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Abstract

We analyse the metastable behaviour of the dilute Curie-Weiss model subject to a
Glauber dynamics. The model is a random version of a mean-field Ising model, where
the coupling coefficients are Bernoulli random variables with mean p € (0,1). This
model can be also viewed as an Ising model on the Erdés-Rényi random graph with
edge probability p. The system is a Markov chain where spins flip according to a
Metropolis dynamics at inverse temperature 5. We compute the average time the
system takes to reach the stable phase when it starts from a certain probability
distribution on the metastable state (called the last-exit biased distribution), in the
regime where N — oo, > . = 1 and h is positive and small enough. We obtain
asymptotic bounds on the probability of the event that the mean metastable hitting
time is approximated by that of the Curie-Weiss model. The proof uses the potential
theoretic approach to metastability and concentration of measure inequalities.
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1 Introduction and main results

The randomly dilute Curie-Weiss model (RDCW) is a classical model of a disordered
ferromagnet and was studied, e.g. in Bovier and Gayrard [6]. It generalises the standard
Curie-Weiss model (CW) in that the fixed interactions between each pair of spins is re-
placed by independent, identically distributed, random ferromagnetic couplings between
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any pair of spins. In Bovier and Gayrard [6] it is proven that the RDCW free energy
converges, in the thermodynamic limit, to that of the CW model, under some assumptions
on the coupling distribution. Their result relies on the fact that the RDCW Hamiltonian
can be approximated by that of the CW model up to a small perturbation which can be
uniformly bounded in high probability. In the last decade the RDCW model have gained
again some attention and various results at equilibrium have been proven, both in the
annealed and quenched case. De Sanctis and Guerra [9] give an exact expression of
the free energy first in the high temperature and low connectivity regime, and then
at zero temperature. The control of the fluctuations of the magnetisation in the high
temperature limit is addressed by De Sanctis [8], while recently Kabluchko, Léwe and
Schubert [15] prove a quenched Central Limit Theorem for the magnetisation in the
high temperature regime.

One of the features which make these random systems with “bond disorder” very
appealing is their deep connection with the theory of random graphs, which attracted
great interest in the last years due to their application to real-world networks. Indeed,
if the random couplings are chosen as i.i.d. Bernoulli random variables with mean
p, one can view the model as a spin system on an Erdés-Rényi random graph with
fixed edge probability p, which makes it a dense graph. There has been an extensive
study of the Ising model at equilibrium on different kinds of random graphs, e.g. in
Dembo, Montanari [10] and Dommers, Giardina, van der Hofstad [14], where several
thermodynamic quantities were analysed when the graph size tends to infinity. These
results were all obtained for sparse graphs which have a locally tree-like structure. We
refer to van der Hofstad [17] for a general overview of these results.

In contrast to the substantial body of literature on the equilibrium properties of the
RDCW model, much less is known about its dynamical properties. The present paper
focuses on the phenomenon of metastability for the RDCW model where, for simplicity,
the couplings are Bernoulli distributed with fixed parameter p € (0, 1), independent of
the number of vertices N, and the system evolves according to a Glauber dynamics.
In particular, we give a precise estimate of the mean transition time from a certain
probability distribution on the metastable state (called the last-exit biased distribution)
to the stable state, when the external magnetic field is small enough and positive and
when N tends to infinity. We obtain asymptotic bounds on the probability of the event
that the average time is close to the CW one times some constants of order 1 which
depend on the parameters of the system.

In the context of metastability for interacting particle systems on random graphs,
progress has been made for the case of the random regular graph, analysed by Dom-
mers [13] and for the configuration model, studied by Dommers, den Hollander, Jo-
vanovski, and Nardi [12], both subject to Glauber dynamics, in the limit as the temper-
ature tends to zero and the number of vertices is fixed. Both are dealing with sparse
random graphs. In [11] den Hollander and Jovanovski investigate the same model con-
sidered in the present paper and obtain estimates on the average crossover time for
fixed temperature in the thermodynamic limit. They show that, with high probability,
the exponential term is the same as in the CW model, while the multiplicative term
is polynomial in N. Their analysis relies on coupling arguments and on the pathwise
approach to metastability. This method uses large deviations techniques in path space
and focuses on properties of typical paths in the spirit of Freidlin-Wentzell theory. We
refer to the classical book by Olivieri and Vares [18] for an overview on this method.

In contrast, in the present paper, we use the potential theoretic approach initiated by
Bovier, Eckhoff, Gayrard and Klein in a series of papers [3, 4, 5] (see the monograph of
Bovier and den Hollander [2] for an in-depth review of this as well as other approaches).
This method gives less information on the evolution of the system, but leads to more
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precise estimates of the metastable transition time. It has been successfully applied
to a large variety of systems such as the random field CW model, where the external
magnetic field is given by i.i.d. random variables, first by Bovier, Eckhoff, Gayrard and
Klein in [3] and later by Bianchi, Bovier and Ioffe in [1]. Furthermore, inspired by the
results of Bovier and Gayrard [6], namely that the equilibrium properties of the RDCW
model are very close to those of the CW model, we observe that, using Talagrand’s
concentration inequality, the mesoscopic measure can be expressed in terms of that of
CW.
Before stating our results we give a precise definition of the model.

1.1 Glauber dynamics for the RDCW model

Let [N] ={1,...,N}, N € IN, be a set of vertices. To each vertex i € [N] an Ising spin
o; with values in {—1, +1} is associated. We denote by 0 = {o; : i € [N],0; € {-1,+1}} a
spin configuration and we define the state space Sy = {—1, +1}* to be the set of all such
configurations o. We fix a probability p € (0,1). Then the randomly dilute Curie-Weiss
model (RDCW) has the following random Hamiltonian Hy : Sy — R

1
Hy (o) = ¥ > Jyoioj—h > o, (1.1)

1<i<j<N i€[N]

where h € R represents an external constant magnetic field, while J;;/Np is a ferromag-
netic random coupling. In particular, {J;;}; je[n] is @ sequence of i.i.d. random variables
with J;; ~ Ber(p) and J;; = Jy;.

Let us denote by IP; the joint probability distribution of the the random couplings J;;
with 4, j € [N] and by E the corresponding mean value.

The RDCW model can be seen as the Ising model on the Erdés-Rényi random graph
with vertex set [IV], edge set E and edge probability p € (0,1) (see van der Hofstad [16]
for a general overview on random graphs). In this picture the Hamiltonian can also be

written as 1
Hy(o) = ~No Z oi0; —h z ;. (1.2)
{i.j}eE i€[N]

The Gibbs measure associated to the random Hamiltonian Hy is

e_BHN(G-)

ps.n(o) = , 0 €S8N, (1.3)

Z3 N

where 3 € (0, 00) is the inverse temperature and the partition function is defined as

Zgn = Y e PHN(), (1.4)

ceESN

The Gibbs measure pg y is the unique invariant (and reversible) measure for the
(discrete time) Glauber dynamics on Sy with Metropolis transition probabilities

~exp (= B[Hn(0') — Hy(0)]4), ifo~o,

pN(U7U/) - 1_277750'1)1\/(0577)7 ifO':O'/, (15)
0, else,
where o ~ ¢’ means ||oc — ¢’|| = 2 with || - || the ¢;-norm on Sy, i.e. o ~ ¢’ if and only

if o’ is obtained from o by a single spin flip. We denote this Markov chain by {o(¢)}:>0
and write P, for the law of the process o (¢) with initial distribution v conditioned on the
realisation of the random couplings. Analogously, IE, is the quenched expectation with
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respect to the Markov chain with initial distribution v. Moreover, we set P, = P;5_. For
any subset A C Sy we define the hitting time of A as

T4 =1inf{t >0: o, € A}. (1.6)

Notice that Hy, pug,ny and py are random variables, with respect to the random
realisation of the random variables {J;;};. je[n]- In this paper the results involving these
random variables hold pointwise, namely for every realisation of {J;;}; je[n], unless we
specify it differently, as in our main theorems.

1.2 The Curie-Weiss model

Before stating the main results, we recall some results for the mean-field Curie-Weiss
(CW) model (see e.g. Bovier and den Hollander [2, Section 13] and Bovier, Eckhoff,
Gayrard and Klein [3]). The CW Hamiltonian H ~ can be obtained taking the mean value
of (1.1) (namely, the first equality in (1.8) below). A simplifying feature of the CW model
is that its Hamiltonian depends on the configuration ¢ € Sy only through the empirical
magnetisation my : Sy — I'y defined as

mN(a):%ZmEFN:{—L—l—F%,...,l—%,l}. (1.7)
i=1

From now on we will drop the dependency on N from the magnetisation. Then we can
write

Hy(o) = —% Z 005 —h Z oi = —N(3m(c)* + hm(0)) (1.8)

1<i<j<N 1€[N]

and we can define, for any m € I'y,

E(m) = —im? — hm, (1.9)
obtaining }
Hy (o) = NE(m(0)). (1.10)
The associated Gibbs measure is
_ e~ BNE(m(o))
fig.N(0) = ——=—, 0 €SN, (1.11)
Z3 N

where 257 N=2 e Sy e~BHN(9) is the normalising partition function.
We denote the law of m(o) under the Gibbs measure by

Qsn =jignom L. (1.12)
Then
- BNE 7[3NE(m) N e*ﬁNf[—;yN(m)
Qp.n(m) = 1, < o )- - (1.13)
Zﬂ N [,;N Z3.N N Z3.N
where )
m
fa.n(m) = E(m) + B~ Iy(m) =5 — hm + B n(m) (1.14)

is the finite volume free energy, while the entropy of the system is given by the following
combinatorial coefficient

1 N
IN(m):—Nlog(HmN) (1.15)
2
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and it has the following properties: as N — oo,

1—-m 1-m 1+m 1+m
+

I I(m) = I I 1.1
w(m) = I(m) = =" log —" + — " log =" (1.16)
more precisely,
1 1-m? InN +In(27) 1
I -1 =—1 O— ). 1.17
n(m) = I(m) = 55 In——+ N A (1.17)
As reference see for example Bovier, Eckhoff, Gayrard and Klein [3, (7.18)].
Notice that the previous definitions imply
fis,n (0) = Qp n(m(o)) NN (), (1.18)

We use the notation fg(m) = limy_o f3,n(m). We refer to Bovier and den Hollan-
der [2, (13.2.6)] for more details on the following result.

Lemma 1.1. Form € (—1,1),

2

—BNfs,n(m) — o=BNfs(m)(q 1 s
¢ ¢ (1+0(1)) TN(1 — m?)

(1.19)

and form € {1,—1}, fz. n(m) = fa(m).

Remark 1.2. Comparing our definitions and the literature (e.g. Bovier and den Hol-
lander [2, Section 13.1]), one notices that the Gibbs measure is often defined with an
additional factor 2=%, corresponding to the reference measure. More precisely, the

Gibbs measure would be fig n(0) = 5 —e” PNF((@)2~N, where the partition function
, N

would be defined by ZUESN e BHN()2-N  We preferred to discard the 2~V from our
definitions. Therefore, for consistency, our definition of Iy differs from the classical one
by a factor 2~ inside the logarithm, yielding a difference of log(2) in the limit in (1.16)
with respect to Bovier and den Hollander [2, (13.1.14)] or Bovier, Eckhoff, Gayrard and
Klein [3, (7.17)].

We consider the Glauber dynamics associated to the CW Hamiltonian in analogy with
(1.5) and with transition probabilities py (o, c’). A particular feature of this model is that
the image process m(t) = m(o(t)) of the Markov process o(t) under the map m is again
a Markov process on I'y, with transition probabilities

exp(—BN[E(m') — E(m)];) 5™ ifm' =m+ 2,
Py (m,m') = S exp(—BN[E(m') — B(m)] )55 if m/ =m -
0 else.

3

2z (1.20)

The equilibrium CW model displays a phase transition. Namely, there is a critical
value of the inverse temperature 5. = 1 such that, in the regime 8 > (., h > 0 and small,
the free energy f3(m) is a double-well function with local minimisers m_, m, and saddle
point m*. They are the solutions of equation m = tanh(5(m+h)). Since fg(m_) > fz(my),
the phase with m_ represents the metastable state, while m represents the stable state
for the system. Define m_(N),m*(N), m(N) as the closest points in I'y to m_, m*, m4.
respectively, with respect to the Euclidean distance on R. {m_(N),m4(N)} form a
metastable set in the sense of Definition 8.2 of Bovier and den Hollander [2]. Let ESW )
be the expectation with respect to the Markov process m(t¢) with transition probabilities
7 and starting at m_(N). Then the following theorem holds.
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Theorem 1.3. For § > 1 and h > 0 small enough, as N — oo,

ELY 3y [Tme )] = exp (51\7 [fa(m™) — fﬁ(m—)])
T 1 —m*? N(1+o0(1))
x AT . (1.21)
P frono) (<)

As a reference see Bovier and den Hollander [2, Theorem 13.1]. The difference of
sign in the denominator with respect to our statement is due to the fact that their result
holds for h < 0, while ours for h > 0.

We conclude this section by giving the explicit formula of the capacity for the CW
model. The definition of capacity is given in (1.31), while its relation with the mean
hitting time is given by the key relation (1.30). Let us denote, for any subset U of I'y,
the set of configurations with magnetisation in U by

SnlU)={oc eS8y :m(o) eU} (1.22)

and for simplicity, for any m € 'y, the set of configurations with given magnetisation m
by Sy[m]. Notice that Sy[m] has cardinality e~ N/~ (™) where Iy(m) is defined in (1.15).
Then, the following formula,

ﬁ _f//(m*) *
CapCW(SN[m—(N)],SN[m+(N)]) = Le—ﬁNf‘g(m*) ( p ) 1+m

= = 1 1
Z3,N TN 1—m*( +o(1),
(1.23)
follows from standard arguments (see e.g. techniques used in the proof of Bovier and

den Hollander [2, Theorem 13.1]).

1.3 Main results
For any A, B C Sy disjoint, we define the so-called last-exit biased distribution on A
for the transition from A to B as
pp.n(0) Py (75 < 7a)
vea g N(O)Py (T < Ta)’

va (o) = 5 o€ A. (1.24)

Since we are going to use v4 p on the sets Sy[m_(N)],Sy[m4(N)] defined above, we
introduce the following simplified notation

VTJX_,m+ = VSn[m_(N)],Sn[m(N)]- (1.25)

The following theorem gives a description of the dynamical properties of the RDCW
model in the metastable regime where h is positive and small enough, 8 > 5. = 1
(8. is the critical inverse temperature for the RDCW model) and N is going to infinity.
We provide an estimate on the mean time it takes to the system, starting with initial
distribution vf,\fﬂ,w, to reach Sy[m(N)]. More precisely, we estimate, in the limit as
N — o0, its ratio with the mean metastable exit time for the CW model to go from m_(N)
to m4 (), providing constant upper and lower bounds independent of N. Because of
the random interaction, the result is given in the form of tail bounds.

After recalling that notation P ; and [E,, was introduced in Section 1.1, while E%"Y
was introduced in Section 1.2, we are ready to formulate our main theorem.

(N)

Theorem 1.4 (Mean metastable exit time). For 8 > 1, h > 0 small enough and for s > 0,
there exist absolute constants k1,ke > 0 and Ci(p,8) < Ca(p, 8, h) independent of N,
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such that

Euy .. [msnime o]

N1oo

lim P (Cle_s(l +0(1)) < < Cee’(1 + 0(1))> >1 - ke ke

(1.26)

The quantities C'; and C5 in the previous theorem can be explicitly written. Set
B*(1—p)

5\/2a + log ((1 77)2)
o= —"7>">7, kK =a+ max < logn— ,
ap weon) | & V26

ES:YK(N) [Tm+(N)}

(1.27)

where cq, co > 0 are absolute constants coming from Theorem 2.8. It is easy to see that
k < «. With this notation

Cy = C1(B, h,p) = e 2P0+ —atr (1.28)
Cy = Co(B, h,p) = FUFRIF2, (1.29)

1.4 Proof of the main theorem

The proof of Theorem 1.4 is based on the potential theoretic approach to metastability,
which turns out to be a rather powerful tool to analyse the main object we are interested
in, i.e. the mean hitting time of Sy[m (V)] for the system with initial distribution v¥ -
The general ideas of this approach were first introduced in a series of papers by Bovier,
Eckhoff, Gayrard and Klein [3, 4, 5]. We refer to Bovier and den Hollander [2] for an
overview on this method.

The crucial formula in the study of metastability is given by the following relation
linking mean hitting time and capacity of two sets A, B € Sy, which can be found in

Bovier and den Hollander [2, Eq. (7.1.41)]
E,, (78] ZVAB 7] = cap(4, B) Z pan(c" Y hag(o’), (1.30)
og€A o’€SN
where the capacity, as in Bovier and den Hollander [2, (7.1.39)], is defined by
cap(4,B) = > up n(0)Py(T < 7a). (1.31)
ceA

The function h 4 p is called harmonic function and has the following probabilistic inter-
pretation

| Py(ta < 7B) o €Sy \(AUB),
han(o) = { Ta(o) o€ AUB. (1.32)
We refer to Bovier and den Hollander [2, Section 7.1.2] for further details on the latter

quantities.

By (1.30), in order to estimate mean hitting times one needs estimates both on the
capacity and on the harmonic function.

We prove bounds on the capacity of two sets Sy[m1], Sy[ms], stated in the two
following theorems.

Theorem 1.5. For any m; # mo € I'y and any s > 0, there exist absolute constants
k1, ko > 0 such that

P, ZB.N CaI;)M(/SN[ml]asN[mQ]) < et 4 o(1)) | > 1 - ke ks, (1.33)
Zp N capW (Sn[ma], Sn[ma])

asymptotically as N — oo, where « is defined in (1.27).
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Theorem 1.6. For any m; # mo € I'y and any s > 0, there exist absolute constants
k1, ks > 0 such that

p, Lo ca}C)VESN[ml],SN[mz}) > e (H2BAH+) (1 4 (1)) | > 1 — ke ™", (1.34)
Zﬁ)N cap (SN[ml]aSN[mQ])

asymptotically as N — oo, where « is defined in (1.27).

We state asymptotic upper and lower bounds on the sum over the harmonic function
in the numerator of (1.30) in the following proposition. We used the simplified notation

h%,,m = hSyim_(N)],Sx[mi (N)]- (1.35)

Theorem 1.7. For any s > 0, there exist absolute constants k1, ks > 0 such that

Py Y npn(@)hly_ . (0) < et exp (= BN fa(m_)) (14 0(1))
cESN 7 -+ Zﬁ,N\/(l—mQ_)ﬂfg(m_)

—kos?
Z 1—k1€ 28 5

(1.36)

—kos?
Zl_kle 2ga

Py Y ppnl(o)hl . (0) =" exp (= SNFp(m-)) (1 +0(1))
e Zs.y /(1= m2) Bf(m-)
(1.37)
asymptotically as N — oo, and where « and « are defined in (1.27).

We conclude this section using Theorems 1.5-1.7, to prove the main theorem. First,
we introduce the following notation which will be extensively used:

)

P(s
A ; B is equivalent to P;(A E B)>1- kle_k2527 (1.38)

for all s > 0 and for some absolute constants ki, k2 > 0, whose values might change
along the paper.

Proof of Theorem 1.4 . We prove here only the upper bound, as the lower bound follows
similarly. More precisely, we prove
E, v [Tsnime ] P(s)

m_,my S CQQS. (139)
]E,rCnV\_] (N) [T’UH, (N)]

We start from (1.30), which in our case reads

_ EO’GSN luﬂyN(U)h’%,,er (U)
Euij,,nq [T'SN [m+(N)]] - cap (Sy[m_(N)],Sn[m4(N)]) : (1.40)

From (1.36) we obtain
P €@ exp (= BN fy(m-)) (1 + 0(1))

Zp.n cap(Snlm-—(N)], Snfm(N)]) /(1 = m2) 5 (m-)
(1.41)

Euy .. [msnime o]

Via the lower bound on the capacity from Theorem 1.6, we obtain

Boy .. [Tsaime o]

P(s) o [1—m* 7N exp (BN [fg(m*)— fa(m_)]

< 2 t2B04h)+2 \/HZ* ( - f 761/ - >(1+0(1)) (1.42)
B/ (1= m2) 5 (m-) (~ £5(m*))

— o25+2B(1+h)+200 pCW

m_(N) [Tm+(N)]7

where we used (1.23) and Theorem 1.3. O
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1.5 Outline

The remainder of this paper is organised as follows. In Section 2 we use the powerful
Talagrand’s concentration inequality to obtain bounds on the equilibrium measure of
the RDCW model. These bounds allow us to write the RDCW mesoscopic measure in
terms of the deterministic CW one, times a random factor which is the exponential
of a sub-Gaussian random variable. In Section 3 we give the proof of Theorems 1.5
and 1.6 via two dual variational principles, the Dirichlet and the Thomson principles,
which are the building blocks of the potential theoretic approach to metastability. In
obtaining upper and lower bounds on the capacity, the main strategy is to use the results
of Section 2 in order to recover the capacity of the CW model. In Section 4 we prove
Theorem 1.7, i.e. we compute the asymptotics of the numerator in the formula for the
mean hitting time using estimates on the harmonic function.

2 Equilibrium analysis via Talagrand’s concentration inequality

In this section we prove that the equilibrium mesoscopic measure of the RDCW
model is in fact very close to that of the CW model. This is done in two steps. First, we
prove that the difference between the random free energy at fixed magnetisation and
its average can be controlled via Talagrand’s concentration inequality. Second, we find
upper and lower bounds on the aforementioned average by estimating first and second
moments of the partition function of the RDCW model at fixed magnetisation.

2.1 Mesoscopic measure and closeness to the CW model

We start by analysing the equilibrium measure of the RDCW model. The aim is
to express the equilibrium measure pg y, defined in (1.3), in terms of the empirical
magnetisation in order to obtain a mesoscopic description, as we did for the CW model
in Section 1.2. Let us define the measure Qg x on I'y, and let the partition function be
its normalisation

Qsn()=ppnom™ ()= Y ppn(0),  Zsn= ) Qsn(m).  (2.1)

ceSN] meln

A priori the Hamiltonian of the RDCW model is not only depending on m, but it depends
of course on the whole spin configuration. Nonetheless, we will see later in this section
that the mesoscopic measure Qg y can be written in terms of the mesoscopic measure
Qs.n of the standard CW model.

1<j i 1<j

1 -
E[HN(O')] = _FpZE[Jij]Uin — hZO'l = —NLpZOiU]‘ — hZO',‘ = HN(O'). (22)

Therefore, we can split the Hamiltonian into the mean-field part and the remaining
random part obtaining

Hy(o) = E[HN(0)] + An p(0), (2.3)
where, introducing the notation jij =Jij —»
. 1 .
Anp(o) = Hy(o) — Hn(o) = _szjijaigj~ (2.4)
i<j

Note that Ay, is a random variable with zero mean. In order to simplify the notation, we
drop from now on the dependence on NV and p, from Ay ,. Next, we write the mesoscopic
measure as

1
Qp.n(m) = = oBNE(m) Z e—ﬂA(ﬂ)7 (2.5)

Zﬁ"N oc€SN[m]

EJP 26 (2021), paper 47. https://www.imstat.org/ejp
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where E(m) is defined in (1.8).

We will now focus on proving bounds for functions of 3>, s, e~P2(?) more general
than Qg n(m). These results will be fundamental to prove our main theorem in the
following sections. We will come back to Qg y at the end of this section, proving its
closeness to the CW correspondent Q@ ~ as a consequence of those general results.

Let us introduce the following notation, where we drop the dependence on S for
simplicity

Zng= Y glm) > e P =exp(Npn,y) exp (N [Fng — pagl), (2.6)
melny UGSN[m]
1
Fng= N log Zn 4, (2.7)
PNy = E(Fng), (2.8)

where g : I'y — [0, 00) is a function which may depend on N.

We are interested in finding precise estimates on Zy 4 by writing it in terms of the
entropic exponential term e~ N/~ (") times some random factor which takes into account
the randomness of the couplings. We notice that Zy 4 is the product of a deterministic
factor eV?~.v and a random factor eV (FN.g=PN.o),

We first characterise the random variable N(Fy 4 — pn,q) in the following Proposition.

Proposition 2.1. For any 3, t > 0,
IPJ(|N(FN,gpN,g)| Zt> < c1 exp <’yt2>, (2.9)

where v « g—z.

The previous result intuitively means that the random Fy 4 is in fact very well
concentrated around its mean py 4.

As a second step we provide asymptotic bounds on the average of Fi 4, i.e. the
deterministic term py 4.

Lemma 2.2. Asymptotically, as N — oo,

Py S 3+ %log ( > glm)exp (- NIN(m») +o (fv) : (2.10)

mel'n

where I (m) is defined in (1.15) and « in (1.27).
Lemma 2.3. Asymptotically, as N — oo,

PNg 2 % + %log < > g(m)exp (- NIN(m))> +o (i,) ; (2.11)

mel'n

where I (m) is defined in (1.15) and « in (1.27).
Proposition 2.1 together with Lemmas 2.2 and 2.3 imply the following result.
Proposition 2.4. Asymptotically, as N — oo, we have

Zng < e ( Z g(m)exp (— NIN(m))> exp [N(Fn,g — Pn,g)] (14 0(1)), (2.12)

meln
and
Zng > e” ( > glm)exp (- NIN(m))) exp [N(Fng —png)| (L+0(1),  (2.13)
mel'n
EJP 26 (2021), paper 47. https://www.imstat.org/ejp
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where Zy , is defined in (2.6), « and « in (1.27), and Iy(m) in (1.15). Moreover,
N(Fn,g — pn,g) is a sub-Gaussian random variable with variance
cB?
Var[N(F,y — pn,g)] < ISR (2.14)

where c is a positive constant.

We prove Proposition 2.1 in Section 2.2, and Lemmas 2.2 and 2.3 in Section 2.3.
We are ready to state the main result of this section, as a corollary of Proposition 2.1
and Proposition 2.4.

Corollary 2.5. Asymptotically, as N — oo, using notation (1.38), the following bounds
hold for any § > 0 and any function g : I'y — [0, 00)

Z g(m) Z o= BA(0) Pés) esta < Z g(m)exp (— NIN(m))> (14+0(1)), (2.15)

mely o€SN[m] mel'ny
—BA(0) Ps) —s+K
Z g(m) Z e > e Z g(m)exp (= NIy(m)) | (1+0(1)), (2.16)
mel'n o€SN[m] mel'ny

where « and k are defined in (1.27), In(m) in (1.15) and A(o) in (2.4).

Proof. By Proposition 2.1 we obtain, for any fixed s > 0,

P(s) )
exp [N(Fn,g —Pnyg)] < € and  exp [N(Fng—png)| = €77, (2.17)

where k1, ko > 0 are absolute constants.
To conclude the proof it is sufficient to use the definition of Zy 4 (2.6) and Proposi-
tion 2.4. O

Remark 2.6. The exact same statement of Corollary 2.5 holds replacing e #2(?) with
¢P2(@) The proof remains the same: the Lipschitz constant for the Talagrand concen-
tration inequality (in Section 2.2) is the same and the change of sign, being squared,
disappears from (2.30) onwards.

We conclude this section with an immediate application of Corollary 2.5 which
states the closeness of the random mesoscopic measure Qg y to the correspondent
deterministic CW quantity Qg . This result will be widely used in Section 4.

Corollary 2.7. Asymptotically, as N — oo, using notation (1.38), the following bounds
hold for any fixed s > 0 and any function g : 'y — [0, c0)

— P(s) s+a Z — 2
Z g(m) Qs n(m) < et Zﬁ—N ( Z g(m) Qﬁ,N(TfL)) (1+o0(1)), (2.18)
B,N
meln mel'n
> g(m) Qs n(m)
meln
P(s) 1 2
< sta _ — = ( _ =
< e Zow Z g(m) exp BNfB(m)) TN =) (14 0(1))
) mel ny\{1,—-1}
s+a 1 —
Ferre g(m) exp (= BN fo(m)) | (1 +0(1)),
B,N
me{l,—1}
(2.19)
where o and x are defined in (1.27).
EJP 26 (2021), paper 47. https://www.imstat.org/ejp
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Proof. Using (2.5) we obtain

— 1 — — m - g
> G0m) Qun(m) = o—— 3 glm)e PNEM S emIR0), (2.20)
mel'n 7 meln o€SN[m]
Now we can apply the upper bound in Corollary 2.5, with g(m) = —g( ) e ANE(m),

to the right hand side of (2.20). We conclude the proof of (2.18) usmg the definition of
Q@N (1.13) and (1.14).
(2.19) follows by (2.18) simply applying Lemma 1.1. O

2.2 Sub-Gaussian bounds on the random term

Proposition 2.1 follows from Talagrand’s concentration inequality, which we cite for
completeness in the version of Tao [20, Theorem 2.1.13].

Theorem 2.8 (Talagrand concentration inequality). Let G : R™ — R be a 1-Lipschitz and
convex function. Let M € N, X = (X4, ..., X)), with X; be independent r.v., uniformly
bounded by K >0, i.e. |X;| < K, for every 1 <i < M. Then, for anyt¢ > 0,

]P(|G(X)—]EG(X)| th) < crexp (— eat?), (2.21)

with positive absolute constants cy, cs.

Proof of Proposition 2.1. We can apply Theorem 2.8 to the free energies Iy 4 as a func-
tion of the N2 coupling constants J;;. Indeed it is standard to see that Fy 4 is convex and
Lipschitz continuous with constant ~ pﬁ 75 (see e.g. Talagrand [19, Corollary 2.2.5]). Thus,

—1
applying Theorem 2.8 for G = Fiy g4 (ﬁ) and K = 1, after defining ¢’ = N;f\/i we

obtain, for some positive constants c1, c; and for any ¢’ > 0,

2 2
Py (NIFvy = prgl 2 t') < crexp (— czé';ﬂ), (2.22)

concluding the proof of (2.9) and hence Proposition 2.1. O

2.3 Asymptotic bounds on the deterministic term

In this section we prove first the upper bound on py 4 (Lemma 2.2) and then the lower
bound (Lemma 2.3). The upper bound is obtained by estimates on the first moment of the
random partition function Zy 4, while the lower bound is in the spirit of Talagrand [19,
Theorem 2.2.1] and is more delicate. We will see that it involves also estimates on the
second moment of the random partition function.

Proof of Lemma 2.2. Observing that {jij}i,je[N] defined in (2.4) are i.i.d. random vari-
ables such that IE J;; = 0, we easily obtain

E[Zn,4] = Z g(m) Z E | exp ZJ”OULO'J

meln oc€SN[m] Z<-7 (2.23)
ST o LIS R))
mely neSN[m ]1<j

In order to find estimates for (2.23), we first define

®(z) == E [exp(zy;)], (2.24)

EJP 26 (2021), paper 47. https://www.imstat.org/ejp
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which is a function independent of i, j, being {j”}” i.i.d., with first and second deriva-
tives
' (0) =EJ; =0, (2.25)
2"(0) = EJ3 = p(1 — p). (2.26)

Performing a Taylor expansion of ¢ we get
2

B(z) = B(0) + 2 P (0) + %2@'(0) to@?) =1+ %p(l —p) + o(a?). (2.27)

Thus, we can exponentiate ®(x) to obtain
2

&(z) = exp (log (q)(x))> = exp (2])(1 )+ 0(:52)), (2.28)

where we used the expansion log(l + «) = = + o(z). Therefore, for any sequence of
coefficients xfj which are independent of 7, j and o, we have the following

> gm) > HE{GXP(%JAU)}: dogm) D [1®@)

mel'y cESN[m] i<j mely ocESN[m] i<j
=Y gm) > J]e <23p(1 —p) +0(w?j)>
mely ceSN[m]i<j
_ Z g(m) e~ NN (M) gy (2”1)(1 —-p)+ o(a:%))
mel y
_ m NN -1
= Z g(m) e NIn(m) exp (a:%jp(l 7@% +o(a};N(N — 1))> )
meln

asymptotically, for z;; — 0, where the third equality holds only if xfj is independent of
i,7 and o. Moreover, we used that the cardinality of Sx[m] is eV~ (™)
defined in (1.15), and the cardinality of {(i, ) € [N]?: i < j} is Y=,

2
ij

, where I (m) is

We can apply (2.29) with z;; = Nﬁpaiaj because z;. is independent of 7,5 and o.

Indeed x?j = N@—; being 0;,0; € {—1,+1} for any ¢,j € [N] and ¢ € Sy. Thus, we get,
asymptotically as N — oo,

201 _
E[Zng = Z g(m) e NIn(m) expy <B(ZP) + 0(1))
mely P (2.30)

— exp (a+o(1)) > glm)exp (— NIy(m)),

mel'n

where « is defined in (1.27).
Therefore, by Jensen’s inequality and (2.30), we have

E[logZMg] < log (E[ZN,g]) —a+o(1) +1og< 3 g(m) exp(—NIN(m))) (2.31)

mel'n

which proves the upper bound. O

Proof of Lemma 2.3. A key ingredient in the proof is to control the upper bound on the
second moment of Zy 4, i.e. prove that the following bound holds

E[23 ] <e®™E[Zn,)° (1+0(1)), (2.32)
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where « is defined in (1.27).
We estimate IE [ 23, g] using the first two lines of (2.29) with

iy = Nﬁp (Vo + 0P, (2.33)

which hold also when x . is not independent on ¢, j and o,

E[Z2%,] =E Z g(m) g(m’) Z exp (Z Nﬁpjw ( ) (1) + 0(2)0(2)>>
[m]

m,m’ €l N cMesSym
@ eSn[m]

_ / B oM 4 6o
=Y gm)gm)E Z[]exp<ZNpJu( " ))

m,m’ €l N O'(I)ESN m 1<j
(2)€SN[ 1
32 2
1) (1 2) (2 B

- Y BRI (2 (66 4 6@ 6®) (1 - )+O<N2>)

m,m’e€ly (1>esN[ ],4<d

cPeSn[m']
1

< X ama) ¥ [lew(ge20-n+0(5s))

m,m’eln oW eSym], i<i

<2>esN[m]
_ _ / N(N -1) B2 1

_ NIn(m NIn(m
_ Z g(m) g(m/) e ~( )e N ( )exp <2 |:]V22(1 — )+ o ﬁ

m,m €l'n

’ 1 —

= 3 slmglm) e e N e (00 o) )

m,m’€ln p
= exp (da+ o(1)) Z g(m) e~ Nin(m) Z g(m') e~ NIn(m)

mel'n m'eln
=™ E[Zn,4]° (1+0(1)),
(2.34)

where, similarly to the last steps in (2.29), we used that the cardinality of Sy[m] is

e~NVIn(m) the cardinality of {(i,j) € [N]?:i < j} is Ll) Moreover, in the last line we
used (2.30).
We recall the Paley-Zygmund inequality, which states that

(EX)*
EX?

for any non negative random variable X and any n € (0,1). Using (2.35) with X = Zx g,
(2.30) and (2.34) we get, asymptotically as N — oo,

P,;(X >nEX) > (1—n)? (2.35)

1 1
P (NIOgZMg > Nlog (nEZN,g))

1 1 1
=P, (N log Zi,g 2 57 log (B2N,g) + 7 log n) (2.36)

1-n*
exp (2a + 0(1))

>
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Moreover, using (2.22) together with (2.7) and the change of variables t' = Nt”, we
obtain V ¢ > 0,

2co N2p2¢"2
N t,,> < e1exp <_CZB§)> , (2.37)

1
P, (‘N log Zn,g — PN g

Thus, taking the complementary event, we get

1 2 N2 2t//2
P, (—t” < 108 Zng — Py < t”) >1— ¢ exp (—0255) (2.38)
Now, using
1 " 1 1 "

Pr{ylog2ng —prng<t7 ) 2Py (7 < FlogZng —prg <1 (2.39)

and the change of variable ¢t = N”T V2¢2 ¢/ we obtain
P, (Liogzy, < + tp >1 (—t?) (2.40)

— 1o e — ¢y exp(—t°). )
T\N 2 <LN,g = PN,g Novee, ) = 1 €Xp

Next we prove that the intersection of the events in (2.36) and (2.40) is non empty.
Assuming, for n € (0,1), that

(1-n)?

1 170]
P, ( log Zn,g < DN,g + > >l - —p— (2.41)
N ! ! Npy2e exp (Qa + 0(1))

and comparing (2.36) and (2.41), we notice that the sum of the probabilities of the two
events

1 t3
—log Zn o < _ 2.42
{N 0g N,gpN,g"’Np\/E}a ( )
and
1 1 1
~ log Zn,g > ~ log (EZN,Q) + N logn (2.43)

is strictly greater than 1. Therefore, they intersect in the not empty event

1 1 1 t3
—1 EZ —1 < —logZ < S — 2.44
{N og( N,g)+NOg77—NOg N,g—ngJer\/E} ( )

which is contained in the deterministic set

1 1 175}
— log (EZ —1 < —_ . 2.45
{N og ( N,g)+Nogn_pN,g+Np\/E} ( )
As a consequence, the latter set is non empty and, being deterministic,
1 1 tp
> —log (EZ + —1 -— 2.46
PN,g = N og( N7g) N ogn Npy2cy ( )

holds with probability 1.
It remains to choose a suitable ¢ > 0 for assumption (2.41) to hold. A sufficient
condition is, for every n € (0,1),

(1-n)?

c1exp(—t?) < —exp (Za N 0(1))

) (2.47)
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namely

t2 > 20+ log ( 2) + o(1). (2.48)

_a
(1—mn)
Therefore, by (2.46) and (2.48), using (2.30) we obtain, for every n € (0, 1),

ﬂ\/Qa + log ((127177)2) +o(1)

1 1
PN, > ~ log (EZn,q) + N logn —

Npy2e (2.49)
1 Kn 1
= Nlog ( ; g(m)exp(— NIN(m))> + N +o0 (N) ,
mely
where
6\/204+10g ((12177)2)
Ky = o+ logn — . (2.50)

pV2¢2

Notice that x,, < a. In order to obtain the best lower bound, namely the closer to the
upper bound proven in Lemma 2.2, we choose 1 € (0,1) s.t. a — k,, is minimised and
we conclude the proof. This choice motivates the maximum in the definition of «, in
(1.27). O

3 Capacity estimates

This section is entirely devoted to obtain upper and lower bounds on capacities
between sets with a fixed magnetisation. These bounds are obtained via two dual
variational principles, i.e. the Dirichlet and Thomson principles which are extensively
discussed in Bovier and den Hollander [2, Sections 7.3.1, 7.3.2]. The result will be
expressed in terms of the capacity for the Curie-Weiss model, see (1.23). In particular,
we prove Theorem 1.5 in Section 3.1 and Theorem 1.6 in Section 3.2.

3.1 Asymptotics on capacity: upper bound

In this section we prove Theorem 1.5, obtaining the upper bound on the capacity of
the RDCW model in terms of the capacity of the CW model.

Proof of Theorem 1.5. The main idea of the proof is to find an upper bound on the
capacity via the following Dirichlet principle (see Bovier and den Hollander [2, Section
7.3.1 and (7.1.29)] for details)

cap (Sn[ml, Sn[mo]) = min ZE:S ps.n(@)pn(o,0")[f(o) — f(o')]?, (3.1
where
H={f:8n = [0,1] 5t flsgim =1 flsxim) = 0}- (3.2)

Later it will be clear that we can restrict the previous variational principle over the
functions on the space I'y, hence it is useful to define

H= {v Ty — [0,1] s.t. v(my) = 1,v(ms) = 0}. (3.3)

In order to simplify the notation we will often neglect the dependency on my, ms when
this will not generate confusion.

From (3.1), in view of (1.5) and since [f(¢) — f(¢’)] vanishes for o = ¢/, we are left
only with the terms such that ¢ ~ ¢’ and obtain the following first equality in (3.4).
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The second equality in (3.4) follows by (1.10), (2.2), (2.3) and multiplying and dividing
by exp (=N [E(m(c’)) — E(m(c))], ). The inequality in (3.4) is obtained restricting the
minimum on H to the minimum on {f € H: f(n) = f(n') Vn,n' € Sy s.t. m(n) = m(n')}

and noticing that the latter is in bijection with #.
Zg n cap (Sy[mi], Sn[ma])

—in Y Lo exp (= BHy(0)) exp (~5 H(0) — Hy(0)),) [f(0) — /(o)1

o,0'€SN

o exp (—BNE(m(c /
T ID D S e ZW@ D) expy (—BN [B(m(o")) - Bm(o))],)

m,m’'€l’'n oc€Sn[m],
o'eSn[m']
< (o) — F(o)2exp (—BA(o)) — S ALHN () ~ Hn(0)],)

exp (—AN [E(m(c")) — E(m(0))],)

< minZs v W;FN . exp (— BN [E(m/) — E(m)],. )[v(m) — v(m')]?
o (— BA(o UNU/GXP(—ﬁ[HN(U/)—HN(U)]JF).
. Uegmf p (- BA(0) U,ESZW,]“ oxp (= AN [E(m') — BE(m)], )

(3.4)

We turn now to the last sum in (3.4) and call this quantity G(o,m’). If o ~ ¢’, then
o and ¢’ differ on a single vertex, say ¢ € [N}, i.e. Vi € [N]\ {¢}, 0; = ¢} and oy = —0.
Thus, setting m = m(c) and recalling (2.4) and (1.8), we can write

2 A 2 N
A(o’) = A(o) = Ny Z Juoioy = Np Z Jieoiop, (3.5)
1:9£L 1:97#£L
Hy(o") — Hy(o) = 32 4 2h| = 00 |2 (Nm — o) + 2R (3.6)
N\O N\O) = 0Oy NV'#ZO} =0y N m gy . .

Moreover, using (2.2), (2.3), the definition of jl-j below (2.3), the second equality in (3.5)
and the first equality in (3.6) we can write

N . 2
Hy(0") — Hy(0) = Hy(o") — Hy (o) + Alo”) — A(o) = oy jim > Jioi+2h| . (3.7)
G:i#£L

Due to the presence of the indicator function 1,.,/, G(o,m’) vanishes if m’ ¢ {m + % }.
Moreover, we can rewrite the sum >_ ¢ im/] Lo~o’ in terms of the single vertex £ € [N]
on which o and ¢’ differ. Notice that if m(¢’) = m + % then oy = —1 = —0} and if
m(c’) =m— % theno, =1 = —o,.

Therefore, calling i* (o) := {j € [N] : 0; = +1}, and using (1.10), (3.6) and (3.7), we
obtain

exp <ﬂ *%Zm , Jieo; — 2h )
Glom+2)= > { e L

<NL1T™Mp2s (3.8)
ity exp (=B [~F(Nm+1) - 2n] ) 2

exp (_B = E” Jieoi + 2R >
Gloom— %) = Z {Np > L

N J;m Q26(1+h)  (3.9)
tcit(o) €XP (-5 [F(Nm—1) + 2h]+)
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To obtain the inequalities we used the fact that, for any ¢ in Sy, the cardinalities of i~ (o)

and i*(a) are respectively V 1‘%@ and N H#“') Moreover, for the inequality in (3.8)

we used the following elementary facts holding asymptotically in V,

2
exp [ -8 ~ Z;Jim—% <1, (3.10)
1.1 +

exp (5 [—;(Ner 1) — Qh} ) < exp <5 [—2m — % — 2h] ) <%, (3.11)
+ +

Similar inequalities were used to prove (3.9).
Thus, using (3.4), (3.8), (3.9) we obtain

Zﬁ}N cap (SN [ml]a Sy [mQ])

< min Zg x Z exp (~ ANE(m))

exp (=BN [E(m’) — E(m)]..) [v(m) — v(m/)]”

veEH m,m’el N ZﬁvNN
x P N exp (— BA(0)) [NHTm]lmi%(m/) F NI e (m/)}
cE€SN[mM]

Using the upper bound in Corollary 2.5 with

o= Y CPPVEC) oy (o ) — B, ) o) — oo
m’€ly BN (3.13)

< O [NIEL, o () 4 NIZ2 L, o ()]
we obtain

Zg,n cap (Sy[ma], Sn[ma))

Ps) s+28(14+h)+a > : exp (—BNE(m) — NIy(m)) _ no_
<e Zg.N fg{}mggm Zon N exp(=BN [E(m') — E(m)], )
x [o(m) — v(m'))? [ngmnmw» F N ()| (L o(1)
= e 2P0z, wmin Y7 Qm) #m,m) [o(m) — v(m)? (1+o(1))
vEH m,m’eln

= PP Z5 v cap! (Sy[ma], Sn[ma]) (1 + 0(1)),
(3.14)

where we used notation (1.38) and in the middle step we used (1.13), the first equality
in (1.14) and (1.20). Furthermore, we noticed that the variational form appearing in the
previous formula is the Dirichlet principle (see Bovier and den Hollander [2, (7.1.29),
(7.3.1)]) applied to the random walk performed by the projection of the CW model
dynamics onto the magnetisation space. See Section 1.2 for the CW model.

We conclude that the minimum equals the capacity of the CW model using lumping
techniques. More precisely, here we used Bovier and den Hollander [2, (9.3.6)], stating
that the capacity for the dynamics projected onto the magnetisation space equals the
capacity for the CW dynamics on the configuration space, which holds because of the CW
model mean-field property. For reference on lumping see Bovier and den Hollander [2,
Section 9.3]. O
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3.2 Asymptotics on capacity: lower bound

In this section we prove Theorem 1.6, obtaining the lower bound on the capacity of
the RDCW model in terms of the capacity of the CW model. We will prove it without
loss of generality, only for m; < my € I'y, because the capacity can be proven to be
symmetric, using the reversibility of the dynamics.

The main idea of the proof is to find a lower bound on the capacity of the RDCW
model via the Thomson principle (see e.g. Bovier and den Hollander [2, Theorem 7.37].
For cap (Sy[m1], Sn[me]) it reads

cap (SN[ml],SN[mQD = sup { (U e USN[mﬂ,SN[mz]} s (3.15)

1
D(¥)
where we denote by Us,, m,],sy[m.] the space of all unitary antisymmetric flows from
Sn[m1] to Sy[m2] and D is defined by

P(o,0')?
Mﬁ,N(U) pn(o,07)

1
DW)=5 D lomo (3.16)

o,0'€ESN

for any ¢ : S — R antisymmetric flow. Thus, in order to find a lower bound in terms
of the capacity of the CW model we have to find a unitary flow from which we could
reconstruct the CW capacity term.

For all 0,0’ € Sy, we define the candidate flow ¥ as follows

Uy (o,0') = dn(m(o), m(a)), (3.17)
where, for all m,m’ € T'y,
-1
{(lg)N exp(—NIN(m))} if mq §m§m2—%,m’:m+%
v (m,m') = o
A o {(H?)Nexp(NIN(m))] ifmi+ 2 <m<mo,m' =m-— %
0 otherwise.

(3.18)

The proof of Theorem 1.6 is postponed after two technical intermediate results which
are essential for it. The following lemma allows us to use ¥ in the Thomson principle.
Lemma 3.1. Let my < mg € I'y. The flow ¥y on Sy, defined in (3.17) is a unitary
antisymmetric flow from Sy [m1] to Sy[ms], i.e. U € Us, [m,],Sx[ms]-

Proof. ¥y is antisymmetric because for all m € I'y, i.e.

m— 2

Nexp(—NIN(m)):(1_(2—N>>Nexp(—NIN(m—l)). (3.19)

Indeed, using (1.15), the right hand side of (3.19) writes

(1+m)

O =8 ey (-~ 1 (- ) = 20 () )

2
2
_ (=(m-#)N NI - N1
- 2 (1—-m)N | [a+m)N [ [a=mNT, [a+m)N | (3.20)
[ : +1H ; _1]. [ n H L _1].
(14+m) < N ) (I1+m)
= N m = Nexp (— NIy(m)).
2 Lm 2
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Next we prove that the Kirchhoff law holds, i.e., for all 0 € Sy \ (Sy[m1] U Sy [ma2])

> Un(o)=0. (3.21)

o' eSn:o~a’

For all 0 € Sy such that m(o) ¢ (m1, m2), (3.21) holds trivially being all terms zero,
by (3.18). Now, for all o € Sy such that m(o) € (mq1,ma),

Y. Un(oo)= Y. on(m(e),m(e") + Y. ¢ (m(o),m@)

o’'€Sn:o~a! o'eSn:o~a’, o’'eSn:o~a’,
m(c’)=m(o)+% m(c’)=m(o)—%
1—m(o))N [(1—m(o))N -t
14+m(o))N[(1+m(o))N -t
=0,
(3.22)
where w in the second equality are the cardinalities of the set over which we were

summing, namely the number of negative, respectively positive, spins in a configuration
o€ Sy.

We are left to show that U is unitary from Sy[m1] to Sy[mz], namely

> > Un(a0)=1 > > Un(o,b). (3.23)

a€Sn[m1] o'€SN:a~a’ beSN [m2] 0ESN:o~D

The left hand side of (3.23) equals

S Y nmla),m()

a€Sy[mi1] o'€SNn:a~o’

= Y [Wexp(—zvm(ml))}*l

a€Sn[m1] o'E€Sn:a~a’,
m(c')=mi+%

-1
= exp ( - NIN(ml)) (1—71211)N [(1—71211)N exp ( — NIN(ml))} =1.

(3.24)

The right hand side of (3.23) equals

S o (mle).m)

beSN[m2] cESN:T~D

_y ¥ [O—%—MNQXP(_N]N(W_QD]I

beSn[m2] ocE€SN:o~D,
m(o)=mz—%

— exp (—Nly(my)) Ll [(1(’”221%)) Nexp (—N]N (m2 - 2))] h .

(3.25)

We use (3.19) to conclude the proof. O
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Lemma 3.2. For all 0 € Sy and m’ € T'y, the following holds

s oL (-8 [fv(e) - vt )
wessmn exp (= BlHn(0") — Hy(o)l, )

< 2601+1) [Nl + m(o’)]1

1—m(o

Proof. Let m = m(c). The left hand side is non-zero only if m’ € {m + %, m — %}.
Recalling the definition i*(0) = {j € [N]: 0; = £1}, if m' = m + £, we have

s L (—/3 [ﬁN<a'> - fm@} +>

exp (—5[ 22(Nm + 1) — 2h] +)

Z (3.27)
tei~ (o) exp ( [ N Doinize JitTi — 2h} +>
2 28 1—m 23
< Z exp | B8 —NZJMJZ-— < e —NTe ,
Lei— (o) 1:9#£L ZEZ (o)
where we have used that, since h > 0,
2 2 2(N -1)
N Z Jipo; —2h < N Z | Jigoi| < N <2 (3.28)

i:i#£L IREI)

Similarly, if m’ = m — 2, we get

Z . exp (—6 [ﬁN(U’) - g]v(d‘)} +>
IR R G TN

—B[2(Nm —1)+2h
= > o (8 [F(m — 1) +21]. ) < NI (3.29)

Leit (o) exp ([3 [% Zi:i# Jio; + 2h} +>

O

With the previous lemmas at hand, we are now ready to prove the lower bound on
the capacity.

Proof of Theorem 1.6. As we mentioned above, since the capacity is symmetric, we will
prove the result only for m; < mqg € I'y.

Let Uy be the test flow defined in (3.17), which by Lemma 3.1 is in Usy [m,],5x[ma]-
Thus, using the Thomson principle (3.15), we obtain the following bound

1

cap (SN[ml],SN[mg]) > m

(3.30)
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Therefore, we are interested in upper bounds on D(¥ y) which, using (1.3), (1.5) and
(2.4), can be written as follows

! o (m(e), m(o"))? Zp
D(Uy) = =N Lo :
NP PR o T ~(0)+A(0))) exp (- BlHx(0") — Hx(0)]1)
(3.31)

By multiplying and dividing by exp(—B[Hy(c") — Hy(0)]+) Zs.n, and using (1.10),
(1.11) and (1.18), we get

D(Wy) = N 22N - o (rm, )
2Zs N ey Qg n(m)exp (NIN(m)) exp (—ﬁN [E(m') — E(m)]+)

exp <_g [ﬁN(o—') - FIN(U)} +>
X exp(BA(o 150
oesZN[m] PR J/ESZN[m’] exp ( —B[HN(0") - HN(C’)L)

< N 28BN 28014h) ] o (m,m’)?
M ey Qp n(m)exp (NIn(m)) exp (BN [E(m') — E(m)],)

2Zg N

) VT, ) 4 N, ()] Y en(5AG)),

cESN[mM]

(3.32)

where we used Lemma 3.2 to bound the sum over ¢’, uniformly in o € Sy[m]. Then, to
bound the remaining sum over o, we use the upper bound in Corollary 2.5 (in the version
with e#2(?), motivated by the Remark therein) with

m) _ Z _ ¢N(ma m,)2
micty QN (m)exp (NIy(m)) exp (=8N [E(m') — B(m)] )
14+m

1-m
X [NTILm_%(m/) _A,_NTIlm_,’_%(m/)}’

(3.33)

obtaining, with notation (1.38),
P(s) 7 s4+26(14+h)+a ,m’ 2 — NI
DUy) < N2X 3 ° o (m, m')? exp ( /N(m))
2Zs N Ty Qp n(m)exp (NIN(m)) exp (—ﬂN [E(m') — E(m)]+)

X [NHTm]lmf% (m') + Nl_Tm]ler% (m/)} (1+0(1))

= ZoN gorastemta 3 O (m, m')2exp (— 2N Iy (m)
QZ’G’N m,m/€l N Q/B;N(m) TN <m> m/)

1+m 1—m 2
) [N () + N5, ()] (1 0(1)),

(3.34)

where in the equality we only used (1.20).

Now we first substitute ¢ defined in (3.18) into (3.34) and then use reversibility to
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obtain
P(s) Zﬁ N 1
D(Ty) < Lo s t280th)+a - - (1+o0(1))
2Z57N m1<;<m2, QB,N(m) N (m, m + %)
TZEFN
D S 1 (1+0(1) (3.35)
QZﬁ’N mi<m<mg, QB,N(TH—%)?ZN (m— %,m) .
meln
— Z~,3,N es+2,8(1+h)+(x Z _ 1 (1 +0(1))
ZBvN mi<m<ma QB7N(m) ,FN (m’ m+ %)

where the last equality follows noticing that the two sums in the previous step are equal.
Therefore, by (3.30) and (3.35), we obtain

Z
Zp, cap(Snlmal. Svlma]) = 3075
-1
P(s) .
> ZB7NQ_S_2ﬁ(1+h)_a Z 1 (1+0(1)) (3.36)

my<m<mg Qp,n(m) TN (m, m+ %)

= Zg e TP cap®(Syfma], Sn[ma]) (1 + o(1)),

where we used notation (1.38) and we noticed that the inverse of the expression ap-
pearing in brackets in (3.36) gives exactly the capacity for the CW model. Indeed, that
expression gives exactly the capacity for the one-dimensional random walk in I';y which
is the projection of the CW dynamics onto the magnetisation space I'y (see the formula
for the capacity in Bovier and den Hollander [2, Section 7.1.4, (7.1.60)]). Using lumping
techniques exactly as at the end of the proof of Theorem 1.5 (end of Section 3.1), we
have that the aforementioned capacity equals the CW capacity. O

4 Estimates on the harmonic function

As pointed out in Section 1.4, the proof of Theorem 1.4 relies on sharp estimates on
capacities, carried out in Section 3, and estimates on the harmonic function. We entirely
devote this section to obtain asymptotic upper and lower bounds on the numerator in
(1.40), which is given by the following sum

> upn(@hY . (o), (4.1)

oESN

that is to give the proof of Theorem 1.7.

In order to control the sum (4.1), one generally uses a renewal argument which relies
again on estimates over capacities. However, in our case this is not possible, due to the
fact that capacities of single spins are too small.

We first prove the upper bound and then give some details about how to prove the
lower bound, which is very similar and more straightforward. Our proof follows Bianchi,
Bovier and Ioffe [1, Section 6].

4.1 Notation and decomposition of the space

Before starting with the proof, we introduce some notation. We refer to Figure 1
below for a better visual understanding of the objects we are defining.

Recall that we denote by m the global minimum, by m_ the local minimum, and by
m* the local maximum of fz(-) in [—1,1], where f3(-) = imy_,o f3 n(-), defined in (1.14).
We want to decompose the space I'y (and eventually the set of spin configurations Sy)
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according to the values of fz. The notation and the decomposition are organised in 4
steps.

Step 1. First, let § > 0 be small in a way which will become clear later, and define

the set
Us={me[-1,1]: fz(m) < fs(m_) +6}. (4.2)

We write Uy = [-1,1] \ Us and we denote by Us(m) the connected component of Us
containing m. Note that {m_,m_} € Us. In general, Us(m_) and Us(m.) may have non
empty intersection, but we choose ¢ such that m* ¢ Uy, implying that Uy is partitioned
by the disjoint sets Us(m_) and Us(m.). For this to hold, it suffices to take § < fg(m*) —
fa(m_). Moreover, we choose ¢ also such that —1 ¢ Us(m_). For this to hold, it suffices
to take § < fg(—1) — fz(m_). Thus, we choose § < min (fz(—1), fs(m*)) — fs(m_). These
conditions are needed to prove (4.11) below.

Let us denote by m; the unique point in (m*, m) such that

f5<m5) = f5<m7> + 0. 4.3)

Step 2. With J chosen as above, we define a sequence (dn)nyen, converging to ¢
from below, such that the left extreme of Us, (m) is in I'y. Specifically, we define dy as
follows:

6y =max {6 € (0,8] : Im € Us(my) NTx \ [my, 1] s.t. fa(m) = fg(m-)+d}, (4.4)
for N sufficiently large. Moreover, set
Us,n =Usy Ny, Usny =Tn\Usn and Usn(m) =Usy(m)NTN, (4.5)
for all m € [—1, 1]. Thus, we have the partitions
Iy =Usn(m-)UUsn(my)UUs (4.6)
and

Sy = S [Us,n(m-)] U SN [m4(N)]U SN [U§ n] USN [Us, v (mi) \ {m+(N)}]. (4.7

Remark 4.1. Notice that, for N sufficiently large, Usn(m_(N))=Usn(m_) and
Us,n(m4(N)) = Us n(my). Furthermore, with these definitions, ms, € Usny and it
is the left extreme of Us n(m+.).

Step 3. Let e > 0 be arbitrarily small (the choice of € will be relevant in Section 4.2).
We denote by m. the only point in a small left neighbourhood of m ., more precisely in
Us(my) \ [m4, 1], such that

fa(me) = fg(my) +e. (4.8)

Let us define an e-dependent parameter § > 0 by
0=my —me. (4.9)

Step 4. Similarly to Step 2, fixed ¢ > 0, we want to define a sequence (ex)nen
converging to € from below such that m., is in I'y. More precisely, we define ¢y as
follows

ey =max{z € (0,¢] : Im € Usn(my) \ [my, 1] s.t. fa(m) = fa(my)+&}.  (4.10)

We will use later that m., € Us nv(m4) and it satisfies fg(mey) = fa(m4) +en.

Moreover, given ¢ > 0, we define the sequence (fx)nen, analogously to (4.9), by
setting O = m,(N) — m.,. Oy plays an important role in Lemma 4.4 below. Notice that
limy 00 Oy = 6 and, if my # my (N), then f(mey) — f(my(N)) #en.
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fg(m_) +4

fa(m_)

-1 m_ m*  msg mimg 1
H/_/ %/—/
Us(m-) Us(m4.)

Figure 1: Graph of f3 and decomposition of the magnetisation space [—1, 1]: the two
intervals Us(m_) and Us(m,) around the two minima are drawn, together with the
special points ms, m.. Us is painted in red.

4.2 Upper bound on the harmonic sum

In this section we prove the first part of Theorem 1.7 by giving an upper bound on
the harmonic sum in (4.1).

We will estimate the contribution of each set of the partition in (4.7) to the sum
in (4.1). As one expects, the only relevant contribution will be given by the terms in
Sn[Usn(m-)]. Indeed, ug n is very small in Sy[Us y] while ) . is very small in
Sn[Us,n(m4)] and we will see the two contributions on these two sets turn out to be
irrelevant.

The main ingredients in the proof of the upper bound are Corollary 2.7 and Lemma 4.2

below. The proof of the latter result is quite technical and it is postponed to Section 4.3.

Proof of Theorem 1.7. Upper bound. We are ready to start estimating the contributions
of each disjoint set of the partition in (4.7) to the sum in (4.1).

Part 1. Sum on Sy[Usn(m_)]. This will be the relevant part. Using first that
hyN (o) <1, (2.1) and (2.19) of Corollary 2.7 with g(m) = ]lmeUéyN(m_)(m) we obtain

m_,my

> pen(@) by (@)<Y Qan(m)

c€SN[Us,n(m_)] meUs, n(m_)

P(s) ¢St (1 4+ 0(1)) 2
< T Z exp (=8N fg(m)) m (4.11)
Bs meUs n(m_)

_ e (1 of1)) exp (AN )
ZB,N\/(l —m2)Bf5(m-)

In the second line we used our assumption of §x being small enough such that —1 ¢
Us n(m_) (see Section 4.1, Step 1). To obtain the last equality we first approximated, for
N sufficiently large, the sum with an integral and then applied the saddle point method
(see, for instance, de Bruijn [7, Chp 5.7]), where m_ is the maximum point of —3fz on
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the considered domain. Notice that here we use the fact that m* ¢ Us y(m_), which
holds again for §y small enough (see Section 4.1, Step 1). More precisely,

Z eXP(ﬁNfB(mD(limQ)

meUs n(m_)

1

7/ eXp — BN fg(x ))\/ujdw (4.12)

—eXp( BN fg(m \/7\/%]%/

where —1 < a,b € 'y are the left and right extremes of Us y(m_), respectively.

=0forall o € Sy[m4(N)],

Part 2. Sum on Sy[m(N)]. Being by definition h
we trivially have

m_my (0)

> (o)) . (0)=0. (4.13)
g€SN [m4 (N)]

Part 3. Sum on Sy[U§ y].

Using hm s < 1and (2.1), we have
Z pe,N(0) h%,7m+(0) < Z pa,n( Z Qs n(
oESN[U§ N oESNIUS \] meUg§ 4.14)
= > Qp,n(m) + > Qp.n(m).
meU§ y\{1,-1} meUg yN{1,—1}

We bound the right hand side using (2.19) of Corollary 2.7 with g(m) = Lyecve  (m)
obtaining

Y (@) by, (0)
oeESN [U(;N]

Pg) esTe (14 0(1)) Z

- Zg N

2

exp (= BN 5m)| —Fr—y

meUs y\{1,-1}
s+a 1 + 1
pettiron) g

i exp ( BN fg(m))

meUg yn{1,-1}

e (1+0(1))

2 1
< ————exp( — BN (fp(m- +5N \ o ——— 2
Zp.N ( N meUgN\{1 _y V(L =m?)

(4.15)
where in the last inequality we used the bound fg(m) > fg(m_) + dn given by the
definition of Ug,N (see (4.2)).

Part 4. Sum on Sy[Us n(m4) \ {m4+(N)}]. Using (1.32) and the fact that, for any
o € Sy such that m(o) > m+(N), P, (TSN[m_(N)] < TSN[m+(N)]) =0, we get

Y wen (@) by (0) = Y 1N () Po (Tsyim () < Towimy (V) -

o €SN [Us,n (m4)\{m4(N)}] TESN [[msy mi(N))]
(4.16)
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Thus, applying Lemma 4.2 below, the following holds for any v € (0, 1)
> 15N () by (0)

o€SN[Us,n (myp)\{m4(N)}]

Sexp (= BNA-Nfpm)) D Qaw(m) [exp (BN(1 =) f5(m))
mElmsy . (V)
+exp (BN(1=7)(fs(ms) +3en) + New(On) ) | exp (= BN(1 = 7) dx ) (1 +o(1).
(4.17)
We use (2.19) of Corollary 2.7 with g(m) defined by

gm) = [exp (BN(1 =) fa(m)) +exp (BN(1 = 7)(fs(ms) +32x) + Nen(6w)]
(4.18)
for m € [ms,,m4+(N)) and g(m) =0 form € T'y \ [msy, m+(N)). Thus, we obtain
Z ,LL@N(O') h%,,'rrur (U)

c€SN[Us,n(m4)\{m4(N)}]

U)oy (— BN =) (fam) +0n)) Y exp (= BNfa(m)

- Z
B,N me[ms . ,my (N))

ﬁ [exp (51\7(1 - ’V)fﬁ(m))+exp (ﬁN(l — ) (fs(my)+3en) + NﬂN(GN))}
et (1+0(1)) ON
< S e (S NG =) (falmo) o) )y [ o

< [exp (=7 BN fs(ms) ) +exp (BN(L=7) (f5(my) +3en) + Nen(Ox) = BN fa(m))|

_ette (Zlﬁ.gj_vo(l)) exp ( B BNfg(m,))

X exp ( ~BN(L—)(dx — 3en) + NKN(HN)) [exp ( “BN(1 - 7)3en — NEN(HN)) n 1]

L e (4 o(1)
Z3 N

xexp =8N (y[fs(m) = fam-)) + (1 =16 —3en) = hin(0x) —en) |-

2N

Ty o (7 BNTms) = f(m )

2
(1 —m3)

exp ( - BNfB(m_))

(4.19)

In the last step we embedded [exp (— BN(1 —v)3ey — N{y(6y)) + 1] in the already

present (1 + o(1)) and bounded v/N by exp ( — BN(—¢y)), because for N large enough

% < en (which converges to € > 0, see Step 4 in Section 4.1).

Now we prove that this part is not relevant compared to the right hand side of (4.11).
In particular, we show that, for a certain choice of v,

en =fa(my) = fa(m-)] + (1 =) (0n —3en) — 58 (ON) —en (4.20)
is positive and its limit,

Jimen = [fa(m) = fa(m-)]+(1=7)(6—32) — 25 (og(2) +3~log(1-m)) <, (4.21)
is positive and finite. In order to achieve this, we choose v € (0, 1) small enough, such
that ¢y and its limit are positive, definitely in N. In particular, we want to impose

on —den — %KN(GN)
fo(m—) = fa(my) +0n —3en

0<~y< <1, (4.22)
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definitely in IV, and

6—4e— %thﬁoo €N(0) <1

fa(m-) — fg(my) +6 -3¢
First, we notice that it is easy to check that the previous quantities are strictly smaller

than 1. Second, we want to show that a strictly positive ~ satisfying (4.22)-(4.23) exists.

Note that ¢ (6y), defined in (4.37), has the following trivial upper bound for every N,

In(On) < On (B+10og2+O0(0N))- (4.24)

0<~y< (4.23)

Thus, a sufficient condition is to choose, for N large enough, v > v, where
5—45—9(1+1"%+0(9))
fa(m-) = fa(my) +6

is clearly strictly positive. Indeed, we can choose ¢ > 0 sufficiently small for the
numerator on the left hand side of (4.25) to be positive, while 6 is small accordingly to e
(see Section 4.1). We conclude by obtaining, for N sufficiently large,

Yo = (4.25)

N P(s) es+a+o(1) 5
Z pa,n (o) honm, (0) < ﬁexp(—ﬁN(fg(m,) +cn)) T
0 €8N [Us,n (m )\ {m (N)}] “

)

where 0 < ey = O(1).

Conclusion.
With the previous bounds at hand, we are now ready to conclude the proof of the

upper bound. Decomposing the sum over Sy using (4.7), and inserting the estimates we
computed above into (4.1), we obtain

> mpn(0) iy, (0)

oceSN

P(s) e5FT (1 4+ 0(1)) _BNéN 2 1
T | = (=g

meUg y\{1,-1}

N 2 eNew 1
mt=ms) Ja—m2) B5m-)
esta 1
< exp ( — BN fg(m_) (I1+0(1)),
7o 0 ) V@ —m2) B4 (m_)
(4.27)
concluding the proof. O

4.3 Some technical results

In this section we prove Lemma 4.2, which is pivotal in obtaining the upper bound
in Theorem 1.7 (see (4.17)). The proof is quite involved, therefore we split it into
subsequent technical results. Before starting the proof, we give a brief outline of this
section. First, we state Lemma 4.2 and prove it via Lemmas 4.4, 4.5 and 4.6, which
follow later on. Second, we give the proof of Lemmas 4.4 and 4.5. The latter relies on
Lemma 4.6, which we subsequently prove using Lemma 4.7. We conclude the section
proving Lemma 4.7. Throughout this section we will use the notation introduced in
Section 4.1.
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Lemma 4.2. For all 0 € Sy [[msy,m+(N))], forally € (0,1) and e > 0,

P, (TsN[m_(N)] < TsN[m+(N)]) < exp ( — BN —)[fs(m-) + 5N])(1 +0(1))

x [exp (BN =) f5(m(@))) +exp (BN(L =) [fa(ms) +3en] + Nwm)] :
(4.28)
where {(-) is defined in (4.37).

Proof. For all o € Sy [[ms,, m+(N))], we have
Py (TSN [m_(N)] < TSy [m+<N>1>
=Py (Tsw[mfuvn < TSy my (N)]s TSy [m_(N)] < TsN[msN})
+ Z P, (TsN[m_(N)] < TSy[mi(N)]» Ty < TSN[{mEN,nl_(N),m,+(N)}])
ESN[me
nesnlmey] (4.29)
=P, (TsN[mf(N)J < TsN[{m(N),mEN}])

+ > P (Tsw[mfuv)] < TSy [my (N)] ‘Tn < TS [{mey ,mf(N)’m+(N)}])
77681\7 [mEN]

x Ps (Tn < TsN[{msN,m_<N>,m+<N>}]) )

where we notice that,

Po (TsN[m(N)] < TSy [m (V)] ‘Tn < TsN[{msN,m(N),m(N)}])
(4.30)
=Py (TsN[mAN)] < TsN[m+<N>1)-

Using the Markov property and taking the maximum of the first factor out of the sum,
we have that, for all o € Sy [[ms,, m4(N))],

P, (TsN [m—(N)] < TSy [m+<N>])

<P, (TSN - (V)] < TsN[{m+<N>,msN}]>

+ ( max P, (TSN[mf(N)] < TSN[er(N)])) Z Ps (Tn < TSN[{maN,m—(N)meN)H)

es c
NESN[me ] nESnme ]

=P, (Tsw[m_wn < TsN[{m+<N>,msN}]>

+ ( max P, (TSN[mi(N)] < TSN[m+(N)])) P, <TSN[m5N] < TSN[{mf(N)’mMN)}])

ﬂGSN[mEN]

<P, (TsN [ (V)] < TsN[{m(N),mEN}])

+ ( max IPn (TSN[m_(N)] < TSN[m+(N)])) P, (TSN[msN] < TSN[m+(N)]> .

neESN [mEN]

(4.31)
We first consider the case o € Sy[m.,]. By Lemma 4.4, we get
Po (TSN[m_wn < TSN[m+(N)]) <Ps (Tsw[m_m)] < TSN[{m(N),mENH)
Newo (4.32)
+ ( max P, (TSN[m,(N)] <TSN[m+(N)])> (l—e_ n( N)(1+0(1))).
UGSN [mEN]
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Taking the maximum over ¢ and noticing that the same term appears in both right and
left hand side of the inequality, we obtain

]PG' m < m

< max P, (TsN[m,(N)] < TsN[{m+(N)7mEN}1) NN N (1 4 o(1))
UESN[m5N]

< exp ( — BN (1=7) [f3(m_) +06x — f3 (mey — %) —&N] — NfNWN))(l +o(1)),

(4.33)
where we used Lemma 4.5.
By Taylor expansion of f (m., — %) and definition of m., we get
max P, (TsN[m,(N)] < TsN[m(N)])
ESnlmey] (4.34)

< exp ( — BN (1 —7) [fs(m-) +n — 3en — fa(my)] — NfN(9N))(1 +0(1)),

where the last inequality holds for N sufficiently large. Here we bounded the Taylor
expansion error O (%) with e, which converges to € > 0 (see Step 4 in Section 4.1).

Now we consider the case where o € Sy |[[msy,m4(N)) \ {mc,}]. Going back to
(4.31) and using again (4.34), we obtain

Py (Tswim- ) < Tswim 1) < Po (Tsyim- 0] < Toxltmy mey )
+exp (= BN(1 =) [fa(m-) + by = 3ex = fa(m)] = Nex(0x)) (1 +0(1))

< exp (= BN(L = 7)[fa(m-) +6x1) (1 +0(1))

x [exp (BN(l — ) fﬁ(m(a))) +exp (BN(l — N [fs(me) + 3en] + NfN(eN))] .
(4.35)

In the last inequality we used Lemma 4.6, which holds for o € Sy[[ms,,m., )], and that
P, (TSN[mf(N)] < TSn[{me(N)mey }]) =0forall o € Sy[(me,, my(N))]. O
Remark 4.3. In Lemma 4.2 one might try to further bound the right hand side of (4.28)
using that fz(m(c)) is bounded by fz(ms,) = fs(m_)+dn. This would yield to the trivial
upper bound 1 on P, (TSN [m_ (V)] < TSy [m+(N)]), which is not sufficient for our purpose
of proving that the second term in (4.27) is negligible with respect to the last one. The
way to go is, therefore, to keep the dependence on m(c) in order to obtain later a more

suitable bound, uniform in m, by exploiting the smallness of Qg n(m(0)) in (4.17) and
(4.19).

In order for (4.32) to be true, we have to prove the following result.

Lemma 4.4. For all o € Sy[m., ], for ¢ sufficiently small and for N sufficiently large,
Po (7suimy (V)] < Tswimey]) = € VN (1 4 0(1)), (4.36)
where / : R — R is defined by
Iy(z) =1 {x (log2+ B2 — 2h| +1) — (1 — my (N) + z) log(1 — m (N) + z)

+ (1= my(N) log(1 —my(N)]. (@.37)
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Proof. Recall that {o(¢)}+>0 is the Markov chain with transition probabilities (1.5) and,
for o € Sy with m(o) < my(N), let

An(0) = {(0(0),0(1),0(2),...) . 9(0) = 0,Vi € N, 0(i) € Sy, (i) ~ o(i + 1),
Jk € Ns.t. o(k) € Sy[ms(N)], and Vi < k — 1, m(o(i + 1)) = m(o(i)) + %} (4.38)

be the set of infinite paths starting in ¢ and having increasing magnetisation until the
set Sy[my(N)] is reached.

Notice that, for fixed o and N, the number k of steps of increasing magnetisation to
reach Sy[m. (V)] is fixed, namely k = £ (m(N) — m(0)).

We want to partition Ay (o) accordmg to the values of the first k£ + 1 elements of its
paths. Given a sequence 7 € Sk.'', let us denote by {r} the set of all paths in Ax(c) in
which the first k£ + 1 elements are exactly given by n, namely

{r} ={(0(0),0(1),...,0(k),0(k+1),...) € Ax(0) : (0(0),...,0(k)) =7}. (4.39)

Notice that, by definition of Ay (o), {7} is empty for many = € Sk™. We denote by By (o)
the set of all the sequences 7 € S]’f,ﬂ such that {7} is not empty. Thus, we obtain the
following partition of Ay (o)

An(o)= || {=} (4.40)

TEBN (o)
Fix o0 € Sny[m.,], then one simply notices that

P, (TSNW(N)] < TSN[mw]) >P,(Ax(0) = Y P,({n}). (4.41)

TEBN (o)

Thus, we first find a lower bound on P, ({r}) independent of 7 in By (o) and later we
compute the cardinality of By (o). Fix 7 = (¢(0),0(1),0(2),...,0(k)) € By(c), then we
have

- ({mh) = HpN oi—1),0(i) = = Hexp( (o(i) ~ H(o(i = D)), )

> % il;[lexp ( — BN[E(m;) — E(mi71)}+) = % il;[lexp (—[3 |:_2mi1 — % — 24 +> ,

(4.42)
where m; = m(o(i)), C = exp (—f|2 — 2h|) and we used the following fact
exp (= BH(o(i) = Ho(i = 1)]+)  exp (= BlH(o) — Hloli 1))
exp ( — BN[E(m;) — E(mi,l)h) exp ( —B[—2m—1 — & — 2h]+>
> exp(—B[H(a(i)) — H(o(i - 1))]+) —exp | -8 |-= Z Jjpo(i—1); — 2h
J J#T 4
> exp (—B [2 —2h — %]_J > exp(— Bl2 — 2h|),
(4.43)

where r is the index of the spin to be flipped to go from o(i — 1) to o(¢). Therefore,
recalling that m; € [m.,,m+(N)], we obtain the following lower bound independent of 7

2 Cc*
- ({7}) > Nk Hexp ~2mey — 5 = 2h ) =w (4.44)
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Indeed, for ey sufficiently small, m,., is close to m,(N) > 0, allowing us to assume
me, > 0. Therefore, —2m,, — % — 2h < 0, which implies the last equality in (4.44).

We are left to compute the cardinality of By (o), with o € Sy[m., ], namely we have
to count all paths from o to Sy[m ()] with increasing magnetisation and length % + 1.
Any of these paths is characterised by a final spin & € Sy[m(NN)] and a sequence
of negative spins which are flipped. Notice that & is reachable by ¢ through a path
with increasing magnetisation if and only if the two following properties are satisfied:
& has k positive spins more than ¢ and, for all ¢ € [N], o; = +1 implies 5; = +1.
Thus, a configuration € Sy[m4 (V)] reachable by ¢ through a path with increasing
magnetisation is characterised by the k spins which are negative in ¢ and positive in 7.
Therefore, the number of reachable configurations & is

(EV0 ) (0 o) w.15)

being £ N(1 — m., ) the number of negative spins of o € Sy[m.,] and k = $ N6y, where
0 has been defined in Section 4.1.

The number of paths with increasing magnetisation from o € Sy[m., ] to a reachable
o € Sn[m4(N)], both fixed, is k!, namely the number of permutations of the k negative
spins which are flipped along a path. Thus, being k = lN O, the cardinality of By (o) is

IN[1—my(N) + 6]
LNON)!( 2 4.46
(3N0) ( 1N9N > ( )
Going back to (4.41), we obtain

P, (TSN[m+(N)] < TSN[mEN]) > Z P, ({n})

7\'€BN(LT)
o\ Vo IN[1 = m i (N)+6x]
¢ 1 (2 4.47
2<N) (2N9N).( ) ) (4.47)
— o “inoniog 2 N( m+(N)+9N),[N(l—er(N)),}_l
5 ! ; o

Using Stirling’s approximation n! = v/27n e™1°6"~1)(1 + (1)) and the notation

koy = 4.48
On —my(N) (4.48)
we obtain
N(1=my(N)+0n), [N =my(N) ]
2 ' 2 '
= \/ko, exp [w log(koy ) + 3 N6y log (W) — %N@N} (1+o0(1)).
(4.49)

Thus, since kg, > 1 and C = exp(— ), we conclude by

%

o (TSN [m4(N)] < TSN[msN])

%(9N10g +9N (I=my (N)) log(key )— ONlog(N(l m+(N)+9N)))(1+0(1))

v

nge
67% GNlog( )+9N (1- m+(N))log(k9N)79Nlog(%)fﬁj\/log(17m+(N)+«9N))(1+0(1))

Y

(
o N (0 log(2)+0x B|2—2h]+0x —(1—m . (N)+0x) log(1—m (N)+0x))

o e77((17m+(N)) log(17m+(N))) (I1+0(1))
e—NZN(GN)(l + 0(1)). O (4.50)
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To prove Lemma 4.2 we used the following fact.

Lemma 4.5. For o € Sy[m., ], for N sufficiently large and any v € (0,1),

Py (TSN - ()] < TSN[{er(N)meN}])
<exp (= BN(L=9) [fsm-) + 0 = f5 (mey, — ) —en] ). (451)

Proof. Let us denote by Wy (m) the event of making the first flip in Sy[m)].
For o € Sy[me, ], conditioning on the first step, we obtain

Po (Tsw[mxzv)] < TSN[{m(N),maN}J)
=Py (W (mey + £)) Po (Tim (3] < Tonitms 0mey 1 | W (mey + )
+ P, (WN (msN - %)) P, (TSN[m,(N)] < TSN [{m4 (N),me y }] ‘WN (meN - %))

=Py (Wn (mey + %)) > Py (Tsum- (] < Tsw{(ms (Nmey )

o'eSN [m5N+%],U~UI

+ P (W (mey — %)) > Por (Tsnim (3] < TSxlm (N mey 1) -

o’'eSNn I:mEN —%] ,o~o'
(4.52)

The first term vanishes because all the probabilities in the sum are zero. Thus, we get
the upper bound

Po (Tsw[m_uv)] < TsN[{m(N),mgN}])

< Z P, (TSN[m,(N)} < TSN[{7rL+(N),7rL5N}])' (4.53)

o’€SN [mEN 7%] ,o~ao!
Using first Lemma 4.6 which gives bounds uniform in o'/, we obtain

P, (TsN[m,(N)] < TSN[{’m+(N),’rn5N}])

< > exp (= BN(L =) [fa(m-) +on = fs(m(a")] )

oc’'eSN {mgN —%] ,o~a!

= NI ey (= BN (L= %) [falm) + by = f (e — 2)])

= exp (—BN(l -7) {fﬁ(m—) + 0N~ fp (Mey — %) — %D

< oxp (= BN(1 =) [fa(m-) +dn = fs (mey = F) =] ).

(4.54)

where in the last inequality we used that, for N large enough, % < en (which
converges to € > 0, see Step 4 in Section 4.1). O

In the proofs of Lemmas 4.2 and 4.5, we use the following fact.

Lemma 4.6. Foro € Sy [[m(;N,mgN)], for N sufficiently large and any v € (0, 1),

P, (TsN[m_(N)] < TsN[{m(N),mEN}]) < exp ( = BN(L =) [fs(m-) + dx = fa(m(0))] )
(4.55)
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Proof. For o € Sy |[[msy,mey)],

Py (TsN[m(N)] < TsN[{m(N),maN}J) <P, (TSN (msy] < TSN[{M+(N),WEN}])’ (4.56)

being m_(N) < m* < ms, < mey < my(N), for N sufficiently large. Therefore, we
focus on finding an upper bound on the right hand side of (4.56).

Assume that there exists a function ¢ super-harmonic in Sy [[ms,,m.,)]. As a
consequence, 0 > Li)(0) = 2, [¢(o(t))]. This implies E, [/(c(t))] < E, [¢)(c(s))], for all
s < t. Take s = 0, and 0(0) = o, therefore E, [¢)(c(t))] < ¢ (o), for all ¢ > 0. Thus, ¥ (o(t))
is a super-martingale. For the integrable stopping time T' = 75, [msy] N TSN [{my (N),mep Hs
we use Doob’s optional stopping theorem for super-martingales to show that, for all & in
the domain Sy [[msy,mey )] of ¥, E, [¢(o(T))] < ¢(0). Therefore,

¢(U) > B, [?/J(U(T))] > min WU/)IPJ (TSN[m(;N} < TSN[{7YL+(N)77T),5N}]>7 (4.57)

o’'eSN [m(;N ]
which implies that

¥(o)

minU’ESN[m5N] ’1/1(0'/) .

P, (TsN[msN] < TsN[{m(N),meN}]) < (4.58)

For a suitably chosen 1 the latter inequality will yield the desired upper bound. Now
we are left with the choice of a suitable ¢ : Sy — R such that Ly (z) < 0, for all
z € Sy [[msy,mey)]. We define a function ¢ which depends on a parameter v € (0,1)
and is constant on fixed magnetisation sets, i.e, for all o € Sy,

¥(o) = p(m(0)), (4.59)

where ¢ : [-1,1] — R is defined by

¢(m) = exp (BN (1 —7)fs(m)). (4.60)

Our choice of 1 is similar to the one used by Bianchi, Bovier and Ioffe in [1, Proposition
6.4]. The choice of v is relevant in (4.22).

We claim and prove later in Lemma 4.7 that 1 is super-harmonic in Sy [[m5N , maN)].
Therefore, we conclude the proof by inserting  in (4.58) and obtaining

exp (BN (1 —7)fa(m(0)))
MiNg e sy ms, ] €XP (BN (1 =) fz(m(o")))
=exp (BN(1 —7) [fa(m(0)) = fa(msy)])

=exp (= BN(1 =) [fs(m-) +dn — fa(m(0))]),
(4.61)

Py (TsN[TrL5N] < TSN[{m+(N),m5N}]) <

where we used the definition of m;, (see Section 4.1). O

We are now left with the proof of the super-harmonicity of ¥, which is used in the
proof of Lemma 4.6.

Lemma 4.7. ¢ defined in (4.59) is super-harmonic in Sy [[ms, , mey )]

Proof. We have to prove that Ly (z) < 0, for all z € Sy [[msy,mey)|. Set m = m(z). As
usual, we try to rewrite the terms appearing in the expression for Li)(z) in terms of their
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mean-field version.

Ly(@) = Y pla,y)(y) — ()]

YyESN

:% > lyewexp (= B[H(y) — H(z)])

YESN

x| exp (B(1 = )N f5(m(y))) = exp (B = )N fs(m(x))) |
=+ 3 e (- ANIE() - Bm)],)

< [exp (BN(L =) 3(m)) — exp (AN (1 — ) fs(m) |
)

exp (- BH(y) — H(z)],)
ap> by e (— BN(E <> E(m)]+)

< 7 exp (= ANIE(m) — B(m)],) é(m) [exp (BN(L=7)fam) = fo(m)]) — 1]

x e [211m_;v(m) + 2]1m+fv(m)] ’
(4.62)

where ¢ is defined in (4.60) and we used the upper bound exp(23) on G(o,m') as in the
proof of the upper bound on capacity (see (3.8), (3.9)).
Now, recalling definition (1.20), we use the following notation

ry =7n(m,m+ %) =exp (25 {;I(ﬁwh)} )12771 (4.63)
+
g 1 14+m
r_ =7pn (m,m—ﬁ):exp —28|—-—=+m+h _ (4.64)
N N 2
and, forall m € I'y \ {1},
N
g(m) = < [fo (m+ %) = fs(m)]. (4.65)

Therefore, we can rewrite (4.62) as
Lip(a) < e ¢(m) s [exp (28(1 = 7)g(m)) -1
+e* p(m)r_ [exp(—Qﬁ(l—v)g (m—2%)) —1} (4.66)
= 625 (b(m) T+ GJra
where

G, — <625<H>g<m> _ 1) + :; <e2ﬂ<17>g(ﬁ’12v) - 1) , (4.67)
+

Being e??, ¢(m) and r, positive, we have only to show that G, < 0. First we notice
that

1
g(m) = —m—h—i—BI'(m)—i—O(%) (4.68)
and similarly
1
g(m—-3%)= —m—h+BI’(m)+O(%). (4.69)
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Therefore,

g(m) =g (m— %) =0 (x)- (4.70)

)) (4.71)

Therefore, rearranging (4.67) and then using (4.70) and (4.71), we obtain

1 = [0 31~ g0m) ~1] [1 - s (281 -9 (m— 3))
Hexp (2601 - >[<m>—g<m—%>]>—1}
. (4.72)
= [exp 2801 =) gtm) ~ 1] [~ exp (2879 (m~ 2)) 1+ 0 ()]
+:+[exp 28(1-7)0 (%)) -1].

Notice that, for every m € [ms,,mey) C [m*,my), g(m) is negative, being fz strictly
decreasing in [m*,m,). As a consequence, e¢2#(1=7)9(") _ 1 < (. Furthermore, for N
sufficiently large, 1 — 2#79("~%) (1 4+ O (4)) > 0, implying that the first term in (4.72)
is negative.

Moreover, :—; > 0 is uniformly bounded from above, for N sufficiently large. There-
fore, since 3 is finite, v € (0,1) and the term [exp (28(1 — ) O (+) ) — 1] is positive but
converging to zero as N grows to infinity, the second term in (4.72) is negligible.

Therefore, for N sufficiently large, G, is negative, concluding the proof. O

4.4 Lower bound on the harmonic sum

In this section we provide the main ideas to prove the second part of Theorem 1.7,
namely the lower bound on the harmonic sum in (4.1).

Proof of Theorem 1.7. Lower bound. The proof is very similar to the proof of the upper
bound we gave in Section 4.2, therefore we omit the details. The main contribution is
given once again by the sum on Sy [Us n(m_)].

We have,
Z Hp, ~( m Mg (o) = Z ,U,ﬂ,N(O') h%,,er (o)
oESN 0c€SN[Us,n(m_)]
= > pp.N (o) — > pan(0)(1=hl_ .. (o))
c€SN[Us,n(m_)] c€SN[Us,n(m_)] (473)
> > Qp,n(m)
meUs, n(m_)\[-1,m_(N))
- > 15.5(9) Po (T m, () < Tim_v)))-
o€SN([Us,n(m—_)\[-1,m_(N))]
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The first term, i.e. the sum on the mesoscopic measure Qg y, gives the main contri-
bution. This sum can be estimated from below using the lower bound in Corollary 2.5,
obtaining a lower bound similar to the second upper bound in Corollary 2.7 and applying
the saddle point method as in (4.11). More precisely, using notation (1.38), we have the
following lower bound for s > 0:

P(s) e~ exp (— BN fs(m_))
Qp.n(m) >
2 . Zon[(L—m2) B 5m_)

(1+0(1).  (4.74)
meUs x (m_)\[~1,m_(N))

The second term in (4.73), appearing with a negative sign in front, is estimated via
an upper bound, obtaining

> pp.N(0) Py (TSN[m+(N)] < TsN[m_uv)])
o€SN[Us.n (m\[-Lm— (V)

_ e exp (BNpmo) [ 2

Zg,N m(1 —m?2) L+ o), (4.75)
which is negligible compared to the right hand side of (4.74), concluding the proof.

We omit the proof of (4.75) being it again technical and very similar to the proof of
the upper bound (4.26) in Part 4 of Section 4.2. An analogue construction to the one
given in Section 4.1 and similar proofs to those in Section 4.3 are needed. The main
difference consists in restricting the analysis on a right neighbourhood of m_(N) instead
of a left neighbourhood of m (N).

O
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