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DISCRETE BECKNER INEQUALITIES VIA THE
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Discrete convex Sobolev inequalities and Beckner inequalities are de-
rived for time-continuous Markov chains on finite state spaces. Beckner
inequalities interpolate between the modified logarithmic Sobolev inequal-
ity and the Poincaré inequality. Their proof is based on the Bakry—Emery
approach and on discrete Bochner-type inequalities established by Caputo,
Dai Pra and Posta and recently extended by Fathi and Maas for logarith-
mic entropies. The abstract result for convex entropies is applied to sev-
eral Markov chains, including birth-death processes, zero-range processes,
Bernoulli-Laplace models, and random transposition models, and to a finite-
volume discretization of a one-dimensional Fokker—Planck equation, apply-
ing results by Mielke.

1. Introduction. Convex Sobolev inequalities such as Poincaré and logarith-
mic Sobolev inequalities play an important role in the analysis of the convergence
to stationarity for Markov processes. Besides implying exponential decay of the
entropy, it is known that these functional inequalities give useful concentration
bounds [6] and hypercontractivity of the corresponding semigroup [18], and they
are a natural tool to estimate mixing times [29]. There exists an extensive literature
on the derivation of Poincaré inequalities (or spectral gap estimates) and logarith-
mic Sobolev (or shorter: log-Sobolev) inequalities in the discrete and continuous
setting; see, for example, the reviews [18, 23, 29] and the books [1, 4, 31]. An
algorithm for the computation of the spectral gap is presented in [13], while cor-
responding estimates can be found in [9, 10, 14]. For log-Sobolev inequalities, we
refer to [7, 11, 24].

There are much less results on Beckner inequalities for Markov chains, which
interpolate between the Poincaré inequality and log-Sobolev inequality [5]. Such
inequalities are of interest, for instance, in the large-time analysis of Markov chains
using general entropies or in numerical analysis, proving the exponential decay of
solutions to discretized partial differential equations [12]. We are only aware of the
paper by Bobkov and Tetali [6], where estimates on the constant of the Beckner
inequality were derived for Bernoulli-Laplace and random transposition models.
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In this paper, we establish new bounds for discrete convex Sobolev and Beckner
inequalities for stochastic processes not studied in [6].

The technique of proof is the Bochner—-Bakry—Emery method of Caputo et al.
[11], which was recently extended by Fathi and Maas in [19] in the context of Ricci
curvature bounds. The idea of the Bakry—Emery approach is to relate the second
time derivative of the entropy to its entropy production. This relation is achieved by
employing a discrete Bochner-type equation which replaces the Bochner identity
in the continuous case.

In order to make these ideas precise, consider a time-homogeneous Markov
process (X;);>0 with values in a finite state space S, having an invariant measure 7.
We assume that the semigroup (7;);>0, defined on L?(m) by T; f (x) = E[f(X}) :
Xo = x], is strongly right continuous, so that the infinitesimal generator £ exists,
T, = ¢'*. Given a probability measure 1 on S, we denote by 1 T; the distribution
of X; assuming that X is distributed according to u. The rate of convergence of
uT; to the invariant measure 7 is a major topic in probability theory. It can be
achieved by estimating the time derivative of the relative entropy.

Before explaining the entropy decay, we introduce some notation. The relative
entropy h? (u|m) of u with respect to 7 is defined by

h¢(u|n)—n[( )] S (n>¢( )(n)

nes

where ¢ : Ry — R, is a smooth convex function such that ¢ (1) =0 and 1/¢” is
concave, R = [0, c0), and h®(u|7r) is meant to be infinite whenever u & 7 or
¢(du/dm) ¢ L' (). The entropy can be defined on the set of probability densities
f such that ¢ (f) € L' () by

Ent? (f) =7[o ()],

so that h? (u|m) = Entg (du/dm). When ¢1(s) = s(logs — 1) 4+ 1, we obtain the
logarithmic entropy and if ¢»(s) = s> — 25 + 1, Entg (f) equals the variance of f,
Var, (f) = n[f%] — n[ f]*. Another example is ¢y (s) = (s* —s5) /(@ — 1) —s + 1
for 1 < o <2, which interpolates between ¢ and ¢; in the sense that ¢y (s) —
¢1(s) pointwise as & — 1 and ¢y (s) = ¢y if @ = 2.

Let p; = d(uT;)/dm be the probability density of the Markov chain at time
t > 0. We assume in the following that the Markov chain is reversible, that is,
the generator is self-adjoint in L?(r). Then p; solves the Kolmogorov equation
0:pr = Lps, t > 0. The idea of Bakry and Emery [3] is to differentiate the entropy
twice with respect to time. A formal computation gives

d
BN (o) = =£(¢(p0), 1),

)

d?
a0 Ent (1) =7 [LP (p) L + ¢" (o) (L) ],
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where E(f, g) := —n[fLg] is the Dirichlet form of £. Now suppose that the fol-
lowing inequality holds for some A > O:

(2) 7[Le (D) Lo+ " (p)(Lp)*] = AE(B (0). p). 1 >0.

This is equivalent to 8,2 Entﬁ (p) + 1oy Entg (p) > 0, and by Gronwall’s lemma, we

conclude that o, Entﬁ (p:) converges to zero with exponential rate. Furthermore,
integration over (¢, 0o) leads to

d o ¢ ¢
3) TE(0) + AEn(0) <0, 1>0,

if we know that Entﬁ (pt) = 0ast — oo. On the one hand, this implies exponential

convergence of the relative entropy to zero, that is, Entg (pr) < Entg (po)e . On
the other hand, (3) is equivalent to the convex Sobolev inequality:

4) AEnt? (f) < E@'(f), f),

valid for all probability densities f.

It is well known that if the so-called curvature-dimension condition CD(A, 00)
is satisfied, then the convex Sobolev inequality (4) is valid [4], Section 1.16. For
instance, if £ is the generator of the Ornstein—Uhlenbeck process, CD(A, co) holds
with A = 1 under the conditions that ¢ is convex and 1/¢” is concave [2]. In the
discrete case, the validity of (4) is not known except in the logarithmic case ¢ = ¢1.
In this paper, we derive general conditions on ¢ that guarantee the validity of (4).

For the special cases ¢p1 (s) = s(logs — 1)+ 1 and ¢ (s) = s2—2s+1, we obtain
the modified log-Sobolev inequality and Poincaré inequality, respectively,

S)) A Entd! (f) < Elog £, f), ApVary (f) < E(S, f)-

Note that if £ is the generator of a reversible diffusion process, we may
write £(log f, f) =4E(f'/2, £1/7), so the log-Sobolev inequality A7 Entﬁ1 (f) <
E(f 172, f 1/2) and the first inequality in (5) coincide with Ay = 4Ar. This is gen-
erally not true for Markov processes with jumps [7], but for reversible processes,
the relations 41;, < Ap <2Ap hold [6, 18].

The aim of this paper is to determine conditions under which there exists a
constant A > 0 such that the (discrete) convex Sobolev inequality (4) and the ex-
ponential entropy decay

(6) Ent? (o) <e M Ent (o), >0,

hold. Furthermore, we derive explicit constants Ap () > 0 such that the (discrete)
Beckner inequality holds:

) rp@Eng (p) = ——£(p" \.p).  l<a=x2
a pa—

The Beckner inequality is related to the modified log-Sobolev and Poincaré
inequalities. Indeed, if « — 1, (7) becomes the modified log-Sobolev inequality
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with limy 1 Ap(e) = Ay and if @ = 2, (7) equals the Poincaré inequality with
AB(2) =2Ap. For 1 < a < 2, applying (7) to functions of the form 1 4 ¢f, per-
forming a Taylor expansion, and letting ¢ — 0 shows that A () <2Ap.

According to the above discussion, inequalities (5)—(7) are achieved by proving
(2), and the proof of this inequality is based on a discrete Bochner-type identity.
The idea to employ such an identity was first presented in [9], elaborated later in
[11, 19], and goes back to [8]. The identity is obtained by identifying the Radon-
Nikodym derivative of a measure involving the jump rates of the Markov chain
[9], Section 2. This allows one to relate terms with different orders of “discrete
derivatives” occurring in £. For details, we refer to Section 2. Our technique of
proving (7) is completely different from the work [6], where an iteration method
was used to derive discrete Beckner inequalities.

Fathi and Maas [19] extended the results of Caputo et al. [11]. The key idea of
[19] (and, by the way, of [28]) is the use of the logarithmic mean

pm — p(§)
log p(n) —log p(§)

in the analysis. The logarithmic mean allows for the discrete chain rule
p*Vlogp = Vp, where Vp(n,&) = p(n) — p(£), which naturally holds in the
continuous case. This chain rule is needed to treat the logarithmic entropy. In the
case of general convex entropies, it is natural to replace the logarithmic mean by

p(m —p&)
&' (pm) — ¢ (p&))’

which satisfies the discrete chain rule pV¢'(p) = Vp since p “approximates”
1/¢"(p). When ¢ = ¢, we obtain the power mean

501 g):a—l p(m) —p&)
’ a pmet —pE)* "

We remark that the idea to enforce a discrete chain rule is well known in the de-
sign of structure-preserving numerical schemes and was used, for example, in the
construction of entropy-conservative finite-volume fluxes [20] and in the discrete
variational derivative method [21].

The novelty of this paper is the identification of the conditions on ¢ that are
needed to apply the technique of [11, 19]. It turns out that, besides convexity of ¢
and the concavity of 1/¢”, the concavity of

p*(n.8) =

®) p(n,§) =

¢ convex,

l<a<?2.

s —t 1
P'(s) —¢' (1)’ 9" (s)’
is needed. This is not surprising since 6 (s, ) is a discrete approximation of 1/¢”,
and the concavity of 1/¢” is assumed in the continuous case. Conditions on ¢ that

guarantee the concavity of 6 are stated in Lemma 15. Both the logarithmic mean
and the power mean satisfy these conditions; see Lemma 16. The general theory

) O(s,t) = s F£t, O(s,s)=
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can be applied to birth-death processes, thus yielding new discrete convex Sobolev
inequalities. For other stochastic processes considered in this paper (zero-range
processes, Bernoulli-Laplace models, random transposition models), a homogene-
ity property of 6 is needed, which restricts the class of admissible functions ¢. It
turns out that the logarithmic mean and the power mean satisfy this property; see
Lemma 16. For the mentioned processes, new discrete Beckner inequalities are
derived.

The paper is organized as follows. We detail the Bochner—Bakry—Emery method
in Section 2. The validity of the discrete Beckner inequality (7) is reduced to the
validity of a modification of (2). In Section 3, we apply the general technique to
four stochastic processes (as in [19]): birth-death processes, zero-range processes,
Bernoulli-Laplace models, and random transposition models. Furthermore, the re-
sults for birth-death processes are applied to a finite-volume discretization of a
one-dimensional Fokker—Planck equation, yielding exponential decay of the dis-
crete entropy. The proof consists of a combination of the convex Sobolev inequal-
ity for birth-death processes and the results of Mielke [28], who proved exponential
decay for the logarithmic entropy.

Our main conclusion is that the Bochner—Bakry—Emery approach is sufficiently
flexible to be applicable to power functions and, in certain cases, to general convex
functions.

2. The Bochner method. Let an irreducible and reversible Markov chain on
a finite state space S be given and let 7 be the invariant measure. We write the
generator L in the form

Lfm =Y c.yIVyfm),

yeG

where G is the set of allowed moves (represented by functions y : S — §), the
mapping ¢ : S x G — [0, 00) represents the jump rates, and V,, f(n) = f(yn) —
f(n). We observe that the generator of every finite Markov chain can be written
in this form. We assume the following two properties: For any y € G, there exists
y~! € G satisfying y ~'yn =y for all n € S with ¢(n, y) > 0. Furthermore, the
reversibility condition

H[V;c(n’ y)F(n. y)] =ﬂ[y§c(n, V)F (yn, y_l)}

holds for all F : § x G — R. Under reversibility, the Dirichlet form can be written
as

1
(10) E(f.g)=5m

7| 2 v, s,

yeG

For the discrete Bochner-type identity, we suppose as in [11] the following.
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ASSUMPTION 1. There exists a function R : S x G x G — R such that:

i) R(n,y,8)=R(n,8,y)forallnes,y,secq;
(i1) for all bounded functions ¥ : S x G x G — R,

n[ > R(n,y,S)w(n,y,cS)] =n[ > R(n,y,é)w(yn,y”ﬁ)]-

7,.6€G y,0eG
(iii) yén=4&ynforallne S, y, e G with R(n, y,8) > 0.

The following lemma, which extends Lemma 2.3 in [11], was proven in [19],
Lemma 3.3. It expresses a discrete Bochner-type identity.

LEMMA 1. Let x,¥:S—> Randlet B:S x S — R be symmetric. Then
n[ S RO V,S)ﬂ(n,Sn)Vax(n)Vyt/f(n)}

y,6€G

1
= —n[ I y,awy(ﬂ(n,an)v,sx(n))vsvyw(n)].

4 y,0eG

The key estimate is contained in the following proposition that is an extension
of Theorem 3.5 in [19] from the logarithmic case to the case of general convex
functions.

PROPOSITION 2. Let ¢ € C*((0, 00); (0, 00)) be convex such that ¢(1) =
0, 1/¢" is concave on (0,00), and let 0, defined in (9), be concave. Assume
that there exists a function R satisfying Assumption 1 and define I'(n,y,8) =
c(n,y)c(n,8) — R(n,y,8) forne S and y, § € G. Then, for any positive proba-
bility density p,

T[Le (D) Lp + 9" (0)(Lp)*]

11
() zn[ > F(n,V,é)(Vm’(p(n))Vap(n)+¢”(p(n))Vyp(n)Vsp(n))]

y,0eG

REMARK 3. In Lemma 15 (see the Appendix), conditions on ¢ are stated
guaranteeing the concavity of 6. We introduce the following notation:

_ _ _ p@n)—pm)  Vsp(n)
(12 P dm =0lotn. pGm) = e (o) ~ Vst ()’
1 Vsp(me” (p(n))

(13)  Pi(n,8m) =3:0(p(n), p(8m)) =

Vs (o) | (Vsp'(p(m))?
(14)  pa(n, 8n) = :0(p(m), p(8n)) = p1(8n, n),

where 010 and 0,0 are the partial derivatives of 6 with respect to the first and
second variable, respectively.
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PROOF OF PROPOSITION 2. The first term on the left-hand side of (11) can
be written as follows, using the definitions of £, g, and I":

(o' Lol =n| 3 . yrean, 8>vy¢’<p>vap(n)]
~y,6€G

—x| 3 clr y)e(n. ). SH)Vytb/(p(n))Vatb/(p(n))]

~y,0eG

—x| 3 RG.y. 850, SU)Vyfﬁ'(p(n))Vm’(p(n))]

~y,6€G
+n[ )3 F(n,J/,S)ﬁ(n,5n)Vy¢/(p(n))Va¢/(p(n))}-
y,0€G

By Lemma 1 with 8(n, §n) = p(n, 6n), the first term on the right-hand side of the
previous equation can be rewritten, leading to w[L¢'(p)Lp] = A + A, where

1
A= —n[ S RO y,6>vy(ﬁ<n,8n)va¢/(p(n>))vavm’(p(n))},

4 y,0eG
A =n[ S T, y. )50, 877)Vy¢>/(p(n))Va¢>’(p(n))]-
y,0eG

Next, we reformulate the second term on the left-hand side of (11), using the
definitions of £, p1, and I":

(8" (0)(Lp)?] = n[ > e y)e, 3)Vyp(n)Vap(n)¢”(p(n))]

y,0€G

= 71[ > e ). OV, pm)pi(n, 377)(Vs¢>/(p(n)))2}

y,0eG

+n[ ) C(n,V)C(n,5)Vyp(n)V5¢/(p(n))]

y,8€G

:n[ S R(. y,awyp(n)ﬁl(n,6n>(va¢/(p(n>))2]

y,0eG

+n[ ) F(n,y,6>vyp<n>ﬁl<n,8n>(va¢/(p(n)))2}

y,0€G

+n[ ) c(n,y)c(n,swyp(n)vsd)/(p(n))]

y,0eG

=:B1+ B>+ (A1 + A2).
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Then the left-hand side of (11) is given by
T[LY' (D)L + " (p)(Lp)?] = (Bi +241) + (B2 +242),

and we will estimate B; +2A| and B + 2A; separately.
First, we treat By +2A». Inserting the definition of p(n, §1) and rearranging the
terms, we find that

By +24; = n[ > Ty, )i, anwyp(n)(w/(p(n)))z]
y,0eG

+ 2n[ S Ty, 850, SU)V;/(lJ/(p(n))Va(ﬁ/(p(n))}

y,0€G

= ¥ ro.r.9,0/6m) o]

y,0eG

+n[ ) F(n,y,8)vyp<n>v,sp<n)¢”(p<n>)},

y,0€G

which is exactly the right-hand side of (11). Thus, it remains to prove that B +
2A1 = 0.

To this end, we reformulate By, employing Assumption 1(i)—(ii) and identity
(14):

15  Bi=x| Y R(n,y,a)ﬁl(n,anwyp(n)(w/(p(n)))z}
~y,0eG

—x| 3 R.y. 85160, n)vyp(am(%1¢’(p(8n>))2}
~y,6€G

(16) x| ¥ ROy 950507, 061) (V0 (0))?],
~y,0eG

since Vs-1¢'(p(8n)) = —Vs¢'(p(n)). Averaging (15) and (16) gives

] i~y o~
B = 5”[ Y~ Ry, ) (@1(n,8m)Vy p() + P2(n, 81)Vy p(37))
y,6€G

x (%56 ()’

By (41) from Lemma 15 (see the Appendix) with u = p(yn), v = p(yén), s =
o (), and t = p(8n), it follows that

p1(m, 8m)Vy p(m) + p2(n, n)Vy, p(8n) >V, p(n, 6n),
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and we infer from the definition of A; that

1
By 424, > 5”[ S Ry, 8){Y, 501, 50) (Vs (p(1))?
y,0eG
(17)

9, (501 595 (1) V3,8 (o) |
The following identity has been used in the proof of Theorem 3.5 in [19]:
Y, 50, 50) (Vs () + Vo (B(n. 81) Vs () Vs Vyy ()

(18) = 5y, v (V, Vs (m)* = B, m) Vs (yn) Vs (1)
+0o(yn, syn) Vs (yn) Vs ().

It can be verified by elementary computations. Taking v () = ¢'(0(n)), the left-
hand side of (18) equals the expression in the curly brackets of (17), and we con-
clude that

1
By +2A; > 5”[ > R, V,S)ﬁ(yn,Vﬁn)(VyVad(p(n)))z}
y,6eG

1
— 37| & ROy 95050558 () (o) |

2 y,6eG

1
+37| 5 ROy 85 synVad (p(rm) Vi (o) |

y,0€G

It follows from Assumption 1(ii)—(iii) that the second and third term on the right-
hand side cancel. The first term being nonnegative, we infer that By + 2A; > 0,
which completes the proof. [J

The following corollary is a consequence of Proposition 2.

COROLLARY 4. Let ¢ € C*((0, 00); (0, 00)) be convex such that ¢(1) =0,
1/¢" is concave on (0, 00), and let 0, defined in (9), be concave. Suppose that
there exists a constant A > O such that for all positive probability densities p,

n[ S T . 8)(V, 8 (00D Vsp(n) +¢”(p<n))vyp(n)v5p(n))}
y,0eG
(19)

A
> 5”[2 cn, J/)quﬁ/(p(n))vyp(n)]-

yeG
Then the convex Sobolev inequality (4), the decay of the Dirichlet form
(20) E(@'(¢""p).eFp) <eMEW@ (p).p). >0,
and the decay of the entropy (6) hold for all positive probability densities p.
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PROOF. By Proposition 2 and representation (10) of the Dirichlet form, it fol-
lows from (19) that

7 [Le'(0)Lp] + w[(Lo)*¢" ()] = AE(@' (0). p)-
Taking into account (1), this inequality is equivalent to

1) dZEt¢( ) > kdEt‘p( )

— En —)—En .

dr2 ) = Ay B e
Using Gronwall’s lemma, we infer that 0 = lim;_, 5 (—0; Ent?} (pr)). Furthermore,
as 7 is an invariant measure, p; — 1 and Ent;(p;) — 0 as t — o0. Therefore,
integrating (21) over (0, 0co), we conclude that

, d
—E(¢'(po), po) = " Ent? (pg) < —AEnt? (pp),

and this is exactly the convex Sobolev inequality (4). [J

3. Examples. In this section, we consider some stochastic processes analyzed
in [11, 19] but for logarithmic entropies only. For birth-death processes, we are able
to allow for general convex entropies, while for the remaining cases (zero-range
processes, Bernoulli-Laplace models, Random transposition models), only power
entropies with ¢ = ¢, can be considered. The reason is that we need additional
features of ¢ that seem to be satisfied only under certain homogeneity properties.
These features are summarized in Lemma 16. Our notation follows that of [11].

3.1. Birth-death processes. We investigate birth-death processes on N =
{0, 1,2, ...} with generator

Lfm)=am)Vyfn)+bn)V_f(n), neN,

where a and b are nonnegative functions on N satisfying (0) = 0. The function a
represents the rate of birth, the function b the rate of death. The set of allowed
moves is given by G = {+, —}, where +(n) =n+1forne Nand —(n) =n — 1
for n > 1, —(0) = 0. In particular, V4 f(n) = f(n = 1) — f(n). According to the
notation of Section 2, c(n, +) = a(n) and c(n, —) = b(n).

Since we considered in the previous section finite state spaces, we need to as-
sume that the transition rates a(n) and b(n) vanish for sufficiently large values of
n, say n*, in order to fit into this framework. Another possibility is to consider
finitely supported test functions. According to [26], this case may be covered by
using the results of Daneri and Savaré [16]. We expect that the result below still
holds for countable Markov chains, but we leave the proof for future works; also
see [19], Remark 4.2.

We suppose that this Markov chain is irreducible and reversible, that is, there
exists a probability measure 7w on N satisfying the detailed-balance condition:

(22) am)r(n)=b(n+ Hr(n+1), neN,
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The following theorem is a consequence of Corollary 4, applied to birth-death
processes.

THEOREM 5. Let A > 0 and let ¢ satisfy the assumptions stated in Propo-
sition 2. Assume that a is nonincreasing and b is nondecreasing on {0, ...,n*},
and

an)—an+1)+bn+1)—bmn)
+0O(a(n) —a(n+1),b(n+1) —b(n)) > A

(23)

forall n € N, where
®(A, B) := infOQ(s, t)(AqS”(s) + B¢>”(t)), A,B=>0,
S, 1>

and 0(s, 1) = (s —1) /(@' (s) — ¢'(t)) for s # t. Then the convex Sobolev inequality
(5) and the decay estimates (6) and (20) hold with constant ).

The mapping ® generalizes the function in [19], Section 4.1. For the special
case ¢ (s) = pu(s) = (s* —s)/(¢ — 1) —s + 1, Lemma 18 in the Appendix shows
that ®(A, B) > (¢ — 1)(A + B). Moreover, ®(A, B) = A+ B if « = 2. Figure 1
illustrates the “sharpness” of the inequality ® (A, B) > (¢ — 1)(A + B) for « close
to one.

REMARK 6. Estimates for Poincaré inequalities for Markov chains are given
in, for example, [14, 15, 27]. The same criterion as in (23) was obtained in
[28], Theorem 5.1 and [19], Theorem 4.1 for the logarithmic entropy (o — 1).
From Lemma 18, we conclude that the Beckner constant can be estimated by
A>a(a(n) —an+ 1)+ b(n — 1) — b(n)). There exist sufficient and necessary
conditions on 7w and a(n) such that an interpolation between the Poincaré and
log-Sobolev inequality holds, but without estimates on the constant [31], Theo-
rem 6.2.4.

FI1G. 1. Ilustration of ©® (A, B), defined in (9), for « = 1.01 (left) and o = 1.8 (right).
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PROOF. We define as in [11], Section 3:
Rn,+,+)=amamn +1), R(n,—,—)=bm)b(n —1),
R(n,+,—)=R(n,—,+) =a(m)b(n).

This function satisfies Assumption 1. In particular, (ii) follows from the detailed-
balance condition (22). As before, we set I'(n, y, 6) = c(n, y)c(n,8) — R(n, y, 6)
for y, § € G. According to Corollary 4, we only need to verify (19). The left-hand
side equals

n[ S T, . 8)(Vyd' (0 () Vap(n) + vyp(nwap(nw”(p(n)))]

y,6eG
= z[a(n)(a(n) —a(n + D) (V4 (0(0) V4 0(m) + (Vo)) ¢" (0(n)))]
+ n[b(n)(b(n) —bn — 1))
X (V_¢'(0(n))V_p(n) + (V_p(n))*¢" (0 ()],

since the sum over all y, § € G consists of four terms (4, +), (—, —), (+, —),
and (—, +), and because of I'(n, +, —) =I'(n, —, +) = 0, only two terms do not
vanish. Now, we perform the change n — n + 1 in the second term and replace
w(n+ 1)b(n + 1) by w(n)a(n), according to the detailed-balance condition (22).
Observing that »(0) =0 and V_p(n + 1) = =V, p(n), this leads to

n[ S Ty, 8)(Vyd (p() Vap(n) + vyp<n>vap<n)¢”(p<n>))}

y,6eG

= rfam)(a(n) — a(n + D)(V4¢' (o) V4 0(n) + (Vo p(m)*¢" (0(n)))]
+mfa(n)(b(n + 1) — b(n))
X (V4 (p() Vo) + (Vo p ()¢ (p(n + 1)))]

=nla(n)(a(n) —an+1)+b(n+1) —b(n))Vid' (p(n))Vip(n)]
+rlam)((am) —am+ )¢ (o) + (b(n + 1) — b(n))¢" (p(n + 1)))
X P, + DV (p(0) Vip(n)]

> hr[a(n) V4 (0 () V0 ()],

where in the last step we employed (23). Using again the detailed-balance con-
dition (22) and the identity V_p(n) = —V_p(n — 1), the right-hand side of (19)
becomes

A
27| X ey, ()9, 000 |

2 yeG

)\' / )\' /
= Za[am) V¢ (p(m) Vap(m)] + S [b) V-9 (0 (1)) V-p ()]
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)\' / )\’ /
= S7[am V' (M) Vap )] + Sa(m Vod! (o) Vi p(m)]
= A [a(m)Vi¢'(p(n))Vyp(n)].

Combining the above computations, inequality (19) follows. [J

3.2. Zero-range processes. A zero-range process describes a stochastically in-
teracting particle system that may exhibit phase separation; see, for example, [17].
The system consists of finitely many particles moving in a finite number of sites
{1,2,..., L}. We adopt the notation of [11]. Let n, € N denote the number of par-
ticles at x € {1,2,..., L}. Then the state space is S = NL. The configuration is
changed by moving a particle from an (occupied) site x to another site y. Corre-
spondingly, the set G of allowed moves is given by self-mappings of S which are
of the form n +— n*>, where x, y € {1,2,..., L}, x # y, and

7, if z ¢ {x,y}orny =0,
Y =1{n,—1  forz=xandn, >0,

n:+1 for z =y and n, > 0.

We denote by xy the mapping n > n*” [such that xy(7) = n*]and set Vyy, f () =
f) = f(n) fornes.

The jump rates are functions ¢, : N — R4 for x € {1,2,..., L} satisfying
¢x(0) =0 and c;(n) > 0 for n > 0. They describe the rate at which a particle is
moved from site x to site y, with randomly chosen y, with uniform probability on
{1,2, ..., L}. Then the rate c(n, xy) for moving a particle from x to y is ¢, (nx)/L,
and the generator of the Markov chain becomes

1
Lfm)= z Zcx(nx)vxyf(n),
x’y

where the sum extends to all x, y € {1,2, ..., L}. The number of particles N =
> 1<x<L Nx is conserved. We define the probability measure 7y on configurations
with N particles by

(R
N = —— :
Zn Q,El cx (k)

where Zy > 0 the (finite) normalization constant. Since

(24) wlex(ma)gm] =7 [cy(ny)g(n”™)]

holds for all functions g : § — R, the Markov chain is reversible with respect to
. In the following, we fix the number of particles N and omit the subscript N.
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THEOREM 7. Let ¢(s) = (% —s)/(a —1)—s+1and 1 <o < 2. Assume
that there exist constants 0 < 8 < 22~%¢ such that

(25) c<cy(n+1)—cy(n)<c+5$ forxe{l,2,...,G},n>0.

Then the Beckner inequality (7) and the decay estimates (6) and (20) hold with
r=ac— (3+2%2—q)s.

REMARK 8. In the case of constant rates, the spectral gap is of the order of
Lz/(L2 + N?) [30]. Note that our bound A = 2(c — 8) for & = 2 does not depend
on either L or N. It was shown in [9] that the lower bound in (25) is sufficient
to derive the spectral-gap estimate A > c¢. In the homogeneous case § = 0, we
have even A = 2c¢. As pointed out in [11], a condition on the growth of the rates is
necessary for the modified logarithmic Sobolev inequality. Our bound A = ¢ —56/2
for « — 1 is the same as in [19], Theorem 4.3.

PROOF. We define as in [11], Section 4, the function

R, xy, uv) = L cx (M) cu(Mu) for x #u,
e L? lex(no)eu(nu — 1) for x = u,

which satisfies Assumption 1. It follows that I'(, xy, uv) =0 if x £ u and
L(p,xy, uv) = L 2ex () (ex () —ex(nx = D) if x =u,

and the left-hand side of (19) can be written as

n[ )3 F(n,y,a)(vyp“—l(n)vgmm+<oe—1>vyp<n>vsp<n>p“—2<n>)]
y,0€eG

1
- ﬁn[ S ce(10)(ex 1) — 2 (s — 1))vxvp“—1(n>vxyp(n>]

X,Y,V
a p—
L2

1
+ n[ S e ) (ex(n) — ey — 1>)vxyp(n)vxvpm)p“—%n)}

X,y,V
=C; + C,.
For future reference, we denote the right-hand side of (19) (without the constant A)
by
1 _
A= —n[z (1) Viy 1<n)vxyp<n)]
2L LT S

The estimate of the term C; is similar to El (p, ¥) in the proof of Theo-
rem 4.3 in [19] [take ¥ () = p*~!(n)]. First, we interchange y and v and then
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use Vo l(n) = xy,o“_l(n) + Vyv,o"‘_l(nxy) as well as the lower bound
cx(my) —cex(ne — ) > c:

1
C = ﬁn[ S e (1) (ex 1) — ex (g — 1)

X, Y,V

26) X (Vo™ )+ 300%™ (1)) Vs, 0) |
1
>2cA+ ﬁn[ Z Cx(nx)(cx (Mx) —cx(nx — 1))Vyv:0a_l (ny)vxyp(n)]-
X, Y,V

Note that the term involving Vi, %~ 1(n) does not depend on v, so the sum over x,
v, v equals L times the sum over x, y. Employing the reversibility condition (24)
and exchanging x and y in the second term yields

Ci1>2cA

1
@)+ | X e - e ln = D)Vt Vol |

X,y,V

1
—2cA - ﬁn[ S ee(n0) ey Gy + 1) — cy(ny»vxvp“—l(n)vxypm)]

XY,V

We average (26) and (27) and employ again the identity ny,o“_l(n) +
vyt)IOOH1 ) = vxvloah1 (n):

1
Ci=cA+ m”[ S e ) (ex(m) — ex (e — D) = (ey(ny + 1) — ey (1))
X,y,V

< vxvp“—l(nwxyp(n)].

Setting Co := (cx(x) — cx(nx — 1)) — (¢y(ny + 1) — cy(ny)), the bounds (25)
imply that |Co| < §. Hence, by Young’s inequality,

CoVaup® 1 () Viyp ()
= Cop(n, 1) Vaewp* L () Vay 0~ L (1)

1
> —51ColP(n, ) (Vay 0% ) + (Vw0 ()?)
I}
> —E(VWp(n)vxyp“—l(n) + (Vo0 L) B (0, ™).
This yields

) 1)
(28) Cl > (C — 5)14 — mn[ Z Cx(ﬂx)(vxvpa_l(n))zﬁ(”’ ny)i|.
X,y,V
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Next, we rewrite B = (C, — C1)/2. By definition (13) of p and the reversibility
condition (24),

1
B= mn[ Y cx ) (ex () — ex(nx — 1)

X,y,V

X (Vay 021 ()51 (1, rz”)vap(n)}

1
= 57| 2 estmletn+ 1) = euta)

X,y,V

X (s 7)1 % 1) Vo ()|

1
= ﬂ”[ > e (ey(ny + 1) — ey(y))

X, Y,V

X (Tay o ) 22l 1) (0 ) = () |

In the last step, we interchanged x and y and used the identity p1(n*,n) =
02(n, ). Averaging the expressions for B involving p; and p; gives

1
B = 4L2 [Z Cx(nx)(ny,Oa_l(77))2:0(77”)

X, Y,V

X ((cx(nx) = cx(nx — D)p1 (0, 1™) + (cy(ny + 1) — ¢y (ny))p2(n, n* ))}

1
- m”[ S e 1) (Vo ()

X,y,V

X ((Cx(nx) - Cx(nx - 1))1’0\1 (77, ny)P(ﬂ)

ey ny + 1) — ey ()2, nxy>p(nxy>)}
= B + B;.

The term B is estimated by using condition (25) (note that py, 0 > 0 since 6 is
nondecreasing in both variables) and then employing the assumption ¢ > 272§
and interchanging y and v:

Bi > én[ 37 ex ) (Vayp® " )20 (™) (51 (0, 1) + P2 (1, n”))]

X, Y,V

2a—2
>
— 412

n[ 3 ) (Ve ) (1) (51 (1. 1Y) + B2 (n, nx”))}

X, Y,V

= Bj.
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We employ condition (25) once more and Lemma 17(i) (see the Appendix) to

estimate Bj:
c+3$6

By, > — 102 T

[ 3 ) (Vay o™ )2 (31 (0, 1) 0 () + B2, nxy)p(nxy))}

X,y,V

2~ 05)77|: Z Cx(ﬂx)(nypa_l(n))zﬁ(ny UXy)]

X,Y,V

c+46
412

= —%(2—a)(c+8)A.

Consequently,
(29) Bz—%(Z—a)(c+8)A+B3.
We add (28) and (29):
Ci+B> (c— % - %(Z—a)(c+6))A+B4,
(30)

1) ~
where By = B3 — 4—27r[ > cx () (Vo™ () B (n, ﬁxy)]
L X,y,V

We wish to estimate B4 from below by a multiple of A. To this end, we employ
the reversibility and interchange x and v in the second term in By:

7T|: Z Cx(’?x)(vxvpa_l(n))zﬁ(nv ny)}

X,Y,V

— JT[ > ) (Veur® (™) A", nvy)}

X,Y,V
= n[ 3 () (Ve L) (7, n"y)].
X,Y,V

Then, averaging those two expressions for By that involve p(n, n*”) and p(n*",
),

By

= o737 | & (T )@ o) @i (00™) + 22007 |

X, Y,V

[ et Taar )00 17) + o 1) |

X,y,V

e
We employ Lemma 17(ii) in the form
2" o™ N (B1(n. ) + B2 (0, ) — (B0, ™) + B, ™))

> _201—1,6(77’ nxv),
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which leads to
a—1

el
4

By > —

Y A.

8
n[ 3 ) (Va0 ) B, n“)} =-

X,y,V

Finally, by definition of B,
Ci+C2=2(Ci1+B)>(2c—8—2—a)(c+3) — 2"‘_28)A =)\A.
This shows (19), and an application of Corollary 4 completes the proof. [J

3.3. Bernoulli-Laplace models. We consider again a system of particles mov-
ing in a finite set of sizes {1,2, ..., L} but in contrast to the previous subsection,
we assume that at most one particle per site is allowed, that is, § = {0, l}L . The set
of allowed moves is G ={xy :x,y e {1,2,..., L}, x # y}, and the moves are of
the form xy : n — n*¥ for n € S, where n*¥ = n if n,(1 — n,) = 0 and otherwise,

77z lf < ¢ {x7 )’},
Y =10 for z = x,

1 forz=y.
We associate to each site x a Poisson clock of constant intensity A, > 0. When
the clock of site x rings, we choose randomly a site y. If n, =1 and ny, =0
[i.e., if ny(1 — ny) = 1], the particle at x moves to y; otherwise [i.e., if (1 —
1y) = 0], nothing happens. Therefore, the transition rates are given by c(n, xy) =
(Ax/L)ny(1 —ny), and the generator reads as

1
Lfm=— Y kene(l—ny)Viyf(n),
L

xyeG

where, as in the previous subsection, V,, f(n) = f(n") — f(n).
Let N < L be the number of particles in the system. There exists a unique
stationary distribution 7y, which is given by [11], Section 5

1 L 1 \"™/ 1=
N (n) = I1 ( ) < . ) :
ZLJVX:I 14+ Ay 1+ Ay

where Z; n > 0 is a normalization constant. In the following, we write 7 instead
of m, as the number of particles is fixed. Reversibility holds for i, and it reads as

G31) n[ 3 c(mxy)F(n,xy)] =n[ 3 c<n,xy>F(n”,yx)}

xyeG xyeG

for arbitrary functions F': S x G — R.
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THEOREM 9. Let ¢(s) = (% —s)/(x — 1) —s+1and 1 <a < 2. Assume
that there exist constants 0 < 8 < 22~%¢ such that

(32) c<Ar<cH+é forxe{l,2,...,L}.

Then the Beckner inequality (7) and the decay estimates (6) and (20) hold with
A=ac— (% 42973 _ )8,

REMARK 10. For the modified log-Sobolev inequality, the bound in [11] reads
as A = ¢ — §, and the bound in [19] equals A = ¢ — 76/4 (for § < 4¢/7). Our result
coincides with that in [19] for « — 1. In [22], the bound 1 < A <2 was proved in
case ¢ = 1, § = 0. Further bounds, depending on L and N, were collected in [6],
Examples 3.11.

Concerning the Beckner inequality, Bobkov and Tetali [6], Section 4, derived
for the homogeneous case ¢ = L/(N(L — N)) and 6 = O the constant A > o (L +
2)/(2N(L — N)). Our constant A = (¢L — 20 + 4)/(N(L — N)) (see the proof
below) is larger for L > 2 and all 1 < o <?2.

PROOF. We need to verify the condition in Corollary 4. As in [11], we choose

R(n, xy, uv) = LA he (1 = )1 — 1) for |{x, y,u, v}| =4

and R(n, xy, uv) = 0 otherwise. The notation |{x, y, u, v}| = 4 means that the four
variables are pairwise different. Then I'(n, xy, uv) =0 if |{x, y, u, v}| =4 and

C(n, xy, uv) = L2 A hunx (1 — 0y)nu (1 — 1)

otherwise. The sum of I'(n, y, §) over y, § € G in the left-hand side of (19) van-
ishes if (x,y,u,v) are pairwise different. Therefore, the sum consists of three
terms: (y,d8) = (xy, xy), (y,8) = (xy,uy), and (y,8) = (xy, xv), and it follows
that

n[ Y T, y.8)(Vyp* ') Vsp(n) + (o — I)Vyp(n)Vap(n)p“_z(n))]
y,6€G

1 _ _
=§n[2xivxyp“ VoD + S AekaVeys® ) Vuyp ()
Xy |{xsyiu}|:3

+ Z )\,%nypal(n)vxvp(n)]
l{x,y.v}|=3

a—1
L2

+ n[ZAivxypm)vxyp(n)p“—z(n)
X,y

+ > A Vayp (D Vayp () p* ()
[{x,y,u}|=3
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+ Z )52; nyp(n)vxvp(ﬂ)/)“_z(ﬂ)]
[{x,y,v}=3

=C1+4+ C,.

Observe that the right-hand side of (19) (without the constant A) reads as

1
A= 5”[2 c(n, V)Vypa_l(ﬁ)vyp(ﬂ)]
(33) yeG

1
= —jT|: Z )»xvxypa_l(ﬂ)vxyp(n)],

2L xyeG

since Vyyp(n) = 0 whenever n,(1 — ny) = 0, so the factor n,(1 — n,) can be
omitted.

As in the previous subsection, we estimate B = (C, — C1)/2, recalling defini-
tion (13) of py:

1 _ ~
B= ﬁ”[zki(vxyp“ ')*pi(n, nxy)nyp(")}
‘x’y

1
+m”[ > Axxu(vxyp“—l(m)zﬁl(n,n”)vuypm)}
(34) 1 [{x,y,u}|=3
+@”[ > li(nyp"‘_l(n))zﬁl(n,nxy)vap(n)]

l{x,y,v}=3
= B1 + B, + B3.

The estimations of By, By, and B3 are tlle same as in the proof of Theorem 4.6
in [19] after taking ¥ () = p*~1(n) in Ba(p, ¥). The key point is the use of
Lemma 17(iii). In contrast to [19], the factor 2 — « appears. Therefore, follow-
ing [19] and taking into account (33), we conclude that

)
Bi>—2—-w)A,
1> 2L( a)

B> > —iL(N —D(c+8)2—-)A,
(35)

B3> é”[ Z Axny (1 — ny)(l - nv)(nyﬂa_l(n))zp(U”)

Hx.y,v}=3
o~ Xy -~ X 1
X (Prln ™) + palon. ) | = 51 (L= N = Dic+9)@ - ).

Since we assumed that § < 22~%¢, we can estimate the factor in the first term of
B3 by ¢/(4L?) > 29748 /L2,
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Next, we estimate C1. This expression consists of three terms. We interchange
x and u in the second term and y and v in the third term. Then C; = B4 + Bs5 + Bg,
where

1 B —
By=—57 Y A Vayp () Viy p l(n)],
L,y
1 T —
Bs = ﬁn Z Axdu Viy p (1) Viy p* 1(77):|’
“Hx,y,u}|=3
1 T _
Bg = ﬁﬂ Z )\)chxyp(n)vxvpa 1(7’):|
“lx,y, =3

By condition (32), B4 > (2c/L)A. The term Bg is estimated by employing the
reversibility (31), averaging, and using (32), similar to the estimate of Jg in the
proof of Theorem 4.6 in [19]. The result is

1
Bo = o7 (L—N—1)2c—8A - Br,
(36)

where B7 =

mﬂ[ Z )anx(l — ny)(l — nv)(vaPa_l(U))zﬁ(U, Tlxy)i|.

l{x,y,v}=3
Similarly, replacing v (17) by p*~!(5) in Js in the proof of Theorem 4.6 in [19],
we have Bs > (c/L)(N — 1)A.
It remains to rewrite By. For this, we employ the reversibility, average the orig-
inal and the resulting expressions, and interchange y and v. This yields (see the
computation of J7 in [19])

)

B7=mﬂ

[ S ene( =) (1—ny)

[{x,y,v}=3

X (Vay 0t ) (B(, ™) + p(n, '7”))]-

Combining estimate (35) for B3 and (36), together with the above estimate for By
and applying Lemma 17(ii), we infer that

B3 + Bg
1
> E(L —N—D(ac—B3—a)d)A

) _
+ @n[ Z Axnx (1 =ny)(1 — nv)(ny,o“ 1(’7))2
[{x,y,v}|=3

x (2 p () (@1 (n, ™) + P2(n, ) — B ™) + B (r, ”)))}

1 a—1
EE(L—N—l)(Zac—ZG—a)S—Z B)A.
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It remains to summarize the estimates:

Ci+Cr=2B+2C; =2(B1 + By) +2(B4 + Bs) +2(B3 + Bg)
. e-w

2
B+ (N—=D(c+8))A+ Z(2c + (N —1)c)A
+ %(L — N —D(2ac—2(3 —a)§ —2%715)A

1
= Z((aL +4 —2a)c

+ (@ =22 =3)L+ (1+2°2)N + (3+2°72 —a))s)A.

Arguing as in [19], we may suppose that N > L /2. Because of 4 — 2« >0, (1 +
29 N/L > (142%72)/2,and 3 + 2472 — > 0, we infer that

1 5 w3
C1+Cr> (z(aL+4—2a)c+ <0{—§ -2 )8)A

> (ozc— (% + 2073 —a>8>A

which completes the proof. [J

3.4. Random transposition model. The random transposition model is a ran-
dom walk on the group of permutations. Let S, be the set of permutations on
{1,2,...,n} and T, the set of all transpositions in S,. Given 1 <1i, j <n, we de-
note by 7;; € T, the transposition that interchanges i and j, that is, 7;; (i) = j,
7;;(j) =i, and 7;;(k) = k for k # i, j. The composition of two permutations o7,
07 € S, is denoted by o107.

We define a graph structure on the group S, by saying that two permutations are
neighbors if they differ by precisely one transposition. Thus every vertex o € S,
has (5) = n(n — 1)/2 neighbors given by {7;;o}1<; j<u, and the set of edges is
E, ={{o,1j0}:1<i,j <n,o€S,}. Wewrite 0 < 7o if {0,170} € E,. The
random walk on (S,, E,) is then defined by the transition rates c(o, t) = 2/(n(n —
1)) if 0 < 7o and c(o, T) = 0 otherwise. The generator of the Markov chain reads
as

2

ﬁf(0)=n(n_1)

Z vff(0)7

tely,

where V; f(0) = f(t o o) — f(0). The uniform measure 7 (o) = 1/n! for all
o € 8, is reversible for the above transition rates c(o, 7). To simplify the notation,
we write V;; =V, if T =15, 0;; =T;j00 and 0jjy =Tjj o Tjp 0 0.

THEOREM 11. Let¢(s)=(G*—s)/(a—1)—s+1and1 <o <2.Forn > 2,
the Beckner inequality (7) and the decay estimates (6) and (20) hold with constant
Ar=8/(n(n —1)).
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REMARK 12. Diaconis and Saloff-Coste [18], Section 4.3, report that the
logarithmic Sobolev constant satisfies the bounds 1/(Bnlogn) <A <1/(n — 1);
also see [22], Theorem 1. Our bound is worse by a factor of 1/n. The bound
A>a(m+2)/(n(n — 1)) was derived in [6], Section 4. It is usually better than our
bound A = 8/(n(n — 1)); for very small numbers of n [namely n < (8/a) — 2], our
result is superior.

PROOF. The right-hand side of (19) (except the factor A) can be written as

1 "
A= m”[g Voo 1(0)Vrp(a)}
(37) 1 n
[ oa—1 B
" 2n(n— l)n[; Vijp (U)Vup(U)}

where the factor 1/2 takes into account that every transposition (i, j) is counted
twice. As in [19], Section 4.4, we define R(o, (i, j), (k, £)) = 4/(n*(n — 1)?) if
{i, j, k, €} =4 and R(o, (i, j), (k, £)) =0, otherwise. Then I'(o, (i, j), (k, £)) =
0if |{i, j, k, £} =4 and

Llo G 1, 0) =505

otherwise. The left-hand side of (19) then becomes

7| E Ty 8V, 07 0)Vsp(0) + @ = 1Y, V50000 20|
Y,0
2 a—1
= | L VT @ Vip()

= T
207 — 1)2
n“(n—1) oy

+2 ) vijp(a)vikp“—l(a>}
I{i,j.k}=3
2(a — 1)
/T
nZ(n —1)2

| Vip@)Vip (@) @)
i#]
F2 Y Vp@)Vip@)r )|
i, j,k}|=3
=C1 4+ C,.

The expression C can be estimated exactly as in the proof of Theorem 4.8 in [19]
using the reversibility and averaging [see the estimate for B (p, 1) for ¢ = P21

2 1
[ ) (p“_l(mj)—p“_l(o))zﬁ(oik’ﬂijk)]

— T
_ 2 _ 2
n—1 2 =D L =3

Ci >
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We estimate now B = (C> — Cy)/2:
1

= mn[Z(Vup“‘1<a))2v,-jp<a)ﬁ1 (0, 0j)

i#]

2 % (v,-kp“—l(o))zv,-,-p(o)m(a,o,-k>].
i, j,k}=3

Arguing as for Ez(,o, ¥) with ¢ = p®~! in the proof of Theorem 4.8 in [19], it
follows that
1
B= s ="

x [ S (Vi ) (00051 (0, 03) + p(0ij0) Ba(o m,-))]
i, j.k}|=3

1
T R2a—12"
x [ S (Vi )2 (0(0)51 0. 03)) + ploi) Ba(o oi,,-))]
i, j.k}|=3
1
T o= 12"

— 2 ~ ~
[Z(Vup“ Y0))*Vijp(0)(p1(0, 01j) — pa(o, Uij))]
i#]
= B + B + Bs.
Property (iii) of Lemma 17 (applied with A1 = A = 1) implies that B3 > 0. Com-
bining B and B;, we can apply Lemma 15 with s = p(0), t = p(0i;), u = p(0jk),
and v = p (0 k), leading to

B>Bi+ B> [ > (Vi @)} oijp) - Plo, GU))]

I{i,j.k}=3
[ > (Vz’jp“_l(a))zﬁ(oik, Uijk):| -
I{i,j,k}=3
Adding the estimations for C| and B, one term cancels and we end up with
2 2(n —2 8
_ 2(n )) A8 4
-1 n(n-—-1) nn—1)

2n—12"

1
C n2(n— 1)27[

2(n —2)

—A.
nn—1)

Ci+Cr,=2(C1+ B) ZZ(
n
This completes the proof. [
4. Application: Finite-volume discretization of a Fokker—Planck equation.

The Bakry—Emery method has been originally applied to Markov diffusion op-
erators or associated Fokker—Planck equations, and the exponential decay for the
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probability densities with an explicit decay rate was shown. In numerical anal-
ysis, the aim is to prove this equilibration property for numerical discretizations
of Fokker—Planck equations. As these discretizations can, at least in some cases,
be interpreted as a Markov chain, one may apply Markov chain theory to achieve
this goal. This was done by Mielke [28], Section 5.3, to prove exponential decay
of the logarithmic entropy for a finite-volume approximation of a Fokker—Planck
equation. The proof is based on diagonal dominance properties of the matrices
appearing in (2). Our aim is to extend the exponential decay to power-type en-
tropies by combining Mielkes results and the estimate for birth-death processes
from Theorem 5. As a by-product, this provides an alternative proof for the case
o — 1 without using matrix algebra.

More specifically, we consider a finite-volume approximation of the one-
dimensional Fokker—Planck equation:

(38) Ot = 3y (Oxu +uo, V), t>0,u(-,0)=upin R,

where u(x,t) describes some probability density and V (x) is a given potential
satisfying e~V € L'(R). It holds that Jru(x,t)dx = [puo(x)dx for t > 0, that
is, mass is conserved. We introduce the uniform grid x, = n/N, n € Z, where

N e N. The quantity # = 1/N is the grid size. The Fokker—Planck equation has
the unique steady state 7 (x) = Ze~V®, where Z > 0 is a normalization constant.

The symmetric form of (38),
u
dyu = 0, <718x (_))
T

motivates the following numerical scheme. We integrate this equation over
[Xn—1, xn]:

d 1 1 w(-, 1) Tn
4z dx = |7, .
arn ), D h[” ( - )xnl

We choose u, to approximate /" u(-,x)dx/h, m, = [;" m(x)dx/h, and the

X, X,

numerical flux g, to approximate h 7o, (u /m)](x,). We choose as in [28]

Kn ((Un+1 Up 1/2
Qn:_2< __>’ kn = (TnTTn+1) /2,
h= \ 1,41 Tn

Setting p, = u, /m,, the numerical scheme reads as

K Kn—1
hz—n(pn-i—l — pn) + n—(pn—l — Pn)
Tn n

1
0 = — — _1) =
t On T (Qn qn-1) hzﬂ,
=a(n)Vypy +b(n)V_py,

where we employed the notation of Section 3.1 and a(n) = «,,/ (hm,), b(n) =
kn—1/(h*m,). The right-hand side can be interpreted as the generator of a birth-
death process on Z. The initial datum is given by p,(0) = u,(0)/m,, where
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u,(0) = f;,",l u(x,0)dx/h. According to [11], Section 3.5, the results of Theo-
rem 5 still hold in that case, and the assumption b(0) = 0 is clearly not needed.
The entropy is given by

Ent® (o) — Pn — Pn
nt; (,O)—Zﬂn T—Pn‘f‘l

nez

1
= Z”n(p;?_l)v
a—1 nez

where p = (pp)nez, | <o <2, since conservation of mass implies that ), 7,0, =
> Tn-
THEOREM 13. Let V € C?([0, 1]) and V" (x) > A > 0 for x € [0, 1]. Then
Ent? (p(1)) < Ent?* (p(0))e 2!, neN,
where A, =2h~2>®(h*A/8) and

3erf(s) — erf(3s)

2\ _
) = 2erf(s)

2 s
with erf(s) = —/ e_t2 dt
VpJo

and p = 3.14159... is the number pi (to avoid confusion with the invariant mea-
sure 7). Moreover, the following discrete Beckner inequality holds:

o _
2An Z”n(pn P _pn+1>
oa—1
nez
1 Z «/anJr]nn

Ol_lneZ

,1+1 - ,0n )(/)n—l—l — Pn)-

REMARK 14. We remark that A5, /' A as h — 0 [28], Corollary 5.5. Thus, the
decay rate is asymptotically sharp. A modified log-Sobolev inequality with con-
stant A for a finite-difference approximation was proved in [25] for A-log-concave
potentials by translating the Bakry—Emery condition to the discrete case.

PROOF. Note that a(n) and b(n) satisfy the detailed-balance condition (22).

The proof is a consequence of Theorem 5 and the results of Mielke [28], Section 5.
In particular, he has shown that (1 — Ap)m, > /7T, 17,+1- Consequently,

Tyl a0 T 1

a(n) —an+1) nt nt > An nt
TTn+1
7Tn—1

7Tn+] Ty 7Tn+1

b(n+1) —b(n) =



2264 A.JUNGEL AND W. YUE

Using Lemma 18 and the relation between the arithmetic and geometric mean, it
follows that

an)—am+1)+bn+1)—bn) + ®(a(n) —a(m+1),b(n+1) —b(n))
>a(a(n) —a(n+1)+bn+1)—b(n))

> 20,/ (a(n) —a(n + D)) (b(n + 1) — b(n) = 2aks.

Applying Theorem 5 completes the proof. [

APPENDIX: PROPERTIES OF THE MEAN FUNCTION

We show some properties for

s—t
P'(s) —¢'(1)’
with O (s, s) = 1/¢”(s). This function is symmetric and, if ¢ is convex, positive.
For the following lemma, we introduce for 0 < s, < oo,

Y(s,0)=(¢) " (1 —m)¢'(s) + mg' (1)), O0<m=<1.
We set Y1 =9Y/ds, Y» =0Y/ot, Y11 = 92Y/ds2, etc.

39) O(s,t) = O0<s,t<o00,s #t,

LEMMA 15 (Concavity of 8). Let¢ € C*((0, 00); (0, 00)) be convex such that
$(1) =0, and 1/¢" is concave on (0, 00). If 3 (s) <0 for s > 0, the function 6,
defined in (39), is nondecreasing in s and in t. Furthermore, if additionally

40) Y1 <0, ¥Yn<0, YnYn>=Y, o in(0,00%me(0,1),
then 0 is concave. In this situation, it holds that for all u, v, s, t > 0,

41) O(u,v) —0(s, t) <010(s,t)(u —s)+ 020(s, 1) (v —1).

PROOF. The function 6 is nondecreasing in s if and only if 916 (s, ) > 0. Since

¢'(s) = ¢'(t) — (s —1)9" (s)
(@'(s) — ¢'(1))? ’
it is sufficient to prove the nonnegativity of G (s, ) = ¢'(s) — @' () — (s — )" (s).
By assumption, the derivative ;G (s, t) = —(s — t)¢(3) (s) is nonpositive for s €
(0, t) and nonnegative otherwise. Then G (s, t) > G(¢,t) = 0, and the conclusion
follows. The monotonicity in the second variable is shown analogously.
For the proof of the concavity of 8, we observe that

0(s, 1) =

1
0(s. 1) = fo (@)Y (1 = m)¢'(s) + m () dm.
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Thus, the concavity of 0 is equivalent to that one of

1
" (Y (s,1))
for any m € (0,1). Let 0 < s, < 0o and 0 < m < 1. We claim that if ¢ <0
and (40) holds, then F is concave. For this, it is sufficient to prove that Fj; =
82F/8s2 <0, Fpp = 82F/8t2 < 0, and the determinant of the Hessian of F is
nonnegative. Because of (40) and ¢”(Y) > 0, 3 (¥Y) <0, and (1/¢”)"(Y) <0,
we obtain

F(s,n)=((¢)7") (1 =m)$'(s) + m¢' (1)) =

$PW) o L eVX)? L, 9D)
g2 Ty T gy

(¢”) ()Y - o ? Wy <o,

11 ==

¢//(Y)2
¢(3)(Y)
Fr = y2_ 970, 0.
2 <¢//) (V)Y TR 0 <
Then, using the assumptions and
¢(4)(Y) ¢(3)(Y)2 (]5(3)(Y)
Fo=Fy=—— - shht2—oshlh— s Y
12 21 ¢"(Y)? 112 ¢"(Y)3 112 5 (YV)2 12
1\"” ¢(3)(Y)
(¢”) ()1 ¥ — ¢//(Y)2 Y12,
Y1=(1_m)¢(s)20, Y2=m¢(t)z ’
¢//(Y> ¢//(Y)
()" ()3
Y12 =—-m(1 —m)¢ ()¢" ()¢ (¥) -0

¢//(Y)3 -

it follows that

pDM)\? >

Fiwy) v
D)
d)// (Y)Z

Finally, inequality (41) follows after Taylor expansion and taking into account the

concavity of . [

F11F22—F122:(

<¢>”) (Y)(2Y1 Y2 Y12 — Y{Y2 — Y3Y11) > 0.

We claim that the assumptions of Lemma 15 are satisfied for the power mean

9 a—1 s—t | )
(s, 1) = P <a<?2.
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LEMMA 16. Let 1 <« < 2. The function 6y is C*°, symmetric, positive, in-
creasing and concave on (0,00)%. Furthermore, 0y and its first partial deriva-
tives are positive homogenous, that is, 8y (As, At) = A2, (s, 1), 0104 (As, A1) =
AMT29104 (s, 1), and 204 (As, At) = A1 "%3204 (s, t) forall s,t > 0 and X > 0.

PROOF. The regularity, symmetry, and positivity of 6, follow from elementary

computations. The monotonicity follows from ¢¢§3) (s) = a(o — 2)s* 3 < 0 for
s > 0. To show that 6, is concave, we verify the conditions of Lemma 15. We
compute

Y(s,1)=((1-— m)s*! _|_mta—1)1/(oc—1)’
Yii(s.0) = =m(1 —m)2 =) (s)* Y (s, 1> 721,
Yoo (s, 1) = —m(1 —m)(2 — &) (s)* Y (s, )3~ 22,
Yia(s, ) =m(1 —m)(2 — a)(st)? 3 (s, 1) %1,

and it follows that Y11 <0, Y25 <0, and Y1Y2) — Y122 =0. O
We prove more properties of 6y, needed in Sections 3.2-3.4.

LEMMA 17 (Properties of 6,). Let 1 <« < 2. The function 6,, satisfies for all
r,s,t>0and Ay, Ay > 0:

(1) $0104(s,1) + 10264 (s,1) = (2 — )0y (s, 1);
(i) 29717 (3164 (s, 1) 4 3200 (s, 1)) — B (r, 8) + O (r, 1)) = =291 (s, 1);
(i) A10164(s,1)(s —1) = 22320 (s, 1) (s — 1) < (2 — @)A1 — A2[0u (s, 1).

PROOF. Identity (i) can be obtained by an elementary computation. The proof
of (ii) is similar to the proof of Lemma A.2 in [19]. Indeed, setting u = s/r and
v =1t/r and using the homogeneity properties of 6, and its first partial derivatives,
inequality (ii) is equivalent to

2% 71010, (1, v) + 026, (1, v)) — (Bu (1, 1) + 6,(1,v)) = =216, (u, v).

This inequality follows from the concavity and the (2 — «)-homogeneity property
of 6, and from (i):

272
=219, (u+1,v+1)
< 2%V (g (1, v) + 316 (u, V) + 3205 (u, V).

1 1
9a<1,u)+ea(1,v>szea<”+ vt )
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Finally, by property (i),
A1016u (s, 1) (s — 1) — 120204 (s, 1)(s — 1)
< max{ii, A2} (50164 (s, 1) +10204(s, 1))
— min{Ay, 22} (20164 (s, 1) + 50204/ (s, 1))
=max{i1, A2}(2 — a)bq (s, 1) —min{i1, A2} (19164 (s, 1) + 50204 (s, 1)).

Choosing u =t and v = s in (41) gives 310y (s, 1)(s — t) 4+ 0204(s,1)(t — ) <O,
and combining this inequality with property (i) yields

— (181604 (s, 1) + 50204(s, 1))
= 0104 (s, 1)(s — 1) + 020 (s, 1)(t —5) — (50104 (s, 1) + 13204 (s, 1))
<=2 —a)bu(s, 1),
such that
A10164 (s, 1) (s — 1) — 220204 (s, 1) (s — 1)
< (max{ii, A2} — min{A1, A2})(2 — &)y (s, 1)
=1A1 = A2|2 — )by (s, 1).
This completes the proof. [
LEMMA 18. Let ¢y (s) = (s —5)/(x—1)—s+1and 1 <o < 2. It holds for
all A, B >0,
O(A, B) = inf by(5. 1) (AB(5) + BE/(1)) = (o =~ 1)(A+ B).

PROOF. Since

a—1 s—1t 1 ! _ _
— ta_l — _f ((1 _ m)sa—l + mt(x—l)(z oz)/(oz 1) dm,
S - o Jo

O (s, 1) =

it follows that
Oa (s, 1) (Ady(s) + B, (1))

1 ¢t a—1\ 2—a)/(a—1)
:A/ ((1—m)—|—m<—> ) dm
0 S
1 N Q2—a)/(@—1)
—i—B/ ((1 —m)(;) —I—m> dm
0

1 1
0 0

= (¢ — 1)(A+ B),
which completes the proof. [J
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