagonalized by the Hermite polynomials) and a = 1/2
(attained on any exponential function). See [18, Theorem 4] where it is also
proved that o = 1/2 is equivalent to Nelson’s hypercontractivity [31].

It is a remarkable fact that the constant o captures non-trivial informa-
tion already in the simplest case where Q = {0,1} is the symmetric two-
point space with p(0) = u(1) = 1/2 and E(f, f) = |£(0) — f(1)|?/2. Then,
A = 2 (the minimum is attained on any function such that f(0) = —f(1))
and @ = 1 (the minimum is not attained). If we write f(0) = 1 + s,
f(1) =1 — s, the fact that « = 1 is equivalent to the Calculus inequal-
ity

(1+5)%log(1+5)> + (1 —5)*log(1 — 5)* — 2(1 + s?) log(1 + s?)) < 257

(1.4)
which can be proved by taking two derivatives. See [18, p.1068]. An equiv-
alent form of this inequality (via hypercontractivity) appeared first in the
work of A. Bonami [9, Lemma 3]. A recent application (via passage to the
hypercube, see Theorem 1.3 below) is in [6] where further relevant references
can be found.

1
2

The constants A and « are related by the universal inequality stated in
the following well-known result.
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THEOREM 1.1. — One always has
a < N2 (1.5)

Moreover, the inequality is strict if the spectral gap A admits an eigenfunc-
tion ¢ € D such that u(¢>) # 0.

The inequality (1.5) was first proved by B. Simon [38] in an equivalent
form involving hypercontractivity, and, later, by O. Rothaus [33] in this
form. Rothaus’ proof consists in testing (1.2) on function of the form 1+ ef
and performing a Taylor expansion in €. See e.g., [2, 19, 37]. The remark
concerning the case of equality is due to Rothaus and follows easily from
his proof of (1.5).

Observe that in the two examples discussed above one has
a=\/2.

Here is a list of examples where this equality holds.

(E1) The Sphere S™, n > 2, equipped with its natural Riemannian struc-
ture has A = 2o = n. An important related example is Q = [—1,1]
equipped with the measure dug(r) = cqo(1 — 22)%/?71dz and the
Dirichlet form &(f, f) = fjll(l — 22)|f'(2)|*dpa(x), a > 0. This
form is orthonormalized by the ultraspherical polynomials and, for
a = n, it amounts to projecting the n-sphere on its diameter. For

these examples, o was first computed in [30].

(E2) The circle. See [14, 40]. By specializing to functions on the circle such
that f(0) = f(—0), this also gives the interval [0,1] with Neumann
boundary condition.

(E3) Simple random walk on Z/kZ, k = 2n. See [10].

In fact, for the examples in (E1), the equality & = A\/2 can be obtained
by an application of the celebrated Bakry—Emery technique of [4]. For (E2),
the equality can be proved using Rothaus’ improvement of the Bakry-Emery
argument presented in [35]. The finite example (E3) is of a different nature
and will be discussed further below. One of the main result of the present
paper concerns the case of simple random walk on Z/5Z and shows that
a = A/2 in that case also.

It is now understood that, typically, « < A/2 (possibly much smaller).
See, e.g., [13, 25, 36]. The first examples that were obtained in this direction
are the following.
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The Laguerre polynomials example where Q = (0, 00), du(x) = e %dx
and E(f, f) = [;° «|f'|*e *dz. Korzeniowski and Stroock observed
in [23] that A = 1 and o = 1/4. Bakry extended this to part of the
Laguerre family (i.e. u is a Gamma distribution) in the final remarks
of [3].

The asymmetric two point space with

Q={0,1}, w(0) =p, p(1) =q, E(f,f)=palf(0) - F)I*.
Then A =1 and a = (¢ — p)(logq/p)~ L. See [8, 13, 28, 37].

The one step ergodic chain with €2 finite,  an arbitrary positive prob-
ability measure on Q and E(f, f) = 52, , [f(2) = f(y)|Pp(z)pn(y). In
this case A = 1 and o = (1 — 2u,)(log(1/ps — 1)) 71, ps = ming p(x).
This generalizes (E5) but in fact the proof is by reduction to (E5).
See [8, 13, 37]. A case of special interest is @ = {0, 1,2} equipped with
the uniform measure which has A = 1, a = (3log2)~!. By a simple
time change argument to get rid of the holding, this gives A = 3/2,
a = (2log2)~! for simple random walk on Z/3Z.

For the natural Riemannian structure on the following objects, A is
known explicitly, « is not, but a < A/2: (a) The rank one compact
symmetric spaces that are not spheres, in particular, the projective
spaces; (b) SU(3), SO(3), and the exceptional simple compact groups
GQ, F4, Eg, E7, Eg. See [36]

It may be worth emphasizing that, in a sense (e.g., modulo taking direct
products), (E4)-(E6) are the only known examples where « is known ex-
plicitly and is different from A/2. This possibly indicates how difficult it is
to compute the constant av. Some of the most natural open problems in this
directions are the following.

QL)

Decide whether or not, on any flat torus of dimension n > 2, & = A/2.
If not, compute . A flat torus is the quotient of Euclidean space by
a (cocompact) lattice and the spectral gap can be computed in terms
of the lattice. See [7].

Show that for simple random walk on Z/nZ, n odd, n # 3, one has
a=M\/2.

Among all ergodic chains on the three-point space Q = {0,1,2},
which have o = A/27
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This paper is devoted to partial results concerning (Q2) and (Q3). We will
show that o = A/2 for simple random walk on Z/5Z and for some Markov
chains on three-point and four-point spaces. We also believe our results give
some insights on the difficulties that arise in computing or estimating the
logarithmic Sobolev constant «.

1.2. Hypercontractivity, products and projections

Let us recall two of the main basic properties of the logarithmic Sobolev
constant «. The first gives the equivalent formulation in terms of hypercon-
tractivity. The second concerns taking products.

THEOREM 1.2 (Gross [18]). — Let (2, i) and (€, D) be as above. Let Hy,
t > 0, be the associated Markov semigroup acting on L*(Q, ). The logarith-
mic Sobolev constant o at (1.2) is also the largest of all real B such that
|Htllp—q < 1 for all t,p,q satisfying t € (0,00), 1 < p < ¢ < oo and
4 ~1
€ Bt 2 fﬁ

Hypercontractivity (for the Gaussian measure) first appeared in the work
of Nelson. We refer the reader to [19] for a historical perspective. Observe
that the spectral gap A defined at (1.1) admits a similar (much simpler)
characterization as the largest real 3 such that |[H; — pl[2—2 < e™P%, for all
t>0.

Suppose now that we are given n Dirichlet forms (&;, D;) on probability
spaces (€24, pt;). For any sequence w = (wq, ..., w,) of positive weights, we
can form the Dirichlet form

n

gw(fvf)zzwzgz(ﬁf)

1

on = @7 Q; equipped with the measure p = @ p1; where
E(f 1) = | &(fi frdp'(«*)
Q’L

with Q¢ = &2 pt = & zi 1 2% is the (n — 1)-tuple where the i-th
coordinate of x = (x1,...,2,) has been omitted, and f!; : €; — R is the
function defined by f!;(x;) = f(x). We omit the description of the domain.
The associated semigroup is the commutative product of the semigroups act-
ing on the individual factors (with time scale adjusted to the corresponding
weight).
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THEOREM 1.3 (Faris, Segal, See [19, Theorem 2.3]). — Referring to the
notation introduced above the logarithmic Sobolev constant o and the spectral
gap X\ of the form &, are given by

a=min{w;a; :i=1,...n}, A=min{wA; :i=1,...n}

where ay, \; are, respectively, the logarithmic Sobolev constant and the spec-
tral gap of the i-th factor (Qy, i, (€;,D;)).

This theorem is the single most important source of examples for which
the logarithmic Sobolev constant is known. For instance, consider the hy-
percube 2 = {0,1}% equipped with the uniform measure and the Dirichlet

form
1) =5 ZZ 1F(@) — f( + e5) Pulz)

where e; denotes the binary vector with a single 1 in position ¢ and addition
is mod 2. This is the product of d symmetric two point chains and thus
Theorem 1.3 yields 2ae = A = 2/d. See [6] and the references therein for
problems where this example is relevant. With the help of the central limit
theorem, the tensorization of the two-point space above leads to the sharp
logarithmic Sobolev constant for the Gauss measure on the real line. See [18,
Theorem 4]. This shows that computing the logarithmic Sobolev constants
of “small” examples is not an entirely futile exercise. For d = 2, this is also
a simple random walk on Z/4Z.

Another simple but useful technique that belongs to the folklore of the
subject involves collapsing to a smaller state space.

THEOREM 1.4. — Let (%, u, (€,D)) and (Q,]i,(E,D)) be two Dirichlet
spaces as above. Assume that there is a map p : Q — § such that for any
f € D we have

f=fopeDand &(f, f) = E(f, f).

Assume further that p is the pushforward of i under p, i.e., ﬁ(f) = u(f)
for any measurable non-negative f on Q. Let \, &, be the spectral gap and
logarithmic Sobolev constant on Q. Then

aza, A= .
In particular, if @ = X/Q and \ = \ then a = A/2.

This result is useful both for finding examples with o = A/2 and exam-
ples with a < A/2. The reason is that it is often easy to decide whether or
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not} = A since it simply involves finding an eigenfunction associated to A
on § that can be projected on €. If no such eigenfunctions exist, then A
will often be significantly larger than A because it must come from a higher
part of the spectrum on 2. Here are explicit known examples.

(E8) Let Q= {0,1,...,d} with

IS

p(k) =279(8), E(f.f) = (1/d) DI (k) = f(k = 1)Pkulk)

k=1

This birth and death chain with binomial stationary distribution cor-
responds to following the number of 1 on the hypercube Q = {0,1}4.
If || denotes the number of 1 in z € €2, then |z| — d/2 is an eigen-
function with eigenvalue A=2 /d which obviously “lives” on . Thus
Theorem 1.4 gives « = A/2 = 1/d.

(E9) The n dimensional real projective space P™ is the quotient of the
sphere S™ by the antipodal map x +— —x. All the eigenfunctions
associated to the spectral gap A = n on the sphere are odd and
thus, cannot be projected on P™. Indeed, the spectral gap on P" is
A = 2(n 4+ 1), coming from the second non-zero eigenvalue on the
sphere. The logarithmic Sobolev constant of the projective space is
not known but satisfies « < \/2. Moreover, it is proved in [36] that as
n tends to infinity, A/« tends to 4. This means that, asymptotically
as the dimension goes to infinity, the logarithmic Sobolev constant of
the real projective space and the sphere are the same.

We now treat in more details two applications of these techniques that
are not in the literature. Consider the following questions.

Q00000 D

707000

Figure 1. — The box R, with its Dirichlet form structure, b = (b1, b2) = (4,5)
All edges have weight 1/4 except the corner loops which have weight 1/2

The stationary measure is uniform

(Q4) Fix an integer vector b = (by,...,bq), 1 < by < ... < bg. In Z
with basis {e1,...,eq}, consider the rectangular box Ry, = {z € Z% :
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x; € {1,...,b;}, 1 <i< d}. Let u be the uniform distribution on Ry
and

rn-Ly s f+u)Pu) (16)
TERy 1=

1 uE{ieL}

with the convention that  +u = x if £ € Ry, and = + u & Ry.
This is the Dirichlet form of the simple random walk on Z¢, forced
to stay in Ry. See Figure 1. It is well-known and easy to check that
A= 1(1—cosm/by). What is a?

(Q5) Fix an integer n. Let p = (p1,...,pn) be a probability vector on
Q ={1,...,n}. Define the relative entropy and Fisher information of

p by
Ent(p) =1ogn+ZPiIOgPi, J(p) :2Z|\/P_i—\/pif1|2-
1 2

Can one control the (relative) entropy by the Fisher information and
what is the best inequality? In classical terms, the Fisher informa-
tion can be defined in a number of different ways, one of which is
J(f) =4 [ |V/f|?du. Note that, in discrete cases where derivatives
are replaced by differences, the various definitions are not equivalent
anymore.

The two questions above are essentially the same. By Theorem 1.3, (Q4)
reduces to finding the logarithmic Sobolev constant of {1,...,n} equipped
with the uniform measure and the Dirichlet form

I.f 2nZ|f -

This is the Dirichlet form of the simple random walk on an n-point stick
with loops at the ends. It is easily seen that (Q5) amounts to the same
question because Ent(p) = L(\/np) and J(p) = 4E(\/np, /np). Finding
« for an n-point stick is not an easy problem. However, the n-point stick
Q={0,...,n— 1} (note the slight change of notation) can be obtained by
collapsing (in the sense of Theorem 1.4) a 2n-cycle via the identification of
x with 2n — x — 1. See Figure 2.
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—— — — 4
——— — ¢

*
|
|
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—— — — 4
——— — ¢

l

S SDIE SIS SN SN SIS SNIR S

Figure 2. — The 2n cycle collapses to the n-stick with loops at the ends, n = 7.
All edges have weight 1/2.

On the 2n-cycle , we have A = 1—cos(m/n) with eigenfunctions e*™*@/™,

This two dimensional eigenspace contains the function f(z) = cos(Z(z+3))
which has the property that f(z) = f(2n — x — 1) and thus passes to the
quotient §. It is proved in [10] that

26 = A =1 — cos(w/n).
Thus, by Theorem 1.4,
200 = A =1—cos(n/n).
This provides the answers to questions (Q4)-(Q5).
THEOREM 1.5. — For a d-dimensional rectangular box
Ry={zcZ%:a;€{l,....b;},1<i<d}

with b= (b1,...,b4), 1 <by < ... < by, equipped with the uniform probabil-
ity measure and the Dirichlet form defined at (1.6), we have

1 1 T
o= 24 cosbd

THEOREM 1.6. — For any probability vector p = (p1,...,pn), we have

lognJerilog;pZ < (1 —cos(m/n))” <Z|\/p_Z VDi1| >

1

that is, Ent(p) < 3 (1 — cos(w/n)) "' J(p). This inequality is best possible,
saturated by fc(x) =14 ecos(X (x4 1/2)) as € tends to 0.
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*
I
I
I
|

N AN
|

S SO S SP S S e

Figure 3. — The n + 1-stick with reflecting barriers, n = 7.

— — — — 4
— — — — 4
— — — — 4

All edges have weight 1/2 except those marked which have weight 1.

Let us mention that the even cycle can also be collapsed onto the (n+1)-
stick {0, ...,n} with reflecting barriers (identify  with 2n — 2 modulo 2n).
See Figure 3. In this case, the eigenfunction x +— cos(mz/n) passes to the
quotient. Hence for the n + 1-stick equipped with simple random walk with
reflecting boundary condition and stationary measure y given by

1/(2n if © 0,n
M(x):{ 1?; ) if:cgil,-}wn*l}v

we have 2a = A = 1 — cos(m/n).

We end the introduction by considering two types of collapses of the
even cycle generalizing those from Figures 1-2. Let n > 1 be an integer,
s =(s1,...,8n) € {0,1}" and set Qs = |J,{zi s,, Ti,—s, }, Wwhere x;, j, = 24, j,
if and only if i1 = i and j; = j2. In words, 25 is made of two copies of
{1,...,n} (i-e., + and the — copies) with certain elements in the two copies
being identified (i.e., when s; = 0). Let ps : Za, — Qs be the projection
defined by

Vi<i<n, ps(i) =5, ps@n—1i+1)=x; _,.
Let K be the Markov chain defined by

1
Vr,y € s, Ks(z,y) = m Z K(z,w), (1.7)
S ps(z)=z
ps(w)=y

where K is the transition matrix of the simple random walk on the 2n cycle.
Thus, starting from x; ;, we first choose a direction, to the right (z;11.) or
to the left (x;_1.), with equal probability, and then, independently and
uniformly, move to a neighboring state in that direction. By convention, the
left neighbors of x; 1, 1,—1 and x; ¢ are respectively 1,1, £1,1 and z1 .
Similarly, the right neighbors of x,, 1, -1 and x, o are respectively =, _1,
ZTn1 and x, 0. See Figure 4. When s = (0,0,0,0,0,0,0), the projection ps
is the same as that in Figure 2.
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———— ¢
———— 4
———— ¢
———— 4
—————4

T1,—1 3, -1 T6,—1

Figure 4. — The 2n cycle collapses to 25 through the projection pg
with n =7 and s = (1,0,1,0,0,1,0).
All single arrows have weight 1/2 and double arrows have weight 1/4

For n > 1 and s € {0,1}", the Markov kernel defined in (1.7) has

stationary distribution
ps  ({z})]
s ==£ 5 Q&
ms() o x €

Let £ and & be the Dirichlet forms associated to K and K, and 7w be
the uniform probability measure on Zo,,. In a few computations, we obtain
g(fopsvfops) = gs(fa f) and 7T(f Ops) = Ws(f) for all f € Rl As a

consequence of Theorem 1.4, we have the following result.

THEOREM 1.7. — Forn > 2 and s = (s1, ..., 5n) € {0,1}", let Q5 be as
above and K be the Markov kernel on Qs defined at (1.7). Then the spectral
gap As and the logarithmic Sobolev constant s satisfy 2as = A\g = 1—cos 7.

Proof.— In order to apply Theorem 1.4, we need to investigate whether
K and K have the same spectral gap. Consider another projection map
qs : Qs — Z,, defined by

qs(xi,si) == qs(xi,—si) == ia 1 < 1 g n.

See Figure 4. Let K’ be the simple random walk on the n-stick with loops at
the ends and 7/, £’ and )\’ be its stationary distribution, associated Dirichlet
form and spectral gap. By the discussion after Figure 2, we know that
A'=1—cosZ. It is also an easy exercise that & (f o qs, foqs) = E'(f, f)
and 7s(f o gs) = @'(f) for any function f. This implies X' < A; < ) and
hence, by Theorem 1.4, 2as = A; =1 —cos 7. O
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Note that further examples are obtained by a similar construction based
on Figure 3.

2. The Euler-Lagrange equation

In this section, the state space €2 is a finite set and the Dirichlet form &
has the form

N =y X 1)~ FOPEE yu)

z,yeN

where K(z,y) is a Markov kernel with reversible measure p, i.e., K(z,y) >
0, >, K(z,y) =1 and p(x)K (z,y) is symmetric. In this case, the spectral
gap A is the smallest non-zero eigenvalue of the operator I — K acting on
L2(Q,p) (K f =3, K(-,y) f(y) and I denotes the identity). Of course there
is an associated eigenfunction ¢ satisfying (I — K)¢ = A\¢.

THEOREM 2.1. — Referring to the reversible finite Markov chain setting
introduced above, let A\, denote the spectral gap and logarithmic Sobolev
constant.

(i) If ¥ is a minimizer for a, i.e.,

o £@0)
L(y)
then v is solution of the Euler-Lagrange equation
(I = K)¢ = 2a1)p log(¢p/[[)]]2)- (2.1)

(i) For any 8 > 0, any non-constant solution ¢ of the equation

(I — K)¢ = 26¢log(¢/|9ll2) (2.2)

satisfy B = E(@, )/ L(@). In particular, for 3 € (0,a), (2.2) has no
non-constant solutions.

(i3) If o < A/2, then a admits a positive non-constant minimizer.
This result is obvious from the perspective of Calculus of variation, and
only the last sentence (existence of minimizers) needs attention in more

general settings where capacity is not obvious. The idea to use the Euler-
Lagrange equation was first emphasized in the work of Rothaus [32, 33,
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34] in the (more difficult) context of diffusion on manifolds. It was used
in [30] to compute the logarithmic Sobolev inequality in Example (E1) of
the introduction (the ultraspherical polynomials). In the context of finite
Markov chains, it appears in [8, 10, 11, 12, 13, 37]. Theorem 2.1 will be one
of the main tools we use to treat specific examples below. Here we illustrate
it with the case of the asymmetric two-point space.

THEOREM 2.2 ([13, Theorem A.2]). — Fiz p,q € (0,1), p+¢q = 1. For
the two-point space 2 = {0,1} equipped with the chain

K(0,0) = K(1,0) = ¢, K(0,1) = K(1,1) = p, n(0) = ¢, n(1) =p. (2.3)
we have \=1 and a =1/2 if p=q=1/2 and

p—

if p#q

log(p/ a)

Proof.— That A = 1 is a very easy exercise. We prove the statement

concerning « using Theorem 2.1. Setting 1(0) = b, % (1) = a and normalizing

by gb? + pa® = 1, we look for triplets (o, a,b) of positive numbers that are
solutions of (2.1), that is,

p(b—a) =22ablogd

gla—b) =2aaloga

pa’ +qb? =1.
Luckily, « can be eliminated by using the first two equations. This yields
the system

pla® —1)+q(?*—-1) =0.

Setting aside the solution a = b = 1, we can assume a,b € (0,1) U (1, +00)
and write this system as

{ paloga + gblogb =0

a—a~ = __ b— p— 1t
loga ~ logh °

{ paloga+qblogb =0

Calculus shows that the function  +— (z—271)/logz is decreasing on (0,1)
and increasing on (1,00). As it obviously satisfies f(x) = f(1/x), it follows
that the second equation can only be satisfied if b = 1/a. Reporting in the
first equation yields pa — ¢/a = 0, that is, a = \/q/ip It follows that the
solutions of our original system are the triplets («, 1,1) (a arbitrary) and,

when p # g,
<10g (r/a0)’ \/’\/)
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As % < 1/2 when p # ¢, we conclude from Theorem 2.1 that the
logarithmic Sobolev constant of the asymmetric two-point space at (2.3) is

log(p/a)’
and that, in the symmetric case p = ¢ = 1/2, we have 2a = A = 1. O

Remark 2.3. — The proof of Theorem 2.2 given above is outlined without
details in [8]. It is much simpler than the two different proofs given in
[13, 37]. Here, we have been careful to treat both the symmetric and the
asymmetric cases at once. In fact, the proof in [37] is incorrect (it can
however be corrected with additional pain but without changing the main
ideas). On the one hand, in the case p = ¢ = 1/2, the proof above consists
in showing that no non-constant minimizers exist, leading to the conclusion
that @ = A/2. This is the main line of reasoning that will be used in this
work to treat other examples. On the other hand, in the case p # ¢, we were
able to find a unique normalized non-constant solution of (2.1) with o < A/2
leading to the explicit computation of . To the best of our knowledge, this
is the only case with aw < A/2 where o has been computed by solving (2.1).
Our study of other small examples indicates that such a computation is
typically extremely difficult.

The following corollary deals with all Markov kernels on the two-point
space and is an immediate application of Theorem 2.2. The proof is omitted.

COROLLARY 2.4. — Let K be a Markov kernel on the two-point space
Q={0,1} defined by

K(an) = D1, K(Ovl) = {1, K(l,O) = {42, K(l,l) = D2,

where p1 + q1 = p2 + g2 = 1. Assume that q1q2 # 0. Then A = q1 + g2 and
a=q if g1 = q2, whereas
q2 — q1

a=———""if g #aq.
log g2 — log q1

We end this paragraph by recording two elementary lemmas that will
be useful in showing that the Euler-Lagrange equation (2.1) has no non-
constant solutions in some specific cases.

LEMMA 2.5. — Consider the continuous function u : [0,00) — R defined

by
o if s=0
u(s) = { slogs if s € (0,00). (2:4)
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The function u has the following properties:
Vit e [0,00), u(t)>t—1. (2.5)
Vs, t €[0,00) with s < t, u(t)—u(s) < (t—s)(1+1log((s+1t)/2)). (2.6)
Vs,t €[0,00) with s <t and s+t<2, ut)—u(s) <t—s. (2.7)
Vs, te€[l,00) with s <t, u(t)—u(s)>1t—s. (2.8)
Proof. — The function s — slogs — s + 1 has derivative s — logs on

(0,00). Hence it attains its minimum at s = 1. As the value at s = 1 is 0,
(2.5) follows.

To prove (2.6)-(2.7), fix s > 0 and set, for t > s,

g(t) = u(t) —uls) = (t = s)u'((t +5)/2)
= tlogt— slogs— (t — s)(1+log((t+ 8)/2)).

Compute the derivatives

g,(t):10g< 2t ) t—s s(s—t)

1
TS gy = 22T
w5) s T W g

It follows that ¢ is non-increasing on [s,00). Hence g(t) < g(s) = 0 on
[s,00), that is,

u(t) —u(s) < (t —s)(1+log((t + 5)/2)).
The inequality (2.7) obviously follows when s + ¢ < 2.

Finally, (2.8) follows from the Mean Value Theorem applied to the func-
tion u since u’ > 1 on [1,00). O

LEMMA 2.6. — Consider the function v : [0,00)? — R defined by

0 ift=0
v(B,1) —{ t — Btlogt if t > 0.

Fiz 3> 0. For s € [0,8e}P71), let 0 < t1(s) < ta(s) be the two reals such
that v(8,t1(s)) = v(B,t2(s)) = s. Then:

(i) t1(s)ta(s) < €2/P=2 for all s € [0, Be'/B~1).
(i) The map s — t1(s) + to(s) is strictly decreasing on [0, Be/P~1).
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In particular, for 0 < s < fel/8~1,

t1(s) + ta(s) > 2071 11(s)2 4 ta(s)? > 262/P72 (2.9)

Proof.— For fixed 5 > 0, we write v(¢) as a shorthand of v(5,t). Note
that v(t) is a concave function attaining its maximum at t = e¢'/#~1 with
value Be!/P~1. This ensures that ¢;(s) and t5(s) are well defined. By the
concavity of v, (i) is equivalent to v(e?/?=2/t,(s)) < s, or

v(e¥P2/t) < w(t), Ve (0,eY/P).
For t > 0, let f be the difference of both sides, that is,
o2/8-2

f(t) = v(eP72/t) —o(t) = - (=14 26+ Blogt) — t(1 — Blogt).

A simple computation gives

1- 8- Blogt
F1(t) = %(&/5—2 —12)>0, Vte(0,e/81).

Hence f(t) < f(e'/#=1) = 0.

To prove the monotonicity of g(s) = t1(s) + t2(s), we consider two in-
tervals A = (0,e/#71), B = (e!/#~1 ¢!/#) and the restrictions v|4, v|p of
v on them. It is obvious that ¢; o v|4 = I4 and t9 o v|gp = I, where Ip is
the identity map on D. By the inverse function theorem, ¢1(-) and ¢2(-) are
differentiable on (0, 3e'/#~1) with derivatives

1 1

fi(s) = V(ti(s))  1— 53— Blogti(s) -0

and
1 1

th(s) = = <0
) @) T 15 Aloata(s)
Putting both identities together and then applying part (i) gives

e 0000, = Lt

< 0.

Hence, g is strictly decreasing.

The first inequality in (2.9) is obtained by applying part (ii) and observ-
ing that

— ; _ 1/8-1
s—Bel/B-1 tl(S) B s—)ﬁltlarlr}ﬁ—l t2 (S) = ’
The second inequality in (2.9) follows from the first one and part (i). O
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3. The five cycle

This section is devoted to the study of the five cycle Z/5Z equipped
with the uniform probability measure 7(x) = 1/5 and the Markov kernel
K(z,y) =1/2if |z —y| = 1 modulo 5. The Dirichlet form can be written as

1
€N =1 Y @)~ fle+ 1P (3.1)

z€Z/5Z

where addition is understood modulo 5. We refer to this chain as the simple
random walk on the 5 cycle. The spectral gap is

A=1-—cos(27/5).

The 5 cycle can be projected to the three point space {0, 1,2} by identify-
ing x with 5 — 2 (modulo 5). The corresponding chain is the simple random
walk on the 3 stick with a loop at one end. It has kernel K(0,1) = 1,
K(1,0) = K(1,2) = K(2,1) = K(2,2) = 1/2, and stationary measure
m(0) =1/5, m(1) = w(2) = 2/5. See Figure 5.

%OE:X:';‘

Figure 5. — The 5 cycle collapses to the 3-point stick with a loop at one end.
All edges have weight 1/2 except marked otherwise.
In both diagrams the right most point is 0

THEOREM 3.1. — The spectral gap and logarithmic Sobolev constant of
the simple random walk on the 5 cycle satisfy

A1 1 27
a=5=3 cos5 .

THEOREM 3.2. — The spectral gap and logarithmic Sobolev constant of
the simple random walk on the 3-point stick with a loop at one end satisfy

A 1 2w
a=—= 1—cos— |.
2 2 5

Observe that cos(27 - /5) is an eigenvector of the transition kernel of the
simple random walk on Z/(5Z) and the associated eigenvalue is cos(27/5).
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Then, by Theorem 1.4, Theorem 3.2 is a corollary of Theorem 3.1. However,
the proof below proceeds differently. We will first show that the logarithmic
constants of the 5 cycle and the 3-point stick with a loop at one end are
equal. Then, we will show that a = A/2 for the 3-point stick, proving both
Theorem 3.1 and Theorem 3.2 at the same time.

In what follows, we will always consider a positive function % on the 5
cycle normalized by ||t]]2 = 1 and which is a potential non-constant solution
of the Euler-Lagrange equation (2.2) for a given 3 > 0. In this case, (2.2)
reads

Vo € Z/5Z, 2¢(x)— (Y(x+1)+(x—1)) =4B0u(y(x)) (3.2)

with w as in (2.4). It will be convenient to label the value of ¢ around the
cycle as indicated in Figure 6.

[

Figure 6. — The values of 1 around the 5 cycle

This notation is justified by the following lemma. Because we use the
letter e as one of the values of ¥, we will use the notation exp for the
exponential function.

LEMMA 3.3. — Assume that ¥ is a non-constant function such that

EW.v) _ {S(f, f)
L) L)

Let the values taken by ¢ be (a,b,c,d,e) as indicated in Figure 6 with a =
l¥|lco and b = c. Then we must have

2() #0}.

az2b>2c>d>e.

Proof.— Observe that there is no loss of generality in fixing the position
where the maximum is taken. Without loss of generality, we can also assume
that ||| = 1. Observe that

E,y)  (a—b)2+(a—c))+(b—d)?+ (c—e)? + (d—e)?

= . 3.3
L) a?log a? + b2 log b? + 2 log ¢® 4+ d?log d? + €2 log €2 (33)
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Hence swapping the different values of 1) does not change the denominator.
Suppose that the smallest value taken by v is ¢ < e. Then we must have
a>b>d>e> cbecause the following inequality holds

n—1 n—1
2 2
D (@i —2ii1)? < (To(i) — To+1)
i=1 i=1
for any real numbers 7 < 22 < -+ < z,1 < x, and for all ¢ € S,

satisfying (1) = 1, o(n) = n and z4(;) # x; for some 1 < i < n. However a
direct computation shows that, in this situation,

(a—c)2+(d—e)2>(a—e)2+(d—c)2

with equality if and only if a = b = d which, by (2.1) would imply that ¥
is constant. It follows that swapping the positions of e and ¢ decreases the
quotient at (3.3), a contradiction. Thus we can assume that the smallest
value taken by v is either e or d. As b > ¢, it follows immediately that we
must have d > e. Hence the smallest value taken by ¢ is e and we must
have a > b > d > e and a > ¢ > e. Assume that ¢ < d. By inspection, we
then have
(a— 2+ (b—d)? > (b—0)+ (a—d)

with equality if and only if @ = b. By (2.1), a = b implies ¢ = d which is not
possible. Hence, swapping the positions of ¢ and d decrease the quotient at
(3.3), a contradiction. It follows that

azbzczd>e
as desired. O
The equations in the following lemma correspond to the Euler-Lagrange

equations (2.2) for a minimizer on the 5 cycle using the notation of Figure
6.

LEMMA 3.4. — Let u be the function defined at (2.4). Let (a,b,c,d,e)
be such thata >b>c>d > e > 0. Assume that

AP+ +dE et =5 (3.4)
and that the equations

2a—(b+c) = 4pu(a) (3.5)

2b—(a+d) = 4pu(b) (3.6)

2c—(a+e) = 4Bu(c) (3.7)

2d—(b+e) = 4pu(d) (3.8)

2e — (c+d) 48u(e) (3.9

are satisfied for some 3, 0 < 0 < %(1 — cos 2?”) Then d < 1.
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Proof. — The proof will produce a number of additional conditions on
(a,b,c,d,e). Namely, we claim that under the hypotheses of Lemma 3.4, we
must have

b > 1 with equality only ifa=b=c=d=e=1 (3.10)

and
b+d<2<a+e<2c ife>1. (3.11)

Let us prove that (3.10) and (3.11) imply that d < 1. Indeed, on the one
hand, if ¢ < 1 then d < ¢ < 1. On the other hand, if ¢ > 1 then (3.11) gives
b+d < 2 and (3.10) implies d < 1. Thus we are left with the task of proving
(3.10) and (3.11).

One of the key to the proof given below is to recognize that % (1—cos 2?”)
is the smallest root of the polynomial

g(t) = 16t> — 20t + 5 = (2 — 4t)(3 — 4t) — 1. (3.12)
Since the constant 3 in Lemma 3.4 satisfies § < %(1 —cos 2?”), we must have
g9(B) > 0. (3.13)

To prove (3.10), assume that b < 1. Observe that (3.6) and (2.5) give
2b-1)—(a+d—-2)=2b— (a+d) > 48(b— 1), that is,
(2-468)b—1) = (a+d—2).

Note that the hypothesis 3 € [0, 1(1 — cos 2F)) implies that 3 < 1/2. Hence
we must have a + d < 2. This also implies ¢ + e < 2. Subtract (3.8) from
(3.5) and apply (2.7) — which is justified since a + d < 2 — to obtain

2(a—d)—(c—e) <4B(a—d)

or, equivalently,
(2—-48)(a—d) — (c—e€) 0. (3.14)

Similarly, since ¢ + e < 2, subtracting (3.9) from (3.7) and applying (2.7)
produces
(3—48)(c—e)— (a—d) <0. (3.15)

Multiplying (3.14) by (3 — 43) and adding (3.15) yields
9(B)(a—d) <0.

s g(B) > 0 this implies a = b = ¢ = d. Using (3.5) we must have a = b =
c
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We now prove (3.11). Assume ¢ > 1. Observe that

a+btctd+e</5a2+b2+c2+d2+e2)=5.
Thus ¢ > 1 implies d+e < 2. Also, by (3.7), a+ e < 2¢. Subtract (3.6) from
(3.5) and apply (2.8) — this is possible since a > b > ¢ > 1 — to obtain
3-48)(a—b) —(c—d) = 0. (3.16)
Similarly, subtract (3.9) from (3.8) and apply (2.7) — this is justified be-
cause d + e < 2 — to obtain
(3—48)(e—d) — (c—b) = 0. (3.17)
Adding up (3.16) and (3.17) yields
(2—-48)(a+e—b—d)>2c—a—e=40u(c) > 0.
Hence
a+e>b+d. (3.18)

We now claim that a + e > 2. Indeed, assume that a + e < 2. Then, by
(3.18), we also have b+d < 2. Subtracting (3.9) from (3.5), (3.8) from (3.6),
and using (2.7) —which is justified since a + e and b + d are not greater
than 2— we obtain

2—48)(a—e) — (b—d) <0, (3.19)

(3—48)(b—d) — (a—¢) < 0. (3.20)

Multiplying (3.19) by (3 —45) and subtracting (3.20) yields g(8)(a—e) <0
which implies a = b =d = ¢ = e = 1, a contradiction since we assume that
¢ > 1. Thus we must have a+e > 2. Asa+b+c+d+e <5 a+e>2and
¢ > 1 implies b+ d < 2 as desired. O

The next Lemma is one of the crucial step in the proof of Theorem 3.1.

LEMMA 3.5. — Referring to the notation and hypotheses of Lemma 3.4,
we must have b=rc¢, d =e, and a € [1,1.42).

Before we prove this lemma we rephrase its conclusion in different terms.

LEMMA 3.6. — The logarithmic Sobolev constants of the 5 cycle and the
3-point stick with a loop at one end are equal. Call it o. If a < %(1 —cos 2?“)
then any non-constant positive normalized solution of the corresponding
Euler-Lagrange equation (2.1) on the 3-point stick with a loop at one end
is monotone, attains its maximum a at the loopless end of the stick and

a€(1,1.42).
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b
d
d b
@ — LY Ta
d 1
Figure 7. — The minimizers on the 5 cycle and the associated 3-point stick

Proof.— Let A, a be the spectral gap and logarithmic Sobolev constant
of the 5 cycle. By Theorem 2.1, either & = A/2 and then, by Theorem 1.4, «
is also the logarithmic Sobolev constant of the 3-point stick with a loop at
one end, or there exists a positive non-constant minimizer 1 satisfying (2.1)
on the 5 cycle. By Lemma 3.3, we can assume that the values (a,b,c,d, e)
of ¥ as presented on Figure 6 satisfy a > b > ¢ > d > e. Applying Lemma
3.4 and Lemma 3.5 with 8 = a < A\/2 = 1(1 — cos2m/5), we conclude that
the minimizer 1 is symmetric, that is, satisfy b = ¢, d = e. Hence 1) projects
on the 3-point stick with a loop at one end. See Figure 7. It follows that «
is also the logarithmic Sobolev constant of that chain. The other statement
in the lemma follows from lifting a (potential) minimizer from the 3-point
stick to the 5 cycle. By Lemma 3.3 and Lemma 3.5, the minimizer on the 3
point stick must be monotone with its maximum a at the loopless end with
a € (1,1.42). O

Proof of Lemma 3.5.— Let A = 1 — cos 2?” Suppose we have b = ¢
and d = e. Then, by (3.10) and (3.11), we must have b > 1 and d < 1
which implies, by (3.4), a € (1,v/3). If @ > 1.42, then b = a — 2Baloga >
a— (1 —cos % )aloga > 1.0759. Similarly, if d < 1/v/2, then (3.8) implies
b=d—4pBdlogd < d—2(1—cos 2" )dlogd < 1.0458. Thus, if a > 1.42, then
d> 1/\/5 and a2 + 2b% +2d? > 1.422 + 2+ 1 > 5, a contradiction. Hence a
must be in [1,1.42).

We now prove that b = ¢ and d = e. Set v(0) = 0 and
v(s) = 2s —48slogs, s> 0.
We will need the following elementary facts about v.
(vl) v'(s) = 2—48—4Blog s, v" (s) = —43/s,v"(s) = 43/s%. In particular,
v"”" >0, v” <0 and v’ decreasing on (0, c0).

(v2) v is increasing on (0,exp(—1 + 1/23)), decreasing on (exp(—1 +
1/203),00).
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(v3) s—v(s) — s as a unique maximum 43 exp(—1 + 1/403).

(v4d) v'(v(s) — s) > 0 when s € (0,exp(1/403)). Moreover, exp(1/453) > 2.

The first three assertions are straightforward. By (v2) and (v3), to prove
that v'(v(s) —s) > 0 when s € (0,exp(1/43)) it suffices to check that
4B exp(—1+ 1/483) < exp(—1+ 1/203), that is, 43log40 < 1. This is true
because 2Alog 2A < 1/2 and 8 < A/2. The last inequality can also be used
to check that exp(1/45) > 2.

Observe that the equations (3.5)—(3.9) can be written in a neat form
using the function v. For instance, (3.5) and (3.9) read v(a) = b+ ¢ and
v(e) = c¢+d, respectively. Now, using (3.7) and (3.9) in that form, we obtain

a=v(v(e) —d) —e.
Similarly, (3.6) and (3.8) yields
a=v(v(d) —e) —d.
Thus, we must have
v(v(e) —d) — v(v(d) —€) = e — d.

Set
J=10,dN{s:v(s) >d}.

As d <1 (by Lemma 3.4), this is an interval containing d and contained in
[0,1]. By (3.9), J also contains the value e of ¢. On J, consider the function

w(s) = v(v(s) —d) —v(v(d) — s).

The idea of the proof is to show that the only solution in J of the equation
w(s) = s—d is d. As e must satisfy this equation, it then follows that e = d.
By (3.8) and (3.9) this also implies that b = c.

Thus we are left with the task of proving that w(s) = s—d implies s = d.
This will follow if we can show:

(1) w' is decreasing on J;

2) w'(d) > 1.
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To this end, we compute 3 derivatives of w.

w'(s) = v'(v(s) —d) x'(s) +0'(v(d) - 5)
w’(s) = v'(v(s) —d) x v"(s) + 0" (v(s) = d) x V'(s)* =" (v(d) — 5)
w'(s) = v'(v(s) - d) 0" (s) + 0" (v(s) = d) x v'(s) x v"(s)

+

V" (v(s) = d) x 20'(s) x 0" (s) + 0" (v(s) — d) x v'(s)°
0" (v(d) — s).

_|_

Note that, by (v2), v’ is positive on J C [0,1]. Moreover, by (v1), v" is
negative and v'” is positive on J. Observe further that v(s) —d < v(d) — d
and thus, by (v4),

V' (v(s) —d) = ' (v(d) —d) > 0.

It now follows that w”’ > 0 on J. Hence, to show that w’ is decreasing on
J, it suffices to show that w”(d) < 0. Set

V(d) = w"(d) = v'(v(d) — d) x v"(d) +v" (v(d) — d) x v'(d)? —v" (v(d) — d),

and consider V' as a function of d € [0,1]. An elementary, straightforward
but tedious computation shows that

V'(s) = [V/(s)—=1]* xv"(v(s) — s) x [v/(s) + 1]
+0"(v(s) — s) x v’ (s) x [30'(s) — 1] + 0" (s) x V' (v(s) — ).

Again, on [0,1], v’ is positive, v negative, v"" positive and v'(v(s) — s) > 0.
So the only terms whose sign is unknown is 3v'(s) — 1. However, on [0, 1],
v'(s) = v'(1) =2 — 48 > 2cos2m/5 and thus one can check that 3v'(s) — 1
is positive. It follows that V is increasing on [0, 1]. With ¢ defined at (3.12),
we have
V(1) = —4B(2-48) - 48(2—40)* + 46
~4B[(2 ~ 46)(3 — 48) — 1] = ~469(6) < 0.

Hence, for any d € [0,1], w”(d) = V(d) < V(1

) < 0. We have proved that
the function w’ is decreasing on J (see item (1)

above).

We now need to show that w’(d) > 1 for any d € [0, 1]. Set
W(d) = w'(d) = v'(v(d) — d) x [1+'(d)]
and consider W as a function on [0, 1]. Observe that
W(l) = (2-45)3—40) =1+g(p) > 1.
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W' (s) = v"(v(s) = s)[v/(s)? = 1] + 0" (s) x v/ (v(s) — 5).

If v'(s) > 1, we have W'(s) < 0. If v/(s) < 1, we use the facts that
v(s) —s = s on [0,1] and v” is increasing to obtain

W(s) <o (8)[0/(5)? — 1+ 0/ (u(s) — )]
Let Wi(s) = v/(s)? — 1+ v'(v(s) — s). Then Wy (1) = g(8) > 0 and

v (v(s) — 8) x [v/(s) — 1] + 20/ (s)v"(s)
v"(s)[30'(s) —1] <0

because we already checked that 3v'(s) — 1 > 0 and v”(s) < 0 on [0,1].
Hence, W7 > 0 and W’ < 0 on [0,1]. As W(1) > 1, it follows that W > 1
n [0,1], that is, for any d € (0,1], w'(d) > 1 as desired (see item (2)
above). O

The following lemma says that, for 3 < (1 —cos 27/5), the correspond-
ing equation (2.2) on the 3-point stick has no non-constant solutions with
the properties stated in Lemma 3.6. By Lemma 3.6, this finishes the proof
of both Theorem 3.1 and Theorem 3.2: the logarithmic Sobolev constant of
both the 5 cycle and the 3-point stick with a loop at one end must be equal

o $(1 — cos2m/5).

LEMMA 3.7. — Fiz § < \/2 with A = 1 — cos2n/5. If (a,b,d) is such
that a > b>d >0, a € [1,1.42) and satisfies

a? +2v* +2d* =5 (3.21)
and
2Baloga = a—b (3.22)
48blogb = 2b—a—d (3.23)
48dlogd = d—b (3.24)

then we must have a =b=d = 1.
Proof.— For s, > 0, set

v(s,n) = s — 2nslogs.

Note that
V(s,n) €[1,1.42) x [0,A/2], 1< v(s,n) < s. (3.25)
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Using the equations (3.22)—(3.24), for any § < A/2, we can compute b and
d in terms of a. Namely,

b=v(a,B), d=2v(v(a,p),p)—a.
For (s,m) € [1,1.42) x [0,)\/2], set
w(s,n) = s* + 20(s, ) +2(2v(v(s,n), ) — 5)* = 5.

Note that, given that a, b, d satisfy (3.22)—(3.24), (3.21) can be equivalently
stated as

w(a, B) = 0.

Hence, the Lemma will be proved if we can show that
s €[1,1.42) and w(s,8) = 0 implies s = 1. (3.26)

The key to the proof is in the following two observations.

(1) For each s € [1,1.42), the function
1= w(s,n)
is a non-increasing function of n € (0, A/2).

(2) The function s +— w(s, \/2) is strictly positive on (1,1.42).

Indeed, if we can prove (1) and (2) above then, obviously, (3.26) follows.

In order to prove item (1) above, we compute

ow ov
et — 4 it
an (s,m) = 4v(s,m) an (s,m)

#8@u(eten) - ) (Gt + S o).
For (s,n) € [1,1.42) x [0, A/2], we have
v(s,n) 21, 2v(v(s,n),n) —s = 0.
As 2—7”7(5,17) = —2slogs, and s > 1,v(s,n) > 1, one has

ov ov

- < - < 0.
an(sm) <0, on (v(s,m),m) <0

Thus, to see that %—1; < 0, it suffices to check that %(v(s,n),n) > 0 for

(s,m) € [1,1.42) x [0, A/2]. Now, % is a decreasing function of s and one
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can check that it is positive on [1,1.42) for each n € [0,A/2]. Moreover,
v(s,n) < s for s > 1. Hence we have

v v
= > = >
88(7)(5777)777) = 88(577’}) = 0

for (s,n) € [1,1,42) x [0, A/2]. This proves item (1) above.

We are left to prove item (2), that is, w(s, A\/2) > 0 for s € (1,1.42). To
simplify notation, we set

w(s) =w(s,A/2), v(s)=wv(s,A/2).

The first and second derivatives of w are

w'(s) = 2s+4v(s)v'(s) +4(2v(v(s)) — 5) (20" (v(s))v'(s) — 1)
w’(s) = 2440 (s)% 4 4v(s)v"(s) + 4(20 (v(s))V(s) — 1)?
+4(2v(v(s)) — s) (20" (s)v" (v(s)) + 21}”(1}(3))@'(5)2) )

When evaluated at s = 1 both are zero. Indeed, using the polynomial g
introduced at (3.12),

w'(1) = 4(1 - 2(\/2)) (3 — 4(\/2)) — 2 = 29(A/2) = 0,
and

w'(1) = 244(1—=N)2—4A+4(2(1 = 1) = 1) =8A(1 - A)(2— )
2(20% — 4\ + 1)g(\/2) = 0.
The last factorization was obtained by observing that w” (1) is a polynomial
in A/2 and that numerical evaluation indicates that this polynomial vanishes

at A/2 = (1 — cos 27 /5) /2. Division by the polynomial g then produced the
desired factorization.

Thus we will have w > 0 on (1,1.42) (i.e., item (2) above) if we can prove
that the third derivative of w is positive on [1,1.42). The third derivative is

w” (s) = 120" (s)v"(s) + 4v(s)v"'(s) + h(s)

with
h(s) = 12[20'(v(s))v'(s) — 1][20" (v(5))v"(5)* + 20 (v(5))v" (5)]
+4[2v U(S)) ]
x[20""(s)v" (v(s)) + 60" (s)0" (s)0" (v(s)) + 20" (v(s))v (5)°].
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The function v’(s) = 1 — A — Alog s is decreasing on [1, 1.42) and with value
in (0,.31). Moreover, v is negative and v"’ positive on [1,1.42). It easily
follows that h is positive on [1,1.42). To finish the proof that w’’ is positive
on [1,1.42), we observe that

3\

A
—?(1 —A—Alogs) + S—Q(S—Aslogs)

30 (s)v"(s) +v(s)v"'(s) =
= é(—2—|—i’>)\—|-2>\logs)>0 O
s

Remark 3.8. — By itself, Lemma 3.7 is not sufficient to prove Theorem
3.2. Indeed, it is easy to see that a potential minimizer on the 3-point
stick must be monotone (in fact, L. Miclo [29] proved the remarkable result
that monotonicity holds for any birth and death chain with no holding).
However, Lemma 3.7 only treats monotone minimizers with a maximum at
the loop-less end of the stick. This is sufficient because of Lemmas 3.5-3.6
which involve lifting to the 5 cycle. A direct proof of Theorem 3.2 (without
lifting to the 5 cycle) involves the study of the case where the vector (a, b, ¢)
in Lemma 3.7 satisfies 0 < a < b < d instead and, in particular, a < 1.
This case can be treated by an argument similar to the one given above but
involving additional computations.

4. Some other 3-point chains

By collapsing 4, 5 and 6 cycles, we have obtained in Sections 1.2 and 3
the equality o = \/2 for the three chains on the 3-point stick described in
Figure 8.

Figure 8. — Three chains on the 3-point stick.
All edges have weight 1/2 except when marked otherwise

In all cases a = \/2

In this section, we focus on some specific Markov chains on the 3-point
stick and the main results are listed in Table 1.

THEOREM 4.1. — For 0 < p < 1, let K, be the Markov kernel on the
3-point space {1,2,3} defined by

p 1-p O
K,=( 5 0 5
0 1—-p »p
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with stationary distribution

12— 1
Fr=\aopa—opa—2p)"

Then oy, = Ap/2 = (1 —p)/2.

THEOREM 4.2. — For 0 < p < 1, let K, be the Markov kernel on the
3-point space {1,2,3} defined by

0 1 0
K, = .5 0 .5
0 1—p »p

with stationary measure
_(1-p 2-2p 1
Pr = \43pa—3pa—3p)°

Then A\, = % (3 —p—/p*+ 1) and the log Sobolev constant o, is strictly

decreasing in p and satisfies

ap = Ap/2
only when p=0 orp=1/2.

THEOREM 4.3. — For 0 <p <1, let K, : {1,2,3} x {1,2,3} — [0,1] be
the Markov kernel defined by

0 1 0
K,=| »/2 1-p p/2
0 1 0

with stationary distribution

uz( p 1 P )
P 21+p) 1+p' 2(1+p) /)"
Then A\, =1 for all p € (0,1] and we have

ap = Ap/2

if and only if p € [3/4,1]. Moreover, the map p — «, is strictly increasing
on (0,3/4).
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Table 1. — The spectral gap A and the log-Sobolev constant «

of some Markov chains on the 2-point space and the 3-stick

Markov chain A «@ A =2«
q1
WO 0 ate | Bme |
i log(g2/q1)
((11qz>0)
i—p  1/2
P P
1 —
1/2 1-p 1-p Tp 0<p<1
(o<p<1)
1-p  1/2 unknown
p 3—p—+/p>+1 | except for
1/2 1 f p = 0 or p€{0,1/2}
(O§p<1) p= 1/2
1-p
/2 /2 unknown
except for
1 T 1 §<p<1 p € [3/4,1]
(0<p<1) 4=7=
P P
17 Snes e 8 1 P—q
q q 1 —/pq 2log(p/q) p=1/2
(p+q=1, 0<p<1)
1/2
T 1 Y
> , 2 2log(p/q)
(p+a=1, 0<p<1)

Proof of Theorem 4.1.— First observe that an easy computation gives
Ap = 1—p. By Theorem 2.1 it suffices to show that for 5 < A,/2, the system
(2.2) has no non-constant positive solution. Suppose on the contrary that
(a,b,c) is a non-constant positive solution normalized by

a4+ (2 - 2p)b* +c* =4 —2p. (4.1)
The system (2.2) is equivalent to (using the function u defined at (2.4))
2
1Tﬁpu(a) = a-b (4.2)
4Bu(d) = 2b—a—c (4.3)
2
1Tﬁpu(c) = c¢—b (4.4)
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Assume first that a # ¢. By symmetry, we can then assume that a > c.
Subtract (4.4) from (4.2) to obtain

u(a) —u(c) = 12_6p(a—c) >a—c.

By (2.7), it follows that a + ¢ > 2. This implies

a?+c? > 2 (4.5)
and thus, by (4.1),
b<1. (4.6)

Now, add (4.2) divided by a to (4.4) divided by ¢ and subtract (4.3) divided
by b to obtain

a
1_plogacf4ﬂlogb7 5

Rearranging the terms yields
4dpps a b 20 a b ¢ 203 b
——logb=(-——-———log- |- |-—7———1log-|. (4.7
l—pOg <b a l—pOgb> (c b l—pOgc (47)

Consider the function h(t) = t —t=! — klogt on (0,00) and note that
B'(t) =t72(t—1)2 +t" (2 — k) is positive on (0,00) if k < 2. In the present
case, we take kK = 26/(1 — p) which, by hypothesis, is less than 1. Hence
h is increasing. The left-hand side of (4.7) is negative since b < 1 by (4.6).
Hence h(a/b) — h(b/c) < 0 and thus a/b < b/c or, equivalently,

ac < b? < 1.
By (4.1) and (4.5), we have
4-2p = a®+2(1—p)b?+c* > a®+2(1 - p)ac+
= (a+c¢)* —2pac > 4 — 2pac > 4 — 2p,
a contradiction (in the case a # c).

Second, consider the case a = ¢. Rewrite (4.7) as

g(b) = 1471529 log b+ 2h(b/a) = 0

where h is as above with k = %. Note that g is strictly increasing on
(0,00). If @ = ¢ = 1 then (4.1) contradicts the fact that (a,b,c) is not

constant. If a € (0,1), then g(1) = 2h(1/a) > 2h(1) = 0 = ¢(b) and thus
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b < 1. This implies that a,b,c are all less than 1 which contradicts (4.1).
Finally, if a € (1,00) then g(1) = 2h(1/a) < 2h(1) = 0 = g(b) and thus
b > 1. This implies that a, b, c are all larger than 1 which, again, contradicts
(4.1).

It follows that (2.2) has no non-constant solutions for 5 < A,/2 and thus
ap = Ap/2=(1-p)/2. 0

Proof of Theorem 4.2.— We first consider the identity o, = A,/2. Re-
ferring to the family of chains in Theorem 4.2, the facts that a, = A,/2
when p = 0 and p = 1/2 are contained respectively in Theorem 4.1 and
in Theorem 3.2. To prove a, < A,/2 when p # 0,1/2, we use the criteria
contained in Theorem 1.1. A simple computation yields

=1 PoLEVIEY
oo P lEVIER
2

with eigenfunction

¢ = (LL '1+p27(p— D(p+ \/1+p2)> .

2

Thus, we compute

5v  p(1—p)(p—1/2)[3 —3p+ 6p* — 4p® + /1 + p?(—1 + 6p — 4p?)]
Hp(¢ ) = 4—3p .

Notice p + 3 — 3p + 6p? — 4p? is decreasing and thus no smaller than 2
n [0,1]. We have —1 + 6p — 4p? = —(2p — 3/2)? + 5/4. It follows that
V14 p2(—=1+ 6p —4p?) > 0 on [(3 — +/5)/4,1] and greater than —+/2 on
[0, (3 — +/5)/4]. Combining these observations, we see that

3—3p+46p% —4p> + /14 p2(—1+46p —4p*) > 0 on (0,1).

Hence f1,,(¢) # 0 unless p = 0 or p = 1/2. By Theorem 1.1, we must have
ap < Ap/2 for p#0,1/2.

We prove the monotonicity of a;, in two steps. The first step is to show
that «,, is non-increasing in (0,1). For p € (0,1), let &, be the Dirichlet
form associated to K, and £, be the quantity defined in (1.3) with respect
to p,. For any non-constant vector ¢ = (a, b, c) € [0, 00)3, we compute

&, ) (a—b)?+(b—c)®

L,()  a?loga? + 2b2log 262 + h(p)

- 270 -



The logarithmic Sobolev constant of some finite Markov chains

where
Aloge®  4—3p
hp) = 0= = = nle) logn(p)
and n(p) = jup(1?) = (RELINEE
2 2 2
W) = —MP) (C log —— — € +1>>0, 48
W) =T o) B 0l) ~ n) (48)

it follows that p — «,, is non-increasing as desired.

The second step is to show the strict monotonicity. This is equivalent to
the existence, for each ¢ € (0,1/2) U (1/2,1), of a positive number € such
that o, < a4 for ¢ < p < g+e. We fix ¢ € (0,1/2) U (1/2,1) and choose, by
Theorem 2.1, a positive non-constant vector ¥ = (a, b, ¢) such that

b=a—-2a4aloga

ate — b2— 2a4blog b

b=c— ﬁclogc
(1—q)(a®+2b%) +c*> =4—3¢q

Obviously, the assumption that 1 is non-constant implies ¢ # 1. Let h be
2 2 2

the function defined above. By (4.8), we have h/(q) = “‘)(‘510_7(1—)5“ > 0 and,

hence, we can choose € > 0 such that

L E60) &)
L,0) 7 L)

Vg<p<qg+t+e oq = ap. O

Proof of Theorem 4.8.— The proof of whether the identity o, = A,/2
holds contains two steps. First, we prove that a, < A,/2 if p € (0,3/4).
Second, we show that a, = A\, = 1/2 when p € [3/4,1]. For the first step,
we use the following lemma whose straightforward proof is omitted.

LEMMA 4.4. — Let p be a probability measure on a finite set. If f =
1+ eg with p(g) =0 and ||g|l2 < 1 then

|fI?
p(lf1?)

where O is uniform overall such functions g.

2 1 1
£(0)= (17108 s )= 2alBe+ ey~ (Glall + glallt) 0

3

The chain in Theorem 4.3 has eigenvalues 1,0, —p with associated eigen-
vectors g = 1, 1 = (1,0,—1), ¥ = (1,—p,1). The vectors 1, 1y are
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not normalized and ||11]|3 = p/(1 + p), |[¢2l|3 = p. Set f = 1 + eg with
€9 = x1 + yio,

2
_ | a?p
€= ||lz1 + yiho|2 = o + y2p.

Observe that

Ef. f) = +y *p(1+p).

Now, Lemma 4.4 yields

_ z?p 2p
) = 2({50 ) + g 3+ (1= )

1 [ 2% 2)2 D 4 2 2 3y, 4
- + — et 627y + (1 +
2(1+p yr 6(1+p)( y + (4P

l‘2p ) 5/2
+0 <1+ +y p>

2
= 25p(f,f)—2p2 4 2Ty ( i)
P’
2

_ ( > (8 —4p)z*  2p(1—p)y’
1—|—p 6(1+ p) 3

2 2p p_ ) z%p . 2p 5/2
Y 5 y* 1+p Y

gives

. 2
Letting y = m

(3 — 4p)a*

—6(1 ) +O(2%).

Ly(f) =28(f, ) +

Hence, for each p € (0,3/4), we may choose z so small that
Ly(f) > 28,(f, f)-
This implies o, < Ep(f, )/ Lp(f) < 1/2 = Xp/2.
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The monotonicity of o, is proved as in the case of Theorem 4.2. Namely,
we let &£, be the Dirichlet form associated to K, and £, be the quantity
defined in (1.3) with respect to p,. For any non-constant and non-negative
vector ¥ = (a, b, ¢), we have

&, ¢) (a—b)%+(b—0)*

L,(¥) a?loga? + 2 log c? + h(p)’
where h : (0,1) — (0, 00) is defined by

2

249
h(p) = 2B logh? — 2Py
P

(p) logn(p),

a2 c2 2
and n(p) = p,(¢?) = %. We have

, __2n(p) b2 o b2 B b?
Wip)===0 (n@)lgn(p) n(p>“><0‘ (4.9)

This implies that, for fixed v, &,(¢,v)/L,(¢) is non-decreasing in p and,
by the definition of a,, so is ;.

To prove strict monotonicity on (0,3/4) we show that for each ¢ €
(0,3/4), there exists € > 0 such that a, < a; when ¢ — e < p < ¢. To see
this, let ¢ = (a,b, ¢) be the non-constant vector solving the Euler-Lagrange
equations (2.1), that is,

20qaloga =a —b
20cloge=c—b
2a4blogb = q(b— (a+¢)/2)
q(a® + c2) +2b2 = 2(1 + q).

By Lemma 2.6, if b = 1, then a = ¢ = 1, which contradicts the assumption
that ¢ is non-constant. This implies that b # 1 and hence, by (4.9), h'(¢) =
—q%(b2 logb? — b? + 1) < 0. Therefore, we may choose € > 0 such that

Eq (W, Ep(,
Vg—e<p<gq, o= z(:/(}wzéj)> Z(jwd)))2ap. O

The second step in the proof of Theorem 4.3 consists in proving Lemma
4.5 and 4.6 below.

LEMMA 4.5. — Let K, ip be as in Theorem 4.3 and assume that p €
[3/4,1]. Then, for any f < 1/2, the corresponding equation (2.2) has no
non-constant positive solutions.
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Proof.— We let b = (a, b, ¢) be a potential positive non-constant solu-
tion of (2.2) normalized by ||¢||2 = 1. This means that (a, b, ¢) solves

2Baloga=a—b
2Bclogc=c—10
28blogh = p(b— (a+¢)/2)
p(a? + c?) + 2b% = 2(1 + p).

(4.10)

By symmetry, we can assume that a > c¢. Our first step is to show that we
cannot have a = c. Indeed, assume that a = ¢. Then

2Bloga=1-—"b/a, 20logb=p(l—a/b).
Subtracting the second equation from the first yields w(b/a, 3,p) = 0 with
w(t,B,p) = 2Blogt —t+pt~' +1 —p.
As w(1,8,p) =0 and

ow _ _ _ _
57 (t:3:p) = 20t P l—pt?=—(Bt ' = 1)+ (B> —p)t 2
is negative if 5 € (0,1/2] and p € (1/4,1], we conclude that we must have

a = b. This contradicts the hypothesis that ¢ = (a, b, ¢) is not constant.

From now on we thus assume that @ > ¢ and set s = ¢/a € (0,1). From
the first and second equations in (4.10), we deduce

QZQﬁlogs.

c s—1

From the second and third equations in (4.10), we obtain

b b P 1\ ¢

- —2flog - -1)—-=(14+-)-=0.

-~ 20log - +(p—1) 2( +S)b
Using these two equations to eliminate b/c we find that s = ¢/a is solution
of

V(s,B,p) =0

where

logt logt p(t=1 —1)

— log

t—1 t—1 43 logt
(4.11)

V(t,B,p) = —2B1log(26) + (p— 1) + 24 <

for t € (0,1) and, by continuity,

V(1,8,p) = 26(1 —log 23) — % fp—1.
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Lemma 4.6 below shows that for p € [3/4,1] and § € (0,1/2] the equation
V(s,B,p)=0
has no solutions in (0, 1). This finishes the proof of Lemma 4.5. O

LEMMA 4.6. — The function V : (0,00)3 — R defined above has the
following properties.

(i) V(t,B,p) = V(1/t,5,p).
(ii) For fized t,p € (0,00)%, the function B+ V(t,3,p) is increasing on
the interval (0,1/2].

(i1i) For (t,0,p) € (0,00) x (0,1/2] x [3/4,1], V (¢, 8,p) < 0 with equality
onlyift=1and B =1/2.

(iv) For (t,p) € (0,00) x (0,3/4) and f € (o f} (t, 8, p)

Proof. — Part (i) is obvious by a direct computation. Using (i), it suffices
to prove (ii) for ¢ € (0,1]. The case ¢t =1 is clear. For ¢t € (0,1) we have

oV
ap

For (t,8,p) € (0,1) x (0,1/2] x (0,00), the first and last term are clearly
nonnegative. The middle term is positive because the function ¢ — (¢ —
1)~logt is decreasing on (0,1) with value in (1,00) and the function ¢ —
t — logt is increasing on (1, 00).

-1
logt Tl logt_1> p(t —t71)

(tﬁ,)——2log(2ﬁ)+2< 1% 7 432 logt

Part (iii) and (iv) are more difficult. A simple computation shows that
for (8,p) € (0,1/2] x (0,00) we have

V(1,8,p) <0

with equality only if 8 = 1/2. Observe that for any ¢ € (0, c0), the function
p — V(t,1/2,p) is decreasing. Thus, using (i) and (ii), it suffices to prove
(iii) and (iv) simultaneously with p € (0,3/4], 3 = \/p/3 and t € (0,1].
That is, it remains to show that, for fixed p € (0, 3/4],

=V(t,/p/3,p) = —/p/3log(4p/3) +p—1
4p (logt logt  3(t7 ! —1t)
= ~1
+\/3(7:—1 %8 1" Rlogt
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satisfies V(t) < 0 on (0,1). As V(1) < 0 with equality only if p = 3/4, it
suffices to show that V’(¢) > 0 on (0,1). We compute

w0 = (-5) (S )
3 (t2 —1—(?+ 1)logt>
)

8 (tlogt)?

3
- %mm W)

with

W) = (1—t)—3(t10_g’i—1> (1—t10gi>(tlogt)

Wa(t) — 3(1 12— 1— (2 4 1)logt).

To finish the proof of (iii) and (iv), we will show that all the coefficients
of the Taylor series of Wi + Wy at t = 1 are nonnegative. Namely, observe
that Wi (t) + Wa(t) = > 0" k(1 — t)¥ where the series converges for each
t €(0,1) and ¢ = di + ex + fr with

-1
d =
’ Zm; (n+2)(m+1)(m+2)
n+m==k
1
t ;> (n+2)(m+1)(m+2)(¢ +1)(£ +2)
n4+m4l=k—1

3[(k+1)(k+2)+ 2]
8(k+1)(k+2)(k+3)

Note that for £ > 0

fu =

k 1

i1 —dp =Y E—m+3)(k—m+2)(m+1)(m+2) > 0.

m=1

This implies
k—1
—dp—e—1 k

> - dy.
< ((+1)((+2) 7 k41"

A simple computation shows that ((k + 1) fx)rs0 is an increasing sequence
and, hence,

di,  (k+1)fx +dx > 1
E+1 k+1 k+1
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Therefore, ¢, > 0 for k& > 0 as desired. O

The following corollary is another useful application of Lemma 2.6 and
4.6 in bounding o,.

COROLLARY 4.7. — Forp € (0,1], let K, be the Markov kernel in The-
orem 4.3 with the associated logarithmic Sobolev constant a,. Then oy, sat-

isfies
p p—1 1
-V < < . 9
<\/; C”) o <10gp : 2>

where s At = min{s,t}, sVt = max{s,t} and, for 0 < p < 1, ¢, is the
unique zero of the identity 2x = pe'=P)/ ) with z > 0.

Plot of o, with 0<p<3/4

0.5F

0451

0.41
3% 0.351 /

0.3f

0.25f

02}

0.15

0.1 . . . . . . . )
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Figure 9. — These curves display in order from above the upper bound,
ap and the lower bound in Corollary 4.7.

The curve for ap shows a numerical approximation

Proof of Corollary 4.7.— By Theorem 4.3, both inequalities are obvi-
ously true for p € [3/4,1]. In the case p € (0,3/4), the upper bound of «,
is immediately from Theorem 1.1, Theorem 1.4 and Corollary 2.4, where
Theorem 1.4 uses the projection map p(1) = p(3) =0 and p(2) = 1.

For the lower bound of a,, since o, < A,/2 = 1/2 for p € (0,3/4), there
exists a positive non-constant vector ¢» = (a, b, ¢) solving the Euler-Lagrange
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equations in (2.1), that is,

b=a—2apaloga =c—2clogc
(a+c¢)/2="0b— (2a,/p)blogb (4.12)
p(a? +c?) + 2% = 2(1 + p).

On one hand, Lemma 4.6 (iv) implies that o, > /p/3, otherwise a = b = c.
On the other hand, in the notation of Lemma 2.6 with 8 = 2«,, it is
clear that a,c € {t1(b), t2(b)}. Observe that ¢1(b) # 1. Otherwise, the third
identity in (4.12) implies a = b = ¢ = 1. Hence, t1(b) < 1. As a consequence
of Lemma 2.6, if a # ¢, then a + ¢ = t1(b) + ta(b) = 27/ (o)~ If ¢ = ¢,
we must have a = t2(b), since the assumption a = t1(b) < 1 and the fact
2a, < 1 give b < 1, which contradicts the third identity of (4.12). In this
case, we have

a+c=2ta(b) > t1(b) + ta(b) > 2t/ o)=L,

Note that, for 8 > 0, the map t — ¢t — Stlogt with domain (0,00) has its
maximum Se'/#~1. This gives

b— (20, /p)blogh < (2a,, /p)e?/ o)1,

Using the second identity of (4.12) and the above two inequalities, we get
2a, = pelt=P)/2%r Hence, ¢, < a, since the map t +— t — pe(1=P)/t is
increasing for ¢t > 0. This proves the lower bound. 0

Next, we study one of the most natural chain on a 3-point stick where
transitions are to the left with probability ¢ = 1 — p and to the right with
probability p. For p # ¢, we show that «, < A,/2 and compute ¢y,. The
case p # 1/2 and the asymmetric two-point space are the only cases in this
paper where oy, < A,/2 and we are able to compute «,. Indeed, the proof
of the following theorem is rather miraculous as it uses a crude comparison
technique to achieve an exact computation!

THEOREM 4.8. — Fiz 0 < p < 1land g =1—p. Let K, : {1,2,3} x
{1,2,3} — [0,1] be the Markov kernel defined by

p
K, = 0
q

o R
"Y O

with stationary distribution

1y = (e cp(0/0), o (0/0)?) s cp = (1+ (/a) + (p/0)?) " -
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Then A, =1 — /pq and

o = P7a
P 2(logp — log q)
with minimizer

Y =(p/q,1,q/p).

Proof. — We compare this chain with another 3-point chain,

_ q D 0
K,=1 ¢/2 1/2 p/2 (4.13)
0 ¢ p

whose stationary distribution is

fip = (3 26,(0/0). &(p/)?) . & = (1+2(p/a) + (p/0)?) .

The Dirichlet form associated with (K, f1p) is

Ep(u,u) = Gpp ((ur — u2)® + (p/q) (uz — us)?) .

The Dirichlet form associated with (K, up) is

Ep(u,u) = cpp ((uy — u2)® + (p/q)(uz — us)?) .

Hence N
Ep = (¢p/cp)ép and (Cp/cp)tp < Lip.
By a classical comparison technique (see, e.g., [13, Lemma 3.4]), it follows

that
ap > ap. (4.14)

Next, on {0, 1}2, we consider the product chain (with weights (1/2,1/2))
of two copies of 2-point asymmetric chains in Theorem 2.2. In details, tran-
sitions in this product chain have probability 0 except

K((O’O)a (Oa 0)) =q, K((]-v 1)3 (1’ 1)) =D, K((Ov O)a (07 1)) = K((0,0), (170))
=p/2,
K((LO)’ (1’ 1)) = K((Oa 1)7 (1, 1)) = p/25 K((l, 1)) (07 1)) = K(<17 1)7 (1’0))
=q/2,

and
K((O, 1)7 (07 0)) = K((l, 0)7 (07 0)) = Q/2a
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K((0,1),(0,1)) = K((1,0), (1,0)) = 1/2.
By Theorem 1.3 and Theorem 2.2, its logarithmic Sobolev constant is

p—gq
2log(p/q)

This chain projects to the 3-point space {1, 2,3} using the mapping
p:{0,1}* = {1,2,3}, (2,9) = 1+ o] + |yl

and the projected chain is the chain I~(p considered above. Hence, by Theo-
rem 1.4,
~ p—q
Ay 2> ——————————.
P~ 2(logp —logq)
Therefore, by (4.14),
pP—q
oy 2 ——————————.
P 2(logp —logq)
To show that this is in fact an equality, it suffices to find a good test function.
Let ¢ = (p/q,1,q/p). Then

gp(¢7¢) pP—q
)

Ly 2(logp —logq)
Thus,
pP—q pP—q
T SO S o
2(logp —1logg) ~ ¥ " 2(logp —logq)
proving Theorem 4.8. ]

Remark 4.9. — Note that the proof of Theorem 4.8 also determines the
logarithmic Sobolev constant of the Markov kernel K, defined in (4.13),
which is ap = %.

5. Some 4-point chains

Theorem 1.4 is a useful technique to study the logarithmic Sobolev con-
stant. Markov chains in Figure 8 and Theorem 4.8 are typically examples.
This section concentrates on some 4-point chains. Most of the results use
Theorem 1.4 and the computation done for 3-stick chains in the previous
section. Table 2 lists all results of 4-point chains discussed in this paper.
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THEOREM 5.1. — Let p,q € (0,1] and K, 4 : {1,2,3,4} x {1,2,3,4} —
[0,1] be a Markov kernel defined by

1—p p/2 0 p/2

x | «2 1-¢ q¢2 0
P 0 p/2 1-p p/2
q/2 0 q/2 1—gq

with stationary distribution

= ( q p q p )
P \200+9) 20+ 9) 200 +9) 2(p+ q)
Then 20y 4 = Ap q = min{p, ¢}.

Remark 5.2. — Theorem 4.1, 4.3 and 5.1 illustrate the fact that & and A
behave differently under collapse. Observe that if K, ; is the Markov kernel
defined in Theorem 5.1, then collapsing states 2 and 4 gives K;_, from
Theorem 4.1 whereas collapsing states 1 and 3 gives K, from Theorem 4.3.
As a consequence of Theorem 4.1 and 4.3, the identity o = A/2 is preserved
for all 0 < p < 1 in the former collapse but not for all p in the latter case.
The main reason is that the eigenvector of K, ; associated to the spectral
gap is f = (f(1), f(2), f(3), f(4)) = (1,0,—1,0). Hence, the collapse of 2
and 4 preserves the spectral gap and, consequently by Theorem 1.4, the
identity o = A\/2. However, the collapse of 1 and 3 enlarges the spectral gap
from p to 1. In this case, the only contribution of Theorem 1.4 is to provide
a lower bound on the logarithmic Sobolev constant for the collapsed chain.

THEOREM 5.3. — For p € [0,1), let K, be a Markov chain on the set
{1,2,3,4} defined by

1 1
A

KP:21;p21;p
" 3P 5
2 0 5 0

with stationary distribution

_(1-p 1-p 1 1—p
Fr = \43pa—3p 4 _3p4-3p)"
Then the spectral gap is equal to

N p—1++/p?+1
p— L - >
2

and the logarithmic Sobolev constant satisfies o, = Ap/2 if and only if p €

{0,1/2}.
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Table 2. — The spectral gap A and the log-Sobolev constant «

of some Markov chains on the 4 point space

Markov chain A « A =2«
q/2
p 1/2
p/2
q/2y4p/2 q/2y4p/2 1 p—q 1
" 3 2log(p/q) | P=4=3
1/2
/ e q
(p+q:1,0<p<1)
q/2
1—q 1-p
P/2
q/2y4p/2 p/2yAq/2 min{p, q} min{p, q} pg >0
p/2 2
1-p 1—q
q/2
(pa>0)
1/2
1/2 unknown
1/2¢4 52 12041/2 | 3—p— /p2+1 ;XC:emO fgi pe{0.1/2)
ZE 2 p=1/2
p
1/2
(o<p<1)
p/2
1-p
q/2
1—gq
/2y4a/2 /2y4p/2
AL p Pog/p pla<4/3
q/2
1-p
P/2
(pa>0)
1/2
1—gq
i - - A
a—p, min{2¢ — p,1} |min {ap, 5} D, U D,
1/2y4p/2 p/2yA1/2
q9—p
p/2
1 172 Dy ={(p,q): 0<p<3/4,p<q< oy +p/2}

(0<p<1, p<q<1)

Dy ={(p,q):3/4<p,p<q<1}

ay, is the log-Sobolev constant of K, defined in Theorem 14
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THEOREM 5.4. — For p,q € (0,1], consider the Markov kernel K, , de-
fined by
l—p p/2 0  p/2
_| 42 0  q/2 1—¢
P 0 p/2 1-p p/2
/2 l1-q ¢/2 0

with stationary distribution

u ( q P q p )
P20+ 9) 20 +9) 200+ 9) 200 +a) )

Then Apq =p and ap g = Ap.q/2 if and only if p/q < 4/3. In particular, if
p/q > 4/3, then ap 4 = pag/p, where . is the log-Sobolev constant of the
Markov kernel K, in Theorem 4.3, that is,

0 1 0
K.=| r/2 1—-r r/2
0 1 0

THEOREM 5.5. — For 0 < p < ¢ < 1, let K, 4 be a Markov kernel
defined by
l—q p/2 q—p p/2
1/2 0 1/2 0
q—p p/2 1—q p/2
/2 0 1/2 0

Kpq=

with stationary distribution p, ; = ﬁ(Lp, 1,p). Then A\p 4 = min{2q —

p, 1} and o, = min{ay,, A\p4/2}, where oy is the log-Sobolev constant of
K, in Theorem 4.3.

Furthermore, oy, q = Ap q/2 if and only if (p,q) € D1 U Dy, where
Dy ={(p,q): 0<p<3/4, p<q<ay+p/2},
and

Dy ={(p,q):3/4<p<1, p<qg< 1}

Proof of Theorem 5.1.— Due to the symmetry of K, ,, we may assume
that p < ¢. It is easy to see that K, , is reversible and has eigenvalues
{1,1—p,1—q,1 — p — ¢} with corresponding eigenvectors

1 1 0 P
1 0 1 —q
1 I _1 I 0 Y p : (51)
1 0 —1 —q
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This implies that A, ; = p.

For the identity a,, = Ap4/2, we will prove, by contradiction, the
stronger result that when «, 4 < Ay 4/2, there is no positive non-constant
solution for the Euler-Lagrange equation

(I = Kpg)Y = 20 g log(¢/[[9]]2)- (5.2)

Assume the converse, that is, ¥ = (a,b,c,d) is a positive non-constant
solution for this system. Equivalently,

b+d=2v(2a,4/p,a) = 2020y 4/p, c)
a+c=2v(20ap,4/q,b) = 2v(20p,4/q,d)
q(a®> 4+ ) +p* +d*) =2(p+q)

where v(3,t) = t — Btlogt. We claim that ¢ = ¢ and b = d. To show this,
observe first that the normalizing equation and the convexity of the map
t — 12 imply that a + ¢ < 2 or b+d < 2. When a + ¢ < 2, the first two
equations imply that

2 2 ’

b+d _ v(2ap.4/p; a) + V(20 4/p, €) < <2ap7q a—|—c> <1
~ p 2 bl

where the first inequality applies the concavity of the function v(2ay, 4/p, )
and the second inequality uses the fact 2a,,/p < 1. Similarly, we have
a + ¢ < 2 when b+ d < 2. Whatever, it is always the case a + ¢ < 2 and
b+ d < 2 and, as a consequence of Lemma 2.6, we must have a = ¢ and
b=d.

The above observation implies that K, , and the Markov chain in Corol-
lary 2.4 with ¢; = p and g2 = ¢ have the same logarithmic Sobolev constant,
that is,

o 10g2:i10gq ifp<q
P p if p=gq

This, however, contradicts Theorem 1.1, which says a, 4 < Ay 4/2, since

s—t

—>s5, VO<s<t
logs — logt

Therefore, no non-constant vector attains a4 and, by Theorem 2.1, we
must have a, 4 = Ap4/2. O
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Proof of Theorem 5.3.— Note that K, is reversible and has eigenvalues
{1,0, %(p — 14 +/p?+ 1)} with corresponding eigenvectors

1 0 pltl—pE/p?+1)
1 1 1

b b \v/ 0.
i 0 - D)(1+ptVZFD) | P
1 —1 1

Hence, the spectral gap is equal to 1 — %(p— 14+/p? + 1) and the associated
eigenvector is

p'1—p+Vp?+1)
1

P - D VE D)
1

To see whether o, = A,/2, observe first that the case p = 0 is the
simple random walk on the 4-cycle and the desired identity is known (see
the introduction and [10]). For p = 1/2, we let K be the Markov kernel of
the simple random walk on the 5-cycle with spectral gap A and logarithmic
Sobolev constant «. As a consequence of Theorem 3.1, one has

)\1/2 =)= 2a.

It is a simple exercise to show that &, ,(f, ) = Ex (g, 97) and L, ,(f) =
Ly (gy) for all f = (a,b,c,d) and g5 = (a,b,c,c,d), where U is the uniform
probability measure on the 5-cycle and £, ,,Ly are quantities defined
in (1.3) with respect to p;/o and U. This implies a < aj/, and hence
Qa1/2 = )\1/2/2~

It remains to consider the case p ¢ {0,1/2}. Note that, for p € [0, 1),
the chain given in Theorem 4.2 is collapsed from K, through the projection
map p: {1,2,3,4} — {1,2,3} defined by

p(l)=1, p(2)=p(4) =2 p@3) =3

Since ¥(2) = 1¥(4), both Markov kernels have the same spectral gap and,
by Theorem 1.4 and 4.2, we have oy, < A\, /2 if p ¢ {0,1/2}. O

Proof of Theorem 5.4.— It is an easy exercise to show that K, , is
reversible and has eigenvalues {1,1 — p,q — 1,1 — p — ¢} with eigenvectors
in (5.1), and hence A, , = p.

For p/q < 4/3, we prove ap 4 = A, /2 by contradiction. Assume the
inverse oy, ¢ < Apq/2 and let, by Theorem 2.1, ) = (a, b, ¢,d) be a positive
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non-constant solution of the following equations.

b+d=2v(2a,4/p,a) = 2020y 4/p, c)
b—(1—q)d—q(%F) = 20y 4blogh
d—(1—q)b—q(*F) =20y 4dlogd
q(a® + ) + p(b? + d*) = 2(p + q)

(5.3)

where v((,t) = t—(tlogt. Note that the last equation implies that a+c¢ < 2
or b+ d < 2 and, by the first two identities, we have

bJQrd _ v(2ap1q/p,a)42rv(2apvq/p, c) < (2041,7[1, a;c) <1
p

if a+ ¢ < 2. Combining both cases, one always has b+ d < 2. Note also that
the second and third identities in (5.3) implies that

20 4 20 4
29 ) — o [ 2222 g .
U<2—q’> U(Z—q’ >0
Then, by Lemma 2.6, the fact 2a, /(2 —¢) < p/(2 —¢q) < 1 gives b=d.

Let K., I~(T be the Markov kernels in Theorem 4.3 and 4.1 with associated
Dirichlet forms &,, &, and let £,., £, be the quantities defined in (1.3) with
respect to the stationary distributions of K, and IN(,«. Then the conclusion
of the previous paragraph implies that

&) s } p
v < 5 s = f —_—— . ,C _ > 0 = —
PG, Qpgq=gXIn { ﬁl_p/q(f) 1 p/q(f) 5
and
Eqyp(fs
Vg < p <4q/3, ap,q:pxinf{%Iﬁq/p(f)>0}:§.

This contradicts the assumption oy, ; < A, 4/2 = p/2 and, hence, we must
have oy, ¢ = Apg/2.

For the case p/q > 4/3, Theorem 4.3 implies that

gq/p(fv f)
ﬁq/p(f)

Then, by Theorem 2.1, the Euler-Lagrange equations in (5.3) must has a
positive non-constant solution, say ¢ = (a,b,¢,d), and by the discussion
after (5.3), we have b = d. This means that the first inequality above is an
equality. O

2
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Proof of Theorem 5.5.— Obviously, K, 4 is reversible and has eigenval-
ues {1,1+p—2¢,0, —p} with associated eigenvectors

1 1 0 P
1 0 1 -1
1]’ -1 ]’ 0 ’ D
1 0 -1 -1

Thus, A\, = min{2¢g — p, 1}. Let o, be the log-Sobolev constant associated
to K, as defined in Theorem 4.3. On one hand, if a; 4 = Ap 4/2, then

. E(f,
Qpg S mf{ é](”f])‘) cf= (a,b,a,d)} = Q.

This implies that o, ;, = min{\, ;/2,a,}. On the other hand, as a conse-
quence of Theorem 2.1, if ¢ = (a, b, ¢,d) is a minimizer for o, 4, then ¢ is
positive and non-constant and its entries must satisfy

a+c=2v(2ap,4,b) = 20(2a, 4, d)
btd

qa — (q — p)c — p(7F*) = 20, qaloga
gc— (¢ —p)a — (#) = 2ay 4clogc
a?+c+pb?+d*)=2+2p

oS

where v(8,t) = t— (tlogt. Note that the last equation implies that a+c < 2
or b+ d < 2. By the concavity of v(2ay 4, ), if b+ d < 2, then

at+c  v(2ap4,b) + (204, d) b+d
5 = P4 5 P4 <wv 20¢p7q,T <1,

where the last inequality also uses the fact 20y, 4 < Ap g < 1. Hence, we
always have a + ¢ < 2. Observe that the second and the third equalities

above imply
< 20p,4 > < 2ap,4 )
v —.a|=v —.c| >0.
2q—p 2q—p

Then Lemma 2.6 and the fact 2a, 4/(2¢ — p) < 204/ Apq < 1 give a = c.
In this case, the log-Sobolev constant «, 4 is just equal to . This finishes
the proof of the first part.

The second part is easily proved by considering the two cases p € (0,3/4)
and p € [3/4,1]. We omit the details. O
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