POINCARE AND LOGARITHMIC SOBOLEV CONSTANTS FOR METASTABLE
MARKOV CHAINS VIA CAPACITARY INEQUALITIES
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ABSTRACT. We investigate the metastable behaviour of reversible Markov chains
on countable infinite state spaces. Based on a definition of metastable sets, we
compute precisely the mean exit time from a metastable set. Under additional
size and regularity properties of metastable sets, we establish asymptotic sharp
estimates on the Poincaré and logarithmic Sobolev constant. The main ingredient
are capacitary inequalities along the lines of V. Maz’ya relating regularity properties
of harmonic functions and capacities. We exemplify the usefulness of our approach
in the context of the random field Curie-Weiss model.
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1. INTRODUCTION

Metastability is a dynamical phenomenon that is characterized by the existence
of multiple, well separated time scales. Depending on the time scales under consid-
eration, 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 dif-
ferent methods has been invented. The pathwise approach [18, 38] based on large
deviation methods in path space [23] has been proven to be robust and rather uni-
versal applicable. While it yields detailed information e.g. in the typical exit path, its
precision to predict quantities of interest like the mean transition time is, however,
limited to logarithmic equivalence. For reversible systems the potential theoretic ap-
proach [12, 14, 11] 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 key ingredient of this concept is to
express probabilistic quantities of interest in terms of capacities and to use varia-
tional principles to compute the later. For metastable Markov processes in which
the expected transition times for a large number of subsets is of the same order
martingale approach [3] has been recently developed to identify the limiting pro-
cess on the time scale of the expected transition times as an Markov process via the
solution of a martingale problem.

In the context of Markov processes, there is also spectral signature of metasta-
bility. 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 tran-
sitions between different subsets of the metastable partition are forbidden. 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
set in the metastable partition. In particular, the corresponding eigenfunctions are
given as indicator functions on these subsets. Provided that the perturbation is suf-
ficiently small, this leads typically to a clustering of small eigenvalues 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 for deriving sharp asymptotics of the spectral gap and the logarithmic Sobo-
lev constants for metastable Markov chains on countable infinite state spaces.

So far sharp estimates of low-lying eigenvalues has been derived in the following
settings:

(1) 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 par-
tition there is at least one single point that the process visits with over-
whelming probability before leaving the corresponding set of the metastable
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partition. Based on the potential theoretic approach sharp estimates on the
low-lying eigenvalues and associated eigenfunctions has been obtained un-
der some additional non-degeneracy conditions in [13]. Typical examples
of strongly recurrent Markov chains are finite-state Markov processes with
exponential small transition probabilities [4] and models from statistical
mechanics under either Glauber or Kawasaki dynamics in finite volume at
very low temperature [11, 16].

(2) For reversible diffusion processes in a potential landscape in R¢ subject
to small noise sharp estimates on the low-lying eigenvalues have been ob-
tained in [15, 43]. The proof relies on potential theory and a priori reg-
ularity estimates of solutions to certain boundary value problems. Based
on hypoelliptic techniques and a microlocal analysis of the corresponding
Witten-complex a complete asymptotic expansion of the lowest eigenvalues
was shown in [24]. Recently, based on methods of optimal transport, an
interesting approach to derive a sharp characterization of the Poincaré and
logarithmic Sobolev constants has been developed in [35, 40].

A common starting point for mathematical rigorous investigations in the settings
describe 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 .# \ {m} is
small compared with the probability to reach .# starting at some arbitrary point in
the state space before returning to it, cf. [11, Definition 8.2]. In the context of re-
versible 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
has to be enlarged, cf. [10, Definition 8.1]. For instance, each metastable point
m € ./ can be replaced 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 has been identified, the low-lying eigenvalues
are also 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
corresponding metastable point up to negligible error terms.

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

The present work provides a mathematical definition of metastability for Markov
chains on countable infinite state spaces, see Definition 1.1, where the metastable
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points that represents the sets in the metastable partition are replaced by metastable
sets. An advantage of this definition is that one can immediately deduce sharp es-
timates on the mean exit time to “deeper” metastable sets without using additional
regularity estimates of harmonic functions, cf. Proposition 1.12. Moreover, sharp es-
timates on the smallest non-zero eigenvalues of the generator follow under the nat-
ural assumption of good mixing properties within metastable sets and some rough
estimates on the regularity of the harmonic function at the boundary of metastable
sets. The main tool in the proof is the capacitary inequality, see Theorem 2.1.

A key observation leading to the present definition of metastability is the follow-
ing: It is well know that classical Poincaré-Sobolev inequalities on Z¢ for functions
with compact support, say on a ball B,(x) c Z¢, follow from isoperimetric prop-
erties of the underlying Euclidean space and the so-called co-area formula. The
necessary isoperimetric inequality states that

A1/ < Ciso |0A, VACB,(x),

where |A| and dA 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 ¢ & and ¥: R, — R, being a convex
function, the measure-capacity inequality is given by

ul[A]®(1/ulA]) < Cy cap(A,BY), YACB.

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

In order 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. In order to prove rough regularity estimates of harmonic functions
we use a coupling construction that has been originally invented in [6].

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

The remainder of this paper is organized as follows. In the next subsection we
describe the setting to which our methods apply. In Subsection 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 to
derive so called Orlicz-Birnbaum estimates from which Poincaré and logarithmic
Sobolev constants can be deduced. Then, we prove our main results in Section 3.
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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) : t = 0) in discrete-time on a countable state space ¥ with transition proba-
bilities denoted by (p(x,y) : x,y € ). For any measurable and bounded function
f: & — R, define the corresponding (discrete) generator by

() = 2 PN (FO) = f (). (1.1)
yES
Throughout, we assume that the Markov chain is reversible with respect to a unique

invariant distribution u. That is, the transitions probabilities satisfy the detailed
balance condition

p()plx,y) = w(y)p(y,x)  forallx,y €. (1.2)
We denote by P, 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 € &, we

simply write IP,.. For any A C &, let 7, be the first hitting time of the set A after time
zero, that is

T, = inf{t>0: X(t)€A}.
So for X(0) € A, 7, is the first return time to A and for X(0) € A, 7,4 is the first hitting
time of A. In case that the set A is a singleton {x} we write 7, instead of 7,,.

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

Definition 1.1 (Metastable sets). For fixed p > 0 and K e N let /4 = {M;,..., M}

be a set of subsets of & such that M; " M; = @ for all i # j. A Markov chain

(X(t):t=0)is called p-metastable with respect to a set of metastable sets # , if
maxy e g IPMMI:TUK MM < TM]

||

<p Xl (1.3)
miny co\(< M, ]PuA[TU{-;lMi < 74)
where uy[x] = u[x | A], x € A # 0 denotes the conditional probability on the set A
and || denotes the cardinality K of .#.

Remark 1.2. In comparison with [11, Definition 8.2 and Remark 8.3], the major
advantage of Definition 1.1 is that it does not depend explicitly on the cardinality of
the state space . Moreover, notice that if || < co and |M;| =1 foralli =1,...,K,
[11, Equation (8.1.5)] implies (1.3). Indeed, by reversibility we have for any @ #
AcC &\ M that

IPMA[T/,[ < TA] = — Z Z ,u(m) y < TJ,[]

yeAmEJ/tu
u(y) 1
= < > ]P < .
|A|Z uia) Dlra<elz iz min Pylra<s]
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Assumption 1.3. Assume that for some 2 < K < oo there exists non-empty, disjoint
subsets My,...,My C & and p > 0 such that the Markov chain (X(t) : t = 0) is
o-metastable with respect to #4 ={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

Y. = {x e . IPX[TMi < ’L'Uﬁ_(:le\Mi:l = MaXyre g\M IPX[’L'M/ < TU§_<=1M]_\M/:|}.

A set of metastable sets .# = {Mj,..., Mg} gives rise to a metastable partition
{& :i=1,...,K} of the state space ¢, that is

i & c () W=

Remark 1.5. Notice that, by Lemma 3.2, any point x € ¥; N ¥; that lies in the inter-
section of two different local valley has a negligible mass compared to the mass of
the corresponding metastable sets u[M; ] and u[M;].

We simply write u;[-] := u[-|<] to denote the corresponding conditional mea-
sure. Let ¢%(u) be the weighted Hilbert space of all square summable functions
f:& — R and denote by (:,-),, the scalar product in £2(u). Due to the detailed bal-
ance condition (1.2) the generator, L, is symmetric in £2(u), that is (—L 8y =
(f,—Lg), for any g,f € €?(u). The associated Dirichlet form is given for any

f € () by
6) = (F—Lf)y = 5 > HEpEN (FI—F ),
X, Y&

which by the basic estimate &(f) < ||f ||§2(“) is well-defined. Throughout the sequel,
let A,B C & be disjoint and non-empty. The equilibrium potential, h, 5, of the pair
(A,B) is defined as the unique solution of the boundary value problem

{(Lf)(x) = 0, x €S\ (AUB) a4
f(x) = 1u(x), xe€ AUB. '

Note that the equilibrium potential has a natural interpretation in terms of hitting
probabilities, namely hy (x) = P,[74 < 7] for all x € &\ (AUB). A related quantity
is the equilibrium measure, e, g, on A which is defined through

eap(x) = —(Lhyg)(x) = P[tp<7,], Vx€A (1.5)

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

cap(4,B) 1= ) p(x)enp(x) = D u(x) Polrp <7 = E(hyp).  (16)
X€A X€A
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In particular, we have that

cap(A, B)
plAl

Moreover, cap(A, B) = cap(B,A) and, as an immediate consequence of the probabilis-

tic interpretation of capacities, cf. (1.6), we have that

P, [t5 <74l = (1.7)

cap(A,B’) < cap(A,B) VB’ CB. (1.8)

Let us emphasize that capacities have several variational characterizations, see [42],
which can be used to obtain upper and lower bounds. One of them is the Dirichlet
principle

cap(A,B) = inf{&(f) : fla=1, flz=0,0<f<1} (1.9)

with f = h,  as its unique minimizer. Further, we denote by v, 5 the last-exit biased
distribution that is defined by

u(x) ]Px[TB < TA] _ p(x) ey p(x)
ZyeA,u(y) IPy[TB < TA] cap(A,B)

Notice that v, 5 < uy4 for any non-empty, disjoint subsets A,B C .

'VA’B(X) = VX eA. (1.10)

Remark 1.6. In view of (1.7), the condition (1.3) can alternatively be written as

cap (M, Uiz, Mi \ M)/u[M] <p <1

K
VAcI\| |M;YMe #: | H|
l-zul cap (4, i, M;)/ulA]

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

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,[f?] = E,[f*Inf*]—E,[f*] InE,[f?],
where we indicate the probability distribution v explicitly as a subscript.

1.2. Main result. We are interested in providing expressions for the Poincaré and
logarithmic Sobolev constant of a p-metastable Markov chain in the following sense.

Definition 1.7 (Poincaré and logarithmic Sobolev constant). The Poincaré constant
Cp; = Cpi(P,u) is defined by

Cpr := sup{Var,[f] : f €£*(u) such that &(f) =1}, (1.11)
whereas the logarithmic Sobolev constant C;g; = Cy (B ) is given by

Crs := sup{Ent,[f?] : f € £*(u) such that &(f) = 1}. (1.12)
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Let{F;:iel}=#U{{x}: xS\ Ule M;} be a partition of # and denote by
Z = o(F; : i €1) the corresponding o-algebra. Further, for any f € £?(u) define
the conditional expectation E,[f | #]: & — R by

E,u[flg](x) = E,u[lel] — FiBX.

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. By using the projection property of the conditional expectation, we obtain for

any f € *(u)

K
Var,[f] = Z ulM;] VarMMl_[f] + VarM[EM[f I,?]] (1.13)

i=1
K
Ent,[f2] = > u[M;] Ent,, [f?] + Ent,[ E,[f?| 1] (1.14)
i=1
Our main result relies on the following regularity condition and an assumption on
the Poincaré and logarithmic Sobolev constants within the metastable sets.

Assumption 1.8 (Regularity condition). Assume that there exists n € [0, 1) such that

YM. M ,
var, [ MUMJ] < _nuiMi]
M;

py, 4 cap(M;, M;)
Remark 1.9. Since eMl_,Mj(x) < cap(M;, M;)/u(x) for all x € M;, the following trivial
upper bound on 7 holds

VM, M €M withi#].

n < max{1, g M| max (1()/u(n}H}

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

Assumption 1.10. Assume that for any i € {1,...,K}
(i) Cp; = sup{ Var, [f] : f €€*(u)such that &(f)=1} < oo, (1.15)
(i)  Cu; = sup{Ent, [f?]: f €€*(u) such that &(f)=1} < oco.  (1.16)
We set
K K
CPL-//{ = max{l,z H[Mi]CPI,i} and CLSI,J/[ = max{l,z Au‘[Mi]CLSI,i}‘
i=1 i=1
Remark 1.11. Note that for any M € .# that consists of a single point, i.e. |[M| =1,

Assumptions 1.8 and 1.10 are satisfied for n =0 and Cp;_, = Cig 4 = 1.

The first result concerns the mean hitting times between metastable states. We
obtain an asymptotically expression in terms of capacities, if we in addition assume
a bound on the asymmetry of the involved local minima.
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Proposition 1.12. Suppose that Assumption 1.3 holds with K > 2. For M; € # define
M = {M € M\{M;}: u[M]=u[M;]}.
Let J = J(i) ¢ {1,...,K} \ {i} the corresponding index set, that is .#; = {M; : j € J}.
Assume that B = U icy M; # 0 and that there exists & € [0, 1) such that u[#] < Su[+#]
forall j &J U{i}. Addltlonally, assume that
Cratio = I?glx M[%]/M[S”l] < oo

is such that o In Cry0/, < 1. Then,
pl]
cap(M;, B)

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

E,, ,[ts] = (1+0(6 + @ In(Craio/ 0)))-

Theorem 1.13. Suppose that the Assumptions 1.3 with K = 2, 1.8 and 1.10 i) hold
such that Cp;_, (0 +m) < 1. Then, it holds that

plAlulA]
ou - B (ol Frem). o

Moreover, if in addition Assumption 1.10 ii) holds and

Crass ‘= E?fax }mag]( ln(1+e2/,ul(x)) < 0o (1.18)
such that Cyass Crs;_g (0 + 1) < 1. Then, it holds that
1 pl# Jul ]

(1 +O(\/Cmass CLSI,JI(Q +T)))), (1.19)

Cior =
U ALAL ulA]) cap(My, M,)
where A(a, ) := fol a*Bds=(a—p)/In % for a, B > 0 is the logarithmic mean.

Remark 1.14. By using a standard linearization argument in (1.12), it follows that
Crs1 = 2Cpy, see [9, Proposition 5]. Notice that in the symmetric case when u[,sf’l](lJr
0(1)) = % = ,u[yé](l + o(1)) we have that Cg = 2Cp1(1 + 0(1)). Let us note that
Assumption (1.18) restricts the result on the logarithmic Sobolev constant to finite
state spaces.

Corollary 1.15. Suppose that the assumptions of Theorem 1.13 hold. Further;, assume
that C_. < 1and gln Cratio/o < 1. Then,

ratio

CPI = Esz’Ml [TMl:I (1 + O(Cr;%io + e ln(cratio/f_)) + vV CPI,//[(Q + 77)))

Let us comment on similar results in the literature.
First, the quantity on the right hand side of (1.17) bears some similarity to the
Cheeger constant [19] on weighted graphs [27] defined by
Cos = sup | HEALMEAT
Acs:uAle(0,1) Cap(A,A°)
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with A° := & \ A. Moreover, we note that cap(A,A°) = —(14, L1 4),. Then, the main
result of [27, Theorem 2.1] translated to the current setting reads

2
CCheeger < Cp = 8CCheeger'

Hence, the main result (1.17) can be seen as an asymptotic sharp version of the
Cheeger estimate in the metastable setting.

Let us point out that a different approach to the construction of suitable local
equilibrium states is based on quasi-stationary distributions [7]. If the state space is
decomposed into a partition & = & U %, then there are two canonical restrictions
of the dynamic to the elements of the partition by either imposing absorbing (Dirich-
let) or reflecting (Neumann) boundary conditions. Metastability is characterized
in terms of ratios between Dirichlet and Neumann spectral gaps of the restricted
generator. This provides explicit estimates on the relaxation rates toward the quasi-
stationary distribution inside of each partition. They obtain in [7, Theorem 2.10] a
result bearing some similarity to (1.17), where the capacity cap(M;, M,) is replaced
by so called (k, A)-capacities between M; and M,. These capacities are obtained by
extending the state space by copies of the sets M; and M, and attaching those with
conductivity k and A to the original elements of the sets. The error bound in this
formulation depend on a careful choice of k and A in terms the metastability ratios.

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

N N
1
H(o) = ~5N Z 0i0; — Zhiai, ce, (1.20)
i,j=1 i=1

where h = (h; : i € {1,...,N}) is assumed to be a family of i.i.d. random variable
on R distributed according to P" with bounded support, that is

Jh €(0,00): |hi| < heo P" -almost surely. (1.21)
The random Gibbs measure on & is defined by
uo) = Z7! exp(—pH(0)) 27",

where 8 > 0 is the inverse temperature and Z is the normalization constant also
called partition function. The Glauber dynamics, that we consider, is a Markov chain
(o(t): t = 0) in discrete-time with random transition probabilities

p(o,07) = %exp(—ﬂ[H(o")—H(O')]+)]1|U_U/|1:2, (1.22)

where [x]; := max{x,0} and p(o,0) =1—-2, . p(c,0’). Notice that, for each
realization of the magnetic field h, the Markov chain is ergodic and reversible with
respect to the Gibbs measure u.



POINCARE AND LOG-SOBOLEV CONSTANTS FOR METASTABLE MARKOV CHAINS 11

Various stationary and dynamic aspects of the random field Curie-Weiss model
has been studied. In particular, the metastable behaviour of this model has been
analyzed in great detail in [12, 5, 6], where the potential theoretic approach was
used to compute precisely metastable exit times and to prove the asymptotic expo-
nential distribution of normalized metastable exit times. For an excellent review we
refer to the recent monograph [11, Chapter 14 and 15]. Estimates on the spectral
gap has been derived in [32] 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
is well approximated by a Markov process. Let I" := [—ho,,hoo ] denote the sup-
port of P". For any n € IN we find a partition of I" such that II?I < 2hs/n and

= U2=1 I ? Hence, each realization of h induces a partition of the set {1,...,N}
into mutually disjoint subsets

A= {ief{l,....N}: hyeIl'}, te{l,...,n}.

Based on this partition, consider the mesoscopic variable p: & —» I c [-1,1]",

p(0) = (p1(0),....pa(0))  with  py(o) := Zol, te{1,...,n},

lGAg

that serves as an n-dimensional order parameter. A crucial feature of the mean
field model is that the Hamiltonian (1.20) can be rewritten as a function of the
mesoscopic variable. In order to do so, for any ¢ € {1,...,n} the block-averaged
field and its fluctuations are defined by

Zh and ili = hi—]'_le, VlEAg.

|Ae| i

Then,
H(o) = —NE(p(0))— Y. > oihy,
(=1 iGAZ

where the function E: R" — R is given by E(x) = 3(3[_, X@)Z + 30 hexg. We
define the distribution of p under the Gibbs measure as the induced measure

w(x) = pop~'(x), xeTI™

Further, we introduce the mesoscopic free energy F: R" — R which is defined by
F(x) = BGe)+ - Z' Al g v 1D, (1.23)

where for any { € {1,...,n} the entropy I, is given as the Legendre-Fenchel dual of

t — — Zlncosh(t+[5h)

leA[
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Notice that the distribution w 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 [5]. In particular, 2 € R" is a critical point of F, if and
only if, for all £ € {1,...,n}

2, = ]lVZtanh(/J’(z(z)+hi))

iGAg

where z(2) = Y,_, 2, € R solves in addition the equation z = Zflzl tanh(f(z + h;)).
It turns out that z is a critical point of index 1, if zﬁv Zflzl 1—tanh?(B(z(2) + h;)) > 1.
Moreover, at any critical point z the value of the mesoscopic free energy can be
computed explicitly and is given by F(z) = %z(z)2 — /%N Zflzl Incosh(B(z(2) + h;)).
Let us stress out the fact that the topology of the mesoscopic energy landscape is
independent of the parameter n.

Assumption 1.16. Assume that distribution P" of the random field is such that, P"-
a.s., there exist § > 0 and Ny(h) < oo such that for all N = Ny(h) and n = 1 the
mesoscopic free energy F:T" — R has K > 2 local minima.

Remark 1.17. Without the external field, i.e. h; = 0 for all i, the free energy has two
local minima if § > 1.

Denote by m; € I, 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 non-empty, disjoint A, B C I'" the communication height, ®(A, B),
between A and B by

®(A,B) = minmaxF(x), (1.24)
I

where the minimum is taken over all nearest-neighbour path in I'" that connects A
and B. Then, the label are chosen in such a way that, with M, := {m,...,m;},

Ajq = ®(my, My_;)—F(my) < IPJIEI{(I)(mi:Mk\mi)_F(mi)}

for all k =K,...,2. Notice that, by construction, A; > Ay > ... > Ag_; > 0.

To obtain matching upper and lower bounds in the application of Theorem 1.13
to the random field Curie-Weiss model in case K > 3, we impose the following
non-degeneracy condition on the largest communication height.

Assumption 1.18 (Non-degeneracy condition). For K > 3 assume that there exists
6 > 0 and N,(h) < oo such that, P"-a.s.,

Ar—A, =6, YN=N(h).

Remark 1.19. Note that under the non-degeneracy condition the mesoscopic free
energy landscape may still have more than one global minima.
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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 dimen-
sion N has to be larger then a certain threshold. In this sense, the results hold by
first letting N — oo and then n — oo.

Proposition 1.20 (p-metastability). Suppose that Assumption 1.16 holds. For K = 2
set 6 = A; and Ny(h) = 1. If K > 3 assume additionally that Assumption 1.18
is satisfied. Then, for any ¢; € (0,0) there exists ny, = ny(60,c;) such that for all
n > ng there exists N, < 0o such that for all N > Ny(h) V N;(h) V N,, the random field
Curie-Weiss model is o := e 1PN_metastable with respect to .# := {M;,M,}, where
M := p~'(m;) and M, := p~'(my).
Our main result in this subsection is the following.

Theorem 1.21. Suppose the assumptions of Proposition 1.20 hold with o = e PN,
Then, for any c, € (0,c;/2), there exists ny = ny(cy,¢y, B,heo) < 00 such that for any

n > ny V n, there exists N, < oo such that for all N > Ny(h) V N;(h) V N, the random
field Curie-Weiss model satisfies a Poincaré inequality with constant

ul A ul 4] —¢,BN
Cpp = ——=(1+0le © (1.25)
PL™ cap(My, M,) ( ( ))
as well as a logarithmic Sobolev inequality with constant

_ Cor (
Au[#AL pl=])

Let us highlight that this result is valid in the symmetric (F(m;) = F(m,)) as
well asymmetric case (F(m;) # F(m,)). Moreover, the capacities between pairs of
metastable sets are calculated asymptotically with explicit error bounds in [12, 5,
6, 11]. Hence, the right hand side of (1.25) and (1.26) can be made asymptotically
explicit in terms of the free energy (1.23).

Cusr 1+0(eN)). (1.26)

Corollary 1.22. Suppose that the assumptions of Theorem 1.21 hold with p = e 1PN,
Then, for any ¢, € (0, min{c,/2, F(my) — F(m)}) it holds

Cor = Bo[ma, ] (1+0(e2PN)),  VoeM, (1.27)

Proof. In view of [5, Equation (3.16)], C_. = u[A]/u[#] = 0(e PN) for any

6 €(0,F(my)—F(m;)). Thus, (1.27) immediate consequence of Corollary 1.15 and
[6, Theorem 1.1] O

Finally, notice that sharp asymptotics of the mean hitting time including the pre-
cise prefactor has been establish in [5].

2. FUNCTIONAL INEQUALITIES

The results in this section consider functional inequalities, which do not make
any explicit reference to time. Therefore, the results hold in the more general set-
ting of L as defined in (1.1) being the generator of a continuous time Markov chain
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on a countable state space &#. This accounts to dropping the normalization condi-
tion Zy p(x,y) = 1 and assuming p(x, y) to be the elements of the infinitesimal
generator satisfying
Vx#y:p(x,y)=0, Vx:0<-p(x,x)<oo and Z p(x,y)=0.
Y&

We refer to [11, 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 [33].
For a comprehensive treatment with further applications we refer to the books of
Maz’ya [34], Chen [20] and Bakry, Gentil and Ledoux [2].

Theorem 2.1 (Capacitary inequality). For any f € ¢%(u) and any t € [0, 00), let A,
be the super level-set of f, that is

A = {x e :|f(x)]> t}. (2.1)
Let B C & be non-empty, then for any function f : & — R with f|z = 0 it holds that

f 2t cap(A,,B)dt < 4&(f). (2.2)
0

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 t € [0, c0), we denote
hy := hy, p the equilibrium potential as defined in (1.4). Since suppLh, = A, UB,
flg=0and f|, >t, it follows

cap(A,B) < (Lo )y = 5 > BP0 (F—FO) (G —he()

X, Y€
An application of the Cauchy-Schwarz inequality yields

oo
J 2t cap(A;,B)dt
0

oo 2
< 267"7(3 3 uxdpte JO (ret)-n)ae) )

x,ye<&

1/2

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

e3¢} 2 (%) (] o t
(f g(t)dt) =f f g(t)g(s)dsdt=2f f g(t) g(s) dsdt.
0 0 0 0 0

This allows to rewrite

o oo t 1/2
J 2t cap(4,,B)dt < 26&(F)Y? (2J f (—Lh;,hg), dsdt) )
0 0 0

Finally, by exploiting additionally the fact that A, C A, for all t > s, we obtain that
(=Lh,,hy),, = cap(A,, B) and the assertion of the theorem follows. d
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2.2. Orlicz-Birnbaum estimates. Let us assume for a moment that for some con-
stant Cc; > 0 a measure-capacity comparison for the form Cc;cap(A, B) > u[A] for
all Ac &\ B is valid. Then a combination of the capacitary inequality (2.2) with

%) = | 2esiadae

leads to Eu[fz] < 4Cq 8(f) for all f with f|z = 0. This observation due to [33]
provides estimates on the Dirichlet eigenvalue of the generator L.

This strategy can be generalized to the (P case and more generally to logarith-
mic Sobolev constants by introducing suitable Orlicz spaces. We provide Poincaré
inequalities with respect to Orlicz-norms under suitable measure-capacity inequali-
ties. For diffusion processes on RY similar results are contained in [2, Chapter 8].

Definition 2.2 (Orlicz space [39, Section 1.3]). A function ®: [0,00) — [0,00] is a
Young function if it is convex, ®(0) = lim,_,, ®(r) = 0 and lim,_,,, ®(r) = 0o. Then,
its Legendre-Fenchel dual ¥: [0, 00) — [0, oo ] defined by

¥(r) = sup {sr —<I>(s)}
s€[0,00]
is also a Young function (cf. Lemma A.1) and two functions with these properties are
called Legendre-Fenchel pair. For some K > 0 the Orlicz-norm for functions f € £!(u)
is defined by

Ifllex := sup{E,[Iflg]: =0, E,[¥(g)] <K}, (2.3)

and ||f e, := IIflls 1 to lighten notation. The space of Orlicz functions, £%(u,K) C
¢'(uw), is the set of summable functions f on % with finite Orlicz-norm.

Lemma 2.3. For any AC & holds

1L allg e = M[A]\P‘l(%), 2.4)

where ¥~1(t) := inf{s €[0,00]:¥(s) > t}.

Proof. One direction follows from using the function g(x) = 1,(x) ¥~ (K /u[A]) in
the definition of (2.3). Using the fact that ™! is concave (cf. Lemma A.1), the
estimate in the other direction follows from

1

A (gt o@)(g)] < u[A]\If‘l(ﬁ EM[ﬂA\P(g)])-

E,[14g] = wlA] E“[M[A]

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

Example 2.4. The following Legendre-Fenchel pairs are stated for later reference:

a) For p € (1,00): (&,(r), ¥,(r)) := (%rp, %rp*) with 1/p 4+ 1/p* =1 the result-
ing Orlicz norm is equivalent to the usual ¢?(u) spaces. The limiting pair
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p — 1is given by &,(r) =r and ¥;: [0, 00) — [0, co] by
0, r<i

0, r=0

oo, r>1 1, r>0

B

U, (r) = { and hence \Ill_l(r) = {

b) (®pne(r), Ypne(r)) := (]l[l’oo)(r)(r Inr—r+1),e" — 1) leads to a norm, which
can be compared with the relative entropy

Vi: % >Ry, Ent,[f] < lIflleg,, u-

Indeed, we use use the variational characterization of the entropy
Ent,[f] = sgp { Eu[fg] : Eu[eg] < 1}
= sgp{EM[f ln(eh— 1)] :h>0, Eu[eh - 1] < 1} < fllog,,
where the last step follows from (2.3) by noting that In(e" —1) < h.

Proposition 2.5 (Orlicz-Birnbaum estimates). Let B C & and v € #(%). Then, for
any Legendre-Fenchel pair (®, V) there exist constants Cg, Cy > 0 satisfying

Cy < Cp < 4Cy,
such that the following statements are equivalent:
(i) For all sets A C & \ B the measure-capacity inequality holds
v[A] w—l(i) < Cy cap(A,B). (2.5)
V[A]
(ii) For all f: & — R such that f € £>(u) and f|z = 0, it holds that
Hszeb,v,K < Cp &(f)- (2.6)

Proof (i) = (il): Let Gyg := {g: g >0,E,[¥(g)] <K}, take f € £*(u) with finite
support and let A, be the super-level set of f as defined in (2.1). Then, we have
that

o o
||f2||¢’v’K(2£°’) sup Ev[fzg] < J 2t sup Ev[g]lAt]dt = J 2”]1At
g€Gyk 0 8€Gy 0

dt

&, v,K .

Thus, an application of Lemma 2.3 and Theorem 2.1 yields

o0 oo
. K (2.5) 2.2)
||f2||MK(2=4)f 2V[At]\11‘1( )dt < C\I,J 2 cap(A,,B)dt < 4Cy &(f).
T 0 v[A] 0

The case f € (%(u) follows from dominated convergence, since &(f) < ||f ||§2(m.
(i) = (i): Since &(f) < ”f”I?Z(u)’ we get from (2.6), that f2 € (®(»,K). Hence, for
any f € £%(u) with f|, =1 and f|z = 0 it holds that
1 K Yea (2.6)
A0 (25 ) Ml < g = CoC)

which by the Dirichlet principle (1.9) leads to (2.5). O
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Remark 2.6. Let us note, that either estimate (2.5) or (2.6) of Proposition 2.5 im-
plies v < u on &\ B with bounded density. Indeed, for x € &\B choose the function
& 2y — 1,(y) as a test function in the Dirichlet principle (1.9) and apply (2.5).
The same estimate can be obtained from (2.6) by considering again & > y — 1,(y)
and using the representation (2.4). In both cases, we deduce for any x € & \ B

C

v(x) < T 1(K/v(0) < =T

w(x),

where we used the monotonicity of [0, 00) > r — W~1(r). Hereby, C is either Cy or
Cs. Hence, v < u and therefore £(u) C ¢1(v).

Remark 2.7. The result of Proposition 2.5 is a generalization of the Muckenhoupt
criterion [37] for weighted Hardy inequalities, which was translated to the discrete
setting for & = IN, in [36]. The statement is, that for any »,u € #(IN,) and any
f:{=1}uNy — R with f(0) = f(—1) = 0 the inequality

D) f(x0)? £ G Y p() (flx+ D —f(x)) 2.7)
x>0 x>0
holds if and only if

x—1
1
Cy, = sup — v[y] < oo.
2 le(yzz(:) [y ] ) )Z_):c
In this case the constants satisfy C, < C; < 4C,. This results can be deduced from
Proposition 2.5 by using the Orlicz-pair (¢;,¥;) from Example 2.4 a) and setting
B = {0}. Then (2.6) becomes (2.7) for the (continuous time) generator
p(x—1)

(LAG) = Flx+D)—fx) + — = (Flx—1)—f(x)
u(x)

and therefore C4 = C;. Notice that the equilibrium potential and hence the capacity
along a one-dimensional, cycle-free path can be calculated explicitly (see e.g. [11,
Section 7.1.4]). In particular, for any x € IN the solution h, o = hy, oo} (0} Of the
boundary value problem (1.4) on NN, is given by

.....

x—1 1 x—1 1 x—1 1 —1
h = — — d = — |
£o(¥) ; o / ; o and cap(fx.., 003, {0}) @0 M(Z))

In view of (2.5), this verifies that Cy, = C,. The weighted Hardy inequality was
then used to derive Poincaré and logarithmic Sobolev inequalities (cf. [8, 36, 1]),
which we will do in a similar way in the following two Corollaries.

2.3. Poincaré and Sobolev inequalities. In order to deduce Poincaré or logarith-
mic Sobolev inequalities, it is not possible to directly apply Proposition 2.5. The
reason is that the Orlicz-Birnbaum estimate (2.6) is with respect to Dirichlet test
functions vanishing on a certain set, whereas the Poincaré and logarithmic Sobolev
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inequalities consider Neumann test function having average zero. Therefore, a split-
ting technique can be used to translate the Orlicz-Birnbaum estimate to the Neu-
mann case. See also [20, 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 € (&) and b € . Then, there exist
Cvar> Cpp > 0 satisfying

v(b)CVar < CPI < 4CVar (28)

such that the following statements are equivalent:

(i) For allAc & \ {b} the inequality holds
v[A] < Cyr cap(A, b). (2.9)
(ii) The mixed Poincaré inequality holds, that is
Var,[f] < Cp&(f),  Vf €t?(w).
Proof. (i) = (ii): Let (®;,¥;) as in Example 2.4 a) and recall that ‘111_1|(o,oo) = 1.

Then, the measure-capacity inequality (2.5) coincides exactly with (2.9). Hence,

var,[ ] = min B,[(f —a] < |[if = F )], , < 4Cuc 80

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

Van[f1= 2 3 w0 (FE—FO) 2 D90 w(b) = »{A] w(b).

x,ye<& X€EA

The conclusion follows from the Dirichlet principle (1.9). O

Corollary 2.9 (Logarithmic Sobolev inequalities). Let v € #(¥) and b € . Then,
there exist Cgyy, Crgr > O satisfying

v(b)
In(1+e2) Cent < Crs1 = 4Cgpe (2.10)
such that the following statements are equivalent:

(i) For allAc & \ {b} the inequality holds

e2

v[A] ln(l + m) < Cgp cap(A, b). (2.11)

(ii) The mixed logarithmic Sobolev inequality holds, that is

Ent,[f%] < G 8(f),  Vf €l?(w). (2.12)



POINCARE AND LOG-SOBOLEV CONSTANTS FOR METASTABLE MARKOV CHAINS 19

Proof. (i) = (ii): Set f,(x) := f(x)— f(b) for x € &. Then, by applying a useful
observation due to Rothaus [2, Lemma 5.1.4],

Ent,[£2] < Ent,[f2] + 2 E,[f2]

sup { Ev[sz (g+ 2)] : Ev[eg] <1}
g
< Sl;p{Ev[szh] :h>0, Ev[eh — 1] < ez} = “fb2||q>,v,e2’ (2.13)
where we used the Orlicz-Pair 2.4 b) and the definition of the K-Orlicz norm with

K =e? in (2.3). The first implication follows now by an application of (2.6).

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

Ent,[£2] 2 sup{E,[g1,] : Eylef 141 <1} 2 v1A] ln(ﬁ).

Since In(1/x)/In(14e?/x) > (1—x)/In(1+e?) for all x € (0,1] and v[A] € (0, 1—»(b)],

we obtain that
1 e? v(b)
v[A] ln(m) > v[A] ln(l + v[A]) In(1+e)’

Thus, (2.11) follows from (2.12) by the Dirichlet principle (1.9). O

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 numeri-
cal factor, i.e. replacing v[b] in the lower bounds (2.8) and (2.10) by a universal
numerical constant. The price to pay is to enforce the assumptions in the inequal-
ities (2.9) and (2.11). Although, in the application to metastable Markov chains,
these result cannot provide an asymptotic sharp constant, we include them here
fore completeness.

Corollary 2.10. Let v € @ (). Then, there exist Cy,,, Cp; > 0 satisfying
%CVar < CPI < 4CVar

such that the following statements are equivalent:

(i) For all A,B C & disjoint with
WAl < 3 and v[B] >3  holds  v[A] < Cy, cap(4,B). (2.14)
(ii) The mixed Poincaré inequality holds, that is

Var,[f] < Cp&(f),  Vf el?(w).
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Proof. (i) = (ii): Let m € R denote the median of f with respect to v, that is
v[f <m]< % and v[f >m] < % Then, we can estimate

Var,[f] < E,[(f —m)2]+E,[(f —m)?] < 4Gy (&((F —m)_) + &((f —m)s)),

by an application of Proposition 2.5, which assumption is satisfied by (2.14) for
the sets A~ = {f < m} and B~ = {f > m} for the first term and A" = {f > m}
and Bt = {f < m} for the second term. Then, the conclusion of the first implication
follows by showing &((f —m),)+ &((f —m)_) < &(f). This estimate is a consequence
of the pointwise bound for any x,y € &

(F)—m)y —(FON—m), ) + (F)—m_—(FO)—-m)_)* < (Fo)—fn)™

Indeed, the bound is obvious for the cases x,y € {f > m} and x,y € {f <m}. Now
let x € {f > m} and y € {f < m}, then the inequality reduces to show

(fFe)—m)* + (fF(y)—m)* < (F()—=F())
which follows from the elementary inequality mf (x) +mf (y)—m? > f(x)f (y) pro-
vided that f(y) <m < f(x).
(ii) = (i): For the converse statement let f be a test function such that 1> f > 1,
and f|z = 0. Then, it follows that

8(f)Cp 2 Var,[f] 2 [B]E,[f?] > 3+[A].
Optimizing in f leads to the measure capacity inequality %v[A] < Cpicap(A,B). O

Corollary 2.11. Let v € @ (). Then, there exist Cgy, Ci g Satisfying
1 ¢
2In(1 +e2) B0t

such that the following statements are equivalent:

(i) For all A,B C & disjoint with

< Crst < 4Cey

2
v[A] < 3 and v[B] > % holds v[A] ln(1+ﬁ) < Cgye cap(A, B).

(ii) The mixed logarithmic Sobolev inequality holds, that is
Ent,[f] < Cig6(f), Vf € £3(u).

Proof. (i) = (ii): We shift f according to its median m with respect to v (cf. proof
of Corollary 2.10) by applying (2.13) to f —m and get

Ent”[fz] s ||(f - m)2||<1>,v,e2 < ||(f - m)-zi-Hd),v,ez + H(f - m)E”@,v,ez'
The first implication follows by applying Proposition 2.5 and combining &((f —m),.)
and &((f —m)_) as in the proof of Corollary 2.10.

(ii) = (i): The converse statement follows exactly along the lines of the proof of
Corollary 2.9 with the additional assumption that v[B] > 3. O
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3. APPLICATION TO METASTABLE MARKOV CHAINS

In Section 3.1, we derive estimates and other technical tools based on the capaci-
tary inequality as well the metastable assumption. The Sections 3.2 and 3.3 contain
the main results on the asymptotic 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. In order 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. For any M; € # and AC ¥;\ M;

1
]PUA[TML' < TA] 2 % IPNA[TUg;le < TA]' (3.1)
In particular,
1
]PMA[TMi < TA] > E Inax IPMM[TuleMj\M < TM]. (3.2)

Proof. Since (3.2) is an immediate consequence of (3.1) and Definition 1.1, it suf-

fices to prove (3.1). Since P, [ty < Tk 1]V,J,\M] = P, [X(7 g 1Mj) = M] for any
j= j=

M € # and x € &, we obtain

1= Z Pty < Tu§?=1Mj\M:| < || PylTy, < TU§.<=1MJ-\M1-]: Vxe.
Me.#

Thus,

1

p— YAC Y\ M;, (3.3)
||

IPVA,B [TMi < TU'I;'(:]M]'\ML' :|

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

IPMA[T M, < TA]

P[0 m, < 7a]

IPVA,B[TML' < TU§-<=1M,'\M{:| < (3.4)

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

The following lemma shows that the intersection of different local valleys has a
negligible mass under the invariant distribution.

Lemma 3.2. Suppose that X := ¥, N ¥ \ (M, U M;) is non-empty. Then, it holds that

ulX] < o || min {u[M], u[M;1}.
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Proof. Without loss of generality assume that u[ M; ] < u[M;]. Notice that by (3.3),
B, v, () = Py [T, < T ¢ 11\/[j\,\/[l] > 1/|#| for any x € X C ¥ \ M;. Therefore,
, K

1
cap(My, M;) = (~=Lhy, v hx o)y = (> —Lhx )y = ™l cap(X, My).

Thus,
cap(M,,M;) @3.2) cap(M;, M;)
ulX] < || ————= "< ol — < ol |ulMy],
]PNX[TMk < TX] ]PHMk[TU§'<=1Mj\Mk < TMk]
which concludes the proof. O

The capacitary inequality combined with the definition of metastable sets yields
that the harmonic functions, hy; M;» 1 almost constant on the valleys & and ;.

Lemma 3.3 (¢P-norm estimate). For any M; € .# and f € (*(u) with f(x) = 0 for
all x e M,

40 =
E“i[f2:| < [y] (Me_/ﬂIP“M[TU§1Mj\M <TM:|) E(f). (3.5)
In particular, for any M;, M; € M with i # j,
p . M[«S’j']}

E, R} <pop—— 1 1 :

“’i[hMj,Ml-] - Qp_l mln{ "U,[c%] > Vp> > (3 6)
and

uls]
E, |h < e+ pIn(1 in{1l 0,1 3.
ul Mj,Mi] < e+ plIn( /8)mln{ ’M[S/’i]}’ Vee(0,1], (3.7)

where hMj,Mi denotes the equilibrium potential of the pair (M, M;).
Proof. First, notice that for any A c ¥; \ M;
cap(A, M;) (?22) o (
ulFAI P, [Ty, <Tal = wul#Al
Thus, (3.5) follows from Proposition 2.5 by choosing (®,¥) = ($,,¥;) as in Exam-
ple 2.4 a). In the sequel, we aim to prove (3.6) and (3.7). For any t € [0,1] we

write A, := {x € & : hy, y, > t} tO denote the super level-sets of LTYYE and set
hy :=h,_y.- Then,

—1
max P [ U M\ < TM]) cap(A, M;).

uilA] =

Me.q MM

tcap(At,Ml) S <_Lht?hMj,Mi>[.L - <ht:_LhMj,Ml->,u - Cap(MJ,Ml). (3.8)

Thus, for any p > 1, we obtain

1
[hﬁw] fptp‘lui[At]dt
0

_1 r1
e ( ) f .
< max P, |7 x oy <T ptP™" cap(A,, M;)dt.
ulS] \Men “M[ Ujm M;\M M] o ts
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Since,

max P, [TUK MM < ’L'M] > max{IP“Mi[er <7Tuml IPqu[TMi < ’L'Mj]}

we deduce that
(3.8) ulF] ! p ulS ]
E,|[Rn? < Qmin{l, : }J ppzdt—g—mln{l,—J},
P, ul#] p—1 ul ]
which concludes the proof of (3.6). Likewise, we obtain for any ¢ € (0, 1] that

1 1
(3.8) ul]

E, lhy.u| = ¢+ [A]dt < e+ min{l, } t~1dt,

,ul[ MJ,Ml] ﬁ Uil e u[] ,

and (3.7) follows. O

The bound (3.7) of Lemma 3.3 provides the main ingredient for the proof of
Proposition 1.12.

Proof of Proposition 1.12. Let .#; and J = J(i) be defined as in Proposition 1.12 and
set B= U].GJ M;. By [11, Corollary 7.11] we have that

C Blhusl ) W)
sl 8] = o) = cap(Ml-,B)( b MB“Z ] th )|

In order to prove a lower bound, we neglect the last term in the bracket above.
Since P, [T\ m, < Ty, ] < 2je; PxlTu, < Ty,], Lemma 3.3 implies with e = o

3.7)
Eylhup] = 1=E,[hpy] = 1= > E,[hy p] = 1—|#|o(1+1n1/p).

jeJ
Hence, we conclude that
plHA]
EvMin[TB] > cap(—Ml,B) (1 — |.//l|(Q + 0 1111/9)).

Concerning the upper bound, recall that by assumption u[#;]/ul#] < 6 for all
j & Ju{i}. Thus, by Lemma 3.3 with € = 0/C4,, We get

ul] ul ]
Z — E.uj[hMi,B] < |%|5+Z —J ‘uJ[ M; M] |%|(6+Q+an I';tlo)

= pll o ul]
Since E,, [hy, 5] < 1, the proof concludes with the estimate
plA]
E,, ;[78] < cap(M..B) (1 +lal(5+eo+e ln(Cratlo/Q)))

O]

Let us define neighborhoods of the metastable sets in terms of level sets of har-
monic functions. Therefore, we consider two non-empty, disjoint subset .o/, 8 C .#
of the set of metastable sets and let I ,,I5 C {1,...,K} be such that .&& = {M; :
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i€ly,}and B ={M; : i € Iz}. Further, set A= (J;;c,M and B = | J;;c 5 M. For
6 €(0,1) define the harmonic neighborhood of A relative to B by

Up(5,B) = {x €Uies, & : hap(x)21-5}. (3.9)

The following lemma shows that the capacity of (%,4(6,B), %z(5,A)) is comparable
to the capacity of (A, B).

Lemma 3.4. Let M; € # and B C 4 \ {M;}. Then, for any 6 €(0,1/2),
cap(M;, B)

1-26 < <1 (3.10)
Cap(%Mi(6:B): JZ/B(6> Ml))
Moreover, for X := % \ %y.(5,B),
ulx1 < @67 plM;l. (3.11)

Proof. Since M; C %,,(6,B) and B C %(6,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 g(x) = 1—6, Vx€ %y (5,B) and hy, g(x) < 6, Vx€U(o,M,).
Thus, by using the symmetry of —L in £2(u), we obtain
cap(M;, B) = (=Lhy, g, ha,, (6),2,(6))u
= (hy, 5> —Lhay, &)%) u = cap(y,(6), Uy(5)) (1—25).

The proof of (3.11) is similar to the one of Lemma 3.2. Since hMl_’B(x) <1-6 for
any x € X = \ %y,(6,B), we get

cap(M;,B) = (—Lhg ., hx m )y = (hpm>—Lhx m )y

(3.2) 6 u[X
> § cap(X,M;) = uIX]

IPMMi[TB < TMi:I'
Thus, the assertion follows from (1.7). O

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 1.8 and 1.10 i) hold. Then, it holds that
plSAlul]

Cor 2 — > \l—cve) 3.12
PI i,jer?le,l,?il(} Cap(Mi:Mj)( c Q) ( )
i)
K
1 < uAlul]
¢ = 5 — 1+ \/ﬁ , 3.13
; 2;1 cap ) LV Crrale + ) (3.13)

i#j
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Remark 3.6. It is possible to formulate a result with asymptotically matching upper
and lower bounds for Cp; under suitable non-degeneracy assumption. These essen-
tially demand that one of the term in the right hand side of (3.13) dominates the
others.

Let 4 := o(¥% : i = 1,...,K) be the o-algebra generated by the sets of the
metastable partition. Obviously, ¥ ¢ #. 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

Var [E [flg?]]

K
= D ul] var, [E[f | 2]]

i=1

K
Z 1ul#1 (B, [F1-E, [£1). (3.14)

[\Jln—\

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 variances
is established by local Poincaré inequalities, which are a consequence of Lemma 3.3.

Lemma 3.7 (Local Poincaré inequality). Suppose that Assumption 1.10 i) is satisfied.
Then, for any f € £*>(u) and i € {1,...,K},

Varui[Eu[flg]] < EUi[(EN[f|g]_EHMi[f])2:|

Cpr.i © (
<c

ulA]
Proof. By noting that Var, [E,[f |Z]] = min,er E, [(E,[f | F]— a)?], the first esti-
mate in (3.15) is immediate. Notice that the function x — E,[f |Z](x) —E, [f]
vanishes on M;. Hence, by (3.5) we obtain

—1
e IPMM[TUﬁle\M < TM]) &(f). (3.15)

4 —1
B[ EuLfIZ1-E,, [fD?] < F;] (Magfg Py [T mpw < rM]) &(BLLf | 7]).

Thus, we are left with bounding é”( E,[f |Z]) from above by &(f). For any 6 > 0 by
Young’s inequality, that reads |ab| < 6a?/2 + b?/(25), we get for any x,y € &

(E,Lf 1 Z1() — BLf | Z10))°
< (1+26) (- FOW + (2+3) D (F@-EIF 171

z€{x,y}
Recall that E,[f [Z](x) =E, [f]for any x € M;. Since f(x)—E,[f |Z](x) =0 for
any x €.\ Uf'<=1 M;, we obtain

K

) > uiMi) var,, [£1.

s(ELF12]) < (1+25)8(f) + (2+5
i=1
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Since Var, [f] < Cp; 6(f) for any i = 1,...,K, the assertion (3.15) follows by
choosing 6 = 4/2Cpy . O

Lemma 3.8 (Mean difference estimate). Let Assumptions 1.8 and 1.10 i) be satisfied.
Then, for any f € (*(u) and M;, M; € # with i # j it holds that

(Eui[f] - Euj[f])z < mi\(/l—% (1 +c4/Corule +77))-

Proof. For M;,M; € # with i # j let VM, M be the last-exit biased distribution as
defined in (1.10) and denote by g, ; := vMi:Mj/HMM- the relative density of VMM,
with respect to u,, . Then, it holds that

E,lf] = EM{I:EM[f |g]]
= Ey,  [f1+ By [ELf 1 Z1-E,, [F1] — B, [(g;-1)f ]
Thus, by applying Young’s inequality, we obtain for any § > 0 and f € ¢2(u),

(BuLF 1By 7)) < Q+8)(Ey, [F1E,, ,[F1)
+2(1+ %) > B, Bl |fi]—EHMk[f]]2

ke{i,j}

+ 21+ 3) (B [gi,~ 1) + By [(g— 1) T).
Let hy, u, be the equilibrium potential of the pair (M;, M;). Observe that a summa-
tion by parts together with an application of the Cauchy-Schwarz inequality yields
2 &
(EvMi,Mjl:f] - EvMi,Mj[f]) < cm)(l\(/[—{,)M])
Recall that the function x — E,[f | Z](x) _Eumi [f] vanishes on M;. Thus, (3.15)
implies that

é(f)

B[ (BulF 121, U] < cCowe s
2]

where we used that maxyc 4 IPMM[TUx MM < TM] > cap(M;, M;)/ulM;]. Fur-
i

ther, the covariance between g;; and f, thanks to Assumptions 1.8 and 1.10 1),

is bounded from above by

2 8(f)
E“Mi[(gi,j_l)f] < Vary, [8;;]Vary, [f] < nulM;]GCpy, Cap(M—lMJ)
By combining the estimates above and choosing 6 = 4/Cp;_, (0 + 1), we obtain the
assertion. O

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).
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Proof of Theorem 3.5. The lower bound of Cp; is an immediate consequence of the
variational definition of Cpj, cf. (1.11). Indeed, by choosing the equilibrium poten-
tial hMl_’MJ_ for any M;, M; € .# with i # j as a test function, we deduce from (1.13)
and (3.14) that

2
Var, [ hg ur, | 2 bl A1LA] (B Dag, ]~ By T 1)
2
= L1l #] (1 =By hag a1 = By, Dy, 1) -
Thus, in view of (3.7), we obtain that Var,[f] > u[&”i]u[yj](l — 89)2. Since

é”(hMl_,Mj) = cap(M;, M;), (3.12) follows by optimizing over all M; # M; € /.
For the upper bound, observe that by using (1.7) and (1.8), it holds that

—1
(max P [Tug{lej\M < TM])

Me# MM
K K
. Llul S
< 1 Z ul] < 1 Z ul S ul ]]. (3.16)
|'ﬂ|_1 ij=1 IPqu[TMi < TMj] |'%|_1 ij=1 Cap(MiJMj)
i#j i#j
Hence, by an application of Lemma 3.7, it follows that
K K
(3.15) 1 <« ulAlul]
AR E < cC - —— &(f).
QA [ELF171] S e e ]Z: apor 1) £
i#]

Thus, a combination of (1.13) and (3.14) together with Lemma 3.8 yields (3.13)
up to an additive factor Cp;_,. To bound this additive error term, notice that

1 K
3.16) Cpr_y © ulSul]
Cer.e < Cpru @ (Af/}le%’/g PuM[Tuﬁ;le\M < TM]) < E :

i#]
which shows that Cp; _, can be absorbed into the right hand side of (3.13). O

3.3. Logarithmic Sobolev inequality. In this subsection we focus on sharp esti-
mates 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 1.8, 1.10 and (1.18) hold. Then, it holds
that

plFAlul] 1

2
— 3.1
S ) Kb D) capit ) V2 @17

i#j

Cis1 =

i ulF]ulA] 1
A(u[#], ul]) cap(M;, M;)

Cust = (1 + C\/Cmass Crsi.n(o+ ’f)))- (3.18)
ij=1

i#j
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In order to proof Theorem 3.9, we decompose the entropy EntM[EM[ 2\ ]]
in (1.14) into the local entropies within the sets ¥,...,% and the macroscopic
entropy

K
Ent,[E,[f?|#]1] = > ul#]Ent, [E,[f?|#1] + Ent,[E,[f?| 1].

i=1
In the next lemma we derive an upper bound on the local entropies.

Lemma 3.10 (Local logarithmic Sobolev inequality). Let Assumption 1.10 i) be sat-
isfied, and assume that C,,s < 0. Then, for any f € £?(u) and i € {1,...,K},

c Cmass CPI,//( @ (

—1
ul+] max 1> [TU5‘-1MJ\M<W]) &(f). (3.19)

Ent, [E,[f?|Z]] <

Proof. First, notice that for any A c & \ M;

e2 _ MaXyey, In(1 + e?/p;(x))
.U'i[A]) ul ] cap(An 4, M;)

(3.2) o —1
< Cass M (g,lnea}% Puy [TU;(:lMJ-\M < TM]) cap(4, M;).
L

wilA] ln(l + ap(A, M;)

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

4 —1
Entui[EM[f2|9]] < CmaSS!T;](max]P [TU§_<=1M},\M <TM:|) 5"( Eu[f2|9']).

Men MM

Thus, we are left with bounding g(,/EM[ f2]Z1]) from above with &(f). Applying
Young’s inequality, we get, for any 6 > 0 and x,y € &,

(VELZIZ10 - VELF2IZ100 )
< (1+26)(|f(x)|—|f(y)|)2+(2+§) ST (F@I-VEF171@ ) -

z€{x,y}

Since |f (2)|—+/E,Lf2[Z](z) = 0 for anyzeY\Uf.ilMi and E,[f Igr‘](x):E“Mi[f]

for any x € M;, we obtain

K
1
&(\ELF212]) < (1+25)8(f) +2(2+ 5) ;M[Mi] var,,, [f],
where we additionally exploited the fact that, by Jensens’ inequality,

B [ (1= /B U71) ] < 2, (71

Since Var,, [f]< Cp; 6(f) foranyi=1,...,K and &(|f]) < &(f), (3.19) follows by

choosing 6 = 4/2Cpy . O
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Proof of Theorem 3.9. In view of the variational definition of C;g, cf. (1.12), (3.17)
we follow from the construction of a suitable test function. For any M;,M; € .4
withi#j,6<€[0,1/2) and g: {i,j} — R set

f(x) = g(i)h@/Mi(a),%Mj(g)(X) + g(i)h%Mj(g),az/Mi((s)(X),

U, (6) = Uy, (6,M;) and OZJM]_((S) = OZ/MJ_((S,Mi) are the 6-neighborhoods of M; and
M; as defined in (3.9). Then, by Lemma 3.4,

cap(M;, M;)
&(f) = (8()—g(}))” cap(2y,(8), Uy, &)< (g - g(J))21_—25J
Further, notice that alna—alnb—a+ b >0 for all a, b > 0. Thus,

27 _ s 2 2_ r2 _r2
Ent,[f%] = Icn>1(r)lEH|:f Inf?—f?Inc—f2+c]|

> min Eu[lenfz—lenc —f2 + c)]la;/Ml_((g)U%Mj((;)]

(3. 11)
(.u' +‘U, y])(1_95 1) EntBer(p)[g ]

where Ber(p) € 2 ({i, j}) denotes the Bernoulli measure on the two-point space {i, j}
with success probability p = 1—q = u[F]/(u[#] + u[]). This yields

Ent“[fz] ul S 1+ pl Ay, ] .\ Entgen[g?]
= —25 51y —=Snpime -
s = a0 peeeqvAE TS B CRECl Cl L vy wape 2

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

ENtper(p)[€°] Pq ulSul]
{(g(i)—g(j))z g()’ég(”} Np.) AT 7]

This was found in [25] and independently in [21]. Thus, by choosing 6 = /o,
(3.17) follows.

Let us now address the upper bound. First, since A(u[#], u[#]) < 1 we de-
duce from Lemma 3.10 by following similar arguments as in (3.16) in the proof of
Theorem 3.5 that

(A1 + ulA)).

(3.19) &(f)
‘U, Ent f | 7] < Chpass C e
Z ] P lz:l (“[y] M[y]) cap(M;, M;)’
i#]

On the other hand, by [35, Corollary 2.8], we have that

1 < ul] 2
Ent, (£, (721 91] < Z= (W A (ke%j}varuk[f]+(Eui[f]—Euj[f]) )
#
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In view of the projection property of the conditional expectation together with
(1.15) and (3.15)

D Var, [f1= D (mdM] Var,, [f1+Var, [E[f12]]) <

kefi,j} kefi,j}
Thus, (3.18) follows up to the additive constant C;g; , by combining the estimates
above and using Lemma 3.8. To bound the additive error term Cg; ,, notice

. (3é6) Z ;] 1
s, = Cisiu @ A(M[y] ulcS;]1) cap(M;, M;)’

e é(f)
PL4 cap(M;, M;)’

i,j=1

i#]
where we used that A(u[#], u[#]) < 1. This allows to absorb the additive constant
Cys1,.« into the right hand side of (3.18). O

Proof of Theorem 1.13. For K = 2 (1.17) and (1.19) follows directly from Theo-
rem 3.5 and Theorem 3.9. O

4. RANDOM FIELD CURIE-WEISS MODEL

The proof of Theorem 1.21 follows from the Theorems 3.5 and 3.9 after having
established Propositions 1.20, 4.8, and 4.2 in each of the three following sections.

4.1. Verification of p-metastability. In view of (1.5), estimates of hitting probabil-
ities can be deduced from upper and lower bounds of the corresponding capacities.
Based on the Dirichlet principle and a comparison argument for Dirichlet forms,
our strategy is to compare the microscopic with suitable mesoscopic capacities via
a coarse-graining. One direction of the comparison follows immediately from the
Dirichlet principle.

For A,B c I'" disjoint set A= p~'(A) and B = p~'(B). Then, we can bound the
microscopic capacity cap(A, B) from above by the mesoscopic capacity cap(A, B)

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

x,yerm
=: cap(A,B), “4.1)
where
]‘ /
reey) = oo > u@) . plo,0) (4.2)
XD Gepix) o'ep1(y)

and 7 p :={g:T" — [0,1] : gl4 = 1,g|p = 0}. Notice that the mesoscopic transi-
tion probabilities (r(x,y) : x,y € I'") are reversible with respect to w. Recall that
the metastable sets M, M, are defined as preimages under p of particular minima
m,,m, of F. Hence, an upper bound on the numerator in (1.3) follows from an
upper bound on cap(m,, m5).
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In the following lemma we show that the denominator in (1.3) can be as well
expressed in terms of mesoscopic capacities.

Lemma 4.1. For n > 1 let B C I'" be non-empty and set B = p~(B). Further, define
g(n) :=2ho/n. Then, foranyAC & \Band N > n,

B
P, [T < Tl = [Tl e 4PeICNAD i cap(x,B)

3
xer"\B  u(x) (4.3)

Proof. Notice that the image process (p(o(t)) : t = 0) on I'" is in general not Mar-
kovian. 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 an error that can be controlled provided n is
chosen large enough.

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

p(0,0") i= = exp(~BNIE(p (0N~ E(p(N].) Lig—o, =2

and p(o,0) = 1—2, .. p(o,0’), which is reversible with respect to the random
Gibbs measure

(o) := z71 exp(—[jNE(p(o)))Z_N, oE.

Let us denote the law of this process by P, and we write cap(4,B) for the corre-
sponding capacities. Likewise, let i := i o p~! and 7 analog to (4.2). Notice that

e 2PeN < o) < e2Pe(N and e 2Pe) < p_—(U’O/) < e (4.4
u(o) p(o,0’)
for any 0,0’ € &. On the other hand, for any x,y € I'" it holds that p(c, p~}(y)) =
p(o’,p~(y)) for every 0,0’ € p~!(x). This ensures (see e.g. [17]) that the Markov
chain (o(t) : t = 0) is exactly lumpable, i.e. (p(c(t)) : t = 0) is a Markov process
on I'" with transition probabilities ¥ and reversible measure . As a corollary of
[11, Theorem 9.7] we obtain that, for A= p~!(a) and B = p~*(B) with {a},B c "
disjoint,
P[5 <7a]l = Py[75 < T4l Vo,0' €A (4.5)

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

e 2Be(MIN+1) < QE)(A’B) and e 2Pe(mIN+]) < —CTP(‘I’B). (4.6)
cap(A, B) cap(a,B)

Let us now address the proof of (4.3). For a given # # B C I'" set B = p~!(B) and
let Ac & \ B be arbitrary. Then, we can find {x; : k=1,...,L} c I'"" such that

L
Anp M x) #0  and A c [ Jpxp)
k=1
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We set X, := p'(x;) and A, :=ANX, for k € {1,...,L} to lighten notation. Since

@pXi.B) _ ulAg]

cap(Ay, B) > ; BOPo[75 < 7, ]2 BlA] 55

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

cap(A, B) > e 26em 1) pra 1 SBPELB) o —apeianin) a1 i 2RCSB)

wlxe) xer\B - p(x)

4.7)

Thus,

L
(1.8 1 4.7 1 B
cap(A,B) > I Z cap(Ag,B) > I e 4Be(MEN+D) yr AT min %.
o xer\B  w(x)
Since L < |I'|, the assertion (4.3) follows. O

Proof of Proposition 1.20. For n > 1 let M; = p~!(m;) and M, = p~!(m,), where
mq,m, € I'" are local minima of F as in the assumptions of the Proposition. Then,
by [5, Proposition 4.5, Corollary 4.6 and Proposition 3.1] there exists C < oo such
that for any N > Ny(h) vV N;(h)

(4.1) ca
IPMM [TM <7ty ] < p(m;,m;)
. 2 u(m,)

On the hand, for any A c & \ (M; U M,) Lemma 4.1 implies that

< CN"e PNAL

S [l e 4BeEN+D) iy CAP0OC M)

xer\B  wu(x)
where M = {m,m,}. For any x € I'""\ M a lower bound on the mesoscopic capacity
cap(x, M) follows by standard comparison with the capacity cap,(x, M) of a one-
dimensional path connecting x with M explicitly computable. For x ¢ M there
exists a cycle free mesoscopic path v = (7g,...,7x) in I'" such that v, = x, 7, € M,

]PHAI:TMIUMZ < TA:I

.....

®(x,M) is the communication height as defined in (1.24). In particular, by [5,
Proposition 3.1], there exists C < oo such that for any N > Ny(h) V N;(h)

w(x)

) < CN"ePNAz Yie{o,...,k}. (4.8)
Hence,
k— -1 _
cap(x, M) - cap, (x, M) _ le w(x) . € /5(2+h°°)e_[jNA2
w) ) ulr)r(rsricn) kCNn+1 ’

where we used in the last step (4.8) and the fact that r(z,2’) > N~ le 2A(2+He) for
any 2,2z’ € I'"" with r(z,2’) > 0. Since the path 7y is assumed to be cycle free, its
length is bounded by ||, which itself is bounded by N". Thus, by combining the
estimates above and the assumption that A; — A, > 6, we can absorb the subex-
ponential prefactors. That is, for any ¢; € (0,60) there exists ny(6,c;) such that
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for all n > ny(0,c;) the following holds: there exists N, < oo such that for every
N > Ny(h) VN;(h) V N,

MaXpe{m;,M,} IPMM[TUI-Zlei\M < TM] < g PaN _—. o

ming e\ umy) Prua [ Tayom, < 74

This completes the proof. O

4.2. Regularity estimates via coupling arguments. The main objective in this
subsection is to show that Assumption 1.8 is satisfied in the random field Curie-
Weiss model.

Proposition 4.2. Let the assumptions of Proposition 1.20 be satisfied. Then, for any
¢y € (0,cq) there exists ny = ny(cy, ¢y, B, heo) such that for any n > ny V n,, for any
i #je{1,2} and N > Ny(h) vV Ny (h)
VMI.’MA M.
VaruM.|: ]] < 1 u[M;]

L My, cap(M;, M;)
Moreover, if the external field h taking only finite many discrete values (4.9) holds with
n =0.

with  n=e 2PN, (4.9)

Let us emphasize, that although the bound (4.9) can be in principle deduced
from [5, Proposition 6.12], we include a proof of Proposition 4.2 based on a cou-
pling construction. Couplings were first applied in the analysis of the classical Curie-
Weiss model [29]. Later, this was adapted in [6, Section 3] to coupling estimates for
general spin models allowing for random fields. This approach was simplified and
generalized to Potts models in [41]. Here, we give a streamlined presentation of [6]
thanks to the simplification of [41] in the setting of the random field Curie-Weiss
model.

We are going to construct a coupling (o (t),s(t))ten, such that o(t) and ¢(t)
are two versions of the Glauber dynamic of the random field Curie-Weiss model.
Hereby, we choose o(0) € p~!(x) and ¢(0) € p~!(x) having the mesoscopic magne-
tization x € I'". We use that the Glauber dynamic of the Curie-Weiss model defined
via (1.22) can be implemented by first choosing a site i € {1,...,N} uniform at
random and then flipping the spin at this site i with probability defined by the
distribution v; , in the following way

viol—0] = Np(o,0")  and v [+1]+v,[-1] =1
where 0! = o; for all j # i and o] = —0;. Let us note that for any such o,¢ €

pY(x)andi,je{1,...,N} such that p(c') = p(¢’), it holds by using two times the
bound (4.4) the estimate

e—4ﬁe(n)vi0[_o-i] < Vj,g[_gj]- (4.10)

The first objective is to couple the probability distributions v; , and v; . for o,¢ €
o 1(x) with i,j chosen such that o; = ¢j- Taking advantage of the bound (4.10),
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the coupling can be constructed in such a way that we can decide in advance by
tossing a coin whether the same spin values are attained 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 [30, Proposition 4.7]. The constant
e~*P¢( from (4.10) will play the role of 5, when we apply the following Lemma 4.3.

Lemma 4.3 (Optimal coupling [41, Lemma 2.3]). Let v, € #({—1,1}) and sup-
pose that there exists & € (0,1) such that §v(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' =5 |V=1X=s] =1, fors,s €{-1,1}

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

PV, =1] = 1-P[V; =0] = e *<("),
The coupling is initialized with o(0) = o, ¢(0) =¢, My =0 and £ =0.
fort=0,1,...,T—1do
if £ =0and M, < M then
Choose i uniform at random in {1,...,N} and set I, =1i.
if o;(t) = ¢;(t) then
Choose s € {—1, 1} at random according to v; , and set

oi(t), j#i ci(t), J#i

s, j=1 s, j=1i

oi(t+1) = { and ¢(t+1) = {
Set M, = M,.
else
Let ¢ be such that i € A,.
Choose j uniform at random in {j € A; : ¢; # 0 and ¢; = 0;}.
Apply Lemma 4.3 to the distributions v; , and v; ., where V;; decide if
both chains maintain the same mesoscopic value.
Set M, =M;+1
if Vj;, =0 then
Set{=1
end if
end if
else
Use the independent coupling to update o(t) and ¢(t)
end if
end for

Lemma 4.4 (Coupling property). The joint probability measure P, . of the processes
(o), (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.
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Proof. As soon as & = 1 or M, > M for some t < T, the both chains evolve inde-
pendently and are coupled. For £ = 0 and M, < M, we have the by construction i
is chosen uniform at random among {1,...,N}. Then, in the case o; = ¢; it holds
Vi s = Vi and in the other case Lemma 4.3 ensures the coupling property. O

The coupling construction ensures that, once ¢(t) and o(t) merged, they evolve
together till time T. Hence, we would like to call the event {o(t) = ¢(t)} a suc-
cessful coupling. Since conditioning on this event distorts in general the statistical
properties of the paths ¢, we will introduce two independent subevents which are
sufficient to ensure a merging of the processes in time T.

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

(2) The stopping time t; is the first time the i-th spin flips and t is first time all
coordinates of o have been flipped, that is

t; = inf{t >0: o(t+1)=—-0(0)} and t:= max t.

Therewith, the random variable
i

N
N = Z Z]l,[:i.

i=1 t=0
represents the total number of flipping attempts until time t. The event %,
only depending on {o(t):t €{0,...,T}}, is defined for any B C & by
B = {t< 1t N {AN& <M} (4.11)
Then, it holds that
gdNAB C {ot)=c(t)}.

Proof. The event % ensures that o(t) has not reached the set B and all its spins
have flipped once. By the event .o/ each flipping aligns one more spin with ¢(t) and
hence we have o(t) = ¢(t). O

By construction, we have
P[] < e ¥PemM, (4.12)

which is exponentially small in M. Therefore, we have to ensure that the event %
is large. For the first subevent in its definition (4.11), this ensured in a metastable
situation. For the second, this is provided for T sufficiently large. For the third one,
we use the observation that the rate of spin changes is uniformly bounded from
below thanks to the boundedness assumption (1.21). This is for any o € & and
ie{l,...,N} it holds

Vio[—0i] = exp(—2B(1 +hoo))
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Lemma 4.6. Let s > o~ := exp(2B(1 + hso)) and set M = c3N. Then, it holds that
P[4 >M] < e—IgBer(s—l)N,

were I"" s strictly convex the rate functional of the negative Bernoulli distribution
with parameter a given for s > 1 by

s—1

s(1—a)

IgBer(s—l) = (s—1ln —In(as) = 0. (4.13)

In particular I%**"(s —1) > 0 for all s > o™

Proof. The bound implies that if a site is chosen among {1,...,N}, it is flipped with
probability at least a. Therefore, let (w(t) : t € {0,...,T}) be a family of inde-
pendent Ber(a)-distributed random variables and define the negative binomial dis-
tributed random variable £ with parameters N and 1 —a by

R = inf{sz 1: ;Zlco(t)zN}—N.

Then, by using a straightforward coupling argument (see [41, Lemma 2.6]), we
obtain that A4/ < # + N. Further, by standard large deviation estimates follows

P,[A >sN] < P[®#>(s—1)N] < e NE*6-D), (4.14)

Hereby, IgBer 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)et )). The
rate function I"®*" is strictly convex, since §2I25"(s —1) = s(s;_l) and has its unique
minimum in s = a~'. Hence, I"(s — 1) is strictly positive for s > a'. O

The above construction allows to deduce the following bound on hitting proba-
bilities of preimages of mesoscopic sets.

Lemma 4.7. For any n € IN and A, B c I'™* disjoint, set A= p~'(A) and B = p~}(B).
Further, let x € T and choose s > a~! according to Lemma 4.6. Then,

P [7p <74l 2 e PN (B [ry <7y] e ON), Vo,cepT(x)
(4.15)

where 15"

is given in (4.13).
Proof. We are going to use the above coupling construction with involved parameter
T = oo and M =sN. For that purpose, consider the following additional event

B = {1ty <t}n{N¥ <M}

Notice that by Lemma 4.5, on the event .o/ 98 we have o(t) = ¢(t) and, in particular,
79 = 75. Moreover, on the event ./ N B N {1} < 73}, it follows that 7§ = 7.

On the event .« N 9B, the process (¢(t) : t > 0) reaches B before time t. However,
by the coupling construction, we have that p(o(t)) = p(c(t)) for all ¢t < 7. Since,
by assumption the sets A, B are preimages of the mesoscopic sets A, B, we conclude
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19 = 15 and on the event {r; < 73} the o-chain can not reach A before time 7J.
Thus, we have

Plrg<ta] = P [15 <75, dNB|+ P[5 <75, 4NAB|
=P 15 <7, dNB|+ P ,[15 <7, NAB]

> P, [o](Po[75 < 4] — P, [ >M]),
which concludes the statement thanks to the estimates (4.12) and (4.14). O
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).

Proof of Proposition 4.2. For an arbitrary n € N choose {a},B c I'" disjoint and set
A:=p~1(a) and B := p~(B). Then, Lemma 4.7 implies that

. (4.15) ca A B nBer
eap(0) = Poltp<t,] < etfesN (% +eld (S—l)N), Vo eA.
’ u

Hence, in view of (1.10) we obtain

VAB plA]
] = EvAB[eA,B]_l
Ua cap(A,B)
< _mAl ((e4f3€(n)sN _q)cap@AB) 6(4/55(71)8—123“(5—1))N)'
cap(A, B) ulA]
In particular, under the assumptions of Proposition 1.20, we conclude from the
estimate above that

VarHA [

(e#petusn _ 1) @R, M) CaP(MlaMz) (4B e(n)s—IP" (= 1)N
ulMs,]
< e4/56(n)[‘;Be'(s—1)N (e—clﬁN +e—12Ber(s—1)N).

We have to show that the right hand side is smaller e 2PN as state in (4.9). There-
fore, by the explicit definition of the rate function I;‘Ber in (4.13), we can choose
s large enough such that I"®'(s — 1) > f ¢; with ¢; as in Proposition 1.20. Then,
for any ¢, € (0,c;), we find n; = n;(cy,¢y,heo) such that for all n > n, it follows
4¢(n)s = 8hoos/n < ¢c; — ¢, and hence 1 = e 2PV as stated in (4.9). dJ

4.3. Local mixing estimates within metastable sets. For the Proof of Proposi-
tion 4.8, we follow [31] to compare the Poincaré Cp; in (1.15) and logarithmic
Sobolev constant Cyg;; in (1.16) for any M € .# with the ones of the Bernoulli-
Laplace model. Therefore, we have to first 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, we have to compare the
Dirichlet forms to deduce a Poincaré and logarithmic Sobolev constant inside the
metastable sets.
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Step 1: Comparison of variance and entropy. We compare the variance and entropy
with respect to u,, with the ones with respect to fi,;, where by definition i, is the
uniform measure on M just denoted by 7. For the comparison of the variance, we
use the two sided comparison

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

Var, [f] = algllf{ EMM[(f—a)Z] < eﬁg(”)NVarnM[f]. “4.17)

Similarly, for the entropy we us the fact that blogb — bloga — b + a > 0 for any
a, b > 0 and essentially the same argument following [26]

Ent, [f?] = inf E, [f2logf?—f2loga—f?+a] < eP*™NEnt, [f2].

Step 2: Poincaré and logarithmic Sobolev constant of the Bernoulli-Laplace model.
Now, let us introduce a nearest neighbor exchange Dirichlet form on M by defining
the rates for 0,0’ € M. Let us introduce the spin-exchange configuration a{ k= o;
fori ¢ {j,k} and oj:’k := 0y as well as ai’k =0 ;. Then, since M = p~(m), we have
for o € M, that o/ € M if and only if j, k € A, for some £ € {1,...,n}. Hence, for
0,0’ € M with |0 —0’|; =4, we find £ € {1, ...,n} and j, k € A; such that o’ = o)k,
Let us denote the according mesoscopic index by £(c, 0’). Therewith, we can define
the transition probabilities by
_ 1
[Ago,on?
pei(o,0’) = {0, lo—0o'|; > 4. (4.18)

1= hemo Prlo,m), o=o

lo—0o'l, =4

The measure 7, tensorizes [M|=[T],_, (lj,:fl) with k, = m,N and p~!(m) = M. The
rates 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 chain induced by pg;, 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 and its
spectral gap and logarithmic Sobolev constant is well-known. Let us denote by &y
the Dirichlet form corresponding to the rates pg; defined in (4.18) with reversible
measure 7). Then by the tensorization property of the Poincaré and logarithmic
Sobolev constant [21, Lemma 3.2], we can use the results [22] and [28, Theorem
5] and obtain

Var, [f] < ler{rll’a“)fn}{CPI,BL(lAgl,kl)} Ep(f)

Ent,, [f?] < maxn}{CLSI,BL(lAll,kg)} EpL(f)-
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where for some universal constant cg; > 0

A < N
CpiBL(A LK) = (—[) < 7 (4.19)

k(| Agl —k¢)
-1
C = C I log L < L

LSI,BL(lAll,k[) PI,BL(lA(l,kz) BL k£(|A£| _ k{) —_ 8 10g2 CBL M

Step 3: Comparison of Dirichlet forms. For the comparison, we note that the rates
PpL(o,0’) in (4.18) are not absolutely continuous with respect to the rates p(c,c”)
defined in (1.22). However, we can define the two step Dirichlet form &, with rates
p2(o,0’) given by

pa(0,0") i= Y p(o,0”)p(c”, o).

O-//

First, we have the following comparison. Since u is reversible with respect to p, u
is also reversible with respect to p,. In addition, p and p, have the same eigenvec-
tors ¢; and if we denote by —1 < 4; < 1 according eigenvalue of p, then the jth
eigenvalue of p, is Ajz.. Hence, we find the bound

EA |l
&) = 2 A=2|(f.oul” < 2D A-2)[(f. 0] = 26(F).  (4.20)
j=1 j=1

Now, the last step is to find a bound on the ratio of the rates 7y (0)pg (0, 0’) and
u(o)py(o,0’) for 0,0’ € M. For 0,0’ € M with |0 — o’|; = 4, we find o” such that
|c —o”]; =2 and |0’ — o”|; = 2, which allows to obtain the lower bound using the
explicit representation of the Hamiltonian (1.20) as well as the boundedness of the
external field (1.21)

1
po(o,0") = p(o,0”)py(c”,0) = ﬁeXp(—%(l +hoo))-
This and using the bound (4.16) and the trivial estimate |A,| > 1 leads to

my(0)ppL(o, o’)
u(o)py(o,0’)

< N2exp(B(e(n)N + 4+ 4h,)), (4.21)

which results in a comparison of the Dirichlet form &g; and &, with the same con-
stant.

Proposition 4.8. Assumption 1.10 holds with constants Cp;_, and Cyg; _, satisfying

N3
max{Cpy,_,210g 205 Crs1, 4 | < - exp(2B((n)N + 2+ 2h,,))

for some universal cg;, > 0.
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Proof Proposition 4.8. The conclusion follows by combining the chain of estimates
for the variance
(4.17) (419 N —
Var, [f]1 < PN var, [f] < 7 PN gy (f)

421) N 420) N

e2B(e(MN+2+2he) o (f) e2B(e(nN+2+2ho) &(f)

and likewise for the entropy. Since the constant Cp;_, and Cyg; , are convex com-
binations over all Cpy ), and Cyg1 ) for M € .4 and the final estimate on Cpy, and
Crs1m is independent of M, we obtain the statement. O

APPENDIX A. YOUNG FUNCTIONS

Lemma A.1 (Properties of Young functions). A function ®: [0,00) — [0,00] is a
Young function if it is convex, ®(0) =1lim,_,, ®(r) = 0 and lim,_,, ®(r) = oco. Then, it
holds that
(i) @ is non-decreasing;
(ii) its Legendre-Fenchel dual ¥: [0, 00) — [0, co] defined by
¥(r) := sup {sr—o(s)}
s€[0,00]
is again a Young function;
(iii) the (pseudo)-inverse of ®, defined by & !(t) := inf{s €[0,00]: &(s) > t} is
concave and non-decreasing.

Proof. (i). By convexity, it holds for any a € (0, 1) that
d(at) = d(at+(1—a)-0) < a®d(t)+(1—ad(0) = ad(t).

Hence, by using additionally the non-negativity of ¢ it follows for any a € (0, 1)
1
®(t) = —®(at) = o(at).
a

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

¥(0) = sup {—®(s)} = 0.
s€[0,00]
Now, from lim,_, ., ®(r) = oo and the convexity of ¢ follows that, there exists k > 0
such that ®(r) > xr for r > R. Hence, we get

lim sup {sr—®(s)} < hm max{ sup sr,sup{s(r — K)}} =0
r=05¢[0,00] -0 se[0R]  s>R
Similarly, since lim,_,, ®(r) = 0, it follows that ®(r) < ¢ < oo for all r € [0,6] and

hence

lim sup {sr—®(s)} = hm (5r—s) = oo.
r—>oos€[0 oo]



POINCARE AND LOG-SOBOLEV CONSTANTS FOR METASTABLE MARKOV CHAINS 41

(iii). The fact, that ! is non-decreasing follows immediately from its definition
and that ® is non-decreasing. Now, let u,v € {®(s):s € R,®(s) < co}. Then, by
convexity of ® follows forae(0,1)and f=1—a

<I>(a<1>_1(u) + /3(I>_1(v)) < a<I>(<I>_1(u)) + /5<I>(CI>_1(V)) = au+ fBv,

where we used that ¢ is continuous on its finite support, since it is convex. Since
&1 is non-decreasing, the inequality is preserved after applying it

! (<I>(a<1>_1 (u)+ /3<I>_1(v))) < ¢ Yau+ pv).
Now by noting
& 1(®(x)) = inf{s : d(s) > &(x)} > x,

if follows that ™! is concave on the finite range of . If this range is finite, then
&1 gets extended continuously as a constant and hence still concave. O
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