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PINNING AND DISORDER RELEVANCE
FOR THE LATTICE GAUSSIAN FREE FIELD

GIAMBATTISTA GIACOMIN AND HUBERT LACOIN

ABSTRACT. This paper provides a rigorous study of the localization transition for a
Gaussian free field on Z? interacting with a quenched disordered substrate that acts on
the interface when its height is close to zero. The substrate has the tendency to localize
or repel the interface at different sites and one can show that a localization-delocalization
transition takes place when varying the average pinning potential h: the free energy den-
sity is zero in the delocalized regime, that is for h smaller than a threshold h., and it is
positive for h > h.. For d > 3 we compute h. and we show that the transition happens
at the same value as for the annealed model. However we can show that the critical
behavior of the quenched model differs from the one of the annealed one. While the
phase transition of the annealed model is of first order, we show that the quenched free
energy is bounded above by ((h—h.)+)? times a positive constant and that, for Gaussian
disorder, the quadratic behavior is sharp. Therefore this provides an example in which a
relevant disorder critical exponent can be made explicit: in theoretical physics disorder
is said to be relevant when the disorder changes the critical behavior of a system and,
while there are cases in which it is known that disorder is relevant, the exact critical be-
havior is typically unknown. For d = 2 we are not able to decide whether the quenched
and annealed critical points coincide, but we provide an upper bound for the difference
between them.
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1. INTRODUCTION

A central question in statistical mechanics is understanding the effect of disorder on
phase transitions and critical phenomena. This issue has been raised soon after Lars On-
sager’s celebrated solution of the two dimensional Ising model with zero external field, see
[28, Section 5.3] for a historical overview and references. The model solved by Onsager has
constant couplings — Onsager’s solution actually allows couplings that are different in the
horizontal and vertical directions, but not more than that — and the question of whether
this result withstands, and to which extent, the introduction of impurities emerged as a
compelling stability issue. Modeling systems with impurities naturally led to consider-
ing systems in which the interaction terms, for example the potentials between nearest
neighbor spins, are chosen by sampling a random field — which we call disorder — with
good ergodic properties, often even a field of independent identically distributed random
variables. One then tries to understand the properties of the arising statistical mechanics
system which is no longer translation invariant, even if it retains some translation invari-
ance in a statistical sense. Some basic results like existence of the thermodynamic limit
and the fact that observables are self-averaging (i.e., independent on the sample of the
disorder) can be established [12]. When the variance of the disorder tends to zero the
system approaches the non disordered, or pure, case but transferring a result proven for
the pure system to the disordered case, even if the disorder is very weak, is far from being
straightforward.

As a matter of fact, the first arguments set forth pointed toward predicting that even
a very low amount of disorder would wash out completely the phase transition [28, Sec-
tion 5.3]. Only later on a substantially richer picture emerged. Since the Ising model has
to a certain extent driven the progress, it is worthwhile recalling that a disorder in the
form of an external random field makes the Ising transition disappear in two dimensions
[1], while the transition persists in d > 3 [13]. On the other hand, it is not difficult to
realize that introducing a disorder in the coupling potentials, for example by introducing
a dilution, may in general modify the precise value of the critical point, but preserves
the existence of a transition: the nature of the transition (for example, the critical ex-
ponents) is however still an open question (at least in low dimensions) [28, Section 5.3].
Giving more details on this beautiful issue is beyond our scope, but what interests us the
most is that A. B. Harris [33] introduced an intriguing way of looking at the problem
and proposed a surprisingly easy criterion to predict whether a small amount of disorder
modifies the critical behavior with respect to that of the pure system (assuming that the
transition persists). Essentially, Harris criterion says that if the transition for the pure
system is sufficiently smooth, a small or a moderate amount of disorder does not modify
the transition: this is the case of irrelevant disorder. When the Harris criterion fails, one
expects to be in a relevant disorder case, except possibly at the boundary between these
two situations where the analysis is trickier (marginal disorder). These notions of relevant,
irrelevant and marginal disorder are connected to the framework in which the theory has
been developed, that is renormalization [12] and the idea behind Harris’ approach is that
disorder may be downsized or enhanced by the renormalization transformation, leading,
after repeated application of the transformation, in the first case to the pure system fixed
point and, in the second case, to a different one or to no fixed point at all [22, 28, 33].

One of the substantial obstacles to the mathematical exploration of the Harris criterion
is that a good understanding of the critical properties of pure systems is limited to very
special cases. But in the last twenty years this question has been addressed, first by
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theoretical physicists (e.g. [23] and references therein) and then by mathematicians, for a
simple model of one dimensional interface interacting with a substrate: the random walk
(RW) disordered pinning model (see [27, 28]). For this model the interface is given by
the graph of a random walk which takes random energy rewards when it touches a defect
line. The random walk can be very general and the full class of RW pinning models is
better apprehended if viewed in terms of renewal pinning: we refer the interested reader
to the introductions of [28, 27]|. The pure system has the remarkable quality of being what
physicists call solvable, meaning that there exists an explicit expression for the free energy
[26]. All the results which have been obtained confirm the validity of the Harris criterion
and its interpretation for the RW pinning model [2, 3, 7, 16, 17, 21, 28, 30, 31, 35, 39].

A natural generalization of the RW pinning model is obtained by replacing the graph of
the random walk by a random surface, and one of the first natural choices is the Lattice
Gaussian Free Field (LGFF) — recently called also Discrete Gaussian Free Field — on a
subset, for example an (hyper)-cube, of Z?, d > 2. While the pure model is not exactly
solvable in that case, it has been studied and the nature of the phase transition is well
known [11, 41]. However, until now very few attempts have been made to understand the
quenched behavior of the system (see [19, 20]).

Our model has two parameters: the noise intensity f > 0 and the average pinning
strength A~ € R. In this paper, we describe completely the characteristics of the phase
transition in the case d > 3 and the results can be summed up as follows:

(1) We identify the disordered critical point h, = h.(5). More precisely, with the
choice of the parameters we make, which is the same as the one adopted for the
RW pinning in the mathematical literature, the critical point of the disordered
(i.e. quenched) model and the one of the annealed model coincide. However, the
critical behaviors do not and this contrasts sharply with what happens for RW
pinning where, except for the marginal disorder case for which the question is
open, coincidence of critical points happens if and only if the critical behaviors
coincide. We stress also that, with our choice, the annealed model coincides with
the one in which we simply switch off the disorder by setting its intensity 5 to zero
and this is what we call pure model.

(2) The free energy density, or just free energy for conciseness, is zero for h < h.(53)
and it is positive for h > h.(3). We prove in full generality (in the choice of the
disorder) that the free energy is O ((h — he(8))?) as h \, he(8), which implies that
the first derivative of the free energy is continuous at h.(f3): this is what is usually
called a second order transition. The transition for the pure system instead is of
first order, i.e. the first derivative of the free energy is discontinuous (it has a
jump) at h.(f), hence, in the Harris’ sense, disorder is relevant.

(3) When disorder is Gaussian we show that the behavior of the free energy at critical-
ity is precisely quadratic and the critical exponent associated to the free energy is
therefore precisely identified. Harris’ theory yields no prediction of how the critical
properties are modified when disorder is relevant. As a matter of fact capturing
the critical exponent of transitions in disorder relevant cases appears to be a ma-
jor challenge and the authors do not know of any rigorous results in this direction
when the disorder is weakly correlated (for strongly correlated environment see
[5, 6]). Even in the RW pinning models several contrasting conjectures have been
set forth, but a certain consensus appears to emerge in favor of an infinite order
transition, i.e. C° regularity of the the free energy at the critical point (see the
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review of the literature in [28, Section 5.3] to which one should add the recent
contribution [22]).

We present also results for d = 2, but we are unable to show that disordered and pure
critical points coincide and, as a consequence, we are unable to establish results on the
critical behavior. Finally, we have also a quick look at the higher dimensional analog of
the problem of a copolymer near an interface between selective solvents.

Note added in proof. Our two dimensional result has been substantially improved in the
recent preprint [36], where it is proved that, for d = 2, the critical point for the disordered
system coincides with the pure one, with yet a different critical behavior: near the critical
point the free-energy is shown to grow slower than any power of (h—h.(3)), which indicates
a phase transition of infinite order.

2. MODEL AND RESULTS

2.1. The disordered model. Given A be a finite subset of Z%, we let A denote the
internal boundary of A, A the set of interior points of A and and 0~ A the set of interior
points that are in contact with the boundary.

ON:={zeA:Ty¢A z~y}
A=A\ A, (2.1)
O AN:={xel:IyedA, z~y}
In general some of these sets could be empty, but throughout this work A is going to be
a large (hyper-)cube.

Given ((;Ex)mezd a real valued field, one defines Pi to be the law of the lattice Gaussian

free field on A (denoted by ¢ = (¢, )zen) with boundary conditions QAS on OA. Formally we
set

Oy = QASm for every = € 0Ap, (2.2)

and consider Pi as a measure on R* whose density is given by

N 2
SRR D S e (2.3

25 @) \00)? eh

~

where [],_; d¢. denotes the Lebesgue measure on RA and

3 1 (62 — ¢y)
z9._ = Y do, . 2.4
A D S I L 24)
(z,y)€(A)\(9A)? zel
zy
For the particular case ngb = u we write P}, and P, when v = 0. One of the factors 1/2 in
the exponential is present to compensate for the fact that each edge is counted twice.

In what follows we consider mostly the case A = Ay := {0,...,N}%, for some N € N.
Note that in this case we have Ay := {1,...,N — 1}¢. We also introduce the notation
Ay :={1,...,N}?. We simply write Zy and Py for Zpy and Py, .
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Given w = {wy},cz¢ a family of IID square integrable centered random variables (of
law P), we set

A(B) = logE[e™], (2:5)
and assume that there exists 3 € (0, 00] such that
max(A(28), A(—=8)) < oo for every S € (0, 3). (2.6)

Many of the arguments rely only on A(8) < oco: A(28) < oo is related to two replica
arguments (lower bounds) and A(—f3) < oo is exploited when fractional moments estimates
are performed (upper bounds) and a look at the proof of Proposition 3.1 suffices to see
that this second requirement can be relaxed. Moreover, a part of the results are given
for Gaussian w and in that case 3 = co. Note that (2.6) implies smoothness of A(-) for
B € (—f,283) and around zero

2
\B) = o). 2.1
For z € Ay set 6, := 1|_y 1)(¢(x)). For 8> 0 and h € R, we define a modified measure
P°J<;6h’¢ via
apsie
N; =— = | > (Bur —AB) +h)s | (2.8)
dPy ZN1 celn
where
Z]B\,’j;i’(z’ = Eﬁ, exp Z (Bwy — A(B) +h)ds | | - (2.9)
Z‘E/N\N

Note that in the definition of va’%qj, the sum (ZIEKN) can be replaced by either

<Zm€ AN> or (er AN) as these changes affect only the partition function. We have

chosen to sum over Ay for super-additivity reasons (see Proposition 4.2). The superscript

~

¢ is dropped when 0 boundary conditions are considered and replaced by u when ¢ = u.

2.2. The pure model. The natural homogeneous model associated to the disordered

model va’ﬁh’¢ can be obtained by switching off the disorder: the pure model is therefore

precisely P‘]‘)\,’(;f5 but the notation is heavy and a bit misleading because the measure does

not depend on w. Moreover our choice of the parametrization is such that the pure
model coincides with the annealed model, that is with the model with partition function

E [Zzﬁvofiﬂ For the pure model we use the notation Py and we limit ourselves to the

case ¢ = 0:

dPy 1
— = h z | - 2.1
Py I exp Z ) (2.10)

wEAN
It is very easy to see — the proof is detailed just below — that this model has a transition
at h = 0, in the sense that the free energy density

1
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satisfies

F(h){zo for h <0, (2.12)

>0 forh>0,

and therefore it is not analytic at h = 0. Moreover, by standard convexity arguments
F(h) is differentiable everywhere except, possibly, at countably many values of h. When
it exists the derivative of F(h) is equal to the asymptotic contact fraction defined by

Jim —ENh > b (2.13)

xEAN

It is obvious from (2.12) that the asymptotic contact fraction is 0 for h < 0. Moreover,
since F(-) is convex, the asymptotic contact fraction is non decreasing and, again because
of (2.12), it is positive for every h > 0.

The existence of the limit (2.11) is standard: the argument can be recovered from the
proof in Section 4.2 (it is a particular easy case). It is non negative because

Znp > Pn(ps > 1 for every o € An), (2.14)

and it is not difficult to show that the logarithm of the latter expression is o(N9): this is
a (rough) entropic repulsion type estimate and it is an easy consequence of the continuum
symmetry of the interaction that is broken only at the boundary [38]. On the other hand
Znp < 1for h <0, and hence F(h) =0 for h < 0.

The fact that ¥(h) > 0 for every h > 0 can be established in a number of elementary
ways (see Section 2.3 for d > 3 and Remark 7.10 for d = 2), but here we mention the more
refined estimate (see [19, Fact 2.4]): for every d = 2,3, ... there exists ¢q > 0 such that

cqh ford >3,
R(h) "0, _ (2.15)
C ot ford=2.

Therefore the transition is of first order for d > 3 and the contact fraction has a jump
discontinuity. Note that the transition is of second order for d = 2: the contact fraction
is continuous at the transition, even if the continuity modulus vanishes (hence matching
the behavior in the delocalized phase) only logarithmically.

2.3. Some more details about the phase transition for d > 3. The result in d > 3
is going to be particularly relevant for us and we want to stress that a rougher version of
(2.15) is trivially established and that even the sharp statement isn’t much harder. Note
that

1 1
mah log ZN,h‘h:O = WENZ(SI (2.16)

Now notice that Py is a centered Gaussian measure and the variance of ¢, under Py is
bounded uniformly by the variance of the infinite volume free field which we denote by 03
(see Section 2.9). Hence

1
WﬁhlogZMMh:O > P(O'dNG [—1,1]) = Cd, (2.17)

where N is a standard normal variable.
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On the other hand the same derivative is bounded above by one and therefore (using
convexity and the fact that Zy o = 1) for all N

1
th < Wlog ZN,h < h, (2.18)
and therefore for every h > 0
Cqh < ¥(h) < h. (2.19)

This establishes a rougher version of (2.15) for d > 3 (which is however a statement only
for h small).
In fact, we have ¢4 = Cy. For this observe that if we go back to the partition function

in (2.9), but setting 8 = 0, that is Zf, B = Zg;“;l’d), we readily check that for every N
1 - 1 ~
(2N)d log sup ZgN,h S Na log sup Z?\b/,h ) (2.20)
¢ ¢

from which one infers that r(h) < ﬁ log supy Zf,’h for every N. Now remark that for
every h > 0, we have

dnlog Zy ) = BYp | D 6| < N MEG | YD | <eNEN | DD 6. (221)
SCEKN SCEKN Z‘EKN

In the last step we have used that that sup,, P(cN +m € [-1,1]) = P(oN € [-1,1]).
Integrating the above inequalty on the interval [0, h] we obtain

TEAN
and hence that for every N,
. F(h 1
hmsup% < —En Z Oz | - (2.23)
N0 IEG[N\N

Now using the fact that the variance of ¢, is close to 03 when the distance of x to the
boundary is large (see Section 2.9), it is standard to check that

Jim ﬁEN Z 5, | = Cy, (2.24)
rEAN
which is sufficient to conclude.

The proof of (2.15) for d = 2 is substantially more involved and it is less related to
our results because in any case for d = 2 we are unable to address the issue of the order
of the transition when disorder is present. However, the reader can check that the above
method gives, for d = 2, an upper-bound on F(h) of the right order of magnitude ( that is
h(log h)~/?). See also Remark 7.10 for a proof of a lower-bound of the same order (which
also implies that the transition is at h = 0 for d = 2 too).

Before moving toward the disordered case it is worth recalling that the phase transition
we have just described is a localization transition and the localized LGFF is profoundly
different from the LGFF since the continuum invariance of the latter is broken by the
localizing potential. In particular, correlations decay exponentially with the distance for
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the localized measure [9, 34, 11, 41], while the decay of correlations for the LGFF is power
law (see Section 2.9). Moreover a directly related issue for an akin model is the one of
wetting [14, 10, 41]: in this case, added to the pinning potential, the LGFF is constrained
not to enter the lower half plane. This constraint generates a repulsion, but the transition
is still at h = 0.

2.4. Free energy and transition for the disordered model. The existence of quenched
free energy for the disordered model has been proved in [19, Theorem 2.1]. We recall the
result here:

Proposition 2.1. The free energy

. 1 P(dw)—a.s. .. 1
R(3.h) = lim —E [log Z]%f;;] = lim o log 235 (2.25)

exists (and is self-averaging).

Note that ¥(0,h) = F(h). Moreover it is easy to observe that F(/3,h) is non-decreasing
and convex in h and we have (cf. (2.13))

I
OpF(B,h) = lim WE]BV’JL > b, (2.26)

li
N—o0 —
TEAN
as soon as the left-hand side is defined.
Furthermore, from Jensen’s inequality and convexity (we refer to the proof of [27, Propo-

sition 5.1] for more details) we have
F(0,h — A(B)) <F(B,h) <F(0,h), (2.27)

which implies that ¥(8,h) > 0 for every h € R. This elementary but important lower
bound can be established in a direct fashion precisely in the same way as for the non
disordered case (cf. (2.14)). But (2.27) guarantees also that F'(5,h) = 0 for h < 0 and
that F'(8,h) > 0 if h > A(B). Hence we have established the existence of a localization
transition and the critical value

he(B) := inf{h: F(B,h) >0}, (2.28)

satisfies

0 < he(B) < A(B)- (2.29)

2.5. The main results. The aim of this paper is to investigate if the inequalities (2.27)
and (2.29) are sharp, and to compare the behavior of the model with respect to the pure,
i.e. annealed, one.

The result we obtain are the following.

Theorem 2.2. When d > 3, we have

(i) For all B € (0,8), B defined in (2.6), there exists a constant C (depending on f3,
d and the law of w) such that for h € (0,1)

R4 < g(B,h) < Ch?. (2.30)
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(ii) When w is Gaussian, for every 3 > 0 there exists a constant ¢((,d) such that for

h € (0,1)
2
c(B,d)h* < F(B,h) < % (2.31)
Moreover one can find a constant C(d) such that ¢(3,d) > C(d)/B* for every
B e (0,1].

A trivial consequence of the Theorem is that h.(5) = 0 for all 8 > 0.

For d = 2 we are yet unable to decide whether there is a critical-point shift. However,
in the Gaussian case, we are able to get a much better upper bound on h.(f) than the
annealed one in (2.29).

Theorem 2.3. When d = 2 and w is Gaussian, every € > 0 there exists c. > 0 such that
for B €(0,1)
0 < he(B) < 3375, (2.32)

2.6. Behavior of the field under Pfi,“;l The main focus of this paper is the free energy,
but let us briefly discuss the propertieé of the trajectories in the case d > 3. The basic
remark is that the behavior of the free energy directly yields that the (asymptotic) contact
fraction is zero for h < h.(f) and it is positive and increasing for h > h.(f): strictly
speaking the existence of the contact fraction is guaranteed by convexity only out of a
countable subset of {h : h > h.(5)} but one can extend the definition by taking limits
(for example) from the right. For what concerns h = h.(/3) the smoothing of the phase
transition (due to the disorder) directly yields that the contact fraction is zero at the
critical point (h = 0), and this is in strong contrast with what happens in the pure case.

These are all issues that are directly related to convexity and free energy estimates,
but a number of sharper questions are very natural, notably the precise nature of the
delocalized phase, that is when F(f8,h) = 0: is it true that the total number of contacts
is O(N?1) and they are all close to the boundary? The analogous question even in the
one dimensional set-up is not trivial even if by now rather sharp results are available [4].
Precise path description in the localized phase raises a number of issues too, in particular
those treated, not always with complete success, in the one dimensional set-up (see [28,
Ch. 8] and references therein), but the situation in the higher dimensional set-up may be
richer and harder to tackle.

Nevertheless we want to observe that the results that we prove suggest the following
typical behavior of ¢ for h > 0 small, so in the localized phase but close to criticality: ¢
typically stands at a large but finite (depending on h) distance of the interaction zone (the

proof seems to indicate that |¢,| should be of order u(h) ~ /202 log(1/h)) since otherwise

it should be difficult to avoid having a larger density of contact. The contacts with the
interaction zone are typically produced by atypical peaks off the typical height (since we
are talking of peaks of finite height, there is a positive but small density of them).

Here is a statement that goes in the direction of this conjecture, without getting close
to the constant we conjecture (in fact 02 > 1/(2d), as one can directly extract for example
from the random walk representation that we recall in Section 2.9).
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Proposition 2.4. For every € > 0 there exists hg = ho(e) such that for all h € (0, hg)

3 va d —
N E VPG 2 Lie ey 2N | =0 (2.33)

rEAN

One is then tempted to conjecture that the interface chooses one side where to lie
entirely, close to criticality, but we make no claim about this. Proposition 2.4 is proven in
Appendix B.

2.7. Co-membranes and selective solvents. It is worthwhile stating the generalization
of the results to a model in which the localization mechanism is somewhat different, but for
which the technics can be adapted in a straightforward way. It is the analog of the model
of a copolymer in the proximity of the interface between selective solvents, see [8, 15] and
references therein. The model is defined by

dPy

dP]\’/h x exp | o Z (wz + h)sign (¢g) | (2.34)

TEAN

where without loss of generality we can assume both h and g non negative and sign(0) =
+1. There is a rather natural way of understanding the model: imagine that the free field
models a membrane made up by portions, say the unit box around x, that have an affinity
for solvent A (if w, + h > 0) or for solvent B (if w, + h < 0). And that the solvent A
fills in the upper half plane, and in the lower one there is solvent B. When h is positive
there is an overall preference, since w, is centered, for solvent A, and the membrane in a
average sense prefers to fluctuate in the upper half plane. However, there are membrane
trajectories that, staying close to the A-B interface, can collect more energetic rewards
and the localization transition is between a regime in which the membrane trajectories
stay close to the A-B interface and a regime in which the membranes prefer to stay in the
A solvent (h > 0, so if there is a globally preferred solvent, it has to be A).

A direct link with the pinning measure (2.8) can be made by observing that we can
write

P ! 2 h)A 2.35
il R D DICR L (2:35)

TEAN

where A, := (1 — sign(¢,))/2, that is A, is the indicator function that ¢, is in the lower
half plane. It is probably worth stressing that from (2.34) to (2.35) there is a non-trivial
(but rather simple) change in energy (and free energy), but this change does not affect
the measure, hence the model'. And in the form (2.35) the analogy with the pinning case
is evident. In particular, the strict analog of Proposition 2.1 holds — the free energy in
this case is denoted by F(g,h) — and, precisely like for the pinning case, one sees that
F(p,h) > 0. We then set h.(p) := inf{h > 0: F(o,h) = 0}.

Theorem 2.5. For d > 3 and under the most general assumptions on the IID field w
(i.e. bounded exponential moments, centered and unit variance) we have that for every

0€(0,5]

Felo) = 2—1QA<—29>. (2.36)

1t is however straightforward to see that the annealed models associated to (2.34) and (2.35) are
substantially different [15, 27]
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Moreover (2.30), with ¥(8, h) replaced by ¥ (o, h.(0) —h), holds true and, if w is Gaussian,
then also (2.31) holds once the same replacement is made. }
For d =2 and assuming w to be Gaussian we have that limy\ o he(0)/0 = 1.

We have preferred to put the emphasis on the critical curve and on (2.36) because that
is the same formula that appears for the copolymer, but as a strict upper bound, except
for the very particular case of inter-arrival laws of the form L(n)/n, L(-) slowly varying,
in which the upper bound (2.36) is achieved [8, 15, 27]. Moreover, a substantial emphasis
for the copolymer has been put on the slope at the origin of h.(p): in this case the slope
is simply one.

Theorem 2.5 also provides a smoothing result for d > 3 and, which is most interesting,
when the disorder is Gaussian we have again a model in which the disorder is relevant —
in fact also for the co-membrane the pure model has a first order transition — and we can
compute the critical exponent of the free energy.

We will not give a detailed proof of Theorem 2.5, because the arguments are really close
to the ones for the pinning model and we limit ourselves to Remarks 6.2 and 7.9.

2.8. Discussion of the results, sketch of proofs and structure of the paper.

On the upper bound (and smoothing). The upper-bound in (2.30) and (2.31) is quite easy
to prove and is valid in any dimension. Its proof can be read independently of the rest of
the paper: it relies on the disorder tilt and fractional moment bound introduced in [29, 21].
However, here the implementation of the idea is remarkably straightforward: no coarse
graining procedure is needed (see [28, Section 6] for a review of various coarse graining
procedures). The reason why things here are simpler is that the method is not used to
show that the free energy density is zero, like in the papers we have just mentioned, but
simply to have a positive upper bound on it.

Note that, on its own, the inequality F(3,h) < Ch? does not imply a rounding or
smoothing of the free energy function. It does only if one can prove that h.(8) = 0,
and this is precisely what we prove for the disordered LGFF pinning. Nevertheless such a
bound recalls the smoothing inequality in [31], proven for RW pinning models. As a matter
of fact the upper-bound in (2.30), that is Proposition 3.1, applies to RW pinning models
too, but in this case h.(8) = 0 only if disorder is irrelevant and, even if the smoothing
inequality in [31] and Proposition 3.1 are essentially the same result in this case, both of
them end up having little importance because a direct application of Jensen inequality
(annealed bound) and explicit computations lead to a better result (the exponent is larger
than 2! [27]). Of course the smoothing inequality for RW pinning holds with respect to
the correct critical point also when disorder is relevant and h.(3) # 0. Generalizing the
rare stretch approach in [31] to LGFF in order to establish a quadratic bound on the
critical behavior does not appear to be straightforward and such a result would be in any
case sensibly weaker than what we prove here.

On the lower bound (d > 3). But how can we match the upper bound? That is, how can
we show that h.() = 0 and find a lower bound on the free energy of quadratic type? We
try to sketch here an answer to this question in a few steps:

(1) We show in Section 4 that one can raise the boundary conditions from 0 to an
arbitrary u (that, conventionally, we choose positive). The reason why this is true
is the continuum symmetry enjoyed by the LGFF: the term in the exponent in
(2.3) is formally invariant when ¢, is mapped to ¢, + u for all x, if one chooses to
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neglect the effect of the boundary, which is irrelevant for free energy computations
(the reason for this is that the volume of the boundary is negligible with respect
to that of the whole box).

We then choose h > 0 close to zero and a box of side-length N (N will be

chosen as a function of h and it will be somewhat large, see below). We then
choose u = u(h) such that the probability that ¢, ~ N(u,02) is in [—1,1] (the
contact probability) is ah, where a is a positive constant to be chosen. We have
in particular limp~ o u(h) = occ.
We make now a bold proposal: we ask the reader to think of the variables ¢,’s as
independent. Of course they are not, but it is well known (see [18] for a quantitative
result) that extrema and large excursions of the LGFF in d > 3 are close to what
we would get forgetting the correlations and we are now rather far from the region
where the pinning acts (v = u(h) is large!). We stress that in the previous steps
we have invoked the continuum symmetry of the model, that leads to power law
correlations, so this step is a delicate one. If we accept this bold replacement we
are now dealing with a model which is exactly solvable:

F(3h) i= 5BlogE [exp | 3 (s = A3 + 1), | | . (2.37)
TEAN

where 0, = 1[_171}(593) and the ¢,’s are IID N (u, 02) random variables. Recall

that we have chosen u so that E[0,] = P(d, = 1) = ah so that it is straightforward
to see that

Fn(B,h) = ElogE [exp ((Bw - Q)+ h)gxﬂ = Elog (1 + ahf) , (2.38)

where z is arbitrary (the variables are IID) and & := exp (fw — A(8) + h)—1 > —1.
If we assume that E[exp(35w)] < oo (with some more effort one can generalize
the argument to 3 < ), for h \, 0 we have E[¢] = ¢" — 1 = h + O(h?) and
E[¢?] = c5 + O(h), with cg := 2?0225 — 1 > 0 and E[¢?] is bounded. By
putting all this together with the elementary bound
r>—1/2 1 ,2>-11

:1331[_1/270} () < log(l+z)—z+ 5:172 < §$31[07oo)(x), (2.39)
one sees that
a’h?

Fn(B,h) = ah® —cs +O(h?), (2.40)

and setting a = 1/cg yields the quadratic behavior in h we were looking for. Note

that this gives a justification a posteriori for choosing E[d,] proportional to h: any
other choice would give a smaller, if not negative, lower bound on the free energy.
It appears that N can be chosen arbitrarily up to now (and this is quite trouble-
some!). However a closer look suggest that N has to be chosen large — at least
like a power of }L — because boundary effects have to be taken care of. In fact, in
order to deal with a super-additive model we do not choose boundary conditions
equal to u, but boundary conditions that are a sampled from an infinite volume
free field of mean u. Therefore the value of the field at the boundary (hence also
close to it) can occasionally be also rather different from w and that the contact
probability is ah — that we have used above — can be rather far from the truth.
We need therefore to be able to neglect a fairly large portion of sites close to the
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boundary in order to be sufficiently far so that an averaging effect — the mean on
a LGFF is the solution of a Dirichlet problem for the discrete Laplacian — takes
place. It is not too difficult to get convinced that one needs to take N to grow
like a power of %: even if we imagine that we are able to make sufficiently sharp
estimates for sites that are at a finite (large) distance from the boundary, hence
gaining in the bulk a contribution in any case not larger (annealed bound!) than
hP%(¢o € [-1,1])N? = ah?N? (we are assuming that P*(¢, € [—1,1]) essentially
does not feel the boundary), when one is on the boundary it is not evident how
to argue that one does not get a negative contribution. Actually in (5.4), but this
is taken up in a more informal fashion in Section 5.3 and notably in (5.36), it is
argued that the boundary gives a contribution smaller, i.e. more negative, than a
-dependent negative constant times P%(¢g € [—1,1])N~!, which is hence of the
order of AN4! and we have therefore to choose N > h~! to have a chance that
the bulk prevails on the boundary term.

(4) At this point we get back with a last consideration on the bold replacement at step
(2). The structure of the result we got using this replacement, that is (2.40), is quite
clear: we have an energetic gain (the first term in the right-hand side) that is what
we would get by Jensen’s inequality (annealed bound) even without independence
assumption. We have then a quadratic loss, that is the second herm in the right-
hand side. So one needs to implement an efficient second moment method and to
do this we resort to Gaussian interpolation techniques [32, 39], which limits our
result to Gaussian disorder. Still, even exploiting the interpolation formula, the
result is not straightforward because the quadratic coupling term grows too fast.
So what we do is to apply the interpolation after having restricted the model to
trajectories of the LGFF that have only a bounded number of contacts on suitably
chosen intermediate scale boxes (for example, if the box has volume smaller than
% then in average there will be less than one contact). We do not explain this
procedure in detail here, but we just remark that the event that the number
of contacts is suitably limited becomes improbable if the region in which this
requirement is made is too large, but boxes of edge-length that is a power of %
turn out to be fine.

(5) All of this targets the quadratic behavior. We can be much rougher if we just target
h to some (large) positive power, see the lower bound in (2.30). In this case, once N
is chosen to grow like a power of %, we can choose u(h) growing so that the contact
probability is h to some power larger than one and we choose a power so large that
the probability of having a contact in the whole box vanishes with h. Of course this
way we will not get close to the quadratic behavior, but the boundary control, since
the field at the boundary is very high, is easier and the second moment procedure
is much less delicate because there are so little contacts in the underlying measure.
The whole argument then goes through using less sophisticated techniques which
are however helpful in understanding the argument leading to the quadratic lower
bound.

Structure of the paper. The rest of the paper is organized as follows:

e We conclude Section 2 by mentioning classical results for the lattice free field which
we will us throughout the paper.

e In Section 3, we use a very simple fractional moment method to show that r(8, h) <
Ch? (in any dimension).
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e In Section 4 we show that the free energy is not sensitive to mild modifications of
the boundary conditions, and use this information to get a lower bound on (3, h)
which is the free energy of a system of finite size (see (4.11) this is what we call a
finite volume criterion). This criterion is used in all the next sections.

e Sections 5 and 6 are dedicated to the lower-bound on the free energy for d > 3:
In Section 5, we establish the non-optimal lower bound in the non Gaussian case
2.30. In Section 6, we establish the sharp bound in the Gaussian case, which is the
most technical result of the paper. We advise the reader to go through Section 5
before reading 6.

e Finally Section 7 is dedicated to the case d = 2 and the proof of Theorem 2.3: this
last section adapts and uses tools of Section 4.

2.9. A few fun facts about the free field. Let (X;);>o denote the continuous time
simple random walk on Z? (let P* denote its law starting from z) whose transition rates
are one along Z%-edges (see [37] for a complete reference on the subject). We let A denote
the generator of X

Af(x) = (fly) = f(x)). (2.41)

Let us stress that the simple random walk in [37] is generated by A/2d — the walk jumps
at rate one and chooses one of the 2d neighborhoods at random — but our choice (2.3)
requires speeding up the walk by a factor 2d to have that the covariance of the ¢ field is
the random walk Green function, see (2.42) and (2.43). For a set B C Z let 7 be the first
hitting time of the set B by X. Note that the Gaussian free field is a Gaussian process. Its

covariance under measure Ei does not depend on the boundary conditions and is given
by

ToA
Ga(z,y) = E* [/ l{Xt:y}dt} . (2.42)
0

Note that for d > 3, Ga(x,y) is uniformly bounded (in A). This is the reason for which
in this case, there exists a (unique) centered infinite volume version of the field whose
covariance function is given by

Glz,y) = E* [ /0 b 1{Xt:y}dt} . (2.43)

We have already introduced ad for the variance the one dimensional marginals of the infi-
nite volume field and therefore ad coincides with G(x,x), independent of = by translation
invariance: more generally, G(z,y) = G(0,y — x). We the standard bound
Cd
G0,2) € —————, 2.44

) = ) .
where ¢y is a constant that can be made explicit if one desires and |-| denotes the Euclidean
norm. We call P resp. P* the law of the field with covariance given by (2.43) with mean

0 resp. u. We use the notation P* when the field is denoted by qﬁ instead of ¢.

In d = 2 the infinite volume field does not exist and we will make use of the following
estimate [37, Prop. 6.3.2]

1
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One can easily extract a number of results from (2.45) by the mean of comparison ar-
guments (use Gp(z,y) > Ga(x,y) if A’ C A), notably that for every e > 0 we can find
d. > 0 such that if N > 2d. and if x € Ay is such that dist(z, 0Ayx) > d. then

1
Gay (z,2) > (1— E)% log dist(x, 0AN) . (2.46)
where
dist(z, A) := min |y — z|. (2.47)
yeA

For m > 0, the massive free field with mass m is defined by adding an harmonic confine-
ment for each x:

~ o 2 2
PO (dg) = ; exp —% 3 m%y) IT exp (—%ﬁ) deps . (2.48)

zZy™ (2)e(0)?\ ()2 ek

€T~

Its covariance fonction is given by the Green function of the operator A —m?2, or

G (,y) = B

/max(T@A 7rnf27—)

0 l{Xt:y}dt] . (2.49)
where X is a simple random walk and 7 is an exponential variable, of parameter one,
independent of X. The infinite volume massive free field exists in any dimension d > 1

and the covariance is given by
m2T
/O 1px,_ppdt] (2.50)

It follows from the expression (2.3) that the Gaussian free field (and the massive one)

satisfies the spatial Markov property. If I' € A (or C Z? for the infinite volume case) the

law of ¢ knowing ¢ ouside of I is given by P?‘BF (Pl(é‘ar’m in the massive case).

G"(z,y) == E*

Moreover for m > 0 the mean of ¢ under Pi’m is given by Hy"™ the solution of

2 — ; A
(o mge=e e 2
We will exploit the random walk (or Poisson kernel) representation of this solution
HY™(2) = E” [&xm; Ton <m T ] : (2.52)
with 74 = inf{t: X; € A}. If m = 0, we just drop it from the notation.

3. FRACTIONAL MOMENT: UPPER-BOUND ON THE FREE ENERGY

Proposition 3.1. Choose 8 < B (cf. (2.6)). For every ¢ > 1 there exists hg > 0 such
that for h € (0, ho]

ch?
N(B)?”
where X' () is the derivative of X(-) defined in (2.5). In the Gaussian case we can choose
¢ =1 and the result is valid for all h.

F(B,h) < (3.1)



16 GIAMBATTISTA GIACOMIN AND HUBERT LACOIN

Proof. Let us fist observe that by Jensen’s inequality

E [1og vavf,j] — 9E [log @] < 2logE [@} : (3.2)

This implies that
. 2 w
F(B,h) = hZI;l—)Sélop N log E [\/Zf,”h} . (3.3)

We are going to estimate E [ Zﬁ,ﬂ by making a change of measure on the environment.

Let us start by making the preliminary observation that for every § > 0 and h € (0, A\(5)+
A(—p)) there exists a unique solution a(f3,h) € (0, 5) to

AB —a) = A—a) = AB)+h =0, (3.4)

which follows by observing that the left-hand side is positive for o« = 0, negative for a« = 8
and decreasing in « in the interval (0,3). Moreover, when w is Gaussian «(8,h) = h/
and, in general, we have

_h
N(B) "

Now let P = ]INDN be a new measure on RZ’ (we are changing the law of the disorder
keeping its independent character) defined by

a(8, ) "> (3.5)

and, by the definition of «, cf. (3.4), one has for = € Ay
E [eﬁwr—wm} = 1. (3.7)

From the Cauchy-Schwartz inequality we obtain

e[V ]

and the first factor in the right hand side is equal to one because of (3.7). For the second
one we have instead

dP d
E [ﬁ} — exp <N (A(@) + A(—a))) . (3.9)
Hence one can deduce from it that
2 a
limsup 75 log B [V va:i] < Aa) + A(—a) "X a2 (3.10)

and by (3.3) and (3.5) the proof is complete. O
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4. ELEVATED BOUNDARY CONDITIONS, STATIONARY BOUNDARY CONDITIONS AND
FINITE VOLUME CRITERION

In this section we manage to get a comparison between F(S,h) and the free energy
per unit site of a finite system. To obtain this inequality, we need to change a bit the
boundary conditions: instead of ¢ = 0 on the boundary of Ay, we choose to take ¢
to be distributed as an infinite volume LGFF (this requires d > 3). We will also play
on taking elevated boundary conditions, in the sense that the infinite volume LGFF is
centered at a non zero value u that then will be chosen suitably large (and will depend on
h). For ease of exposition we first show that replacing 0 boundary conditions (Py = P?V)
with u boundary conditions (P%;) does not change the free energy. We then show that
the boundary conditions u can be replaced by a typical realization of the infinite volume
LGFF of mean u.

In this section the only requirement on (3 is A(5) < oo.

4.1. Elevated boundary conditions.

Proposition 4.1. For any u € R

1 1 57w7u —
Jim —E [1og Z5 ] = F(B,h). (4.1)

Proof. We are going to prove almost sure convergence to F(3, h) rather than convergence
of the expectation: since |[N~%log Zﬁ,‘;’fﬂ is bounded by N—¢ > wchy |Bwz — A(B) + A
and the latter forms a uniformly integrable sequence, almost sure convergence implies L'

convergence.
We now start the proof of the a.s. convergence by observing that for all u

log Zzﬁv’f}i’u = —1{u>1} Z (Bwe — A(B) + h)
xET\NﬂaAN

u2
+logEN |exp E (ugby — 7) exp E (Bwy — A(B) + h)d, , (4.2)
rEINN,YED™ AN IEGKN
T~y

where we used Z% = Z% (recall (2.4)). The first term in the right-hand side, we call it
—bnu(w), yields a contribution which is o(N9) and thus has no influence on the limit.
What one has to check is that the second term compares well with log ZZBV’Z’O. For this
we first remark that if we choose a C' > E[|fw, — A(B) + hl|] there existsto(w), with
P(Np(w) < o0) =1, such that for all N > Ny(w) we have

sup | Y (Bws — A(B) + h)d,| < CN. (4.3)

d)ER;\N SCE/NXN
Then one can check that under the probability law Py (recall the definition (2.1)),

T(¢):= >, ¢y, (4.4)

xeaAmyeB*AN
T~y
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is a centered Gaussian. Its variance is equal to 2d(N — 1)1 which is the number of edges
linking dA N to O~ A because

Zy u?
1= Z0 = Ex |exp Z <u¢y — 7) . (4.5)
N 2€AN,YED™ AN
T~y

Hence there exists ¢ > 0 such that for N sufficiently large

P (IT(6)] = NV4) < exp(—eNtH1/2),
(4.6)
EN |:GUT(¢)1{‘T(¢)|2Nd71/4}:| < eXp(—CNd+1/2),

where, for the second inequality, how large N should be chosen may depend on u. We
now set Ay = {|T(¢)| < N¥1/4}. We observe (by (4.6) and (4.3) for the first line, and
by the law of large number for the second one) that

lim N~ log Zy3" (4k) = —oo,
(4.7)
lim inf N™%log Z2%" > —E|fw — A(8) + hl.

N—oo ’
One can also easily show also that the inferior limit in the second line is non-negative,
but here this bound suffices and we use it, coupled with the first inequality in (4.7), to
establish the first of the inequalities, that holds for N sufficiently large, in the next formula

1
SER < 2R (AN = 25 - 2 (AR) < Zi (4.8)

and hence that Z ]B\,flu(A ~) and Z jﬁvflu are equivalent for computing the free energy. More-
over (recall that by, (w) is defined right after (4.2))

e—uNd’l/‘lZZBV,O;l,O (AN) _ e—uNd*1/4EN [ezxeﬂN(wa_)\(ﬁ)"‘h)‘sr; AN:|

<Ex euT(¢)eZzeT\N (BWZ_A(B)‘HL)‘SI; AN] _ ebN,u(w)Zﬁf,j;fl,U (AN) < euNd’l/‘lZg:ﬁ;JL,O, (49)
which is enough to conclude since the result for Z]B\f;l = ZJBV’Z’O is known (cf. Proposi-
tion 2.1). O

4.2. Stationary boundary conditions. When d > 3, (recall Section 2.9) P" is the
law of the infinite volume free field (ggx)xezd with mean u. We have seen that we can
approach the free energy by considering the size N approximation of the free energy
E[log Z2<"] /N instead of the original one E[log Z%]/N%. Now we want to make the
further s7tep of replacing u at the boundary by a typiéal configuration of the LGFF with
mean u. We do this to recover a sharp super-additive property that in turn guarantees
that, for every NN, the new size N approximation bounds is a lower bound for the free
energy.

Proposition 4.2. For any value of u one has

1 N ~
lim —EE" [log Z]%f;gﬂ = (3, h). (4.10)
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Moreover for any u and N one has

1 ~
BB [log Zﬁvf;ﬂ < F(B,h). (4.11)

The result (4.10) is easy to believe because replacing u by a sequence of Gaussian
variables, of mean u and variance o4, in the boundary conditions does not look a very
drastic change: we are in the same framework of ideas as of Proposition 4.1. However,
because of the random nature of the boundary values makes the proof more technical.
The second result, that is (4.11), just follows from the the Markov property of the LGFF
and Jensen’s inequality.

Proof. As for Proposition 4.1, (4.10) follows if we can show that

1 ~
B [log Zﬁjﬂ —F(3,h), P as. (4.12)

lim
N—o0

On the other hand, precisely by the same bound used at the beginning of the proof of
Proposition 4.1 we see that also N~%log Z ﬁ,‘z(b forms a uniformly integrable sequence (this
time the measure is P ® P"). Therefore it suffices to show that
lim ilog 7808 _ F(B,h), P® P" as. (4.13)
N-oo N4 Noh T
For this we first note that

log Zﬁ,’;’d) =— Z (Bwz — A(B) + h)laﬁ[_l’” + log (ZJOV/Zf,)

Z‘EKNﬂaAN

N 72
+logEN |exp Z (qﬁxqﬁy — %) exp Z (Bwg — A(B) + h)oy

2
TEIANN,yE0™ AN xEKN
Ty
(4.14)
The right-hand side is of the form 177 + 15 + T3: for 17 we observe that
T < > |Bwe— A(B) +h| = O(NT), (4.15)

SCEKNﬂaAN

P ® PU-a.s. and thus we can neglect T7.

Let us now examine T3: first of all the term %Z QAS% is a constant with respect to
Py (d¢) and drops out of the expectation and one can easily show that it yields Puas.
an additive contribution to T3 of order O(N%~'log N) and hence plays no role in the limit.
Let us then control the influence of the term in the exponential. Set

T(6.0) = > Gudy, (4.16)

rEIAN,YEOT AN
Ty

Let us call My = MN(QAS) the maximal value of |¢A5x| in OAN (Note that My is O(y/log N)
P%-a.s.). Since the correlations are positive, the variance of T'(¢, ) under Py is smaller
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~

than that of My (¢)T(¢) (recall (4.4)). Hence similarly to (4.6) one obtains that there
exists ¢ > 0 and Ny (not depending on ¢) such that for N > Ny we have

Py (|T(3,6) = N 11My) < exp(-eN®172),

Enx |7 OO0 1ni 1aryy ] S exp(—eN*1/). o
This together with (4.3) guarantees that if we set
Ay = {|1@.¢)| = NV (4.18)
then, like for for Lemma 4.1, we readily see that P ® PU — a.s.
lim N~%log Zjﬁv’fl’(g(AN) = —00,
Nreo o (4.19)

lim nf N~og Z35*(An) > E|Bw — A(B) + hl,
and therefore we obtain that there exists a random variable Ny, with P& P*(Ny < co) = 1
such that for N > Ny
SZ30 < 3 An) < 2357 (4.20
and an analogous statement for Z]ﬁv’;i’o. Then one concludes similarly to what we have

done for Lemma 4.1: we have

ZZBV,o;Z,O(AN)e—MNNd*V‘l <Ey eT($,¢)ezxeXN(wa—)\(ﬁ)-i-h)(Sx; AN]

My N4/ 5 8,w,0
< eMn Zyat, (4.21)

therefore limy N~9T5 = limy N~ %log Z]ﬁv’;’l’o, P® f’“-a.s., and the latter is just F(5,h).
Similarly (and even in a slightly easier way) one shows that

Ilog (ZR,/Z}’E,) | < MyN4-1/4 (4.22)
and therefore T5 is negligible and the proof of (4.13) (hence (4.10)) is complete.
To prove (4.11) it is sufficient to show that (see (4.29))

. . .
e llog 2§ 7] = BB [log 2357 (4.23)

Let us divide the box Aoy into 2¢ boxes, Aﬁ'v, i=1,...,2% Set
AZJ'V = Ay + (al(i), ... ,Ozd(i))N,
Ay = Ay + (a1 (i), ..., ()N,

(4.24)

where «;(z) € {0,1} is the j-th digit of the dyadic development of i — 1. Let P}{}i be the
law of the free field on A%, with boundary conditions ¢ and set

Zge® =By lexp | Y (Bwa — MB) +h)os || - (4.25)

TEAY
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We define
244
Ty = | oAy | \ 9Aan. (4.26)
i=1
Now we notice by that if one conditions on the realization on ¢ in I'y, the partition
functions of the system of size 2N factors into 2¢ partition functions of systemes of size
N, whose boundary conditions are determined by QAS and @|r .

E%N exp Z (Bwz — A(B) + h)ds ‘ dlry

IEG/N\QN

24 2
=TIESy |exp | D (Bwa— A(B) + h)ds ‘(MFN = [[Z'(¢.¢lry w). (4.27)
=1

seRi, i=1

Note that by the spatial Markov property for the infinite volume field, each Z Z(QAS, dlry,w)
has the same distribution as Z ]BV?JL‘Z’ (if 5 and ¢|r, have distribution E" and ESN respec-

tively and the w are IID). By Jensen’s inequality for ESN [ | ¢|ry] we have

2d R
EE" [log 2,3 | > Y EE"Ejy [1og Z(d, 6lry )| = 2°EE" |log Z]%;;ﬂ . (4.28)
i=1
Iterating this inequality we obtains that
11 511
R(B,h) = lim o~ EE" [log zgm} > —EE" [1og Zﬁjﬂ . (4.29)
O

5. A LOWER BOUND ON THE FREE ENERGY

In this section we prove the lower bound in part (i) of Theorem 2.2. The statement is:

Proposition 5.1. For d > 3, for any € (0,[3), there exists a constant hy > 0 (which
depends on the dimension and on the law of w) such that for any h € (0, ho)

F(B,h) > %, (5.1)

Remark 5.2. While the constant 66 is quite arbitrary and is the consequence of some
rough approrimations made in the proof, there is a more serious reason why our bound
gets worse when the dimension increases. This is due to boundary effects which are more
important in high dimension (cf. the isoperimetric inequality). See Section 5.3 for more
on this.

We assume in this section that (8 is a fixed positive number and h is close to zero. Let

us set (recall from Section 2.9 that o4 is the standard deviation of the infinite volume free
field)

u:=80q\/dlogN and N =h"?2, (5.2)
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where, without true loss of generality, we are assuming h~2 to be integer. We define the
event

&y = {qﬁ eRY: ¢, > u/2 for x € Z?AN} . (5.3)

The set &, plays the role of the set of good boundary conditions. What we are going to
show is that £ has a very small probability and use it to bound its contribution to the
partition function.

Proposition 5.1 follows from the following two lemmas. The first takes care of the case
of bad boundary conditions:

Lemma 5.3. For every 8 > 0 such that A\(8) < oo, there exists hy such that for every
h € (07 hO)

EE" [1og (Z]%W) 155} > —CA(B)NLE" [5] (5.4)
where C' > 0 is a constant that depends only on the dimension.
The second lemma gives a lower bound on (a suitable expectation of) log Zﬁ,";’z’d) for

good boundary conditions and it is obtained by considering only the contribution of the
realizations of ¢ which have at most one contact in the box Apy:

Lemma 5.4. For every 3 € (0, ), there exists hy such that for every h € (0, ho)

EE [1og (Z]%;’ﬁ) 1gu] > gNdE“ [50] - (5.5)

Proof of Proposition 5.1. From Lemma 5.3, Lemma 5.4 and the choice N = h™2 we have
for h small

%EE“ [1ong““¥5 > (g - %) E*[60] > %E“ [60] - (5.6)

Since for u sufficiently large

2
1 _1
E"[09] = / exp < 2) dz > ———exp <—M)
\/2770d 94 2 27703 205
u?
> exp (——2> = N732d — pb4d - (5.7)
203
we obtain as a consequence of Proposition 4.2, and (5.6)
h
F(B,h) > JE"[00] > h¥/4, (5.8)
provided h is small enough. O

5.1. Proof of Lemma 5.3. By Jensen’s inequality one has

EE" [1og ( 75 ¢) 156] > (<AB) +WE | Y Gi1e | (5.9)
SCE/NXN
and therefore it suffices to show that

D ule | < CNTTTEY[5] . (5.10)

SCEKN
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For every constant ¢ > 1 we have

E“ Z&mlgﬁ < Z E" [6:1(4,<u/2}]

ZBEKN IEGKN
YyEIA N

= Y E'[Glygcum] D EU [l <um) (5.11)

z€AN,yEAN z€AN,YEIAN
lz—y|<c |z—y|>c

< 2de N TEY [00] + Z E" [6x1{¢>y§u/2}] ,
zeAN,yedAN
lz—y[>c

where in the first step we have used the union bound and in the third we have replaced,
in the obvious way, the expectation in the first sum with an upper bound independent
of z and y and we have then estimated the cardinality of the set over which the sum is
performed.

Now we claim that for ¢ sufficiently large, how large depends only on the dimension d,
we have

E" [0y, <u2y] < N729E"[6] (5.12)
for every x,y € Z% such that |z —y| > ¢. By putting (5.11) and (5.12) together we obtain

E' | Y 61| < (2chd—1 + 2dN2d—1N—2d) E" [5o] < 4deNYE*[5,] . (5.13)
Z‘E.T\N
Therefore to complete the proof Lemma 5.3 it suffices to establish (5.12) and this is what
we do now.
We set x = 0 for notational simplicity and we observe that
P“(¢y <uj2|6p=1) < max P0(¢y2u/2 | ¢ = 2). (5.14)
z€[u+1,u—1]
Under PY (- | ¢g = 2), ¢, is a Gaussian random variable of mean equal to zG(0, y)/o> and
variance is equal to G(0,0) — G(0,y) < 2. If ¢ is chosen appropriately we have
G(0
Lgy) < % for every y such that |y| > c. (5.15)
94
More explicitly, for u > 2, it suffices to have G(0,y) < %afl = %G(O, 0). We can then apply

standard Gaussian bounds to obtain
2

2

PY (¢, > u/2 | go=2) < PN 2u/(dog) Se ™3 = N2 (516)
and the proof of (5.12), hence of Lemma 5.3, is complete. O

5.2. Proof of Lemma 5.4. As a first step, we are going to prove that

Lemma 5.5. For any 5 €&, and x,y € jXN, x # y, we have for every N larger than a
constant that depends only on d

ES[5,) <N and  EL[S, |6, =1 < N2, (5.17)
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Proof. From the maximum principle for the discrete harmonic equation (2.51) we have

EY(¢:) = H, (2) = u/2. (5.18)
The variance of ¢, is Gy(z,z) < o2. Hence we have
~ ~ _ (=2
E[0,] <P (¢ <1) < PN > (u/2 —1)/og) < e *°i < N72, (5.19)

The second inequality is proved in the same manner: conditioned to the value of ¢,
(which we set equal to some arbitrary z € [—1,1]) we want to estimate the variance and
expectation of ¢,. By monotonicity of the solution of the harmonic equation (2.51), we

may as well restrict to the case QAS = u/2. We notice here that, as the escape probability
of the simple random walk in Z¢ d > 3 is always larger than 3/5 (see [25, Section 5.9]) we

have for any N > 0 and any y # z in jQXN,

GN(x7y) y 2
Gn(z, ) Py <72) < 5 (5:20)

As a consequence we can write and bound the mean of ¢, conditioned to ¢, = z by

w/2 GN(ﬂj‘,y) U GN(:Evy) u
E =2 = a—T L — 1 - =) > — 1. 21
Voo = =gt * 2< Ga(e,a)) =17 20
Therefore
w2
EN [0, | 60 = 2] SEY?[6, < 1| dx =2 < PIN 2 u/(og)] Se 5 = N7, (5.22)
which is enough to conclude. O

We now go back to the proof of Lemma 5.4: till the end of the proof we will assume
5 € &, Set
&(z) = exp(Bwz — AN(B) + h) — 1. (5.23)
Let Ay be the event that the field ¢ has no contact with the defect band and A;(x) the
event that it has only one contact at z, A; the event that there is a unique contact and
Ao the event that there are two contacts or more.

Ay = {qﬁm ¢ [—1,1] for every x € INXN} ,

Ai() = {6, € 1,1} N {0, ¢ [-1,1] for every y € Ky \ {}},

5.24
Al = U Al(x)a ( )
Z‘E.T\N
Ay = RAN \ (AgUAy).
One has from Lemma 5.5 for any x € joXN,
Py (Ai(2) > BRG] - Y ER[0.6,]> (1- NTHEX[],  (5.25)

yeAn\{z}
where the first inequality is obtained by applying the union bound to {§, = 1} = A; U
Uyz2102 = 6y = 1}. From (5.25) we directly have
P (A1) > (1= N~ " EX[6]. (5.26)

SCE]\N
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Using again the union bound, Lemma 5.5 and (5.26), we also have

3 1 N
PR(A)<g ) E¢ RS ES[0,] < N7P%, (A)) . (5.27)
TFY

Taking only into account the contribution of .4; and Ag to the partition function we obtain

ZB“”(1)>P(Z5 (Ao U Ap) Z £ (7))

Z‘EAN

— 1+ Y €@)Ph (Ai(2) — PY (Ao) = 7. (5.28)

wEAN

But by (5.17)

3 1 1
¢
Z' > P (Ag) > 1_W >3 (5.29)
and hence
logZ' > (Z' —1)—(Z' —1)2. (5.30)
Therefore from (5.27) one has
E[Z' —1] = (eh — 1)P‘]$V (A1) = P% (Ag) > (" — 1= N"HPY (A)) . (5.31)
We also have (using (5.17))
Varp (Z/) = 62h< ARB)=2A(B) _ > Z Pd) (Aq(z 2 < CN_zdP(JgV (A1), (5.32)

IEGAN

which is much smaller than E[Z'] — 1 (recall N = h=2). Overall (combining (5.31) (5.32)
and (5.26)) one has for all ¢ in &,

»N ~ ~ 2
E [log 2357 2 Elog 2'] = B3, [2/ —1] - (B [2/ —1]) — Vare (2))
~ ~ 2 ~
> (h—1- N"HPS (A)) — <(eh 1 N—d> PY (A1)> — CN"2PS (Ay), (5.33)

By using again N = h~2, as well as (5.26), we deduce that for h sufficiently small

E [log 2357 _% S OB (5.34)

SCE;XN

Hence

EE" [log (vav;’ﬁ) 1gu] > —E“ Y Gilen

xEAN

>

= % ((N — 1)IE"[§) — B Z dp1ge > U Ndg (5], (5.35)

\)

where in the last inequality we used h small and (5.10). O
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5.3. Why is this not optimal? The main idea of the proof above is to change the
boundary conditions ¢ so that there are only a few contacts (the main contribution to the
partition function is given by Ag U .A1). In that case the partition function (or at least
Z') has a very small variance and for this reason, Jensen’s inequality for log is essentially
sharp. The strategy could in principle (and with a lot of efforts) extend if one has typically
a bounded number of contact, or possibly if one allows it to grow logarithmically , but the
variance estimates would clearly blow up beyond this point.

So for this strategy to work we need that E*[§y] < ¢N~? for some positive constant c
(possibly large or even growing very slowly with N but this latter possibility does not add
much to the discussion). Now let us notice that since §, on the boundary is completely
determined by the boundary conditions one can easily take away from the log partition
function the contribution of the boundary

BB [log 235°] =

(h=XB) > E'S]+EE"IgES |exp | 3 (Bwr —AB) + 1), || - (5.36)

Z‘EKNﬂaAN Z'EA/D\N

The first term which is the boundary effect is negative (h is small!) and of order N¥~TE¥[5].
Our best hope for the second term is to get something positive which is of order AN?E*[5]
(this is what we get with an annealed bound). Hence for the second term in (5.36) to be
dominant, we need h to be larger than N~!'. The best we can hope as a lower bound for
the free energy density is then

hE"[dy] < ¢chN~¢ = O (hd+1) . (5.37)

To reduce the influence of boundary effects, one has to work with larger boxes, but in
this case the total number of contact in the box will be large and one has to try an find
other means of controlling E [log Z] than only the variance. This is the aim of the coarse
graining and replica-coupling approach of the next section.

6. THE COARSE GRAINING PROCEDURE FOR THE CRITICAL BEHAVIOR (LOWER BOUND)

For 0 = 04, a > 0 and h > 0 small we set

u = u(a,h) := o/2log(1/h) +1 — o loglog(1/h) log (2a+/7)

-0 . 6.1
2 \/2log(1/h) 2log(1/h) (6.1)
Such a choice has been made to guarantee that the contact probability is (essentially) a h
for h small. The choice (6.1) is clearly connected to the following lemma on a standard
Gaussian variable N:

Lemma 6.1. Ifv: (0,00) = R is such that limp\ o v(h)\/log(1/h) =0, then

P (u(a, h) + v(h) + oN € [-1,1]) "~ ah. (6.2)

Proof. The result follows, via a lengthy computation, from the well known asymptotic
(r / o0) estimate

PV >0) = - 1% exp <—%2> <1+0 <%>> . (6.3)

0
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Remark 6.2. [t is easy to see that the statement of Lemma 6.1 holds also if we replace
[—1,1] with [c,1], any ¢ < 1. More interestingly for us, it holds also for (—oo,1] (and
thus also for (—oo,0] provided that u(a,h) is replaced by u(a,h) — 1). This remark is
important because it ultimately means that the strategy of the proof that we are going to
present below works also if we replace 0, with A, (recall (2.35)), that is if we pass from
disordered pinning to the co-membrane model. This is true also for the rougher proof of
Section 5 and in a more evident way since no estimate is sharp in that case.

Let us introduce

1
ph = exp (— log(l/h)) and Ng := —, (6.4)
Ph

and without true loss of generality we will assume Ny € 2N. For h \, 0 and arbitrary
b > 0 we have

hb < p, < |log h| =1/
We then choose Ny such that Ny/Ny € 2N, N1 /Ny > 4 and

1
N; € [ih‘g’,h‘ﬂ . (6.5)
We aim at showing

Proposition 6.3. Choose 8 > 0. There exist a(f,d) > 0 and c¢(f,d) > 0 such that for
h > 0 sufficiently small we have

1 ~u(a,h w
N—flIEE @) Nog Z§, 5] = c(B,d) h*. (6.6)

Moreover one find a constant C(d) such that forall 8 € (0,1] we have
c(8,d) > C(d)s> (6.7)

Proof. The proof is done in several steps: a number of lemmas will be stated and proved
after the main body of the proof.

Step 1: Smogthz’ng the roughness of QAS We start off by selecting a subset of the ngb config-
uration (of P* probability very close to one) that guarantees that harmonic averages of
the boundary value are extremely close to u, at least when we are not too close to the
boundary. We do this by introducing the event

1
~ 2 8 N
B, =X ¢c¢€ RZ? . HK’NI () —u| < %L for every x € Ay, s.t. d(z,0AN,) > 70 ,

(6.8)
where Hfi(m) is the solution to the harmonic equation (2.51) in Ay, with ¢ boundary
conditions. We prove the following estimate at the end of the section.

Lemma 6.4. For h sufficiently small

= (BE) < exp <—p;%> . (6.9)
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In other terms, pu <BE) is smaller than any power of h. As it stands, Lemma 6.4 is

stated and will be used for the value of u given in (6.1), but it is easy to realize that
P“ (B,) does not depend on u and therefore Lemma 6.4 holds uniformly in wu.

Since by Jensen’s inequality for A > 0

w,d B\ 3
E[logZNfﬁ’h] > ) <h—7 Ef, [0:] = —5 M. (6.10)

SCEKNl

we readily see that

P pu (BE) . (6.11)

Lo c
N—EE“ {108“ 2N, 8.1 Bu] Z =5

d

1
Therefore, in view of Lemma 6.4 and of the result (6.6) we are after, it suffices to show
that

1 ~
1

Step 2: Neglecting the energy contribution near OAy,. We show now that we can neglect
the energy contribution coming from the sites on which we do not have a control on the
harmonic average of the boundary. This is done by introducing

Ayng = {No+1LNo+2,..., Ny — No}* | (6.13)

by restricting the sum in the energy term to sites in A]_Vh N, 88 we are going to show right
away is that this introduces an error in the free energy computation that is o(h?), hence
irrelevant. This space between the boundary of the box /NXN1 and the sites that contribute
to the energy has been introduced to allow some averaging of the boundary conditions 5

In fact 5 has fluctuations of order one and therefore the field ¢ close to the boundary has

a mean that inherits this incertitude, while, as shown in Lemma 6.4, sufficiently far away
— a distance Ny suffices — the mean will be » up to an error O(p}/ 8) which is smaller than
any negative power of log(1/h). The estimate for the error introduced by restricting the

energy contribution to sites in A]_Vl’ N, goes as follows: start by observing that

5 8
Z <wa_7+h>5x2_ Z ‘,wa—7+h‘

SCEANl CCEANl \AELNO

,82

xEAvaNo

so that,

‘KNI \AXZLNO

1 —tn w,A 52
B [l 2 B = e [ =
RPN, 3 B2
+ _NldEE log EYy, |exp g Bwy — 5 +h)ds || Byl . (6.15)

xEANl’NO
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Therefore the first term on the right-hand side is O(Ny/N;) < h? (this has determined
our choice of Np), so that we can effectively neglect the energy contribution of the sites
outside AJ_Vl, N, and Proposition 6.3 reduces to showing

2

1 . 3
N—ldEE logEY, exp [ > (6%—74—]1) 5 | |5 Bu,| > 3¢h?. (6.16)

This estimate will be obtained by restricting the P%l—expectation to an event A, K a
positive integer (given explicitly just below) that depends only on d: k is a constraint that
we are going to introduce on the number of contacts in intermediate scale boxes.

Step 3: the coarse graining grid and the event A.. To define A, we first introduce a
decomposition of Ay, No (Figure 1 may be of help in following the construction). For

w € {0,1}* we set

AN, Ny = {:E S AJ_\h,No : [;—;-‘ mod 2 w; fori=1,2,... ,d} : (6.17)

d
Actually A%h N, can be seen as a disjoint union of (2NT10 — 1) (hyper)cubes of edge length

Ny

. | | (C(G”?)

2Np 1 .

N |

Bs,3)

NO 2N0 Nl

FIGURE 1. The set /~\N1 is drawn for d = 2 (we need it only for d > 3, but for illustration
purposes d = 2 is enough) and N1 = 8No. The set Ay n, is the (disjoint union) of the

B;’s boxes, j € {2,3,4,5,6,7} = Uwe{o,132Jw- We have singled out Ag\?il’g\,o by making

it darker: observe that A&,No is the disjoint union of AR, n,w € {0, 1}%. We have also
drawn, with dashed boundaries, some of the C; boxes.
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Ny:

%1,]\/0 = Ujes,Bj, (6.18)
where

B, := An, + Noj (6.19)

Even if it is probably not necessary, we can make 7, explicit:

xr1 xTq _ i | mod?2 .
jw:{<’7F0“7...7’7F0—‘>ZxEANl,NOand ’Vﬁo—‘ = wiforz:1727"'7d}7

(6.20)
Note that
U A%l,No = ANLNO (621)
we{0,1}4
and therefore
ANLNO = UjGJBj (6.22)
where J = UpJw ={2,...,N1/Ng — 1}d. Last, for j € J we set
Cj :={x : dist(z,B;) < No/2}. (6.23)
We are now ready to introduce A, := A1) N A,(f), where
_1
AW = {(b: I}lez?cgé%f ng(x) —u‘ < phs} , (6.24)
and
AP = : ma O0p < K p . 6.25
s ¢+ max 2 0= (6.25)
J

Recall that u is chosen in (6.1) and B,, is given in (6.8). The argument that we are going
to present works for x sufficiently large and how large just depends on the dimension. For
definiteness we make the choice of k explicit:

K= [d3312212(d+5)C}12-‘,

where c; > 1 is the constant in (2.44). Such a choice stems out of several arbitrary and
lazy choices in the chain of rough bounds that constitutes the proof.

We introduce now an important technical estimate whose proof is postponed to the end
of the section.

Lemma 6.5. For h sufficiently small

sup P(ﬁ,l (AE) < KEY (6.26)
¢EBY
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Step 4: Replica coupling. Going back to (6.16), it is clear that it suffices to show that for
h sufficiently small

1~ 3 32
WEEU log E%l exp Z Pwz — 5 + h) 6z | 3 Ax| s Byl > 3ch®.  (6.27)
1 wEANl,NO
For this we will exploit a replica coupling argument bound. The following result, which
we prove in the Appendix, is inspired by and very close to the computations made in [39]

for renewal pinning. The proof exploits interpolation technics similar to those found in
spin-glass literature [32].

Lemma 6.6.

1 ~ 2
WE log Eﬁfl exp Z Bws — % + h) N >T— Ty, (6.28)
1 xeAvaNO
with
T, = Nd log Ed) exp | h Z O | 5 A s (6.29)
xeAvaNO
and -
T : N log <exp 22 Z 6@ | Ai> , (6.30)
wEANl Ny N17h,$
with

E?Vf [ exp (h 2 zehn, xg 5m)] .
E‘ﬁ,l {exp (h ExeANl,NO 59”)}

(Vnng = (6.31)

Remark 6.7. It is obvious from the proof that the above Lemma remains valid without
restriction to the event A, (or with a restriction to another event). However it is not too
difficult to check that without this restriction, the quantity To would be of order B? and
hence the result completely useless (the right hand side of (6.28) would be negative). We
have designed the event A, to be of small probability so that Ty is almost equal to to the
value it would have with no conditioning, but such that To becomes much smaller with the
conditioning.

We now need a lower bound on E*[T}; B,] and an upper bound on E“[Ty; B,].

Step 5: lower bound on E*[Ty; B,|. We apply Jensen’s inequality after a rearrangement

K

1 —~
le—dlogE?z,1 exp | h Z Og

i dlogP (Ay)

N

-'EGANl,NO

1 —~
Ag| + WIOgP}@l (Ap) = Tya+ T2 (6.32)
1
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We have

. ho~ ~

E“[Ti15 Bu] > 7B EY | ). s Acls By
1 | -'EGANl,NO
h u
1 _wEAvaNO
h u c

> B | Y a | —n (P (AanBY))

1 _Z'EANI,NO

so that by using Lemma 6.1, Lemma 6.4 and Lemma 6.5 (recall the choice of k) we readily
see that

~

2
EY[T14; B,] > ?ah?, (6.34)
for h sufficiently small. R
On the other hand, by Lemma 6.5 we see that P? <AE) > 1/2 for h small, uniformly
in 5 € B, and this entails EU[TLQ; B,] > —8(log 2)h*?* so

A~

EY[T; B,] > gh2 . (6.35)

Step 6: upper bound on E'[Ty; B,]. We start with the preliminary observation that ¢ €
A,(f) means that there are at most x contacts in B; for every j € J and this implies that
there are at most 3%k contacts in C; N Ay, v, (and a fortiori in (OCJ- N An,,N,) because if
C; N Any N, = Cj then C; is covered by 3¢ B,’s (this is the typical case: in the bulk).
When C;NAnN, N, is (strictly) contained in C; (the boundary case), fewer B; boxes suffice.
Therefore for every j € J we introduce the event

AEE) (]) = Z 5;5 < 3d/€ and Z 5w < K. ) (636)

xE(COjﬂANl,NO z€B;
One can check that

A= AD A AD = A0 1 (mje jAS’)(j)) , (6.37)

Now we apply the Holder inequality |E Hle X;| < Hle(E\Xi\k)l/k

1
ngmlog< H exp | 262 Z 5&”5&2) ;Ai>
1

®2

we{0,1}4 TEAY N, oy
1:No Ni,h,¢ - (6.38)
1
< & we(ew (202 S ) )
1 w
we{0,1}4 2EAN, Ny Ni,h,d
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Let us focus on the argument of the logarithm and condition the measure () Ny g tO the

o-algebra generated by {qu}erj ¢, 0C;- By the spatial Markov property we obtain

®2

<exp ptdpr N 5l ;(¢<1>,¢<2>)6Ai> <
meAX]ﬁ,NO N1,h,$

2
d ) . '
< H Egih,(d)(l),(j)(?)) exp [ 21195 Z 599)59(52) 7<A,(§)(J)> ;

JETw r€B;
2\ ®2
(69,6) € () > . (6:39)
N17h,$
where
Egih,(d)(l),d)@)) — ECj,h,¢(1)ECj,h7¢(2) 5 (640)
and

E(Cj,h,qﬁ [] = Ecj7¢ - exXp h Z (55(; /E(Cj,(;ﬁ exXp h Z (593 (641)
zeC; zeC;

and Pc; 4 is the free field on the set C; with boundary conditions ¢ (remark that this

notation is a bit improper since ¢ is used for the boundary conditions and in the definition

of 4, but we believed this is more readable that introducing ¢ and should not generate

confusion). Of course if F' : R% + [0,00) is measurable then Ec; n¢[F] is measurable
with respect to {¢. }zeac; -

We now recall that we need to bound from above E“[Tg; B,] and we will do this by

taking the supremum over ¢ € A (and applying E“[ ; By] will be irrelevant), that is by
(6.38) and (6.39) we have

~

E'[Ty: B,) <

1 2
— sup log E®? exp | 21952 s <A(3) (])) , (6.42)
Nld jej¢(1)7¢(2)€A(1) Cj,h, (01 ,p(2)) :(;Bj z Yz K

and we are left with estimating the terms in the sum in the right-hand side. These terms
are actually identical, except for the boundary cases (but they can be bounded in the very
same way). Let us record the first part of the argument as a lemma, that we will also use
in the next sections.

Lemma 6.8. Let X be a positive random variable such that X < ~ with probability 1.
Then

logE [e*] < (¢7 — 1) E[X]. (6.43)
Proof. We simply use convexity to show that
X <14 (7 -1)X,

and the inequality log(1 4 u) < u. O
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Now applying the Lemma to X := 21432 Zmij 59(61)59(62), and remarking that on A,({g) (9),
we have X < 211452k we obtain

2
2 14+d 52 Ds2) ] . 3) -
Egj,h,(¢<1>7¢<z>) exp | 2798 Z 6@ | (A,g)(j))

(EGBJ'
2
< 14(B,k,d) Y sup By (05 AD ()], (6.44)
z€B; d)EA(l)
with (21+452%)
exp (2'74B°k) — 1
n(B,k,d) = - . (6.45)
In the case 5 € (0, 1] notice that we have
exp (2'79%) 5
77(57/@7 d) < ——Fp% = ﬁ(“,d)ﬁ : (646)

K
But by using the definition of Ec; s 4[], since Ec; o g4[exp(h eréj dz)] > 1 and since

erﬁj 8, is bounded by 3%k on AP (7) we have

. 3
B, |03 AP ()] < exp (3%h) Be, 0 [0,] < “Ec, (0] < 2ah, (6.47)

where we have chosen h sufficiently small. The last inequality is due to Lemma 6.1 applied
with v(h,x) = ng (x) —u (since ¢ € AWY, v(h, ) satisfies the assumption of the Lemma
uniformly in x). Therefore

E"[Ty; B,] < 4a®n(83,r,d)h? . (6.48)

Step 7: conclusion. By putting (6.35) and (6.48) together and recalling Lemma 6.6 we
find that ((a/2) — 4a®n(k,d, 3))h? is a lower bound for the expression in the left-hand
side of (6.27) and once a is chosen smaller 1/(8n(3, k,d)) the proof of Proposition 6.3 is
complete, the case 5 € [0, 1] follow from (6.46). O

6.1. Proof of Lemmas 6.4 and 6.5. We start off with an elementary (rough) estimate
on the variance of the harmonic extension. Throughout this section we use the short-cut
notation for z € A and y € OA,

pA(x7y) = Pm (XT@A = y) b (649)
with which (2.52) becomes
HY(x) =Y pa(z,)dy . (6.50)
yEOA

Lemma 6.9. Let N and M be two integer numbers such that N > 2M > 0. As usual
Ay ={0,1,..., N} and we introduce Ay pr := {M,...,N—M}?. Let {¢s}reny, with law
Py, be a centered Gaussian field with covariance G, (z,y) < G(z,y) for every z,y € OAn
(we recall that PO is the law of the infinite volume Gaussian lattice free field). Then there
exists Cq > 0 (depending only on the dimension) such that for every M we have

sup ~ max varp, (Hf\) (x)) < C’dM_%. (6.51)
N:N>2M T€AN, M N
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Remark 6.10. More advanced computations could show that the l.h.s of (6.51) is truly
of order M?~%, but the bound presented above is much easier to obtain and sufficient for
our purposes.

Proof. By recalling (2.44), we observe that G (z,y) is bounded above by cq/(1+ |z —y|)?~2
for every x and y. Hence, we obtain that for x € Ay ps

varp (HfN($)> = Y pan@ypay (@ y)CGayw,y)
Y,y EOAN

Cd
< — = Y, pan@yeay@y) e D pay(@y)pay(@,y)
y,y’et?/\zv:1 y,y’eE)AN:1
ly—y'|>M2 ly—y'|<M 2

Cd / ’ 1
< —— +fc ) , H cOAN: |y —y| < M2 }‘
S e +ca| max pay(@y) | D pay(y) |y Ny =yl

Z‘EANJ\/[ YyEIA N
Cd — d—1
< —C s +d2t iy M max pay(z,y) | . (6.52)
M =z yEOAN
SCEAN,M
We are now going to bound the term in the parentheses in the last line by M —d+1 times a

constant that depends only on the dimension: and once this is done the proof of Lemma 6.9
is complete. This can be achieved by using the explicit expression for py , (x,y) — the exit
probability from a cube — that one finds in [37, Prop. 8.1.3], but this expression is rather
involved and we prefer to perform some steps to bound py , (z,y) with an exit probability
from a half-space. For this we observe that without loss of generality we can assume that
y belongs to the hyperplane Hy := {z € Z?: z; = 0} and, by elementary considerations,

pAN(x7y) < pHd+(x7y)7

where
HY == {z: 24 > 0}.

In order to simplify further the expression let us point out that we are left with estimating

maxy Py+ (z,y) and we can therefore simply consider the case of z = (0,...,0,L), with
L > M. We have

pH;r(((L .. 707L)7 (y17 sy Yd—1, 0)) - pHd+ ((_y17 ceey TYd-1, L)7 (07 LR 70))
2L L 1 (6.53)

=——(1+0(— O|——

s (1o (7)) +o ()

where z = (—y1,...,—Y4-1,L) and in the second step we have used [37, Th. 8.1.2] (£4
is the measure of the d — 1 surface of the unit ball in R%). This last estimate suffices to
conclude the proof of Lemma 6.9. O

Proof of Lemma 6.4. As remarked right after the statement, we can assume v = 0. We
use Lemma 6.9 with N = N; and M = Ny/2. Therefore (using d > 3)
d—2

> _d=2 1
max varg (Hle (m)) < CgNy * < Capp (6.54)

:EEAle
d(x,Agvl)zNoﬂ
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1

Thus, by exponential Chebychev bounds, for the x’s we are dealing with we have

11 _1
P’ ‘H(E (x)‘ > Ph < 2 exp _Ph = 2 exp _Pn . (6.55)
An,y 2 - 8Cy 8Cy
By performing a union bound we see that

1
. e
P (BE) < 2n™* exp | 2

80y
and the proof is complete.

(6.56)

O
In the proof of Lemma 6.5 we make use of the following estimate whose proof is post-
poned.

Lemma 6.11. For d > 3 and for every k = 1,2,..

. we have
sup

G(z,y) < c(d)r't,
BczwymzncmweBQ

(6.57)
where c(d) = 294¢cy (cq is the constant appearing in (2.44)).
Proof of Lemma 6.5. Recall (6.24) and (6.25). We use
oy oy C oy C
Py, (45) = PR, <A<1> > +PY, <A£3> mA<1>> , (6.58)

and we estimate the two terms on the right-hand side, uniformly over qub € By.

For the first term we start by observing that since QAS € By,

1

~ N R - 3
Py, (‘H&(x) —u| > pi) < P, | [HE (@)~ B, [HE ()] ] > e ()

and we apply Lemma 6.9 with N = 2Ny and M = Nj/2 to obtain that for every x € C;

N,
_ ¢ 0
Vaurp%1 <ch(x)> < Cd<

—d=z i 1 /

1
107 (6.60)
and therefore for such z’s
¢ ¢ 3 Ph%
PY, (‘ch(x) —u‘ > p,§> <zew |Gt | (6.61)
Therefore, by a union bound, we obtain

1
- C !
sup P(ﬁ,l (A(l) > < N2 exp _g}(l)’ , (6.62)
PEBy d

where N{ = h=3? and therefore this term is O(h®) for any a > 0. So, in view of (6.26),
we can safely focus on the second term in the right-hand side of (6.58).
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For such a term, we first observe that

P, <Ag>“nA<l>> = Ph [ Uiesd 6 5wy Al
SCEBJ'

IN

~ $ 1
ZP}{E Z 0p > K p N {gé%f‘ch(a:) —u‘ < pﬁ}
€T ZBE]Bj

(6.63)

We now condition on the o-algebra generated by (¢x)xeuj c7,0C; Dy the Markov property
we obtain that

P??Vl <A(2 nAW ) Zsup'P(z) Z 0y > K|, (6.64)

jeTJ SCE]BJ'

~ s 1
where sup’ stands for the supremum over ¢ such that max;cp, \ng (x) —ul < pg. To
bound the sup’ term, we proceed as follows:

ng‘; o>k < > Pgé <%;|¢mi| < 1) : (6.65)

z€B; T1,..., T EB;:
xiFx,y for i#i

and
Y 1 K —~ 1 K 1 K ~
123 (;Z\%\ s1) < PZ, ( Z% gl) P, <;Z¢xi 1—;2}!&@))
=1 i=1 i=1
o (1 5 o (1v
< P, EZ(bxiSl—u—i—ph 123 ;Z¢xi2u—2 . (6.66)
i=1 i=1

where in the last step we used the symmetry and the choice of subtracting 2 is arbitrary
(any number larger than 1 would do, and we have to choose h sufficiently small). It is now
a matter of evaluating the variance of % % | ¢z, and we perform this estimate uniformly
over the location of z1,...,z.. In fact, we apply Lemma 6.11 to obtain that

varpy ( Z‘ﬁ%) < _H% < e(d)rV3, (6.67)

and therefore (6.3) yields

IN
IN

IN

1/3

P <l > ¢ = u-— 2) =P (N > kMOc(d) V2 (0 — 2)) < h2@ | (6.68)
T\ K
=1

where N is a standard Gaussian random variable. With this estimate we now go back to
(6.65) and we obtain

L1/3 L1/3
Y 6 > k| < Nh=E@D < 3@ (6.69)
(EGBJ'
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for h sufficiently small. In turn, this estimate yields the control (see (6.64))

K

. L1/3
P3, (A(Q)EDA(1)> < p3psam < pett (6.70)

for k such that 9d ¢(d) < K3 —3c(d)/£%. Let us choose K3 > 6c(d) k1, that is r > (6c(d))*?,
and, under this assumption, 9d ¢(d) < K — 3c(d)/<;% is satisfied if £3 > 18 c(d). Taking
into account these two lower bounds on x we see that is suffices to choose x > d36'2¢(d)*2.
The proof of Proposition 6.3 is therefore complete. O

Proof of Lemma 6.11. First of all we introduce dp(z,y) := max;—1__q|z; — yi| < |z —y
and we start from the direct consequence of (2.44): for every z,y € Z¢

Ga,y) < o dmzi S (doi(z, y)) - (6.71)

Thanks to (6.71), it suffices to prove the statement for > o p2 go(z —y). We then

observe that for any B C Z¢ with |B| = j and every z ¢ B we have

Yoo g —y) - > gnle—y) <2) gnl@)+900), (6.72)

(z,y)€(BU{2})? (z,y)€B? i=1

where x1, x2, ... yields a fully packed configuration of points around the origin. By this we
mean that if B(n) = {—n,...,n}% and A(n) = B(n)\ B(n — 1), then x1,...,xp() is an
arbitrary numbering of the points in A(1), T|B(1)|+1,- - - » T|B(2)| 1S an arbitrary numbering
of the points in A(2), and so on. Of course z disappears because it has been translated to
the origin. We have

2Zg|j($i) < 2¢q4 Z M < 2dtle, Z (m+1) <

i=1 m=1,2,...
1/d
m<I s+

m=1,2,...

m<jt/

1

2
2

29¢, (jl/d+2) < 20+, (jQ/d+4) < 5.9M1¢,2/d  (6.73)

where in the first step we have simply made go(-) explicit, used the fact that is constant

on annuli and that with j points we cannot go beyond filling # + %(g 4174y annuli. In
the second step instead we used A(n) < 2d(2m + 1)4~1 < d2%(m + 1)1, Therefore for
any B with |B| = j and every z ¢ B we have

Yo m—y - > gnle—y) <52y 4 ¢y, (6.74)
(z,y)€(BU{z})? (z,y)€B2

so that for any B with |B| =k

r—1
> gn@—y) < rgn(0)+5-24ey > §2
(z,y)eB? Jj=1

< keg+5- 2d+lcdn1+% < 2d+4cdn1+% , (6.75)

and the proof is complete. O
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7. THE TWO DIMENSIONAL CASE

This section is dedicated to the proof of Theorem 2.3. The first step of the proof in
Section 7.1 is to establish a finite volume criterion similar to (4.11) . Then in Sections 7.2
and 7.3 we will use replica coupling arguments in the spirit of Lemma 6.6 to have a bound
on the free energy of a system with finite volume.

7.1. A finite volume criterion and replica coupling in dimension two. We want
to have a criterion similar to (4.11) in two dimension but the problem we have to face is
that there is no infinite volume limit for the two dimensional lattice free field. A way out
is to consider the massive free field (2.48) and then find a way to compare the free energy
with the original one.

We let P“™ be the law the infinite volume limit of the massive free field with mean
u and mass m (we write P when the variable is denoted by ¢). We define also the
measure in finite volume with boundary conditions:

~ 2 2
P(ﬁ;u’m(dqb) = Al H exp <—7(¢m — %) > H 6_%(¢z_u)2d¢m

Zhwm zyehy 4 2€AN\OAy

(7.1)
where

—~ _ 2 m2

Zf\’, = / H exp <—M> H e‘T(%_u)quﬁx . (7.2)
RAN\OAN 4
x,zs/;N zAN\OA N
The particular case where QAS = u is denoted by Pif\}m. We set

Zgatem = B lexp [ Y (Bwe — A(B) + h)ds | | (7.3)

Z‘E.T\N
and denote by Zjﬁ\,’fl’u’m the partition function corresponding to constant boundary condi-

tions u. Similarly to Proposition 4.2, we can prove:

Proposition 7.1. For any m and u
. 1 i 1 _~ S
lim —E [log Zﬁ‘;’;“’m} = lim —EE"" [log Zﬁv’j;’d’v“’m] —F(B, hym,u).  (7.4)
and furthermore for any value of N

1 ~ ~
BB [log 235" | < v(8, hym,w), (7.5)

Note that, unlike the massless (m = 0) case, there is now a dependence on u (and on
m). Now, for this criterion to be useful, we need to be able to compare F(8, h,m,u) with
F(B3,h). The idea for this is the following: the derivative of the massive free field measure
with respect to the non massive one has the following expression

dPy"™ 1 2
N N 2EAN\OAN
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where
Wm _ nu m2 21 m2 2
N=El|-% Y (b-w?| =BEylexp|-7 > & (7.7)
wEAN\aAN ZBEAN\aAN
Lemma 7.2. We have
1 1 m?
lim — logWy = —= 1 1 daedy = — .
Noyso N2 OBVYN 2 /[071}2 og< i 4[sin?(rx/2) +sin2(7ry/2)]> e Jm)
(7.8)
Around zero we have the following equivalence
m 1
f(m) R cywm?|logm|, with ey = P (7.9)
Furthermore we have
F(B, hym,u) < F(B,R) + f(m). (7.10)

Proof. Let us start to prove (7.10) is deduced from (7.8). Because the exponential in (7.6)
is always smaller than 1 we have

B L s,
ZRamm < WZMZ“- (7.11)

The result is obtained by taking log, dividing by N and passing to the limit. The functions
uj, 1 =1,..., N — 1 defined

ui(k) == \/%Sin(ikm/N) (7.12)

forms an orthogonal base of eigenfunctions of the one dimensional Laplacian with Dirichlet
boundary conditions on [0, N] N Z. We let Let 0 > —A; > —Xa > -+ > —A(y_1) denote
the associated eigenvalues where

Ai = 2(1 — cos(im/N)). (7.13)
We set
vi (@1, x2) = ui(z1)uj(z2), (7.14)
and
aij(@) = D (@) (7.15)
2€AN\OAN

From Parseval’s formula we have

N-1
Y 2= a2 (7.16)

2€AN\OAN i,7=1

Now note that when ¢ has law Py, the a; j(¢) are independent Gaussian variables. Their
variance is equal to (\; + A;)~!. Hence

—1
m2

H E [exp( o +A )N2>] = H m . (7.17)

i,j=1 i,j=1

where A is a standard Gaussian. It is then standard (it is a Riemann sum) to check that

1 1 = m2
— log W = — log (14 —"1" 7.18
e o8 Wy N2;10g<+(>\+>\)> (718)
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converges to

1 m2
73 /[0,112 log (1 T i (zr/2) + s’ (yr /2)]> dady. (7.19)

For the leading order asymptotic behavior one can restrict the domain of integration to
positive z and y such that 22 4+ y? < &2, ¢ arbitrarily small. Passing to polar coordinates
the estimate becomes rather straightforward. O

As a consequence of Lemma 7.2 and Proposition 7.1 we obtain the following finite
volume criterion:

Corollary 7.3. For every m, N and u one has

1 nu,m w Au,m
F(B,h) = 17EE" [1og Zya } — f(m). (7.20)
To estimate the quantity EE%“™ [log Zjﬁvfl(bum] we will use (as for Lemma 6.6) the

following bound derived from replica-coupling. For the proof see Appendix A where the
slightly more involved proof of Lemma 6.6 is given in detail.

Lemma 7.4. We have for all u € R for all m > 0 and all boundary conditions gg
®2

log Z]%;’a’u’m > log E}gv’u’m [eh Zachy 6””} — log <exp 25° Z 5062 > . (7.21)
where 5 { ( o )}
— (. - ._ EN™" | exp hzmeK O
<> R < >N’h7¢’“7m ; E}%\\f’%m |:eXp (h szKNN5x>:| | (722)

7.2. A first, rough bound on the critical point (warm up argument). In order to
use (7.20) in the most efficient way, for a given § we must tune the value of m and u and
N in to obtain the best possible bound.

We start by stating and proving a weaker version of Theorem 2.3 obtained by choosing
u = 0. The proof uses some of the steps that will be used for Theorem 2.3, but not all
and it is considerably simpler. So it can be viewed as a warm up.

Proposition 7.5. When d = 2 and w is Gaussian, for every 8y > 0 there exists a constant
¢ > 0 such that for all B < By
cB?

V]log Bl

Proof. It suffices to prove the result for 5 small. So let us choose 5 > 0 and let us set
N = 1/3: with slight abuse we will assume N € N without taking integer part. We
introduce a mass m and exploit Corollary 7.3, but with v = 0. We aim at showing that

he(B) < (7.23)

2
there exists ¢ > 0 such that if h > c—2 there exists mg such that for m < m
V1og B 0 0

1 -~ w,b,0,m
~EEO [log Z5500m] _ f(m) > 0. (7.24)

When applying Lemma 7.4 we have then to deal with two terms:
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e For the first one we obtain a lower bound just by computing and using Jensen’s
inequality:

1 - 3 1 - 3 1 ~omed
— E0m [logEZﬁ,";’L’d)’o’m —E"log 230" > —EOMES™ |h Y 4,

N2 - N2 — NZ2
ohn (7.25)
= hE>™[§g] .
e For the second term we need an upper bound and we observe that
®2
1 ~
mEO’m log <exp 25? Z 62 >
reAN N,0,m,h;p
B2 — 1) . m 1)
e - n0,m _ e - n0,m
< 7E < > ol > _ Ble — D > @ Nomh,¢
Z‘EAN N,O,m,h;$ CCEAN
EOm Y 0 omog» (7:26)

SCEAN

where in the first inequality we have used the fact that B2 Zm cin 59(01)59(02) <1 and
Lemma 6.8 and in the second we have used the fact that h = o(3?) therefore the
Radon-Nykodym density (7.22) can be made arbitrarily close to 1 when S becomes
small.

By separating the contribution of the boundary in the second term (i.e. the rightmost
term in (7.26)), we realize that it suffices to show that

7d
hEO’m [5 E()m Z N0m0¢ ]VIB Eom[ao] 2ch2\logm] > 0, (727)

Z‘EAN

where the boundary term is irrelevant because % = O(/3%), hence it is dominated by h
for § small. We are playing on choosing 8 small, hence N large, but one should think that
we have chosen 3, possibly small, and then we choose m as small as we wish or need.

In particular

1 21
02) N omos < Oz)nomoo = P (’N‘ < 7) < — (7.28)

where 72 is the variance of ¢, under the massive field with Dirichlet boundary conditions.
And hence

~ 21 ~0 21
0, 2 ~ =4 /2 g0
E2 <5x>N70,m,0;$ < \/7foE <650>N,07m70;¢ o ﬂ-fyxE m[éo] (729)

By choosing m sufficiently small we can say that 72 is bounded below by the variance
in the m = 0 case times a positive number smaller than one, that is by (2.46)

1
72 > = logdn(2), (7.30)
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at least if dy(x) := dist(z,0AN) is larger than a fixed positive number dy. It is at
this stage more practical to lose track of the constants and choose a ¢ > 0 such that
72 > log(dy(x) + 1) for every x € Ay. Therefore

w . 2 [ 1 1 .
EO Z — pl o Z ) /Bon7 [60]
SCE/OXN

S o log(dn (@) 1 1

/! /82
= Toe 8]

where ¢” is a positive constant that one can easily express in terms of c.
Going back to (7.27) we therefore see that it suffices to prove that

2
(c— A — 7d6\/]logﬁ\) \/%

and it is clearly necessary to choose ¢ > ¢, which we do, hence ¢ — ¢’ — 7dS3+/|log 3| > 0
for B suitably small. It is now clear that if E®™ [§g] > m?|log m| we are done. But

O™ (5], (7.31)
E%™ [50] — 2cywm?[logm| > 0, (7.32)

B2 (o] = P (1N < ) (7.33)

Om

where 0 is the variance of the infinite volume massive field, which satisfies
& m 1
o2 — / P (X (1) = 0) dt " [logm (7.34)
0

where the asymptotic equivalence is a direct consequence of the Local Central Limit The-
orem [37, Th. 2.5.6]: PY(X(t) = 0) ~ (47t)~! as t tends to infinity (recall the speed factor
4 with respect to [37]). We therefore see E®™ [§y] is bounded below by 1/4/|logm| (times
a positive constant) and the proof is complete. ]

7.3. Proof of Theorem 2.3. For the proof we choose an arbitrary (small) 5 > 0 and
N = 1/3: again, with slight abuse we will assume N € N without taking integer part. We
will then make estimates by introducing a massive field: the mass m will be taken to go
to zero and the height of the field u will be a function of m, see (7.39) below, that tends
to infinity as m \, 0. Our estimates correspond to taking m N\, 0 first and then 8 0.
Let us focus first on choosing the mean height © = wu,, of the massive field that we intend
to exploit.

Setting the parameters of the massive field (mass and height). Let us start by recalling
the behavior of the the variance 02 = o2, of the infinite volume massive field (7.34). We
now assume that u,, is such that lim,, .o, /02, = V81 =: C. A precise choice of u,, is
made in (7.39) below but for now we need neither this expression nor the precise value of
the positive constant C'. To make formulas lighter we write o = o,,, and u = u,,. We then
compute

o1 z—u+1)2

1 N _(u—l)2 /0 N w(u—l)_x_2 d
N \/We P 202 _Qe P o2 22 )

(7.35)
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and since lim,, o(uv — 1)/ 02 = C we readily see that the integral in the last line converges
to 0
/ exp(xC)dz = (1 — e~ 2)/C.
-2
On the other hand we see that

exp (— (”2_021)2> "3 exp (—%) exp(C), (7.36)

so that we obtain
2\ sinh(C) 1 2\ sinh 2
E“™[60] 0 exp( u2> o (C); ~ exp <_u_> sinh(C) . (7.37)

V3C 202)  C /Tlogm|

We now choose u = u,, such that

1 C’ 2 2 / c
1 fi =—. .
|10g < > C'm?|logm|”, or C 2Snh(C) (7.38)
Let us point out that, because of (7.34), the choices (7.38) and u/o? ~ C force C' = /8.

Remark 7.6. The choice (7.38) is linked to the fact that in the replica argument this term
correspond to the energy gain and it needs to beat the loss due to the presence of the term
f(m) ~ cyym?|log m| in the free energy lower bound (7.20).

Here is a slightly more explicit expression for u

u2

202
For the ease of the reader we collect here the asymptotic behaviors (m \ 0)

= 2|log m| — glog |log m| — log C” . (7.39)

V2 1 U
u ~ —|logm)|, o~ ——+/|logm]|, — ~ V8. 7.40
ﬁ! gm| Nors | log m| 2~V (7.40)
Replica coupling estimates. Recall that N = 1/3. We aim at showing that if h = 3%, any
b < 3, there exists a By such that for 5 < §y there exists mg such that for m < mg
1 u,m w,ju,m

BB [logZ]B\,:hd) ] — f(m) > 0. (7.41)

Using Lemma 7.4 we see that it suffices to show that
®2
1 A w Au m 1 [u.m
mE“’m [logEZﬁ,:h’d)’ ’ } - WE " log <exp 23 Z 5062 > — f(lm) >0.
xEKN
(7.42)

From the choice of u (cf. (7.37) and (7.38)), once the choice of § (hence of N and h) is
made, for m sufficiently small we have

1 3 w AU m u,m h
B [bg EZyot ] — f(m) = hE"™ [§o] = f(m) > Fm?|logm|?,  (7.43)
where the first inequality is Jensen’s. Therefore we are left with estimating
®2
1 ~
mEu’m log <exp 23 Z 5:(01)5:(02) , (7.44)

"EGAN N7u7m7h;$
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from above. The first point to remark is that, thanks to the choice of N, the argument of
the exponential is bounded by 2. This way at the cost of loosing a multiplicative constant,
the exponential and log essentially cancels. More precisely, by Lemma 6.8, the expression
in (7.44) is bounded by €% — 1 times

®2
Eum< Z 6 5(2 > _ 2?/822 ] Ewm (<6x>?\f,u,m,h;$> . (745)

(EGAN Nvuvmvh;$ ZBEAN

With our choice of h = o(8%) we see that that the Radon-Nikodyn derivative in (7.22)
is bounded above and below uniformly in 3 small and we can even replace (-), . hid
with the original measure at the expense of a multiplicative constant that can be chosen

arbitrarily close to 1. Hence
®2

1 nu,m 2 1) £(2 2(62 — 1)52 nu,m um,p 2
—E log<exp 26 3 605 > ) E (EN 5m> ,

xEKN N,u,m,h;a ZBEKN
(7.46)

where of course 32/N? = j3%.

Lemma 7.7. For any ¢ > 0, there exists a constant C: > 0 such that for all N, for all
m > mo(N) and all x € Ay

. ~ (2
Eumom (Eyvm¢5) < Cem?|log m|? (dy(z) + 1)~ | (7.47)
where here dy(x) is the distance of x to OAN.

In view of (7.43) and (7.46), Lemma 7.7 directly implies the result we are after. In fact
for b = 3 — 2¢ we have

®2

1 ~ 3 1 ~
mE“’m [log EZJB\,’Z’(b’u’m — mEum log <exp 232 Z 5D — f(m)
vEAN Nou,m,hip
h 2 R ~ 2
> 5 2’ logm\2 . 2(6 . 1)]62 Z Ewm (E%m#’(gx)
SCEKN

1
> (553_25 - C’&dﬁg_E) m2| log m|2 , (7.48)

where C; 4 is a positive constant, where in the last step we have used the bound

1 Yo 1 1
>, T i S AND o < SN = g (7.49)
n
zehn ( N(x) + ) n=1
Since for 8 sufficiently small the right-hand side in (7.48) is positive, we are done. O

Proof of Lemma 7.7. First of all remark that the result is trivial for dy(z) = O(1) because
by (7.37) and (7.38)

o (girmds,)" < Bromm (BLomds)) = Bonms, = O(m?|log mP?). 7.50
N N
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Hence, it suffices to prove (7.47) for = such that dy(z) is larger than a constant that may
depend on . At this point we note that the variable ¢, can be written the sum of two
independent Gaussian variables

Oy = E?\;m’qjqﬁx and Y, = ¢ — 0. (7.51)
The variance of 1, tends, as m N\, 0, to Ga (z,z). As from (2.46) we have
1
Gay(z,2) > (1— (5/2))%long(x)

for x away from the boundary (how far depends just on ¢ and not on N). Hence for m
sufficiently small we have

n? = Var(¢,) > (1 — 6)% log(x) .
Since we are performing the estimates by sending first m to zero we are effectively per-
forming our estimates in the regime
o —n? >t > 1. (7.52)
Recall that g,2(-) is the density of a centered Gaussian variable with variance 0. One has

R -~ 2 e’} u+1l—s 2
B (70, ) = / G2 (5) < / gnz(t)dt> ds (7.53)

—00 —1—s

and to this expression we can directly apply the next lemma.

Lemma 7.8. Recall that 0 = o,,. For every e € (0,1) there exists ng > 0 such that for
every n > no there exists mg > 0 such that for every m € (0,mg) we have o > n and

[e'¢) u+1—s 2
/ 9o2_2(8) (/ 92 (t)dt> ds < 2C"m?|logm|* exp (—2m(1 - en?) . (7.54)
—00 u—1—s
It is now just a matter of observing that

exp (—27(1 —e)n?) < dN(a:)_(l_a)2 , (7.55)
and we are done. O

7.4. Proof of Lemma 7.8. In (7.54) we consider separately the case of s larger or smaller
than w—mn: note that u—n ~ u in the limit that suffices to consider to establish the result,
i.e. 0> n>1, even if, at this stage, we cannot replace v with w —n. The choice of u —1n
is arbitrary in the sense that u — cn, ¢ > 1/v/2, would do.

We start with considering s > v —n and we have

oo u+l—s 2
/ 9o2_p2(8) (/ 92 (t)dt> ds
u—n u—1—s

< Gp2_p2(8)ds = PN > ——1. (7.56)
/u—n ! Vo2 —n?

Since P(Z > t) < ﬁ exp(—t2/2) for every t > 0 we can continue the chain of inequality
in (7.56) by

u — g u — 2
P (N > \/02:_"772> < %aexp (—ﬁ) , (7.57)
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for m such that u > 2n. By recalling that lim,, u/o? is a positive constant we see that

N2 2 2,2 4
(u—n) :”__ﬂ+ﬂ+o<z_>, (7.58)

2(02—n?) 202 202 20 4
More precisely, since lim,, u/0c? = /87, we see that for every ¢ < 1, but we choose
q € (1/2,1), we have that
2,2
nuoutn 2
-4+ —L >4 , 7.59
202 * 254 = T (7:59)

for n sufficiently large and m sufficiently small. Therefore, by choosing if needed m even
smaller so that o/u ~ 1/(2y/|logm|) is smaller than 1/+/]logm| and that the O[(n/c)?]
term in (7.58) can be absorbed by replacing ¢ with a smaller value still larger than %, we
have

00 u+1—s 2 1 u2
w22 (s t)dt | ds < ————exp [ ——= | exp (—4mgn?
/u_ng 2o )(/H_S g2 (1) ) Trog i p< 202> p (—4mqn®) (7.60)

= C'm?|logm|* exp (—47Tq772) ,

where in the last step we have used (7.38). In view of what we need to establish, that is
(7.54), we can move to look for an upper bound for the case s < u —n.

For s < u — 7, we use instead

u+l—s e e
/ gw)dt:p(Neui“%O’%D §P<N2u78'1>
u—1l—s n n n

< 1 n 1 (u—s—1)\2 <N 1 (u—s)\? (7.61)
————exp |z [ —— xp | —= .
_\/27ru—s—1ep 2 n Su—s P T Ne '

where 7. :=n/(1 —¢), € € (0,1/20), and we have used the bounds on the distribution of
N recalled just after (7.56) (we are choosing m and 1/n sufficiently small). Hence we have

. e 2 — 2 (u=s)?
U U s 1 n u—n exp 20% o d
[ ([ ar0ar) as < oy [ w-s2 %

(7.62)
where we have introduced

o1 =02 —n

Recall that we look for a result in a regime in which o1 ~ 0. We now reconstruct the
square in the term in the exponential and we obtain that the right-hand side of (7.62)
equals

- 2
L () [ e (2 (2 )
(2m)3/2 o1 2 +420%) Jooo (u—s)? 21203 n2 + 202 :

(7.63)
Let us introduce )
2uoy  m\0 2

=_Uu—— s ~ V2 , 7.64
Am,ne U T]g + 20_% e ( )

so that the integral term in (7.63) can be rewritten as

Am,ne—1 1 21 9452
/ —————5 exp <—n€+27§132> ds, (7.65)
—00 (amﬂ?s - s) 2?75 01
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and since ;77%2 > 1712 we see that we can bound the expression in (7.65) by
am,ne .
1 [T 1 ) e 1
— ——— —exp(—s)ds ~ V7 ~ , (7.66)
778 —00 <am7775 _ S>2 ( ) (amﬂ’]s)2 Zﬁng
Ne

where the asymptotic limit is as m \, 0 and then  — co. Therefore, by (7.64)—(7.66) and
the choice of ¢ < 1/20, we see that the integral term in (7.63) is smaller than 1/(4n?) for
suitably small m and 1/7. Therefore, going back to (7.62) and (7.63) we see that

u—n u+l—s 2 1 1 u2
o2 n2(s t)dt ) ds < ———exp | ——5——== | , 7.67
/_oo o2 (9) (/u_l_s o) > A@m oy ( 2+ 20%) (767
and in turn, with ¢, :=2 — (1 —e72 > 1 — 3¢ (¢ < 1/20), we have
u? u? cenu?
exp|l ————=5 | =exp| —== |exp | —
P nZ + 202 P\ 702 P\ 702 (202 — c.n?))

2,,2 2
2 5/2 Cel™ U ’ 2 5/2 —(1=3e)n*( 3%
= C'm?|log mP/2 exp (—202(202_05772 ) < C'm?|log /2 () (7e8)

where we have used (7.38). Finally, since (5% )2 > 27(1 —¢) for m small and recalling also

20
(7.34), going back to (7.67) we obtain
u—n u+1—s 2 —971(1 — 4 2
/ G2 (5) < / 0y (t)dt> ds < C'm?|log m2SRE2T A= 47) 7 6

—0o0 —1-s n
which, together with (7.60), yields (7.54) and the proof of Lemma 7.8 is complete. O

Remark 7.9. The warm up argument of Section 7.2 does not yield interesting information
i the case of the co-membrane, simply because the probability of visiting the lower half
plane is 1/2 for a centered field and the quadratic term in the replica computation is
too large. But the arguments of Section 7.3 have a chance to be generalized because we
introduce a shift in the field that makes the probability of visiting the lower half plane small.
And they do generalize, giving the analog of Theorem 2.3 for the co-membrane model: let
us quickly see why. The estimate (7.35) becomes

EUmA) /0 L gy PN )~ T (7.70)
’ = e 22 dr =P(o U) ~ ——=—e 202, .
’ 2702 V2r u

and u/o ~ 2./|logm| and, apart for the value of C" (in (7.38)), we have the analog of
(7.37). In the remainder of the proof in reality we estimate the probabilities either by
replacing [—1, 1] with R, this is the case in (7.56), or with (—oo, 1], see (7.61). Therefore
the proof can be adapted to the co-membrane set-up.

Remark 7.10. To complete the discussion in Section 2.3 we observe that a lower bound
on the non disordered free energy F(h) for d = 2 can be obtained by first localizing the ¢
field, by introducing a mass, so that we can apply the approach in Section 2.3 and then
by optimizing the choice of m as a function of h. More precisely, by Corollary 7.8 (for
B =0) and by applying the same argument as for the lower bound in Section 2.3 we obtain

. -
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The two terms in the right-hand side are then estimated for m small by (7.34) and
Lemma 7.2 to obtain that for every positive ¢ < 1 (that can be chosen arbitrarily close
to 1) we have

2 h

¢ /|logm|

for m smaller than a constant that depends on the choice of ¢. It is now sufficient to
choose m equal to h to a power larger than 1/2, for example m = h3/4 to obtain that there
exists Cy > 0 such that

F(h) > — 2rem?|logm|, (7.72)

F(h) > C h

2\/|logh|’

(7.73)

which should be compared to (2.15).

APPENDIX A. REPLICA COUPLING: PROOF OF LEMMA 6.6

The argument follows closely the main argument in [39]. We do not detail the proof
of Lemma 7.4 which is extremely similar (and simpler). Let us fix ¢. Given an event
A C R (in the specific application A is measurable with respect to {¢, : = € Ay}, but

at this stage we just require P%(A) > 0), we write

52
exp (Z (ﬁwx -5 h> 5x> DA
zeEA
exp (h Z (51,)

zEA

Fn(B,h;A) = LIE

= Nd logEﬁ,

1 ~
= i logEY + Rva(B:4), (A1)

where A C Ay (for this proof it suffices to consider A = Ay, n,, but this specific choice is
irrelevant at this stage) and

2
Ry n(8;A) = %E log <exp (Z (6% - %) 690) ; A> . (A.2)
N,h;o,

zEA
Of course R
E? ~exp (h ) cp 0z
<’>N,h;$ — Z\(%[ ( Z €A )] ) (A.3)
EY [exp (h ;e 0z)]

By (Gaussian) integration by parts — the basic formula being E[NF(N)] = E[F'(N)]
which holds for F' € C'! with a suitable growth condition at 0o — we obtain

4 (i) =
6_2 E <5m exp <erA (\/Eﬁwx — ﬁ;) 5m> : A>N7h;$ 2 N
o2Nd zeA <eXp <erA (\/Eﬁwx - ﬂ;) 590) ; A>N7h;$ ) ‘

At this point we introduce

1 ®2
wN,h(t7 A, /87 A) = WElog <exp (HN) ) A2>N,h;$ ) (A5)
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where
. 5 1 2 2 1) 5(2
Hy =Y <\/Zﬁwx —t (5;>+5§, >) +A82) " 6s?) (A.6)
TEA zeEA
In particular
1 ®2
. _ 2 D52 ). 42
wN,h(Oa )‘757 A) - W]Elog <exp <)‘/8 Z 5:(2 )5:(2 )> ’ A > ~ ) (A7)
reEA N,h;d
and
Una(t,0,8; A) = Ry p(Vi; A). (A.8)

Again by integration by parts we obtain

1) (2 2
d 82 [ en 0870 (exp (Hn); A%) Y, 5
_¢Nhu(t7A75a A) < dEE 22 —
de " 2N (exp(HN);A2>Nh.$

d
= awN,h(ta )‘757 A) ) (Ag)

where the inequality comes from neglecting the (negative) term coming from the derivative
of the denominator. We therefore see that (d/ds)ynp(t — s, A+ s,5;A) > 0 for s € [0, 1]
and therefore

ZZ)N,h(t)\vB;A) < wN,h(OvA—i_tvﬁMA) . (AlO)
Now we go back to (A.4) and we remark that
d d
E <_RN,h(\/Eﬁa A)) = awN,h(t7A75a A) 0’ (All)

and for t € [0,1]

d . ¢N,h(t72_t75;A) _RN,h(\/EﬁaA)
ﬁwN’h(t’)\’ﬁ’A)‘,\zo = 2—t (A.12)

< ¢N,h(07 27 ﬁ7 A) - RN,h(\/Eﬁv A) )
where the first bound follows by convexity of ¥ p(t, -, 5; A) and (A.8), while for the second

we use 2—t > 1, non negativity of the numerator and (A.10). By (A.4) and by integrating
the differential inequality obtained by combining (A.11) and (A.12) one obtains

1
108 (L) 52 R (B 4) 2 17108 (La) 5 — (e = D una(0,2,8:4). (A13)

Therefore, since

B [exp (hY,cq 02) ; A]
1 B e 7 A4
< A>N,h7¢ E‘ﬁf [exp (h ZxEA 5m)] ( )

by putting (A.1) and (A.13) together we obtain

exp <hz 590) A

zEA

Fu(B.hA) > ~logBy — (o= 1) Yxa(0,2,5:4). (A.15)

The expressions in the statement of Lemma 6.6 are retrieved from (A.15) by setting
A = AN, Ny, A=A, and by replacing e — 1 by the larger value 2. O
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APPENDIX B. PROOF OF PROPOSITION 2.4

We give the proof in four steps.

Step 1: upper bound on the contact density. The fractional moment method yields also
a quantitative upper bound on the contact fraction: if for ¢ > 0 we introduce the event
By, = {erKN 6z > c¢N%}, as in (3.6) and (3.8), but this time with a = 2h/8 (compare
with (3.5) in the Gaussian case)

B Y h?  a
(E |:\/Z]\f,h (BN,ChNd)D <E [sz’,h (BN,ChNd)} exp (4@]\7 )

h? 4
S ZN7_h (BN,ChNd) eXp <4@Nd> S eXp <— (C - @) h2Nd> 5 (Bl)
so that if we choose C' = 6/32, by Markov inequality, we have

w h? h?
P <Zﬁ/’,h (Bn,cnna) = exp <—2@Nd>> < exp <—@Nd> : (B.2)

We now focus on P]B\,’f‘;L(BNChNd) = Z]ﬁvz (By.chna) /Z]ﬁvz which we are going to bound
from above simply by one for w in the event whose probability is estimated in (B.2)
and otherwise we use, as in Section 2.2 the entropic repulsion estimate [38] inf,, Z]ﬁvfl >
exp(—r(N)) with r(N) = o(N?). This yields

h? h?
IEP]BV’T;L (BN’%Nd/ﬁz) < exp <—@Nd> + exp <T’(N) - 2§Nd> . (B.3)
The punchline of step 1 is that for every h > 0
lim PR (BNﬁhNd /52) = 0. (B.4)

Step 2: neighbor averages below a threshold for too many sites implies high contact fraction.
Set ¢, = (1/2d) 3_,., ¢y and consider the event that on the even sites there is a density

of at least £/2 of the ¢ variables that in absolute value are smaller than /1/(4d) log(1/h):

_ . - € nrd
Frve =105 2 1(—%&1og(1/h>7¢ﬁlog(1/h>) (9:) 2 N% - (B-5)

mGAN:x even

We aim at showing that there exists hg such that for h € (0, ko)

lij]\]mIEP]BV’fjl (Fne) = 0. (B.6)
By (B.4), (B.6) is implied by
]\}i_{noo EP]BVO;L (B?VﬁhNd/B? N FN,&) =0, (B.7)

and, by writing once again the probability as ratio of partition functions, by using the lower
bound on the denominator given by the entropic repulsion estimate and by performing
the P expectation, we see that

EPS <B?V76hNd/62 N FN,s) < exp(—r(n) + hNDPy (BEMWW2 N FN,€> . (B.S)
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so that we are done if we show that for a ¢ € (0,1) and an hy > 0 we have that for
h e (07 hO)

Py (B gnvay 0 Fe) < exp (<heN?) . (B.9)

For this use the fact that the event By gj,na/g2 contains the event that the 6hN 4/52 (or
more) contacts are all on the even sites. By conditioning on the odd sites and by using
the Markov property — remark that Fy . is measurable with respect to the o-algebra of
the odd variables — one realizes that the random variables §,, x even, are independent
Bernoulli variables of parameter

1 _
pr = P <E/\/’—I—¢x € [—1,1]) . (B.10)

If |¢,| < +/1/(4d)log(1/h) by the standard Gaussian tail estimate — one can use (6.3)
even if what we claim here is substantially rougher — we see that for h sufficiently small

1 1
> _Z -t =
Dz _exp( 210g<h>> h

So, once ¢ € Fy . is chosen and hence the set (of at least e N?/4 sites ) on which p, > pis
determined, we are simply left with a Large Deviation upper bound on a binomial random
variable B(n,p): it is a well known fact, direct consequence of the exponential form of the
Markov inequality, that the probability that for A € (0, 1)

P (B(n,p) < pAn) < exp(—nf(p,A)) (B.12)

NI

=:p =p(h). (B.11)

where
f(p,A) := Aplog A+ (1 — Ap)log((1 — Ap)/(1 = p)).
IfA=1/2
1
J(0.1/2) "2 5 (1~ 1o 2)p,
so that f(p,1/2) > p/10 for p sufficiently small. Therefore for p(h) = h'/? this implies in
a rather direct way that

C 4 ie d)
Py <BN,;h%NdﬁFN’€> < exp< h: o) (B.13)

and this implies (B.9) for any ¢ € (1/2,1) and h sufficiently small.

Step 3: the Gaussian Hamiltonian cannot be too large under the pinning model. If we set
._ (62— ¢y)*
(zy)€(A)?\(9A)?
Ty
where Ay is a positive definite symmetric (N — 1)? x (N — 1)¢ and (-,-)y is the scalar
product on RN=1. 1In fact Ay is just discrete Laplacian operator with zero Dirichlet
boundary condition which is the generator of the simple random walk killed upon hitting
OAn. We have

EPJQ/U;L (HN(¢) > CNd> ey (ﬁwz—‘*—;+h)5z

IN

e NEE N

: Hy(¢) > CNd]
(B.15)

IN

NPy (Hy(9) > CN7)
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where in the first step we have applied once again the entropic repulsion bound (ry =
o(N d)) and in the second step we have performed the expectation with respect to the
disorder and then we have bounded in the obvious way the pinning part. We are left with
estimating the remaining probability, which is a Gaussian computation: since for A < 1/2

det AN )
Ex [exp(AHn (¢ /R w7 p< (¢, Ax0) ) 1} Ay
TEAN

= (1-2)\)"2™D" " (B.16)

where we have used det(cAy) = ¢V _1)ddet(A ~N), ¢ > 0. By applying the Markov inequal-
ity with A = 3/8 we obtain

Py (HN(¢) > CNd) < 20D exp(—(3/8)C N,

Therefore, by recalling (B.15), we have
w C
EPR (Hn () > ON?) < exp <—ZNd> , (B.17)

for any C' > 8log 2 (for example C' = 6), h small and N sufficiently large.

Step 4: conclusion. It is now a matter of putting together (B.6) and (B.17). Let us first
observe that for h sufficiently small

Nd
lim EP? | FC > £ —0. (B.1
N CEENR | PN e Z {3y, yra and |61/ & loa(1/m)} 2 0. (B.18)

IEGAN
T even

This is because on the event whose probability is computed in (B.18) there will be at least

eN?/4 even sites 2 on which |¢,| > 1/ 2; log(1/h) and at least for one of the neighboring
sites y we have |¢,| < |/g5log(1/h), while instead there is another neighbor y' of =

for which |¢,| > /2 1og(1/h). Therefore it is not difficult to see that this implies

(6y — ¢2)° + (by — 62)* > 1g05 log(1/h), and in turn Hy(¢) > log(1/h)eN?/(400d). B
choosing h sufficiently small we see that the event under analysis becomes a subset of
{Hx(¢) > 6N} and, by (B.17), we see that (B.18) tends to zero. It remains then to
repeat the argument (that is even simpler) to show that also

eNd

1 va C > —
A BPG | FNg e MY 97 2 Ly ostn) 2 2 0. (B9
IEGAN
If we combine (B.18) and (B.19), by recalling (B.6) we conclude. O
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