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We investigate the metastable behavior of reversible Markov chains
on possibly countable infinite state spaces. Based on a new definition of
metastable Markov processes, we compute precisely the mean transition time
between metastable sets. Under additional size and regularity properties of
metastable sets, we establish asymptotic sharp estimates on the Poincaré and
logarithmic Sobolev constant. The main ingredient in the proof is a capaci-
tary inequality along the lines of V. Maz’ya that relates regularity properties
of harmonic functions and capacities. We exemplify the usefulness of this
new definition in the context of the random field Curie-Weiss model, where
metastability and the additional regularity assumptions are verifiable.
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1. Introduction. Metastability is a dynamical phenomenon that is character-
ized by the existence of multiple, well-separated time scales. Depending on the
time scales under consideration, the state space can be decomposed into several
disjoint subsets (metastable partition) with the property that typical transition
times between different subsets are long compared to characteristic mixing times
within each subset.

For a rigorous mathematical analysis of metastable Markov processes, various
methods have been invented. The pathwise approach [22, 43] based on large de-
viation methods in path space [28] has been proven to be robust and somewhat
universally applicable. While it yields detailed information, for example, on the
typical exit path, its precision to predict quantities of interest like the mean transi-
tion time is, however, limited to logarithmic equivalence. For reversible systems,
the potential theoretic approach [15, 16, 18] has been developed to establish sharp
estimates on the mean transition time and the low-lying eigenvalues and to prove
that the transition times are asymptotically exponential distributed. A crucial in-
gredient of this concept is to express probabilistic quantities of interest in terms
of capacities and to use variational principles to compute the latter. For metastable
Markov processes in which the expected transition times for a large number of
subsets is of the same order, the martingale approach [6] has recently been devel-
oped to identify the limiting process on the time scale of the expected transition
times as a Markov process via the solution of a martingale problem.

In the context of Markov processes, there is also a spectral signature of
metastability. Since the transition probabilities between different subsets of the
metastable partition are extremely small, an irreducible Markov process exhibiting
a metastable behavior can be seen as a perturbation of the reducible version of it in
which transitions between different subsets of the metastable partition are forbid-
den. For the reducible version, the theorem of Perron—-Frobenius implies that the
eigenvalue zero of the associated generator is degenerate with multiplicity given by
the number of elements in the metastable partition. In particular, the correspond-
ing eigenfunctions are given as indicator functions on these subsets. Provided that
the perturbation is sufficiently small, the generator of the original process reveals
typically a cluster of small eigenvalues that is separated by a gap from the rest of
the spectrum.

The main objective of the present work is to extend the potential theoretic ap-
proach to derive sharp asymptotics for the spectral gap and the logarithmic Sobolev
constants of metastable Markov chains on countable infinite state spaces.

So far sharp estimates of low-lying eigenvalues have been derived in the follow-
ing settings:

(i) For a class of reversible Markov processes on discrete state spaces that are
strongly recurrent, in the sense that within each set of the metastable partition there
is at least one single point that the process visits with overwhelming probability
before leaving the corresponding set of the metastable partition. Based on the po-
tential theoretic approach, sharp estimates on the low-lying eigenvalues and the
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associated eigenfunctions have been obtained under some additional nondegener-
acy conditions in [17]. Typical examples of strongly recurrent Markov chains are
finite-state Markov processes with exponential small transition probabilities [7]
and models from statistical mechanics under either Glauber or Kawasaki dynam-
ics in finite volume at very low temperature [15, 20].

(ii) For reversible diffusion processes in a potential landscape in R?, subject
to small noise sharp estimates on the low-lying eigenvalues have been obtained in
[19, 48]. The proof relies on potential theory and a priori regularity estimates of so-
lutions to certain boundary value problems. Based on hypo-elliptic techniques and
a microlocal analysis of the corresponding Witten-complex, a complete asymptotic
expansion of the lowest eigenvalues was shown in [29]. Recently, based on meth-
ods of optimal transport, an alternative approach to derive a sharp characterization
of the Poincaré (inverse of the spectral gap) and the logarithmic Sobolev constants
has been developed in [40, 46].

A common starting point for rigorous mathematical investigations in the settings
described above is the identification of a set of metastable points that serves as rep-
resentatives of the sets in the metastable partition. For strongly recurrent Markov
chains the set of metastable points, .#, is chosen in such a way that, for each
m € ./, the probability to escape from m to the remaining metastable points
A\ {m} is small compared with the probability to reach .# starting at some
arbitrary point in the state space before returning to it; cf. [15], Definition 8.2. In
the context of reversible diffusion processes, metastable points are easy to identify
and correspond to local minima of the potential landscape. Since in dimensions
d > 1 diffusion processes do not hit individual points x € R? in finite time; each
metastable point, m € ., has to be enlarged (cf. [14], Definition 8.1), for example,
by replacing each m € .# by a small ball B, (m). The radius ¢ > 0 of such balls
should be chosen large enough to ensure that it is sufficiently likely for the process
to hit B.(m), but simultaneously small enough to control typical oscillations of
harmonic functions within these balls.

Once the set of metastable points is identified, the low-lying eigenvalues are
characterized in terms of mean exit times for generic situations. Namely, each
low-lying eigenvalue is equal to the inverse of the mean exit time from the corre-
sponding metastable point up to negligible error terms.

Starting ideas. One would expect that the strategy of enlargements of meta-
stable points that has been successfully used in the diffusion setting, should also
apply to stochastic spin systems at finite temperature or in growing volumes. How-
ever, proving general regularity estimates for solutions of elliptic equations is chal-
lenging on high dimensional discrete spaces, and so far, highly model dependent.

The present work provides a mathematical definition of metastability for
Markov chains on possibly countable infinite state spaces (see Definition 1.1)
where the metastable points that represent the sets in the metastable partition are
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replaced by metastable sets. An advantage of this definition is that one can im-
mediately deduce sharp estimates on the mean exit time to “deeper” metastable
sets without using additional regularity estimates of harmonic functions; cf. The-
orem 1.7. Moreover, sharp estimates on the smallest nonzero eigenvalues of the
generator follow under the natural assumption of good mixing properties within
metastable sets and some rough estimates on the regularity of the harmonic func-
tion at the boundary of metastable sets. The primary tool in the proof is the capac-
itary inequality; see Theorem 2.1.

A critical observation leading to the present definition of metastability is the
following: It is well known that classical Poincaré—Sobolev inequalities on Z¢
for functions with compact support, say on a ball B,(x) C Z¢ with radius r > 0
and center x, follow from the isoperimetric properties of the underlying Euclidean
space by means of the so-called co-area formula. The isoperimetric inequality
states that

|A|(d_1)/dfciso|aA| VA C B, (x),

where |A| and d A denotes the cardinality and the boundary of the set A. The latter
is defined as the set of all points x € A for which there exists a y ¢ A such that
{x, y} is an element of the edge set of Z?. For a positive recurrent Markov chain
with state space . and invariant distribution u functional inequalities can also
be established provided that the isoperimetric inequality is replaced by a measure-
capacity inequality; cf. Proposition 2.5. For B C . and ¥ : Ry — R, being a
convex function, the measure-capacity inequality is given by

wIAT® ! (1/u[A]) < Cycap(A, B) VA C B.

Inspired by the form of the measure-capacity inequality, we propose a definition of
metastability for Markov chains that also encodes local isoperimetric properties by
considering for any subset A outside of the union of the metastable sets its escape
probability to the union of the metastable sets.

To demonstrate the usefulness of our approach, we prove sharp estimates on
the spectral gap and the logarithmic Sobolev constants for the random field Curie—
Weiss model at finite temperature and with a continuous bounded distribution of
the random field. To prove rough regularity estimates of harmonic functions, we
use a coupling construction initially invented in [9].

In the present work, we decided to focus only on discrete-time Markov chains
to keep the presentation as brief as possible. However, our methods also apply to
Markov chains in continuous time with apparent modifications.

The remainder of this paper is organized as follows. In the next subsection,
we describe the setting to which our methods apply. In Sections 1.2 and 1.3, we
state our main results. In Section 2, we first prove the capacitary inequality for
reversible Markov processes. In particular, we show how this universal estimate
allows us to derive so-called Orlicz—Birnbaum estimates from which estimates on



3442 A. SCHLICHTING AND M. SLOWIK

the Poincaré and logarithmic Sobolev constants can be easily deduced. Then we
prove our main results in Section 3. Finally, in Section 4 we apply the previously
developed methods to the random field Curie—Weiss model.

1.1. Setting. Consider an irreducible and positive recurrent Markov process
X = (X () : t € Np) in discrete-time on a countable state space . with transition
probabilities denoted by (p(x, y) : x,y € ). For any measurable and bounded
function f :.% — R, define the corresponding (discrete) generator by

(1.1) (LX) =Y px, )(f) — fx)).

ves

Throughout, we assume that the Markov chain is reversible with respect to a
unique invariant distribution w. That is, the transitions probabilities satisfy the
detailed balance condition

(1.2) pnx)p(x,y) =u(y)p(y,x) forallx,yes.

We denote by PP, the law of the Markov process given that it starts with initial
distribution v. If the initial distribution is concentrated on a single point x € .7,
we simply write IP,.. For any A C ., let 74 be the first hitting time of the set A
after time zero, that is,

T4 :=inf{r > 0: X (1) € A}.

Hence, for X (0) € A, 14 is the first return time to A and, for X (0) ¢ A, t4 is the
first hitting time of A. In case the set A is a singleton {x}, we write 7, instead of
T(x}-

We are interested in Markov chains that exhibit a metastable behavior. For this
purpose, we introduce the notion of metastable sets.

DEFINITION 1.1 (Metastable sets). For fixed o > 0 and K € N, let .# =
{My,..., Mg} be a set of subsets of . such that M; N M; = @ for all i # j.
A Markov chain (X (¢) : + > 0) is called po-metastable with respect to a set of
metastable sets M , if
maxpyc.z P/‘M[TU,-KZIMZ'\M <ty

(1.3) |4

. <o,
mlnAC<7/\U,'K:1Mi Py, [tUl_Klel_ < T4

where (4 (x) = u[x | A], x € A # @ denotes the conditional probability on the set

A and |.# | denotes the cardinality K of ./Z .

REMARK 1.2. (i) The definition above is a generalization of the one given
in [15], Definition 8.2 and Remark 8.3, in terms of metastable points. As it was
already pointed out in [13], the hitting probability of single configurations in high
dimensional discrete state spaces or continuous state spaces are either zero or are
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much smaller than the ones of a small neighborhood around them. Hence, it is
necessary to come up with a definition that involves metastable sets. However, the
choice of the sets {My, ..., Mg} are typically model dependent. For instance, in
the random field Curie—Weiss model with continuous distribution of the random
field each metastable set is defined as the preimage with respect to the mesoscopic
magnetization of a local minima of the mesoscopic free energy (see Section 1.3 for
details). Let us stress the fact that in this model it suffices to only take in account
the sufficiently deep minima in order to verifying (1.3).

Further, notice that Definition 1.1 does not depend explicitly on the cardinality
of the state space .. As a consequence, the constant ¢ does not interfere with
|.|. This makes it possible to apply Definition 1.1 for both Markov chains with
countable infinite state spaces and for interacting particle systems with state spaces
. ={—1,+1}*, A c Z? for which the left-hand side of [15], equation (8.1.5),
might be larger than 1. Typical examples are the random field Curie—Weiss model
(cf. Section 4) where A = {1, ..., N} with N — oo and Ising models with Glauber
dynamics at low temperature when |A| diverges as the temperature tends to zero;
cf. [15], Section 19.

(i) The main novelty of Definition 1.1 is the modification of the denominator
compared to [15], equation (8.1.5). The main advantage of this particular form is
the fact that estimates on various £# (i)-norms of harmonic functions can be im-
mediately derived. This becomes apparent in Theorem 1.7 where sharp estimates
on the mean exit time to “deeper” metastable sets are proven without using addi-
tional regularity and renewal estimates.

(iii) Notice that if || < oo and |M;| =1 foralli =1,..., K, then the def-
inition of metastability from the potential theoretic literature (see [15], equation
(8.1.5)) implies (1.3). Since, in this setting, the numerator in both definitions coin-
cides, it suffices to consider the denominator. In view of (1.2),

ulAP [ty <tal =) Y plxIPi[ts < ta. X (T.g) =m]
xeAmeH

= Z Z ,u,[m]IP’m[TA <Ty,X(tA) :x]

xeAmeH
=pul AP, ,lta < T4l
for all nonempty sets A C . \ .# . Hence,

1 ul ]
Py dtr <tal> m%m

_ 1 ula]
|A| = Al

(iv) All hitting probabilities appearing in Definition 1.1 can be equivalently ex-
pressed in terms of capacities; cf. Remark 1.6. The verifiability of Definition 1.1

wylta <Tul

1 .
Paltw <tal = @ae@{lﬂpa[tﬂ < T4l
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relies crucially on the fact that upper and lower bounds on capacities can easily
be deduced from their variational characterization. In order to exemplify the use-
fulness of this approach, our key example will be the random field Curie—Weiss
model with continuous distribution of the random field.

ASSUMPTION 1.3. Assume that for some 2 < K < oo there exists nonempty,
disjoint subsets My, ..., Mx C . and @ > 0 such that the Markov chain (X (¢) :
t > 0) is p-metastable with respectto .# = {M; :i €1,..., K}.

The definition of metastable sets induces an almost canonical partition of the
state space . into local valleys.

DEFINITION 1.4 (Metastable partition). For any M; € .#, the local valley ¥;
around the metastable set M; is defined by

K
Yi=M; U {x € Y\ LJle Prlty, < TUleMj\Mi]
j:
= s, B <
A set of metastable sets .#Z = {M, ..., Mg} gives rise to a metastable partition
{&:i=1,..., K} of the state space .7, that is,

K
O Micsicy, G) UsA=s (i) SANnSj=0 fori#].
i=1

REMARK 1.5. Notice that, by Lemma 3.2, any point x € 7#; N ¥ that lies in
the intersection of two different local valleys has a negligible mass compared to
the mass of the corresponding metastable sets w[M;] and w[M;].

The potential theoretic approach to metastability relies on the translation of
probabilistic objects to analytic ones, which we now introduce along the lines of
[8, 15-18]. We simply write u;[-] := u[- | #;]1 to denote the corresponding condi-
tional measure. Let £2(u) be the weighted Hilbert space of all square summable
functions f : . — R and denote by (-, -) u the scalar product in 22(w). Due to
the detailed balance condition (1.2), the generator, L, is symmetric in £2(u), that
is, (—Lf, 8), = (f,—Lg), forany g, f € €2 (). The associated Dirichlet form is
given for any f € £2(u) by

1
EW) = f =Ll =5 2 nOpE(f&) - ),

x,ye
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which by the basic estimate &(f) < || f ||§2 w is well defined. Throughout the se-
quel, let A, B C . be disjoint and nonempty. The equilibrium potential, h s g, of
the pair (A, B) is defined as the unique solution of the boundary value problem
(LHx) =0, xeS\(AUB),

fx)=14(x), x€AUB.

Note that the equilibrium potential has a natural interpretation in terms of hitting
probabilities, namely h p(x) =P,[ta < tp] forall x € .\ (AU B). A related
quantity is the equilibrium measure, e4 g, on A which is defined through

(1.5) eap(x):=—(Lha p)(x)=Py[tp <ta] VXx€A.

Clearly, the equilibrium measure is only nonvanishing on the (inner) boundary of
the set A. Further, the capacity of the pair (A, B) with potential one on A and zero
on B is defined by

(1.6)  cap(A, B):= Y u(x)eap(x) =Y wu@Pltp <14l =E(hap).

X€EA xeA

(1.4)

In particular, we have that
cap(A, B)
nlA]

Moreover, cap(A, B) = cap(B, A) and, as an immediate consequence of the prob-
abilistic interpretation of capacities (cf. (1.6)) we have that

(1.8) cap(A, B') <cap(A,B) VB’ CB.

(1.7) PMA [‘L’B < ‘L’A] =

Let us emphasize that capacities have several variational characterizations (see for
instance [15], Chapter 7.3), which can be used to obtain upper and lower bounds.
One of them is the Dirichlet principle
(1.9) cap(A, B) =inf{&(f): fla=1, flp=0,0< f <1}
with f = h4 p as its unique minimizer. Further, we denote by v p the last-exit
biased distribution that is defined by
Pyt <t

(1.10) va B (x) = pOPlrp <tal _ peap(x)

2yea KOPy[Tp < T4l cap(A, B)
Let us recall that pa(x) = p[x | A], which implies that vq p <« 4 for any
nonempty, disjoint subsets A, B C ..

Vx eA.

REMARK 1.6. In view of (1.7), condition (1.3) can also be written as

cap(M, UiS, Mi \ M)/uIM] _

K
VAC.¥Y M;NM € . # : |H|
\iL=J1 cap(A, UL, My)/ulA]

Hence, the assumption of metastability is essentially a quantified comparison of
capacities and measures.

oK 1.
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Finally, we write E,[ f] and Var,[ f] to denote the expectation and the variance
of a function f :.¥ — R with respect to a probability measure v. Moreover, we
define the relative entropy by

Ent,[f2]:=E,[f*In 3] — E,[f*]InE,[f?],

where we indicate the probability distribution v explicitly as a subscript.

1.2. Main result. The first result concerns the mean hitting times of metastable
sets. We obtain an asymptotically expression in terms of capacities solely under
Assumption 1.3, if we, in addition, assume a bound on the asymmetry of the in-
volved local minima.

THEOREM 1.7. Suppose that Assumption 1.3 holds with K > 2. Fix M; € . #
and define

J@):={jefl,...,K}\{i}: u[M;]1 > u[M;]} and B:= ] M;.
JjeJ )

If B # @ and if there exists § € [0, 1) such that u[.%;] < dul~;1 forall j ¢ J(i)U
{i}, then

ulS]

m(l T 0(8 + an(cratio/@))),

]EVM’.,B[TB] =
with
Cratio '= max u[.7;1/uli] < oo.
jeJ i

The main objects of interest in the present paper are the Poincaré and logarith-
mic Sobolev constant that are defined as follows.

DEFINITION 1.8 (Poincaré and logarithmic Sobolev constant). The Poincaré
constant Cpy = Cp1(P, ) is defined by
(1.11) Cpr :=sup{Var,[f]: f € £2(w) such that £(f) = 1},
whereas the logarithmic Sobolev constant Cps1 = Crsi(P, ) is given by
(1.12) CLs = sup{EntM[fz] . f € £%(w) such that &(f) = 1}.
Let{Fi:iel}=#U{{x}:xe S\ UiK:1 M;} be a partition of .# and denote
by .# := o (F; :i € I) the corresponding o -algebra, that is, .# is the o-algebra

lumping the metastable sets to single points. Further, for any f € £2(u) define the
conditional expectation E, [ f | #]:.¥ — R by

(1.13) E.lf | Z1(x):=E,lf | F] <= Fi>x.
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The starting point for proving sharp estimates of both the Poincaré and the logarith-
mic Sobolev constant in the context of metastable Markov chains is a splitting of
the variance and the entropy into the contribution within and outside the metastable
sets. The following two identities are the starting point of the identification of local
relaxation within metastable valleys and rare transitions between metastable sets
and hold for any f € £2(u)

K
(1.14) Var,[f1=) uIM;]Vary,, [f1+ Varu[Eu[f | Z1],

i=l

K
(1.15) Ent,,[f*] =) uIMi1Ent,, [f*]+Ent,[B.[f* | Z]].
i=1
Our main result relies on an assumption on the Poincaré and logarithmic
Sobolev constants within the metastable sets and on a regularity condition for the
last exit biased distribution.

ASSUMPTION 1.9. Assume that forany i € {1, ..., K}:
(1.16) (i) Cpri = sup{VarMMi [f1: f € £%(u) such that £(f) =1} < oo,

(1.17) (i)  Crsti = sup{Ent,,, [f2]: f € €3() such that £(f) =1} < oc.

In the error estimates, the following derived constants occur:

K K
CPI,{///3=max{1sZM[Mi]CPLi} and  Cisi.z 3=maX{1,ZM[Mi]CLSI,i}~

i=1 i=I

REMARK 1.10. Assumption 1.9 ensures that the process within each meta-
stable set mixes quickly. It can be interpreted as an additional smallness condition
on the metastable sets M € .# and for simple enough systems a simple bound on
Cp1..» and Cysy,. 4 in terms of the maximal diameter of the sets M € .# may be
sufficient. For more complex systems, like the Curie—Weiss model, the constants
Cr1,.« and CLs],.» may be comparable to known systems, which in this case is the
Bernoulli-Laplace model.

ASSUMPTION 1.11 (Regularity condition). Assume that there exists n €
[0, 1) such that

VM M
(1.18) VarMMi[ M"MJ}< Ml

< YM;, M; € # withi # j.
M M; cap(M;, M) e

REMARK 1.12. (i) Note that the tentative definition of metastable sets as
given in [15], equation (8.1.3), would immediately imply that n = o(1). How-
ever, it is still an open problem how to relate the probabilities appearing in [15],
equation (8.1.3), to capacities.
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(i) Since eM; M; (x) <cap(M;, M;)/u(x) for all x € M;, the following trivial
upper bound on 7 holds:

p< min1, lMi| max {(0/n(m},

Hence, n <« 1 provided that for each metastable set M; both its cardinality and the
fluctuations of the invariant distribution p on it are sufficiently small compared
to o.

(iii)) The above upper bound does not apply to particle systems like the Curie—
Weiss model since |M;| is exponentially large in the system size. Therefore, the
verification of (1.18) is based on coupling techniques. For that purpose, the crucial
observation is that the Curie—Weiss model is nearly lumpable in the sense that there
exists a mesoscopic description, which up to small perturbations is Markovian.
Under this condition, Assumption 1.11 is verifiable with n of the same order as .
We expect that such strategy may apply to different mean field models that exhibit
an effective mesoscopic description.

REMARK 1.13. If each M € .# consists of a single point, that is, VM €
M |M| =1, Assumptions 1.11 and 1.9 are satisfied for n = 0 and Cpr_y =

Cisi,.z=1.

For the sake of presentation, let us state the main result in the case of two
metastable sets K = 2. For the statement in the case of K > 2, we refer to Theo-
rem 3.5 and Theorem 3.9.

THEOREM 1.14. Suppose that the Assumptions 1.3 with K =2, 1.11, and
1.9(i) hold such that Cp1,.4 (0 + 1) <K 1. Then it holds that

_ ulATulA] /
(1]9) Cpl—m(l+0( CPI,//Z(Q+77)))

Moreover, if in addition Assumption 1.9(ii) holds and

(1.20) Cmass :_i {IE.B...)’(K} m?ﬁ In(1 + ez/;u (x)) < o0
such that CiassCLs1,.#z (0 +n) K 1. Then it holds that
1 ulA 2]
(1.21) Crsi = (14 0(,/ CrnassCst..ar (@ + ).

A(u[A], ulA2]) cap(My, M3)
where A(a, B) := fol o’ Bl ds = (o — ﬁ)/ln for o, B > 0 is the logarithmic

mean.

REMARK 1.15. By using a standard linearization argument in (1.12), it fol-
lows that Crs1 > 2Cpr; see [12], Proposition 5. Notice that in the symmetric case
when u[. 111 4+ o(1)) = % = u[]1( 4+ o(1)) we have that Crs; = 2Cpr(1 +
o(1)). Let us note that Assumption (1.20) restricts the result on the logarithmic
Sobolev constant to finite state spaces.
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COROLLARY 1.16. Suppose that the assumptions of Theorem 1.14 hold. Fur-
ther, assume that C ~l < 1and 0 In(Cratio) K 1. Then

ratio

CPI = EUMZ’MI [‘L’MI ](1 + O(Cgtlio + o 1n(Cratio) + \V CPI,//(Q + 77)))

Let us comment on similar results in the literature.
The quantity on the right-hand side of (1.19) bears some similarity to the
Cheeger constant [23] on weighted graphs [32] defined by

CCh = Sup M
ceeer AC.7:ulAle(0,1) Cap(A, A)

with A€ := %"\ A. Moreover, we note that cap(A, A°) = —(14, L1c),. Then the
main result of [32], Theorem 2.1, translated to the current setting reads

2
CCheeger S CPI S SCCheeger'

Hence, the main result (1.19) can be seen as an asymptotic sharp version of the
Cheeger estimate in the metastable setting.

In the paper [10], metastability has alternatively been characterized in terms of
ratios € between Dirichlet and Neumann spectral gaps of restricted generators. For
this purpose, the state space is decomposed into two sets . = % U Z°. Based
on the assumption that ¢ < 1, the result [10], Theorem 2.9, is an estimate on the
mean-hitting time similar to Theorem 1.7. Moreover, precise estimates of the re-
laxation rates toward the quasi-stationary distribution inside each element of the
partition are obtained [10]. These estimates seem to be related to the local Poincaré
inequality in Lemma 3.7 below. Moreover, we expect, that there is a close connec-
tion between ¢ and o of Definition 1.1 in the setting K = 2.

In [10], Theorem 2.10, a result bearing some similarity to (1.19) is obtained.
There the capacity cap(M;, M>) needs to be replaced by so-called (x, A)-capacities
between # and Z°. These capacities are obtained by extending the state space by
copies of #Z and Z° and equipping the connecting edges with conductivities «
and A. One notices that the error bound in this formulation depends on a careful
choice of x and A in terms of €. The approach of this paper does not require such
additional intermediate parameters and obtains similar results in Theorem 1.14 in
a more straightforward manner.

1.3. Random field Curie—Weiss model. One particular class of models we are
interested in, are disordered mean field spin systems. As an example, we consider
the Ising model on a complete graph, say on N € N vertices, also known as Curie—
Weiss model, in a random magnetic field. The state space of this model is . =
{—1, 1}V, The random Hamiltonian is given by

1 N N
(1.22) H(o):= —ﬁ”zzjlaiaj —;hioi, oe,
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where h = (h; : i € N) is assumed to be a family of i.i.d. random variable on R
distributed according to P with bounded support, that is,

(1.23) Jhoo €(0,00):  |hi| <hso P"-almost surely.
The random Gibbs measure on . is defined by
wio):=2z"1 exp(—,BH(o))Z_N,

where S > 0 is the inverse temperature and Z is the normalization constant also
called partition function. The additional factor 2~V is for convenience and to be
consistent with the definition in [15], (14.2.1). The Glauber dynamics that we con-
sider is a Markov chain (o (¢) : t € Np) in discrete-time with random transition
probabilities

1
(1.24) plo,o’) = i exp(—B[H (o) — H(a)]+)]l|(,_o/|1:2,

where [x]4 := max{x,0} and p(0,0) =1 —> ;o p(o,0’). Notice that, for each
realization of the magnetic field /4, the Markov chain is ergodic and reversible with
respect to the Gibbs measure .

Various stationary and dynamic aspects of the random field Curie—Weiss model
has been studied. In particular, the metastable behavior of this model has been an-
alyzed in great detail in [8, 9, 16], where the potential theoretic approach was used
to compute precise metastable exit times and to prove the asymptotic exponential
distribution of normalized metastable exit times. For an excellent review, we refer
to the recent monograph [15], Chapters 14 and 15. Estimates on the spectral gap
have been derived in [37] in the particular simple cases where the random field
takes only two values ¢ and the parameters are chosen in such a way that only
two minima are present.

A particular feature of this model is that it allows to introduce mesoscopic vari-
ables by using a suitable coarse-graining procedure such that the induced dynamics
are well approximated by a Markov process. Let 1" := [—/q, hoo] denote the sup-
port of P, For any n € N, we find a partition of 1" such that |/ gll < 2hs/n and
Ih = U?:l 1 [h. Hence, each realization of /& induces a partition of the set {1, ..., N}
into mutually disjoint subsets

Ag:i=lie{l,...,N}:h el]l}, €efl,....n}.
Based on this partition, consider the mesoscopic variable p : ¥ — I'" C [—1, 1]",
. 1
po)=(p(0),...,p,(0)) with p,(0):= ~ Z oi,Lefl,... n},
ieAy

that serves as an n-dimensional order parameter. A crucial feature of the mean
field model is that the Hamiltonian (1.22) can be rewritten as a function of the
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mesoscopic variable. In order to do so, for any £ € {1, ..., n} the block-averaged
field and its fluctuations are defined by

_ 1 ~ _

hg' h and ]’l,’ 2=hi—hg VieAy.

Il\zzlleA

Then
H(o)=—-NE(p(o)) — ZZ@ i\
l=1liel,

where_the function E : [—1,1]" — R is given by E(x) = %(2Z21x2)2 +
> y—1 hexe. We define the distribution of p under the Gibbs measure as the in-
duced measure

p(x):=pop '(x), xel”.

Further, the mesoscopic free energy F : [—1, 1]" — R is defined by

(1.25) F(x):=Ex)+ - Z—Ie Nx¢/IAcl),
where for any £ € {1, ..., n} the entropy I, is given as the Legendre—Fenchel dual
of

1 .
R>tr> > Incosh(t + Bh;).

i€Ny

Notice that the distribution g satisfies a sharp large deviation principle with scale
N and rate function F. The structure of the mesoscopic free energy landscape has
been analyzed in great detail in [8]. In particular, z € [—1, 1]” is a critical point of
F, if and only if, for all £ € {1, ..., nl,

(1.26) Z tanh(8(z(z) + h;)),

ZEA({

where z(z) = ) j_; z¢ € R solves the equation z = JLZN (tanh(B(z + h;)). It
turns out that z is a critical point of index 1, if 5 1 1 —tanhz(ﬁ(z(z) +h;)) > 1.
Moreover, at any critical point z the value of the mesoscopic free energy can be
computed explicitly and is given by

N

1 1
(1.27) F(z)= —z(z) - ,B—N 1ncosh(,3(z(z)+hi)).

Let us stress the fact that the topology of the mesoscopic energy landscape is in-
dependent of the artificial dimension parameter 7.
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REMARK 1.17. (i) For a constant external field, that is, #; = h for all
i, the mesoscopic free energy, F, has two local minima if § > 1 and & €
(=he(B), he(B)), where he(B) == /1 -1/ — %ln(x/ﬁ ++B—=D.

(i) By the strong law of large numbers, the set of solutions of the equation
7= % ZlN: | tanh(B(z + h;)), determining the critical points of F, converges Ph-
a.s. as N — oo to the set of solutions of the deterministic equation

(1.28) z =E"[tanh(B(z + h))].

Moreover, in view of (1.26), the value of the mesoscopic free energy at critical
points converges to a deterministic value for P”-almost every realization of i as N
tends to infinity.

(iii) If the distribution P” is symmetric, z = 0 is always a solution of (1.28), and
if z > 0 solves (1.28) than, by symmetry, —z is as well a solution. In general, the
number of critical points depends on both the value of § and the properties of the
distribution P"*. For discrete distributions ", the phase diagram has been studied
in detail in [1] and [45], Section 5.

In the sequel, we impose the following assumption on the law P”.

ASSUMPTION 1.18. Let K > 2 and assume that for P"-almost every realiza-
tion £, there exist 8 > 0 and Ny(h) < oo such that for all N > Ny(h) and n > 1
the mesoscopic free energy F : [—1, 1] — R admits K local minima.

Denote by m; e ', i € {1, ..., K}, the best lattice approximation of the corre-
sponding local minima. We choose the label of m; by the following procedure:
First, define for any nonempty, disjoint A, B C I'" the communication height,
® (A, B), between A and B by

(1.29) ®(A, B) =minmax F(x),
y xey

where the minimum is over all nearest-neighbor paths in I'” that connect A and B.
Then the label is chosen in such a way that, with My :={m1, ..., m;},

(1.30)  Ap—1:=®(my, M) — F(my) < r,n<ilrcl{q)(mi’ M\ m;) — F(m;)}

for all k = K, ..., 2. Notice that, by construction, A; > --- > Ag_1 >0 =: Ag.
Since ®(my, M;_1) is given by the value of the mesoscopic free energy at the
minimal saddle point between my and M _1, (1.27) implies that the value of Ay
is independent of n for any k =2, ..., K, and converges P as. as N — oo.

In the sequel, we first impose conditions on the finiteness of the coarse-graining
controlled by the parameter n. Depending on the choice of n the state space di-
mension N has to be larger then a certain threshold. In this sense, the results hold
by first letting N — oo and then n — oo. With these definitions, we are able to
formulate the statement that the random field Curie—Weiss model is o-metastable
in the sense of Definition 1.1.
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PROPOSITION 1.19 (p-metastability). Suppose that Assumption 1.18 holds.
Then, for P"-almost every h and any c1 € (0, Ag—_1) there exists ng = no(cy) such
that for all n > n there exists N < 0o such that for all N > No(h) v N the random
field Curie—Weiss model is ¢ := e~ 1PN -metastable in the sense of Definition 1.1
with respect to M :={My, ..., My} with My == p~"(my) fork e {1,..., K}.

As an immediate consequence of Proposition 1.19 and Theorem 1.7, we obtain
the following result on the mean hitting between metastable sets with respect to
the microscopic dynamics induced by the transition probabilities (1.24).

THEOREM 1.20. Suppose that Assumption 1.18 holds. For fixed i € {2, ...,
K} and 8 > 0 sufficiently small, suppose that, P"-a.s., the sets

Ji)={je{l.....i=1}: Fmj) +§ < F(my)} and B:= |J M;
JeJ (@)

are nonempty. Then P"-a.s. the following holds: For any c € (0, min{3, A, ...,
A;_1}) there exists ng = no(c) such that for all n > ng there exists N such that,
forall N > No(h) V N,

ul] e
Evy, slt8]l = m(l +0(e=)),

To obtain matching upper and lower bounds in the application of Theorem 1.14
to the random field Curie—Weiss model in case K > 3, we impose the following
nondegeneracy condition on the largest communication height.

ASSUMPTION 1.21 (Nondegeneracy condition). For K > 3, assume that P"-
a.s., there exist 8 > 0 and N (h) < oo such that

Al —Ay>60 VYN =>Ni(h).

Under the nondegeneracy Assumption 1.21, it is possible to prove that the
preimages of the first two local minima m; and m» are already metastable sets,
which are relevant to capture the slowest time scale of the system.

PROPOSITION 1.22. Suppose that Assumption 1.18 holds. If K =2 set 6 =
A1 and Ni(h) = 1.If K > 3 assume additionally that Assumption 1.21 is satisfied.
Then, for P"-almost all h and any c1 € (0, 0) there exists no = nog(cy) such that
for all n > ng there exists N < oo such that for all N > No(h) V N1(h) V N the
random field Curie—Weiss model is o := e~“1PN -metastable with respect to . =
(M1, M}, where My := p~'(m) and M> := p~ ' (m>).
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REMARK 1.23. Note that under the nondegeneracy condition from Assump-
tion 1.21 the mesoscopic free energy landscape may still have more than one
global minima. Moreover, we believe that the presented technique and especially
Lemma 3.8 can be generalized to the case of several equal high energy barriers
A1 = Ay =---= A; for some [ > 2. This would allow us to drop the above As-
sumption 1.21. In that case, the leading order capacity will be obtained by the
effective capacity of the electrical network constructed from all the possibly de-
generate leading order energy barriers in the system. For diffusion processes, the
construction is outlined in [46], Section 4.5, and the according series and parallel
laws for the total capacity are derived.

The second main result in this subsection is the application of Theorem 1.14 to
the random field Curie—Weiss model defined by the random transition probabilities
defined (1.24).

THEOREM 1.24. Suppose the assumptions of Proposition 1.22 hold with o =
e BN Then Ph—a.s.,for any ¢ € (0, c1/2) there exists ny =ni(cy, 2, B, hoo) <
oo such that for any n > no\ ny there exists N < oo such that for all N > Ny(h) v
Ni(h)V N the random field Curie—Weiss model satisfies a Poincaré inequality with
constant

ML)
cap(My, M)
as well as a logarithmic Sobolev inequality with constant

Cpr _
1.32 CLs] = 1+ 0 (e~ 2PNY).
(32 W= AL o)

(1.31) (14 0(e~2PNy)

Let us emphasis that this result is valid in the symmetric (F(m) = F(m3))
as well as asymmetric case (F'(m1) # F(m2)). Moreover, the capacities between
pairs of metastable sets are calculated asymptotically with explicit error bounds
in [8, 9, 15, 16]. Hence, the right-hand side of (1.31) and (1.32) can be made
asymptotically explicit in terms of the free energy (1.25).

In the asymmetric case F'(m1) # F (m3), we connect the mean hitting time with
the Poincaré constant via Corollary 1.16.

COROLLARY 1.25. Suppose that the assumptions of Theorem 1.24 hold with
o= e BN Then Ph—a.s.,for any c3 € (0, min{c/2, F(mjy) — F(m)})

(1.33) Cr1 =E,[ta, 1(1 + 0(e™2PN)) Vo e M>.

PROOF. In view of [8], equation (3.16), C_} := u[.%]/ulS1]1= 0 FN)

ratio
for any 6 € (0, F(my) — F(my)). Thus, (1.33) is an immediate consequence of

Corollary 1.16 and [9], Theorem 1.1. [
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Finally, notice that sharp asymptotics of the mean hitting time including the
precise prefactor has been establish in [8], which by the above identification gives
an asymptotic sharp formula for the Poincaré constant of the random field Curie—
Weiss model.

2. Functional inequalities. The results in this section consider functional in-
equalities which do not make any explicit reference to time. Therefore, the results
hold in the more general setting of L as defined in (1.1) being the generator of
a continuous time Markov chain on a countable state space .#. This accounts to
dropping the normalization condition }_, p(x, y) = 1 and assuming p(x, y) to be
the elements of the infinitesimal generator satisfying

Vx#y: px,y) =0, Vx: 0<-p(x,x)<oo and Y p(x,y)=0.
ves

We refer to [15], Chapter 7.2.2, for the general relation of hitting times between
discrete time and continuous time Markov chains.

2.1. Capacitary inequality. The capacitary inequality is a generalization of the
co-area formula. For Sobolev functions on R, it has been first proven by Maz’ya
in [38]. For a comprehensive treatment of the continuous case with further appli-
cations, we refer to [3-5, 24, 25, 39].

THEOREM 2.1 (Capacitary inequality). For any f € 2(w) and any t €
[0, 00), let A; be the super level set of f, that is,

(2.1) Ari={x eS| f(x)|>1}).

Let B C . be nonempty, then for any function f :. — R with f|gp =0 it holds
that

2.2) /0 "2t cap(Ar, B)dt < 4E(f).

PROOF. Due to the fact that &(|f|) < &(f), let us assume without lost of
generality that f(x) > 0 for all x € .. To lighten notation, for any ¢ € [0, 00),
we denote by h; := ha, p the equilibrium potential as defined in (1.4). Since
suppLh; C A, UB, flp=0and f|s, > t, it follows that

tcap(A;, B) < (—Lhy, f),

1
=5 2 HOPE M) = FO)(h () = b ()
x,yes



3456 A. SCHLICHTING AND M. SLOWIK

An application of the Cauchy—Schwarz inequality yields

o
/ 2t cap(A;, B) dt
0

R 2£(f)1/2(% Y n@p(x. y)( INCEE h,<y>)dt)2)l/2.

x,yes

Now we use the following identity: for any function g € L' ([0, o0)) holds

([ e d’>2 = [ [T emswasa=2 " ["smewasa

Thus, by rewriting the right-hand side of (2.3), we find that

oo oot 1/2
/ 2t cap(A,, B) dt §2£(f)1/2(2/ f (—Lhy, hy), dsdt> .
0 0 0

Finally, since A; C Ay for all # > s, we obtain that (—Lh;, hs>u = cap(A;, B).
Hence, the assertion of the theorem follows. [

2.2. Orlicz—Birnbaum estimates. Let us assume for a moment that for some
constant Ccy > 0 a measure-capacity comparison of the form Ccjcap(A, B) >
w[A] is valid for all A C .\ B. Then a combination of the capacitary inequality
(2.2) with

B[] = [ 2mulAnar,

leads to E,[ f 2] <4Cc1&(f) for all f with f|z = 0. This observation, originally
given in [38], provides estimates on the Dirichlet eigenvalue of the generator L.

This strategy can be generalized to the £” case and more generally to logarith-
mic Sobolev constants by introducing suitable Orlicz spaces. In the sequel, we
prove that Poincaré inequalities in Orlicz spaces are equivalent to certain measure-
capacity inequalities. Similar results for diffusion processes on R can be found in
[3], Chapter 8.

DEFINITION 2.2 (Orlicz space [44], Section 1.3). A function & : [0, c0) —
[0,00] is a Young function if it is convex, ®(0) = lim,_o®P(r) = 0 and
lim;_, oo ®(r) = 00. The Legendre—Fenchel dual WV : [0, o0) — [0, oo] of a Young
function ® defined by

V()= sup {sr—®(s)}
s€[0,00]
is again a Young function (cf. Lemma A.1), and the pair (®, V) is called Legendre—

Fenchel pair. For some K > 0, the Orlicz-norm of a function f € £!(u) is defined
by

(2.4) I f o,k :=sup{E.[Iflg]: g >0,E.[¥(g)] <K}



POINCARE AND LOG-SOBOLEV CONSTANTS FOR MARKOV CHAINS 3457

We set || fllo,,, = Il fllg.,.1- The space of Orlicz functions, £® (u, K) C €' (w), is
the set of summable functions f on . with finite Orlicz norm.

LEMMA 2.3. Forany A C % holds
-1 K
2.5) 1allg g = HIATY <M)
where W™(1) := inf{s € [0, o] : W(s) > t}.

PROOF. Due to the variational definition of the Orlicz norm, by choosing
g(x) =14(x) ¥~ (K/p[A]) we have that [|Lalle .,k = 1[A]¥ ™! (K/p[A]). On
the other hand, since W~! is concave (cf. Lemma A.1), an application of Jensen’s
inequality yields

1a
E[lag] = M[A]Eﬂ[—

1
-1 o A —1 _ E ‘

Taking finally the supremum over all g with E,[W(g)] < K concludes the proof.
O

EXAMPLE 2.4. The following Legendre—Fenchel pairs are stated for later ref-
erence:

(a) For p e (1,00): (®,(r), ¥, (r)) := (%r”, #r”*) with 1/p +1/p* =1 the
resulting Orlicz norm is equivalent to the usual £7(u) spaces. The limiting pair
p — lis given by ®1(r) =r and V1 : [0, 00) — [0, oc] with

0 r<1, 0, r=0,

v ={" - and hence W '(r)=
=1 11 I PR

(b) (PEn(r), YEnt(r)) := (A[1,00)(r)(rInr —r +1),¢" — 1) leads to a norm,
which can be compared with the relative entropy

Vf:y_)Rﬂ—’ Ent,u[f] E ”f”(I)Em,,LL'
Indeed, by using the variational characterization of the entropy, we have

Ent,[f]= sgp{EM[fg] :E,[ef] <1}

— sgp{EM[fln(eh —D]:h=0,Eu[e" — 1] =1} < 1 fll gy v
where the last step follows from (2.4) by noting that In(e” — 1) < .

PROPOSITION 2.5 (Orlicz—Birnbaum estimates). Let B C . andv € P (7).
Then, for any Legendre—Fenchel pair (®, V) there exist constants Co, Cy > 0

satisfying
Cy <Cop <4Cy,

such that the following statements are equivalent:
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(1) Forall sets A C .\ B, the measure-capacity inequality holds

K
(2.6) v[A|w ! (ﬂ) < Cycap(A, B).

(i) Forall f:.7 — R such that f € £>(i) and f|g =0, it holds that
@7 [0,k = Cal ().

PROOF. (i) = (ii): Let Gy x :={g:g>0,E,[W(g)] < K}. For f € £*(n)
with finite support let A, be the super-level set of f as defined in (2.1). Then

” 2 (24) 2 R
flovx = sup By[fog]< |20 sup Ey[gly 1dr

g8eGy k geGy g

o0
= /0 20124, ll g, g 9.

Thus, an application of Lemma 2.3 and Theorem 2.1 yields

2 @5 [® _1< K )
= 20[A W d
172 B [ 201007 (0

(2.6) e (2.2)
< Cq;/ 2cap(As, BYdt < 4Cy&(f).
0

The case f € EZ(M) follows from dominated convergence, since &(f) < || f ||§2 W

(i) = (i): Since &(f) < ||f||§2(m, we get from (2.7) that f2 € £®(v, K).

Hence, for any f € £%(u) with f|4 =1 and f|p =0 it holds that

_ K 2.5 @7
AN () B bk = 1 x 2 Cob (D,

which, by the Dirichlet principle (1.9), leads to (2.6). [

REMARK 2.6. Letus note, that either estimate (2.6) or (2.7) of Proposition 2.5
implies v < u on . \ B with bounded density. Indeed, for x € .7 \ B choose the
function . 3 y — 1,(y) as a test function in the Dirichlet principle (1.9) and
apply (2.6). The same estimate can be obtained from (2.7) by considering again
5y 1,(y) and using the representation (2.5). In both cases, we get that, for
any x € .Y\ B,

m(x),

C
YOS K ) S eIK)

where we used the monotonicity of [0, 00) > 7 (75t (r). Hereby, C is either Cy
or C¢. Hence, v < u and, therefore, El(u) c ).
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REMARK 2.7. The result of Proposition 2.5 is a generalization of the Muck-
enhoupt criterion [42] for weighted Hardy inequalities, which was translated to
the discrete setting in [41] for the particular case . = Ny. The statement is, that
for any v, u € Z(Np) and any f : {—1} UNp — R with f(0) = f(—1) =0 the
inequality

(2.8) S v )2 <O Y p@(fa+1) — f(0)
x>0 x>0
holds if and only if

x—1 1
Cr = sup(Z M[_y]> Z v[y] < 0.

xzl y=0 y>x

In this case, the constants satisfy Co < C| < 4C». This results can be deduced from
Proposition 2.5 by using the Orlicz-pair (@1, W) from Example 2.4(a) and setting
B ={0}. Then (2.7) becomes (2.8) for the (continuous time) generator

“(x(_) POZD e — 1y - )

and, therefore, Co, = Cj. Notice that the equilibrium potential, and hence the
capacity along a one-dimensional, cycle-free path can be calculated explicitly
(see, e.g., [15], Section 7.1.4). In particular, for any x € N the solution %, ¢ =
oy of the boundary value problem (1.4) on Ny is given by

(LHO@) =(fx+1D— fx)+

.....

x—1 x—1 1
hy. d e, ,{0}) = —_—
=2 y,u(z)/ u() and - cap(fx. .. 0o}, {0)) (; M(z))

In view of (2.6), this verifies that Cy, = C>. The weighted Hardy inequality was
then used to derive Poincaré and logarithmic Sobolev inequalities (cf. [2, 11, 41]),
which we will do in a similar way in the following two corollaries.

—1

2.3. Poincaré and Sobolev inequalities. Note that Poincaré or logarithmic
Sobolev inequalities do not follow directly from Proposition 2.5. The reason is that
the Orlicz—Birnbaum estimate (2.7) is for Dirichlet test functions vanishing on a
specific set, whereas the Poincaré and logarithmic Sobolev inequalities concern
Neumann test functions, which have average zero. Therefore, a splitting technique
can be used to translate the Orlicz—Birnbaum estimate to the Neumann case. See
also [25], Chapter 4.4, for some background on this technique. The additional step
is taken care in the following two corollaries.

COROLLARY 2.8 (Poincaré inequalities). Let v € P () and b € .. Then
there exist Cvyr, Cpr > 0 satisfying
(2-9) U(b)CVar = CPI = 4'C\/ar

such that the following statements are equivalent:
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(1) Forall A C &\ {b} the inequality holds
(2.10) V[A] < Cyarcap(A, b).
(i1) The mixed Poincaré inequality holds, that is,

Var,[f1< Cri(f) Vel (w).

PROOF. (1) = (ii): Let (P, ¥;) as in Example 2.4(a) and recall that
v ! |(0,00) = 1. Then the measure-capacity inequality (2.6) coincides exactly with
(2.10). Hence,

Var, (1= min B [(f — 2] = [(f = F®) g, S 4 ().

(i) = (i): We start with deducing a lower bound for the variance. Let 0 < f <1
be given such that f|4 =1 and f(b) =0, then

1
Var,[f1= 3 3 @) = F) = D v@)vb) = v[ATv(b).

x,yes x€eA

The conclusion follows from the Dirichlet principle (1.9). [J

COROLLARY 2.9 (Logarithmic Sobolev inequalities). Let v € & () and
b € . Then there exist Cgpt, Crs > 0 satisfying

v(b)

10 In(1 +¢?)

Cgnt < Crs1 < 4Cgnt

such that the following statements are equivalent:

(1) Forall A C %\ {b}, the inequality holds

2
(2.12) V[A] ln<1 + ) < Cgntcap(A, b).
v[A]
(i1) The mixed logarithmic Sobolev inequality holds, that is,
(2.13) Ent,[f2] < CLsi&(f) Y f € £2(w).

PROOF. (i) = (ii): Set fp(x) := f(x) — f(b) for x € .. Then, by applying a
useful observation due to Rothaus ([3], Lemma 5.1.4),

Entv[fz] < Entv[sz] +2EV[fb2]

=sup{E,[ /(g +2)]:Es[e5] < 1
(2‘14) Sgp{ [fb (g )] [e ]< }

<SplBLf7h] 1 = 0. Eufe” — 1] ) = | 0
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where we used the Orlicz-Pair 2.4(b) and the definition of the K -Orlicz norm with
K =¢? in (2.4). The first implication follows now by an application of (2.7).

(i) = (i): In order to prove the opposite direction, let A C &7 \ {b} with
V[A] # 0, and consider a function f : . — [0, 1] with the property that f|4 =1
and f(b) =0. By using g = In(1/v[A]) as test function in the variational repre-
sentation of the entropy, we deduce that

Ent,[ 2] > sup{Ey[g1a] : B [ef14] < 1} > v[A]ln( ! )
g V[A]

Since In(1/x)/In(1 + e?/x) > (1 — x)/In(1 + ¢?) for all x € (0, 1] and v[A] €
(0, 1 — v(b)], we obtain that

[A“( 1 >> [A]1 <1+ e2> v(b)
VAT Drag) = VMU T oA na 1 )

Thus, (2.12) follows from (2.13) by the Dirichlet principle (1.9). U

The results of Corollary 2.8 and Corollary 2.9 can be strengthened to identify
the optimal Poincaré and logarithmic Sobolev constant up to a universal numerical
factor, that is, by replacing v[b] in the lower bounds (2.9) and (2.11) by a universal
numerical constant. The price to pay is to enforce the assumptions in the inequal-
ities (2.10) and (2.12). Although, in the application to metastable Markov chains,
these results cannot provide an asymptotic sharp constant, we include them here
for completeness.

COROLLARY 2.10. Letv e P (). Then there exist Cyy, Cpr > 0 satisfying

1
ECVar < Cpr <4Cvar

such that the following statements are equivalent:

(i) For all disjoint subsets A, B C . with
1 1
(2.15) V[A] < 3 and Vv[B]> 3 holds v[A] < Cvarcap(A, B).

(ii) The mixed Poincaré inequality holds, that is,
Var,[f1 < Cué(f) Vf € ().

PROOF. (i) = (ii): Let us denote by m € R the median of f with respect to
v, that is, v[f <m] < % and v[f > m] < % Note that the sets A~ = {f < m}
and B~ ={f>m}and AT ={f >m} and B = {f < m} satisfy the assumption

(2.15). Moreover, by means of Proposition 2.5, we get that
Var,[ 1< Bo[(f =m)2] +Eo[(f = m)}]
=< 4CVar(éa((f - m)—) + g((f - m)+))
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Hence, the conclusion of the first implication follows once we have shown that
EW(f—m)p)+EWf —m)_) < E(f). However, such estimate is a consequence
of the pointwise bound

(f@) —m), — (FO) —m), )+ ((fx) —m)_— (f(») —m)_)?
<(f@) = f»)?

for any x, y € .. Indeed, the bound is obvious for the cases x, y € {f > m} and
x,y € {f <m}. Now suppose that x € {f >m} and y € {f <m}, then the in-
equality reduces to show

(f@) —m)> + (f() —m)> < (F () = F()*,

which follows from the elementary inequality mf (x) + mf (y) —m? > f(x) f(y)
provided that f(y) <m < f(x).

(i1) = (i): For the converse statement, let f be a test function such that 0 < f <
1, fla=1and f|p =0. Then

1 1
&(f)Cp z Vary[f]1=7 > v@vO(f @) — £()° = vIAIV[B] = SvIAL
x,ye”
The conclusion follows from the Dirichlet principle (1.9). U

COROLLARY 2.11. Letv € P(Y). Then there exist Cpy, CLsI Satisfying
1
2In(1 +¢?)
such that the following statements are equivalent:

(i) Forall A, B C . disjoint with

CEnt < CLs1 < 4CEnt

2

holds v[A] ln<1 n e—) < Cemcap(A, B).
V[A]

(i1) The mixed logarithmic Sobolev inequality holds, that is,
Ent,[f*] < CLsif(f) Vf € E(w).

V[A] < and Vv[B]>

| =
| =

PROOF. (i) = (ii): We shift f according to its median m with respect to v (cf.
proof of Corollary 2.10) by applying (2.14) to f —m and get

Enty[2] < [(f =m)? g0 < [(f =g, 0+ 10 —m2]g,

The first implication follows by applying Proposition 2.5 and combining & ((f —
m)4+) and &((f — m)_) as in the proof of Corollary 2.10.

(i) = (i): The converse statement follows exactly along the lines of the proof
of Corollary 2.9 with the additional assumption that v[B] > % O
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3. Application to metastable Markov chains. In Section 3.1, we derive es-
timates and other technical tools based on the capacitary inequality as well as
the metastable assumption. Sections 3.2 and 3.3 contain the main results on the
asymptotically sharp estimates for the Poincaré and logarithmic Sobolev constants
for metastable Markov chains, respectively.

Throughout this section, we suppose that Assumption 1.3 holds.

3.1. A priori estimates. To apply the definition of metastable sets, we first
show that for any subset of the local valley %; the hitting probability of the union

of all metastable sets can be replaced by the hitting probability of any single set
Me .

LEMMA 3.1. Forany M; € .# and A C ¥; \ M;,

1
3.1 Py <tal> %P“A[TUleMj < T4
In particular,
1
(3.2) Puslm, <tal> Eﬁlea}P“M[TUleMj\M <1yl

PROOF. Since (3.2) is an immediate consequence of (3.1) and Definition 1.1,
it suffices to prove (3.1). Since P, [ty < TUleMj\M] =P, [X (TULM_;) = M] for
any M € .# and x € ./, we obtain

1= M;//{]P’x[tM < rUleMj\M] < |AM\Py[ty, < th:IMj\Mi] Vx € ¥.

Thus,
1
(3.3) PUAYB [TM,- < TUf:le\Mi] > M VYACY \ M;,

where v p is the last-exit biased distribution as defined in (1.10) with B =
Uf: 1 M. On the other hand, by using averaged renewal estimates that has been
proven in [47], Lemma 1.24, we get that

]P)/LA [TM,' < TA]
Pria [TUf=1Mj <tal

(34) ]PUAB [IM,' < thlej\Mi] =

By combining the estimates (3.3) and (3.4), (3.1) follows. [

The following lemma shows that the intersection of different local valleys has a
negligible mass under the invariant distribution.
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LEMMA 3.2. Suppose that X := ¥, 0¥\ (My U Mj) is nonempty. Then it
holds that

nlX1 < ol | min{u[My], nIM;1}.
PROOF. Without loss of generality, assume that p[M;] < u[M;]. Notice that
by (3.3), hy, m, (x) = Py[ty, < TUfZIMj\Mz] > 1/|.#| for any x € X C ¥} \ M.
Therefore,

cap(My, My) = (—Lhp; my hix vy )y

= (hmy.mys —Lhx m) > |///| cap(X, My).

Thus,
cap(My, M)
wx T, < X1

(3.2) cap(My, M;)
< ol In

ulX] < ||

< ol | u[My],
MMk ['L'UK MM <ty ]

which concludes the proof. [J

The capacitary inequality combined with the definition of metastable sets yields
that the harmonic functions, /s, M;s is almost constant on the valleys .%; and .%;.

LEMMA 3.3 (¢”-norm estimate). For any M; € .# and f € €*(n) with
fx)=0forall x € M;,

2
65 EBulrls (i

In particular, for any M;, M; € ./ with i # j,

1
(max P[0 mpm <TM]> E(f).

p p /"L[j]]}
(3.6) E,, [hM_,-,M] Q—_ 0 mln{l, ] Vp>1
and
(3.7 E,, [hMj,Mi] <e+oln(l/e) min{l, Z[[‘Z]]} Ve € (0, 1],

where hy; m; denotes the equilibrium potential of the pair (M j, M;).

PROOF. First notice that for any A C ¥; \ M;,
cap(A, M;)

il[A] =
wilAl = 2 TP, o < ta]

(3 2)

~1
(max Puy [TUK:1M]'\M < rM]) cap(A, M;).

[
wl S \Me.at
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Thus, (3.5) follows from Proposition 2.5 by choosing (&, W) = (@1, ¥;) as in
Example 2.4(a). In the sequel, we aim at proving (3.6) and (3.7). For any ¢ € [0, 1],
we write A, :={xe.¥:h M M; > t} to denote the super level-sets of hMj, M;, and
set hy :=ha, m;. Then

(38) tcap(At’ Ml) =< <_th‘7 hMj,Mi)/_,L = <htv _LhMj,Mi>Iu = Cap(Mj9 Ml)

Thus, for any p > 1, we obtain

1
Epi [y, 0,1 = fo Pt il Al de

-1
= M[y](ﬁr}leaﬁlP“M[ UK Mj\m = IM])

X f ptP~Lcap(A;, M;) dt.
0
Since,

ﬂqea;/P“M[rUleMj\M <ty]> max{IPMMi ltm; < ;] IPMMj [tm; < T, 1}

we deduce that
(3.8) wlj1 ulZ;]
E,.[h?, < mm{ }/ P24t = {1 }
pultoa, ] = e w71l Jo W]
which concludes the proof of (3.6). Likewise, we obtain for any ¢ € (0, 1] that

3.8) wlZ Y
E,;[h —£+/ i[A]dt < e+ mln{l —}/ tdr,
i M My il ¢ w711 Je

and (3.7) follows. [J

The bound (3.7) of Lemma 3.3 provides the main ingredient for the proof of
Theorem 1.7.

PROOF OF THEOREM 1.7. Let B and J = J (i) be defined as in Theorem 1.7.
By [15], Corollary 7.11, we have that

_ Eulhm Bl ulil wl-7j1 )
Bow, o781 = G, B) = cap(My, B) <E’“ Vet 1+ ; PEARSAA

In order to prove a lower bound, we neglect the last term in the bracket above.
Since IP)X[IU],GJM]. <ty] < Zjej Px[er < 7u; ], Lemma 3.3 implies with € = o

3.7
E,LL,'[hM,',B] =1- Eui[hB,Mi] > 1— ZEMi[hijMi] = 1 - |%|Q(1 +1n1/Q)'
jeJ
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Hence, we conclude that

wl1 (1

E >
w812 o o, B)

—|#\(¢ +¢lnl/0)).
Concerning the upper bound, recall that by assumption wu[.-7;]1/u[.#;] < § for all
j ¢ J U{i}. Thus, by Lemma 3.3 with ¢ = 9/ Ciatio, We get

w1 ]

/Lj [hMi,Mj]
]EJ

(3.7
< |,//1|<5+Q+gl r;‘“").

Since E; [hp;, B] < 1, the proof concludes with the estimate

ul]

EvMi,B [tB] < m

(14 141(8 + ¢ + ¢ In(Cratio/0)))- O

Let us define neighborhoods of the metastable sets in terms of level sets
of harmonic functions. Therefore, we consider two nonempty, disjoint subsets
o, 9B C .# of the set of metastable sets, and let I/, I C {l,..., K} be such
that o = {M; :i € Iy} and & = {M; :i € Ip}. Further, set A = Jycy M and
B =pep M. For é € (0, 1), define the harmonic neighborhood of A relative to
B by

(3.9) Un (8, B) := {xe U%:hA,B(x)zl—S}.

i€ly
The following lemma shows that the capacity of (% (8, B), Zp(8, A)) is compa-
rable to the capacity of (A, B).

LEMMA 3.4. Let M; € # and B C 4 \ {M;}. Then, for any § € (0, 1/2),

cap(M;, B)
3.10 1—-28 < <1
(3.10) = cap(Zu, (8, B), U (8, My)) —

Moreover, for X := .%; \ %u; (8, B),

(3.11) 1IX1< 08~ ulM;l.

PROOF. Since M; C %u;(8, B) and B C %g(8, M;) by definition, the upper
bound in (3.10) follows from the monotonicity of the capacity; see (1.8). In order
to prove the lower bound in (3.10), notice that

hy; B(x)>1—38 Vxe %y, (5,B) and hy, p(x) <8 VxeU(s, M;).
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Thus, by using the symmetry of —L in £2(u), we obtain
cap(M;, B) = (—Lhm; B, hay, ). 255))
= (hm;, B, —Lhayy, &), 256)) u = cap(%m, (8), %p(8))(1 — 28).

The proof of (3.11) is similar to the one of Lemma 3.2. Since Ay, p(x) < 1—4 for
any x € X = .7 \ %u, (8, B), we get

cap(M;, B) > (—LhB,M,-,hX Mi> = (hp.m;» —Lhx m;),
2) SulX
> §cap(X, M) MPMM [tB < ™m; ]
[
Thus, the assertion follows from (1.7). [

3.2. Poincaré inequality. In this section, we denote by ¢ a numerical finite
constant, which may change from line to line.

THEOREM 3.5. Suppose that Assumption 1.11 and 1.9(i) hold. Then

w171

A2 Lt Ukl g R
(3.12) CPI>l’jeI{I}?§,K} Cap(M,‘,Mj)( /o),

i#]

I & ulsiuls))

3.13 Cpr<= Y — I (1 4¢/C :
(3.13) P1_2i’j:1 Cap(Mi,Mj)( +¢\/Cpr.z (0 +m)

i#]

REMARK 3.6. It is possible to formulate a result with asymptotically match-
ing upper and lower bounds for Cp; under suitable nondegeneracy assumption.
These essentially demand that one of the term in the right-hand side of (3.13)
dominates the others.

Let 9 :=0(%:i=1,...,K) be the o-algebra generated by the sets of the
metastable partition. Since M; € .%; foralli =1, ..., K, we have ¥4 C .# by con-
struction of .#; cf. (1.13). We denote by E,[f | ¢] the conditional expectation
given ¢. In order to prove Theorem 3.5, we use again the projection property of
the conditional expectation to further split the variance Var,[E,[f | #]] into the
local variances and the mean difference

K
Vary [E,Lf | #1] =) ul.#] Vary, [ELf | F1]
(3.14) =

K
2 AN N )~ E )

NIH
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Therewith, the proof of Theorem 3.5 consists in bounding both the local variances
and the mean difference in terms of the Dirichlet form. Bounding the local vari-
ances is established by local Poincaré inequalities, which are a consequence of
Lemma 3.3.

LEMMA 3.7 (Local Poincaré inequality). Suppose that Assumption 1.9(i) is
satisfied. Then, for any f € 0>(u) andi € (1,..., K},

Vary, [Eulf | Z1] < By [(Bulf | 71— By, LF)]

CCPI,//ZE,)(
- plAl

(3.15)

-1
Ar/lng}//P“M[TUf:le\M < TM]) E(f).

PROOF. By noting that Var,, [E,[f | #1] = minger E,,,[(Eu[f | #]1— a)?],
the first estimate in (3.15) is immediate. Moreover, the function x — E,[f |
Flx) — EMM,- [ f] vanishes on M;. Hence, by (3.5) we obtain

Eyy, [(Eulf | #1-Ep, [f])]

.
— ulAl

Thus, we are left with bounding &' (E,[ f | #]) from above by &( f). For any § > 0
by Young’s inequality, that reads |ab| < 8a® + b*/(48), we get for any x, y € .7,

-1
(Alf}lea}//PMM [TUf{:le\M < TM]) EEulf | 7).

(Eulf | Z1x) — Eulf | F10))>

<+ - FOP+(245) ¥ (=Bl 1F10)

z€{x,y}

Recall that E,[f | #](x) = EuMi [f] for any x € M;. Since f(x) — E,[f |
F1(x)=0forany x € .¥\ UiKzl M;, we obtain

1 K
EELLS | F1) < (1 +20)E(f) + (2 + 5) 3 uIMi] Var,, [f]
i=1

Since VarMMi [f1<Cpr;&(f) forany i =1,..., K, the assertion (3.15) follows
by choosing § = /2Cpy,_z. U

LEMMA 3.8 (Mean difference estimate). Let Assumptions 1.11 and 1.9(i) be
satisfied. Then, for any f € £*>(u) and M;, M; e A withi # j it holds that

2 E(f)
(Em[f]—Euj[f]) m(l +C\/CPI,///(Q+77))-

IA
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PROOF. For M;, M; € ./ withi # j, let vy, M; be the last-exit biased distri-
bution as defined in (1.10), and denote by g; ; := vy, M; om u; the relative density
of vy, m i with respect to wpy,. Then it holds that

B [f1=Eu[Eulf | 7]
:EVMi,Mj [f] +E,u,‘ [EM[f | 5-;] _EMMi [f]] _EMMi [(gl,] - l)f]

Thus, by applying Young’s inequality, we obtain for any § > 0 and f € £2(u),
(Epei[£1 = By [f 1) < (14 8)(Bugyyr, [f1 = Eugy Ly, 1)

2

1
+2(1+3) Y B [Eulf | Z1 =By, [£1]

kefi,j}

1
+ 2<1 + g)(EMMi [(gij — DT + By, [(870 — DfP).

Let i, m; be the equilibrium potential of the pair (M;, M;). Observe that a sum-
mation by parts together with an application of the Cauchy—Schwarz inequality
yields

ECf)
2

E —E <—"
(o, L1 = By LF1) = cap(M;, M)
Recall that the function x — E,[f | #](x) — EMMi [f] vanishes on M;. Thus,
(3.15) implies that

2 &E(f)
Eu [(BEulf | #1—Epuy, Lf1)]| < cCpr.v0————,
122 [( 1% ,LLMl ) ] Cap(Mi, M])
where we used that max ¢z IPMM[fujglej\M <tym] >cap(M;, M;)/uu[M;]. Fur-

ther, the covariance between g; ; and f, thanks to Assumptions 1.11 and 1.9(i), is
bounded from above by

E(f)
cap(M;, M;)’

By combining the estimates above and choosing § = /Cpy,_z (0 + 17), we obtain
the assertion. [J

Epuy, [(gi.j — DT’ < Vary,, [gi.j1Vary,, [f] < nulM;1Cpri

A combination of the splitting (3.14) with the Lemmas 3.7 and 3.8 gives the
upper bound (3.13) of Theorem 3.5. The proof is complemented by a suitable test
function yielding the lower bound (3.12).

PROOF OF THEOREM 3.5. The lower bound of Cp; is an immediate conse-
quence of the variational definition of Cpr; cf. (1.11). Indeed, by choosing the
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equilibrium potential /y; p; for any M;, Mj € .4 with i # j as a test function,
we deduce from (1.14) and (3 14) that
Vary (g, ;) = 1S3 B g, i) — B Thag 1)
= SIS = By, Uhag, a1 — Buuy Uhag, 1)

Thus, in view of (3.7), we obtain that Var,[f] > u[~u[-7;]1(1 — 8@)2. Since
& (hym;,m;) = cap(M;, M), (3.12) follows by optimizing over all M; # M € 4 .
For the upper bound, observe that by using (1.7) and (1.8),

-1
(2 Py (2 a0 < o)

K K
(3.16) I > pAL L s sl
I///l—llj 1 Pu lomy < o] = 1A = 1, 5=, cap(Mi, Mj)
i#]j l#J
Hence, by an application of Lemma 3.7, it follows that
‘ 315) I o~ ulAul]
1V A C =Y =L E(f).
;u[ 1 Var,, [Bulf 171 < cCon, //injzzﬂap(MhMj) )
i#]

Thus, a combination of (1.14) and (3.14) together with Lemma 3.8 yields (3.13)
up to an additive factor Cpy,_,. To bound this additive error term, notice that

-1
Crz =< CPI,///Q(AI/}lEa}//PMM [fuj-;,M,\M < rM])

616 Cpiz0 i ul Sl
- |,//| —1 ij=1 cap(Mi, Mj)’
i#]j
which shows that Cpy_, can be absorbed into the right-hand side of (3.13). [

3.3. Logarithmic Sobolev inequality. In this subsection, we focus on sharp
estimates of the logarithmic Sobolev constant in the context of metastable Markov
chains. Again, we denote by ¢ a numerical finite constant, which may change from
line to line.

THEOREM 3.9. Suppose that the Assumptions 1.11, 1.9 and (1.20) hold. Then

M[y‘],u[y'] _ 2

CLSIZLJ%?, } Al w5 cap(M,,M )(1 Vo
i#]
3.17)
K
M[Y‘]M[Yj] 1

c 1+ CrmassCLsI. + .
LS < Z Nz [¢§”j])cap(M,-,Mj)( c\/ Lst,.2 (0 + 1))
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In order to proof Theorem 3.9, we decompose the entropy Ent, [E,[ f 2|21
in (1.15) into the local entropies within the sets .77, ..., .k and the macroscopic
entropy

Ent,,[E.[f? | F]] = fu[%]Enmi [Eu[f? | #]] + Ent[Eu[ £ 1 4]].

i=1

In the next lemma, we derive an upper bound on the local entropies.

LEMMA 3.10 (Local logarithmic Sobolev inequality). Let Assumption 1.9(1)

be satisfied, and assume that Cpygs < 00. Then, for any f € Zz(u) and i €
{1,...,K},

Ent,, [E,[f* | 7]]

(3'18) chassCPI,///Q (

~1
o (e P [y < )60,

Me#

PROOF. First, notice that for any A C .7\ M;,

62
[A]lln( 1
il ]“( +m[A]>

_ MaXyey, In(l+€?/p1i(x)
ulFilcap(A NS5, M;)

(3.2) 0
= Cmassm (

cap(A, M;)

1
max P, [TU§(:|Mj\M < ‘L'M]> cap(A, M;).

Me.#

Since the function x > E, [ f 2| Z](x) is constant on M;, Corollary 2.9 implies
that

—1
2 (max P Loy <orl) €GB 1)),

Thus, we are left with bounding & (,/E,[f? | #1) from above with &(f). Apply-
ing Young’s inequality, we get, for any § > 0 and x, y € .7,

WVELF2 17100 = JEL[F21 2] ()
<0+29)(5 |-+ (24+3) X (701- L2171

ze{x,y}
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Since | f(z)| —/Eulf? | Z1(z) =0forany z € Y\UI-KZIMi andE,[f | #](x) =

EMMi [f] for any x € M;, we obtain

E(ELLf? 1 F]) < (1 +28)E(1 1) +2(2+ 1) ZM[M 1Vary,, [£],

i=1

where we additionally exploited the fact that, by Jensen’s inequality,

Bpuy, [(1F1 = /By, [£2])*] < 2 Vary,,, [£].
Since VarMMi [f]1<Cpi&(f) forany i =1,...,K and &(| f]) < &(f), (3.18)
follows by choosing § = ,/2Cp1,_z .

PROOF OF THEOREM 3.9. In view of the variational definition of Cygy (cf.
(1.12)), the lower bound in (3.17) follows from the construction of a suitable test
function. For any M;, M; € .# withi # j, 6§ €[0,1/2) and g: {i, j} — R, set

J &) :=ghay,, @), 2m,6)(X) + g(j)h%M((S),%MA ) (x),

Um; (8) = Uwm,; (8, M) and %M (8) = %wm, (8, M;) are the §-neighborhoods of M;
and M as defined in (3.9). Then by Lemma 34,
. . . . acap(M;, M ;)
E(F) = (8G) — 8())>cap(Zun, 5). U, ) S (8(i) — gm)“’l_—’wﬁ
Further, notice that alna —alnb —a + b > 0 for all a, b > 0. Thus,

Ent,[f?] = rg;igEM[lenfz—lenc—fz-i-c]
> minE,[f*In 2 — fZlnc— 2 +o)1
> min wlf7Infe— f2Inc— f~+c) %M[(s)u%,j(a)]

3.11)
> (ul.%1 + ul.Z1)(1 — 06~") Entger(py[22],

where Ber(p) € Z({i, j}) denotes the Bernoulli measure on the two-point space
{i, j} with success probability p =1 — g = u[.7;1/(u[-#;] + u[.#;]). This yields
Ent,, [ f> 1+ Ent
Clsl > nt, [ f“] _ w1+l M,](1 _28)(1 — 057 n.Ber(p)[g ]2’
E(f) cap(M;, M;) (g(@)—g@))

for any g : {i, j} — R with g(i) # g(j). Recall that the logarithmic Sobolev con-
stant for Bernoulli measures is explicitly known and given by

Entger(p) [8°] . }
{<g<> sG? B0 7EW)
__ g wl Sl

A(p,q) A(u[y] 1))

(1[Z] + nl]).
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This was found in [30] and independently in [26]. Thus, by choosing § = /o,
lower bound in (3.17) follows.

Let us now address the upper bound. First, since A(u[-~], u[-7;]) <1 we de-
duce from Lemma 3.10 by following similar arguments as in the proof of Theo-
rem 3.5 that

K
> nl 71 Ent, [E[f* | Z]]
i=1

(3.18) wlZ i 1ul-7;] E(f)
< ¢CassCp1, 270 .
s ,,2:1 A(ulA], nl}]) cap(M;, M)
i#]
On the other hand, by [40], Corollary 2.8, we have that
Ent, [E.[f*14]]

1 & s
5 Z A(l;[y]uu[y] ( Z Var,, [ f1+ (Ey[f1— Euj[f])2>'

i,j=1 keli,j}
i#]j

In view of the projection property of the conditional expectation together with
(1.16) and (3.15)

Y Varg[f1= Y (uxlMi]Vary,, [f14 Var, [EuLf | #1))

kefi, j} kefi, j}

Thus, the upper bound in (3.17) follows up to the additive constant Crsy._z by
combining the estimates above and using Lemma 3.8. To bound the additive error
term Cys1,., notice that

(3.16) wl i1l ] 1
Cist.r = Cisn.uzo Z
;52 ML), pleS))) cap(Mi, M)
i#£]
where we used that A(u[-#], u[-#;]) < 1. This allows us to absorb the additive
constant Cpgsy,.» into the right-hand side of the upper bound in (3.17). U

PROOF OF THEOREM 1.14. For K =2, (1.19) and (1.21) follow directly from
Theorem 3.5 and Theorem 3.9. [

4. Random field Curie-Weiss model. The proof of Theorem 1.24 follows
from Theorems 3.5 and 3.9 after having established Propositions 1.19, 4.8 and 4.2
in each of the three following sections.
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4.1. Verification of o-metastability. In view of (1.5), estimates of hitting prob-
abilities can be deduced from upper and lower bounds of the corresponding capac-
ities. Based on the Dirichlet principle and a comparison argument for Dirichlet
forms, our strategy is to compare the microscopic with suitable mesoscopic capac-
ities via a coarse-graining. One direction of the comparison follows immediately
from the Dirichlet principle. In this way, we can utilize the estimates on capacities
contained in [8].

For disjoint subsets, A, B C I'" set A= p~!(A) and B = p~!(B). Then the mi-
croscopic capacity cap(A, B) is bounded from above by the mesoscopic capacity
cap(A, B)

(1.9)
cap(A,B) < inf &(gop)
8EHA,B

D = nf 5 yZF nEr . y)(g@) — ()
=:cap(A, B),
where
1
4.2) r(x,y)::W > u@) Y. ploo)
" oep~!(x) o’ep~l(y)

and 7y p:={g: " — [0,1]: gla =1, g|p = 0}. Notice that the mesoscopic
transition probabilities (r(x,y) : x, y € ') are reversible with respect to u. Re-
call that the metastable sets M1, M, are defined as preimages under p of particular
minima m1, my of F. Hence, an upper bound on the numerator in (1.3) follows
from an upper bound on cap(m, m;).

In the following lemma, we show that the denominator in (1.3) can also be
expressed in terms of mesoscopic capacities.

LEMMA 4.1. Forn > 1, let B C T" be nonempty and set B = p~'(B). Fur-
ther, define €(n) := 2hso/n. Then, for any A C .\ B and N > n,

- cap(x, B
(4.3) P, lts <tal> | 16_4/38(”)(2N+1)x€rr11y{3 %

PROOF. Notice that the image process (p(o (¢)) : t > 0) on ' is in general not
Markovian. For that reason, we introduce an additional Markov chain on . with
the property that its image under p is Markov and the corresponding Dirichlet form
is comparable to the original one with a controllable error provided n is chosen
large enough.

For fixed n > 1, let (& (¢) : t > 0) be a Markov chain in discrete-time on . with
transition probabilities

plo.o’):= %exp(—ﬂN[E(p(G/)) — E(0(0))]1) 1o —0,=2
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and p(0,0) =1—3 ,c» p(o,c’), which is reversible with respect to the random
Gibbs measure

fi(o):=Z lexp(—=BNE(p(0)))2™", oe.7.

Let us denote the law of this process by P, and we write cap(A, B) for the corre-
sponding capacities. Likewise, let it := i o p~!, and define 7 analog to (4.2). Note
that

— - ’
(4.4) o~ 2BemN p(o) < 2BeMN g o—2Be() plo,0’) < o2Bem)
T ulo) T ~ plo,0) ~

for any 0,0’ € .. On the other hand, for any x,y € I'" it holds that p(o,
,ofl(y)) = p(o’, pfl(y)) for every 0,0’ € ,o*l(x). This ensures (see, e.g., [21])
that the Markov chain (&' (¢) : t > 0) is exactly lumpable, that is, (p(c(¢)) : t > 0)
is a Markov process on I'" with transition probabilities 7 and reversible mea-
sure L. As a corollary of [15], Theorem 9.7, we obtain that, for A = p_1 (a) and
B = p~!(B) with {a}, B C I'" disjoint,

4.5) Pyltp <14l =Pyt <Ta] Vo,0 € A.

In particular, cap(A, B) = cap(a, B). By using a comparison of Dirichlet forms,
we deduce from (4.4) that, for any A, B C .,

(4.6) e 2B8eM)(N+1) M and  e—2BEMWNV+D) _ cap(a, B).
’ = Gap(A, B) = ap@.B)

Now we prove (4.3). For a given @ % B C I set B = p~!(B) and let A C
<\ B be arbitrary. Then we can find {x; : k=1, ..., L} C I'" such that

L
Anp'x)#2 and Ac|Jp ' (xp).
k=1

We set X = p‘l(xk) and Ay :=ANX;forke{l,...,L}. Since

cap(Ax, B) = Y 1(0)Psltp < x,]

oAk

@5)

4.5 E[Ak]@(xk’ B) _ cap(xi, B)

mwlA
axa AT

an application of (4.6) and (4.4) yields
cap(x, B)

cap(Ag, B) > e 2PEWHFD A 17220
m(xy)

4.7
@ —4Be(m)2N+1) cap(x, B)
=e U[Ax] min ————.
xel'"\B  p(x)
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Thus,

cap(x, B)

a8 1 L ant _,
ap DL A B) D Lemapeman+n 4
cap(A, B) = chap( kB) = LS H ]xeF"\B p(x)

k=1
Since L < |I'"], the assertion (4.3) follows. [

PROOF OF PROPOSITION 1.19. Letn > 1 and My = p~ ' (my) with my € I'"
fork=1,..., K the local minima of F as in the assumptions of Proposition 1.19
with decreasing energy barriers {Ag : k € {1, ..., K}} as defined in (1.30). Then,
by [8], Proposition 4.5, Corollary 4.6 and Proposition 3.1, there exists C < 0o such
that, P"-a.s., for any N > No(h) vV Ny(h) and all 1 <k < K we have

P “1 cap(My—1, my)
A e

On the hand, for any A C .\ U,-K:1 M; Lemma 4.1 implies that

< CN"e PN&k-1,

“la—4pemeN+D o AP, M)

n
Pualtys, m, <tal= | xel"\M  p(x)

where M = UiK:1 m;. For any x € ' \ M a lower bound on the mesoscopic ca-
pacity cap(x, M) follows by standard comparison with the explicitly computable
capacity cap,, (x, M) of a one-dimensional path connecting x with M. Forx ¢ M,
there exists a cycle-free mesoscopic path y = (¢, ..., ¥;) in ' such that yj = x,
Yi €M, r(y;,y;1) >0foralli €{0,...,k—1}and F(y;) < F(x)+ O(1/N).
This path can be obtained from the best-lattice approximation of the continuous
gradient flow trajectory x (1) = —V F(x(¢)) with x(0) = x. In particular, by [8],
Proposition 3.1, there exists C < oo such that, Ph-a.s., for any N > No(h) vV N1(h)

(4.8) KX Nt vielo.. . k).
ny;)
Hence,
—1
cap(x, M) _ cap,(x, M) _ ("i (x) ) _ e POrhe)
px) = px) = ryIryi,vig)) — kCNATLY

where we used in the last step (4.8) and the fact that r(z,z") > N —le=2B(2+thoo)
for any z,z' € I'" with r(z, z’) > 0. Since the path y is assumed to be cycle-free,
its length is bounded by |I'"*|, which itself is bounded by N”. Thus, by combining
the estimates above and using the fact that by Assumption 1.18 Ax_1 > 0, we can
absorb the subexponential prefactors. That is, Ph-a.s., for any c1 € (0, Agx_1) there
exists ng(cy) such that for all n > ng(cy) the following holds: there exists N < 00
such that for every N > No(h) vV Ni(h) vV N,

maxyre(my,... Mg} Pun [T % ypm < Tl

K <e PaN . 0.

HllnAC&”\UiK=I M; P,LLA [TU,-K=1 M; < Ta] 0
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PROOF OF PROPOSITION 1.22. The proof is very similar to the one presented
above. However, one has to be more careful in the construction of the path for
(4.8), which is replaced by the bound

PO _ oy e {0,..., k).

n(y;)
The mesoscopic path y is now constructed such that it passes through the com-
munication height ®(x, {m, m>}) = max;co,.. x} F(y;), where ®(x, M) is de-
fined in (1.29). The definition of A, and the ordering of m| and m, ensures that
®(x, {m1,my}) < A, for all x € I'". Finally, the nondegeneracy Assumption 1.21
implies that the subexponential factors can be absorbed. [J

4.2. Regularity estimates via coupling arguments. The main objective in this
subsection is to show that Assumption 1.11 is satisfied in the random field Curie—
Weiss model.

PROPOSITION 4.2. Let the assumptions of Proposition 1.22 be satisfied. Then
Ph-a.s.,for any ¢y € (0, cy) there exists ny = ni(cy, c2, B, hoo) such that for any
n>noVny,foranyi # j€{l,2} and N > No(h) vV N1(h),

(4.9) Varu [ < TS BN

< withn=e
MM, cap(M;, M)

Moreover, if the external field h takes only finite many discrete values then (4.9)
holds with n = 0.

Let us emphasize that although the bound (4.9) can in principle be deduced
from [8], Proposition 6.12, we include a proof of Proposition 4.2 that is based
on a coupling construction. Coupling methods were first applied in the analysis
of the classical Curie—Weiss model in [34]. Later, this technique was adapted in
[9], Section 3, to obtain pointwise estimates on the mean hitting time for a certain
class of general spin models. This approach was simplified and generalized to
Potts models in [47]. Here, we give a streamlined presentation of [9] thanks to the
simplification of [47] in the setting of the random field Curie—Weiss model.

We are going to construct a coupling (o (¢), ¢(¢) : t € No) such that o (¢) and
¢ () are two versions of the Glauber dynamics of the random field Curie—Weiss
model. Hereby, we choose o (0) € p_l(x) and ¢(0) € p_l(x), that is, the ini-
tial conditions have the same mesoscopic magnetization x € I'"". We use that the
Glauber dynamics of the Curie—Weiss model defined via (1.24) can be imple-
mented by first choosing a site i € {1, ..., N} uniform at random and then flipping
the spin at this site i with probability given by the distribution v;  in the following
way:

Vig[—0i]:=Np(o,0') and v s[+1]4+vis[—1]1=1,
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where a; =oj forall j #i and aii = —o;. Note that for any o, ¢ € p~!(x) and
i,je{l,..., N} such that p(ai) = p(gj), the estimate (4.4) implies that
(4.10) e My, =01l <vj c[—g;l.

The first objective is to couple the probability distributions v; , and v; . for o, ¢ €
p‘1 (x) with i, j chosen such that 0; = ¢;. In view of (4.10), the coupling can be
constructed in such a way that we can decide in advance by tossing a coin whether
both chains maintain the property of having the same mesoscopic value after the
coupling step.

The actual construction of the coupling is a modification of the optimal cou-
pling result on finite point spaces introduced in [35], Proposition 4.7. The con-
stant e =4 from (4.10) will play the role of 8, when we apply the following
Lemma 4.3.

LEMMA 4.3 (Optimal coupling [47], Lemma 2.3). Letv,v' € Z({—1,1}) and
suppose that there exists § € (0, 1) such that Sv(s) <V'(s) for s € {—1,1}. Then
there exists an optimal coupling (X, X') of v and V' with the additional property
that for a Bernoulli-§-distributed random variable V independent of X it holds
that

PX'=s"|V=1,X=s]=1s(s") fors,s"e{-1,1}.

Therewith, we are able to describe the coupling construction. Let 7 > 0 and
M > 0 and choose a family (V; :i € {1,..., M}) of i.i.d. Bernoulli variables
with

P[V;=1]=1—P[V; =0] = e e,

The coupling is initialized with 0 (0) =0, ¢(0) = ¢, Mp=0and £ =0.
fortr=0,1,...,T —1do
if £ =0 and M; < M then
Choose i uniform at random in {1,..., N} and set I; =i.
if 0;(t) = ¢;(¢) then
Choose s € {—1, 1} at random according to v; , and set

oj(1), J # l and c(t+1)= i), J # l

s, Jj=i s, Jj=i.
Set MH-l = M;.

else
Let £ be such thati € Ay.
Choose j uniform at randomin {j € A; : gj #0; and ¢; = 0;}.
Apply Lemma 4.3 to the distributions v; , and v; -, where Vyy,
decides if both chains maintain the same mesoscopic value.

O’j(t—l-l):
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Set MH-] = Mt + 1.
if Vi, =0 then
Set& =1.
end if
end if
else
Use the independent coupling to update o (¢) and ¢ ().
end if
end for

LEMMA 4.4 (Coupling property). The joint probability measure Py o of
the processes ((o (1)), (¢c(t)), (V;) :t € {1, ..., T}) obtained from the construction
above is a coupling of two versions of the random field Curie—Weiss model started
in o and ¢, respectively.

PROOF. Assoonasé& =1or M; > M forsome t < T, both chains evolve inde-
pendently. Hence, the assertion is immediate. For § =0 and M; < M, by construc-
tion, i is chosen uniform at random among {1, ..., N}. Then, in the case 0; = ¢; it
follows that v; , = v; o, whereas in the other case Lemma 4.3 ensures the coupling
property. [J

The coupling construction ensures that, once ¢(¢) and o (¢) have merged, they
evolve together until time 7. Hence, we call the event {0 (#) = ¢(¢)} a successful
coupling. Since conditioning on this event may distort the statistical properties of
the paths ¢, we will introduce two independent subevents which are sufficient to
ensure a merging of the processes until time 7.

LEMMA 4.5. For any value T and M, define the following two events:
(i) The event that all Bernoulli variables V; are equal to 1, that is,
o ={Vi=1:i€{0,....M —1}}.

(ii) The stopping time t; is the first time the ith spin flips and t is first time all
coordinates of o have been flipped, that is,

tt=inf{t>0:0(+1)=—0(0)} and t:= max ¢.

Therewith, the random variable

N
N = Zzllt:i

i=1t=0

represents the total number of flipping attempts until time t. The event A, only
depending on {o (t) : t €{0, ..., T}}, is defined for any B C . by

PB.={t<tg}N{AN <M}
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Then it holds that
o NAB C {a(t) = g(t)}.

PROOF. The event 4 ensures that o (f) has not reached the set B and all its
spins have flipped once. By the event .27, each flipping aligns one more spin with
¢(t), and hence we have o (t) = ¢(t). [

By construction, we have
(4.11) P o [o/] < e 4PemM,
which is exponentially small in M. Moreover, since
(4.12) Vi.o[—0i] > exp(=2B8(1 4 hoo))

forany 0 € ¥ and i € {1, ..., N}, by standard large deviation estimates, we can
bound the tail of the probability of the random variable .4".

LEMMA 4.6. Lets>a~ ! :=expB(1 + hoo)) and set M = c3N. Then

Po[ A > M]<e & 6=DN,

where 118 is the rate function of the negative Bernoulli distribution with param-

eters N and «, that is given by

s
4.13) (0,00) 3 s+ IMB(s):=5In————— —Ina — In(1 > 0.

(4.13) (0,00) 3 « () S a1 n(l+s) =

In particular, I;‘Ber is strictly convex on (0, 00) and I;}Ber(s —1) >0 forall s >
—1

a .

PROOF. The bound (4.12) implies that if a site is chosen uniformly at ran-
dom among {1, ..., N}, it is flipped at least with probability «. Let (w(t) : t €
{0,...,T}) be a family of independent Ber(«)-distributed random variables and
define the negative binomial distributed random variable % with parameters N
and « by

)
Z:=infls>1:> o@)=Ng—N.
=1
Then, by using a straightforward coupling argument (see [47], Lemma 2.6), we

obtain that 4 < Z + N. Further, by using standard large deviation estimates, we
find that

(4.14) Po[A >sN]<P[Z > (s—1)N] < o NI (s—1)

Hereby, 128 is given as the Legendre—Fenchel dual of the log-moment generating
function of the negative Bernoulli distribution, that is, # > log(a/(1 — (1 — a)e’)).
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The rate function I&“Ber is strictly convex, since BSZI&‘B‘"(S -1 and has

_ 1
— s(s+1)
its unique minimum in s = «~! — 1. Hence, I!B(s — 1) is strictly positive for

s>a L. O

The above construction allows us to deduce the following bound on hitting prob-
abilities of preimages of mesoscopic sets.

LEMMA 4.7. Forany n € N and A, B C T'" disjoint, set A = p~'(A) and
B = p~'(B). Further, let x € T and choose s > a~' according to Lemma 4.6.
Then

IPg[‘rB < 74l
(4.15) ner
> e SN (P [1p < 4] — e la” C=DN) Vo, s ep” (),

where I£Ber is given by (4.13).

PROOF. We are going to use the above coupling construction with involved
parameters 7 = oo and M = sN. For that purpose, consider the following addi-
tional event:

B = {tg <t N{N < M).

Notice that by Lemma 4.5, on the event &/ N %, we have o () = ¢(t) and, in
particular, g = rlg. Moreover, on the event & N A N {rlg < rj}, it follows that
T j =13.

On the event o N 4, the process (¢(¢) : t > 0) reaches B before time t. How-
ever, by the coupling construction, we have that p(o (t)) = p(g(¢)) for all t < tp.
Since, by assumption, the sets A, B are preimages of the mesoscopic sets A, B,
we conclude g = rg and on the event {rg < Ti} the o-chain can not reach A

before time 7. Thus, we have
Pcltg <tal > Pc o[ty <15, Z NB)+ P oty <14, 7 NAB|
=P [t} <5, NB]+Pco[t5 <5, o NH]
>Pe o[ 1(Poltp < Tal = Po[A > M]),
which concludes the statement thanks to the estimates (4.11) and (4.14). 0
We are now in the position to apply the above lemma to the metastable situation

of Proposition 4.2 and use the connection of hitting probabilities and the last exit
biased distribution in (1.5).
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PROOF OF PROPOSITION 4.2. For an arbitrary n € N, choose {a}, B C I'"
disjoint and set A := p~!(a) and B := p~!(B). Then Lemma 4.7 implies that

15
ea,(o) ) Psltp < T4l

(4%5) e4Be(m)sN <L’(A’ B) + e—lé’Ber(s—l)N> Yo € A.
nlA]
Hence, in view of (1.10) we obtain

Var |:VA,B:|_ plA]
4L ua 1 cap(4, B)

EVA,B[eA,B] -1

< plA] ((e4ﬂe(n)sN . l)cap(A,B) +e(4,3£(n)s—1&‘Ber(s—l))N>‘
cap(A, B) KlA]

In particular, under the assumptions of Proposition 1.22, we conclude from the
estimate above that

(4PN _ 1)CaP(M LM2) L @pems— 1P - 1)N
nlMs]
< e4ﬁs(n>1;Bef(s—1)N(e—c,ﬁN + e—I;Bef(s—l)N)_

We have to show that the right-hand side is smaller e=<2#V as state in (4.9). By
exploiting the explicit definition of the rate function 125" in (4.13), we can choose
s large enough such that I'B(s — 1) > Bc; with ¢| as in Proposition 1.22. Then,
for any ¢ € (0, ¢1), we find n1 =n1(c1, ¢2, hoo) such that for all n > ny, it follows
4e(n)s = 8hoos/n < c1 — c2, and hence n = e~ BN ag stated in (4.9). O

4.3. Local mixing estimates within metastable sets. For the proof of Propo-
sition 4.8, we follow [36] to compare the Poincaré constant Cpy; in (1.16) and
logarithmic Sobolev constant Cpsy; in (1.17) for any M € .# with the ones of
the Bernoulli-Laplace model. First, we compare the variance and entropy. Then
we introduce the Bernoulli-Laplace model, for which we provide its Poincaré and
logarithmic Sobolev constant from the literature. Finally, by comparing the differ-
ent Dirichlet forms we deduce a Poincaré and logarithmic Sobolev constant inside
the metastable sets.

Step 1: Comparison of variance and entropy. We compare the variance and en-
tropy with respect to s with the ones with respect to j13s. Note that, by definition,
[y 1s the uniform measure on M. For the comparison of the variance, we use the
two-sided comparison

(4.16) H(o)—eN <H(oc)<H(c)+¢&N
and obtain

(4.17) Vaty,y, [ f1= inf By, [(f a)?] < PN varz, [ £].
ae
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Similarly, for the entropy we use the fact that blogbh — bloga — b 4+ a > 0 for any
a, b > 0. Then, by following essentially the same argument as given in [31],

Enty,,, [fz] = ingEMM [f2 log f2 - f2 loga — f2 + a] = efeN Ent;,, [fz]
a>

Step 2: Poincaré and logarithmic Sobolev constant of the Bernoulli-Laplace
model. In the sequel, we introduce a dynamics on M. For that purpose, denote by

7, k

o /¥ the spin-exchange configuration, that is, o;" :=o; fori ¢ {j, k} and a ko

o as well as ij’k ‘= o0j. Then, since M = p l(m), we have for o € M, that
o/* € M if and only if j, k € Ay for some £ € {1,...,n}. Hence, for 0,0’ € M
with |0 —o’|; =4, we find £ € {1,...,n} and j, k € Ay such that o’ = o/ Let
us denote the according mesoscopic index by £(o, o). Therewith, we define the
transition probabilities (pgy (0, 0’) : 0,0’ € M) by

1 /
e o —o'ly =4
[Avo,07)]
peL(o,0’) =10, o —a'|; >4,
I— ) peLo), o=0
neM\o

Note that pgr, is reversible with respect to the uniform distribution fis. Since
M| =TT,— (lA”) with k; = mgN and p~'(m) = M, jiy is a product measure.
Moreover, the transmon probabilities, ppr, are compatible with the tensorization,
since any jump only occurs among two coordinates in A, for some ¢ € {1, ..., n}.
Hence, if we regard the coordinates of o such that o; = +1 as particle position,
then the Markov chain induced by pgr is an exclusion process of particles in n
boxes of size {A¢};_; such that in each box £ € {1, ..., n} the particle number is
k¢. This is the product of n Bernoulli-Laplace models. Both the spectral gap and
logarithmic Sobolev constant are well known; cf. [27] and [33], Theorem 5. Let
us denote by &g the Dirichlet form corresponding to (fias, per). Then, by the
tensorization property of the Poincaré and logarithmic Sobolev constant (see [26],
Lemma 3.2), we obtain
Varg,, [ f] < ?llax {CPLBL(A k) }EBL(S),

.....

.....

where for some universal constant cgp, > 0,

|A )—1 N

CPLBL(|A | ko) = (M =7

— 4’
A2 N
(4.18) CLSL,BL(|A¢|,ke) = CPLBL(|A|.k (CBL 7)
(IRSHE (I1Ae]ke) gkg(|A(g|—kg)

N
<—
-8 log 2CBL
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Step 3: Comparison of Dirichlet forms. Note that, for o, 0’ € M, the transition
probabilities ppy (o, o’) are not absolutely continuous with respect to p(o, o).
For this reason, consider the auxiliary Dirichlet form &> associated to the two-step
transition probabilities (p2(o,0’) : 0,0’ € .¥) given by

pa(o, o) Z plo,0")p o).
Since u is reversible with respect to p, w is also reversible with respect to p>. In

addition, p and p; have the same eigenvectors ¢; and if we denote by —1 <1; <1
the according eigenvalue of p, then the jth eigenvalue of p; is )\2.. Hence,

[-“nl |7
@19) &P =D (1=2)(foonu > <23 A =2plfiepul’ =265
j=l1 j=1

Thus, it suffices to compare the Dirichlet forms &5p. and &3. For that purpose,
we are left with establishing a bound on the ratio of the rates iy (o) psL(0, o)
and (o) pa(o,0’) for 0,06’ € M. For 0,0’ € M with |0 — ¢'|; =4, we find o”
such that |0 — ¢”|; =2 and |0’ — ¢”|; = 2, which allows us to obtain a lower
bound using the explicit representation of the Hamiltonian (1.22) as well as the
boundedness of the external field (1.23)

1
pa(o,0’) > p(o,6")p(c”,0') > 2 exp(—4B(1 + heo)).
Hence, the bound (4.16) and the trivial estimate |A¢| > 1 leads to

(4.20) Pu (OB T) _ 0 o (B(e ()N + 4 + 4hoc)),
u(o)pa(o, o)

which results in a comparison of the Dirichlet form &pL and & with the same
constant.

PROPOSITION 4.8. Assumption 1.9 holds with constants Cpy, 4 and CLs1,.z
satisfying
N3
max{Cpy,z,2log2cpLCLs1. 7} < > exp(2B(e(n)N + 2+ 2hy))

for some universal cgyr, > 0.

PROOF. The conclusion follows by combining the chain of estimates for the
variance

(4.17) 4.18) N _
Var,, [f1 < ef*™Nvar;, [f] < Zeﬂ“’”Né"BL(f)

4. 20) N

2BEMNT242h00) () @.19) N?
2

2,3(5(n)N+2+2h00)(9p(f)
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and likewise for the entropy. Notice that the final estimate on Cpy » and Crsi
is independent of M. Since the constants Cpy_, and Cysj,.» are convex combina-
tions of Cpy » and Cyst, p for M € .# and, the assertion follows. [J

APPENDIX: YOUNG FUNCTIONS

LEMMA A.1 (Properties of Young functions). A function @ : [0, 00) —
[0,00] is a Young function if it is convex, ®(0) = lim,_,oP(r) = 0 and
lim,_ oo ®(r) = 00. Then it holds that:

(i) @ is nondecreasing;
(1) its Legendre—Fenchel dual ¥ : [0, co) — [0, oo] defined by

U(r):= sup {sr— P(s)}

s€[0,00]

is again a Young function;
(iii) the (pseudo)-inverse of ®, defined by & 1(r) :=inf{s € [0, 00] : D(s) > 1}
is concave and nondecreasing.

PROOF. (i) By convexity, it holds for any « € (0, 1) that
O(ar)=P(at+(1—a)-0) <ad®()+ (1 —a®(0) =ad ().
Hence, by using additionally the nonnegativity of & it follows for any « € (0, 1),

d(t) > lc1>(on) > O (at).
o

(ii) The convexity of W follows by convex duality for Legendre—Fenchel trans-
form, since & is a convex function. Since ®(s) > 0 for all s and at least equality
for s =0, it first follows W (r) > 0 for all r and in particular

W(0)= sup {—P(s)}=0.
s€[0,00]
Now from lim,_, o ®(r) = co and the convexity of & follows that there exists
k > 0 such that ®(r) > kr for r > R. Hence, we get

lim sup {sr— ®(s)} <lim max{ sup sr, sup{s(r — /c)}] =0.
r—=05e[0,00] r— s€[0,R]  s>R

Similarly, since lim,_, o, ®(r) =0, it follows that ®(r) < e < oo for all r € [0, ],
and hence

lim sup {sr — ®(s); > lim (6r — &) = o0.
r—>oos€[0’oo]{ } r—00

(iii) The fact, that ®~! is nondecreasing follows immediately from its definition
and that ® is nondecreasing. Now let u, v € {®(s) : s € R, ®(s) < oo}. Then, by
convexity of @ follows fora € (0,1) and 8 =1 — «,

O(ad ') + B0 (1) <a®(d () + B&(D 7 (v)) = au + B,
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where we used that & is continuous on its finite support, since it is convex. Since
&~ ! is nondecreasing, the inequality is preserved after applying it,

(@ w) + D7 (1)) < @ (au + ).
Now by noting
® (D (x)) = infls : (s) > P(x)} > x,

if follows that ®~! is concave on the finite range of ®. If this range is finite, then
®~! gets extended continuously as a constant, and hence still concave. [
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