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Abstract. In this paper, we focus on the following question. Assume ¢ is a discrete Gaussian
free field (GFF) on A C %Zz and that we are given ¢!, or equivalently ¢ (mod 27/ T). Can
we recover the macroscopic observables of ¢ with o(1) precision? We prove that this statistical
reconstruction problem undergoes the following Kosterlitz—Thouless type phase transition:

o If T < T, , one can fully recover ¢ from the knowledge of ¢ (mod 277/ T). In this regime our
proof relies on a new type of Peierls argument which we call annealed Peierls argument and

which allows us to deal with an unknown guenched ground state.
e If T > T, it is impossible to fully recover the field ¢ from the knowledge of ¢ (mod 27/ T).

rec’
To prove this result, we generalize the delocalization theorem by Frohlich—Spencer to the case of
integer-valued GFF in an inhomogeneous medium. This delocalization result is of independent
interest and we give an application of our techniques to the random-phase sine-Gordon model
in Appendix B. Also, an interesting connection with Riemann theta functions is drawn along the

proof.

This statistical reconstruction problem is motivated by the two-dimensional XY and Villain models.
Indeed, at low temperature 7, the large scale fluctuations of these continuous spin systems are
conjectured to be governed by a Gaussian free field. It is then natural to ask if one can recover the
underlying macroscopic GFF from the observation of the spins of the XY or Villain model.

Another motivation for this work is that it provides us with an “integrable model” (the GFF)
that undergoes a KT transition.
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1. Introduction

1.1. Main result

We work on the graph 1
Api=[-1,1?>n =72
n
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and for functions f, g : A, — R, we denote

(frg):= > f0gx). (1.1)

xeAy,

For each n > 1, ¢, will denote a GFF' on A,. Recall that for any smooth function f :
[-1,1]> - R,

niz(%f) — (@, f) inlaw asn — oo, (1.2)

where @ is a continuous GFF in [—1, 1]?, and (®, f) “:= [ ®(x) f(x) dx”. This tells
us that the macroscopic observables related to ¢, are random variables of the form

n=n. f).

Fig. 1. If you are given the values of a function f modulo 1 (left), can you reconstruct what f is
(right)? If f is smooth as in this example, surely you can. But what if f is an instance of a 2d
Gaussian free field? Analyzing this statistical reconstruction problem is the aim of this paper.

The main focus of this paper is to understand when we can recover the full macro-
scopic information on ¢, by just knowing exp(i T¢,), or equivalently ¢, (mod 27/T).
In Section 1.3 we will give several motivations which lead us to consider this problem. We
now state our main result which shows that this statistical reconstruction problem under-
goes a phase transition as 7' varies, which is reminiscent of the Berezinskii—Kosterlitz—
Thouless transition (KT transition) (see Section 2.3).

Theorem 1.1. Let ¢, be a GFF on A, with Dirichlet boundary condition. Then there

exist0 < T < T+

. < 00 with the following properties:

(@) If T < T, then there exists a (deterministic) reconstruction function Fr such that
for any continuous function f : [—1,1]> = R and any & > 0,

Plln~2(Fr(exp(iT$n)) — ¢n, f)| =] = 0 asn — oo.

'With either free or Dirichlet boundary condition. We introduce all the relevant definitions in
Section 2.
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Furthermore, uniformly in n there exist constants C, C > 0 such that forany x,y in
An - [_17 1]21

E[(Fr(exp(i Tgn))(x) — ¢n(x))*] < C, (1.3)
E[(Fr(exp(iTgn))(x) — ¢n(x)) (Fr(exp(iT¢n)) (y) — ¢pn(»))] < e~ Clx=7In,
(1.4)

+ o . . . .
(b) If T > T, then for any (deterministic) function F and any continuous non-zero
Sfunction f there exists § > 0 such that

liminf P[|n~2(F(exp(i T¢n)) — ¢n. )| = 8] > 0.

n—00

Also, for any x € (=1, 1)2, there exists ¢ = ¢(T, x) > 0 such that for any F,
liminf E[(F (exp(i T¢hn))(x) — ¢n(x))2] > ¢(T, x)logn. (1.5)
n—oo

Let us remark that the recovery function Fr from the theorem refers to a non-local
function of the whole field ¢. In fact, it is completely non-local, that is, for any x € A,
Fr(exp(iT¢,))(x) depends on all vertices A,. It is an interesting question to try to find
the recovery function that minimizes this dependence.

The same result holds for a free-boundary GFF.

Theorem 1.2. Let ¢, be a GFF on A, := [—1,1]*> N %Zz with free boundary condition
and rooted at a vertex xo € Ay. Then there exist 0 < T, < T.- < oo with the following
properties:

(@) If T < T, then there exists a reconstruction function Fr such that for any smooth

function f with zero mean (i.e., f[_l’l]z f =0)andany e > 0,
]P’[|n_2(FT(exp(iT¢,,)) — ¢, f)| > g] —0 asn— oo.

+ . . .
(b) If T > T, then for any function F and any smooth non-zero function f with zero
mean there exists § > 0 such that

liln_l)gréf}?[}n_z(F(exp(i Tén)) — dn. f)]| = 8] > 0.

In fact, in the case of free boundary condition, one also has the equivalent statement
of (1.3) and (1.5). However, there is an important difference between both boundary con-
ditions. We do not expect the equivalent of (1.4) to be true for the free case. The main
reason is that the conditional law of ¢, given ¢/7%" may be decomposed as a convex
combination of the laws of ¢X for k € Z, where for each of the fields ¢* one has (1.4).
However, the law of d),’f is not centered (see Remark 3.8).

We now state two corollaries of the above theorems. The first one rephrases this phase
transition in terms of the continuum GFF. The second one (which will give support to
Conjectures 3 and 4 in Section 6) shows that one can recover macroscopic interfaces from
¢ (mod 27/ T)when T < T

rec*
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Corollary 1.3. Let ¢y, be a sequence of GFFs in A, such that, in probability, ¢, tends to
a continuum GFF ® in [—1, 112 If T < T, then the function Fr(e'T%") converges in
probability to ®. Furthermore, if T > T, there is no deterministic function F such that
F(eiTon) - .

Corollary 1.4. Let ¢, be a sequence of GFFs in A,, and let n™ be the Schramm—
Sheffield level line’ of ¢,. Then there exists a deterministic function Lt such that
the Hausdorff distance between Ly (exp(iT¢n)) and n™ is o(l). In particular,
L7 (exp(iT¢y)) converges in law to an SLE4.

Our work naturally belongs to the class of statistical reconstruction problems which
have been the subject of an intense activity recently. For example, it shares similarities
with the statistical reconstruction problems analyzed in [1, 25, 35]. In particular, in [1],
the authors analyze the following problem: Imagine that each site x € Z¢ carries a spin
or an element 8, of a compact group & (for example {£1} or O(n)). The question they
are interested in is the following: what macroscopic information on {0x},cz« can be
recovered from the knowledge of

_1 .
{Qi 91 + IlOlSC}iNj, edges of Z4

where observations of neighboring spins 6; 971 are subjected to a small noise? Our setting
is very similar in flavor, as we also have access to ¢, (i) — ¢,(j) when i ~ j except that
the noise term is replaced in our case by the modulo operation, (mod 25/ T'). Similarly
to adding a noise term, applying (mod 27/ T) also reduces the information we have on
¢n (i) — ¢n(j), and it cannot be analyzed as a convolution effect. Another difference with
[1] is that our spins belong to R instead of a compact group .

1.2. Fluctuations for integer-valued fields

Our present statistical reconstruction problem is intimately related to a generalization
of the integer-valued Gaussian free field which plays a key role in the proof of the KT
transition for the Villain and XY models in [21]. Let us briefly recall the classical integer-
valued GFF before introducing its generalization.

For simplicity, in this subsection as well as in Sections 2.3, 4 and Appendix A, we will
consider an arbitrary finite subset A C Z?, instead of the scaled box A, = %Zz Nn[—1,1]%
This matches the setup in [21,27].

Definition 1.5. Let A C Z< be a finite domain.> An integer-valued GFF (IV-GFF) on A
with Dirichlet boundary condition, i.e. 0 on dA, and inverse temperature B is a B-GFF
{¢(i)}iep conditioned on the singular event {¢(i) € Z, Vi € A}. Equivalently, it is the

ZFor the definition and the context used in this corollary see Section 6.2.
3 Again, the GFF as well as the graph notations dA etc. are defined in Section 2.
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probability measure P/IgVA on ZA defined as follows:
B, (d¢) = = Sm(d b vg.v 1.6
paldp)i=— Y Sudp)exp| =2 (V4. V9) (16)

mEZA:m|aA =0

or also, to avoid any possible confusion, for any m € Z* with zero boundary condition,
we have P¥, (¢ =m) = exp(—2 (Vm, vm)).

An IV-GFF with free boundary condition is defined in the same manner except that
we replace mj3, = 0 by m(xo) = O for any choice of root vertex xo € A.

This integer-valued field undergoes a roughening-phase transition as T increases (i.e.
as f decreases), as proved by Frohlich-Spencer [21] (see also the very useful survey [27]).
Frohlich—Spencer proved this striking phase transition for periodic and free boundary
conditions on large square boxes A and explained in [21, Appendix D] how to adapt their
proof to the case of the Dirichlet boundary condition. Very recently, Wirth has written
carefully in [45, Appendix A] the details of this extension to the Dirichlet boundary con-
dition. We will come back to it later in Section 2.3. (See also Figure 2 for an illustration
of the IV-GFF ford = 1.)

Fig. 2. Left: An instance of an IV-GFF for d = 1 on a unit interval {0, ..., n} with Dirichlet
boundary condition. For d = 2, the proof of the roughening phase transition for the IV-GFF in [21]
(and [45] for the extension to the Dirichlet boundary condition) easily generalizes to certain shifts
and scaled versions on the vertical fibers Z as illustrated in the other pictures. Middle: Some fibers
are Z, some others are 2Z and one may also add fibers with arbitrarily fine meshes 2%z along
the interval. Right: Some fibers are Z for while some others are % + Z. It is easy to check that for
d = 2, any of these can be handled with the techniques from [21].

Theorem 1.6 (Frohlich—Spencer [21]). There exist* 0 < BT < B~ < oo such that for any
square N C 72, if we consider an IV-GFF with free boundary condition rooted at xo € A
then we have the following dichotomy:

e (Delocalized (rough) regime) If B < B, thenforany f: A —Rwith) ;e (i) =0,

EN,[e@7)] > e LT

4The choice Bt < B~ is made to highlight that these are inverse temperatures related to
Troe < Ty

rec — “rec
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(It is not hard to extract, from this Laplace transform estimate, fluctuation bounds
such as IE;}V{ P} x0= 0[¢ )] = £ 7 log lx|l2 for any x € {—n, ..., n}2%; see for
example [27].)

e (Localized regime) If B > B, then for any x € A,

Eg'a o[> (0)] < C/B.

The relationship between our statistical reconstruction problem and integer-valued
fields is due to the following explicit structure of the conditional law of a GFF given
its values modulo 27/ T. We stick for simplicity to the case of the Dirichlet boundary
condition. Let us fix a € [0, 1)? satisfying apa = 0. We will see in Lemma 2.8 that the
conditional law of the GFF ¢ on A given ¢ (mod 27r/T) = =Fa is a multiple of the
following generalized integer-valued GFF with 8 = Br := (271)2 ~2 (see Lemma 2.8
for a precise statement).

Definition 1.7. Let 8 > 0 and a = {a;};ca With ajpp = 0 be any collection of real num-
bers. We define an a-IV-GFF on A to be a GFF {¢(i)}iea (with Dirichlet boundary
condition) conditioned to take its values in the shifted fibers {a; + Z};e for any i € A.
It corresponds to the following discrete probability measure on fields:

SN B SRR SN AT} V<¢>>).

mGZAZm|aAEO

Equivalently, for any m € Z* with myyp =0,
a,lV 1 :3
Pgalp =m+a] = 7 CXP ——(V(m+a) V(m + a)) ). (1.7)

Notice that if a € Z2, then the a-IV-GFF is nothing but the standard IV-GFF. See Figures
2 and 3. Finally, this definition extends readily to the free boundary condition in which
case a € R® witha,, = 0.

The proof of Frohlich—Spencer [21] readily extends to some specific choices of the
shift a which are sufficiently symmetric (i.e. any a € {0, 1/2}*). See Figure 2 for an
illustration (for d = 1 only) of the cases which can be analyzed using the techniques
from [21] and Figure 3 for the cases which need further analysis. See also Remark 2.7.
Our main result on such integer-valued fields is the following extension of the above
theorem of Frohlich and Spencer [21].

Theorem 1.8. There exists BLY > 0 and a constant C > 0 such that for any square domain
A C Z2 any B < BYY, uniformly’ ina € RA, if p? ~ ]P’a v A (with either Dirichlet or free
bondary condition) we have:

SWith ajpp = 0 for Dirichlet boundary condition and ay, = 0 for free boundary condition.
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Fig. 3. As opposed to the examples in Figure 2, these choices of fibers do not satisfy the sufficient
symmetries to be readily analyzed by the techniques from [21]. The simplest such example is the
picture on the left where Z fibers are shifted by {0, 1/3,2/3} (here a := (k/3)ez)- In such a case,
sin(k¢) functions appear in the Fourier transform of the periodic distribution 3 ;¢ /347 & and
this breaks the parity. For such linear shifts, Wirth [45] obtained some related bounds using a nice
symmetrization trick (however, even in this linear case, these bounds give different control from the
one we need here, see Remark 2.7). A key property used in [45] is that x — ayx has to be harmonic
in A \ dA. Otherwise the symmetrization technique breaks down and one cannot rely anymore on
Jensen’s inequality, a key step in the proof of [21]. For example the picture on the right where fibers
are shifted by a quadratic curve requires an additional analysis beyond [21].

e For any function f € R4,

Var[(@*. f)] = %(f, —A) 1),

where the inverse of the Laplacian is taken according to the boundary conditions
o If A ={—n,...,n}? with Dirichlet boundary condition, the variance of the field ¢* at

the origin satisfies

C
Var[¢?(0,0)] > 7 logn.
The analogous statement also holds for the free boundary condition.

Remark 1.9. We wish to stress that the low-temperature regime (8 > 1) happens to
be much less universal in the choice of the shift a. Indeed, when A = {—n,...,n}? is
equipped with the Dirichlet boundary condition, and if ¢* ~ IP’;’,IX, then we expect that the
following different scenarios may happen (by tuning suitably a in each case) as n — oo
(see for example Figure 5 for scenario (1)):

(1) E[¢*(0,0)] > 0.49n.
(2) Var[¢?(0,0)] > (0.49)%n.
(3) Var[¢?(0,0)] < O(1) and Cov[p?(x), ¢p?(y)] < e~*Ix—vl2,

Remark 1.10. Let us note that we do not obtain a lower bound on the Laplace transform
of the integer-valued GFF, i.e., on

E%IX [ef" .
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We only obtain bounds on the L? behavior of (¢?, f). These bounds are, in fact, suf-
ficient to detect localization vs. delocalization. This is also the case in the recent works
mentioned below on localization/delocalization of integer-valued random surfaces.

As we will see in Section 4 and particularly in Appendix A, our proof of Theorem 1.8
involves an exact identity (Proposition 4.1) which is closely related to the modular invari-
ance identity for Riemann theta functions (see also [2] for another use of such identities
in probability). We briefly mention this connection here as it is interesting in its own right
and it allows us to rephrase the Frohlich—Spencer Theorem as well as our Theorem 1.8
easily in terms of those Riemann theta functions.

Indeed, the following function of a € RANIA.

éA(a) = Z exp(—g(m, (—A)m)) exp(—fm-a)

meZA\IA

can be easily written in terms of the classical Riemann theta function 8(z | 2) (see (A.4)).
Furthermore, one can check that for any f : A — R and if ¢* ~ ]P’E’IX, we have

Var[(¢®, f)] = [0+ Va0 - Va]logfa.

where 0 (= %(—A)_1 f. This expression clarifies the effect of the shift vector a € R
and reveals that it plays the role of an exterior magnetic field. We may now rephrase
Frohlich—Spencer as well as our main result from this section as follows:

e (Theorem 1.6) If B is small enough, then uniformly in A = {—n, ..., n}?,
. C .
[0- Va0 - Va]a=o log 07 > E(f’ —ATf).
e (Theorem 1.8) If B is small enough, then uniformly in A = {—n, ..., n)?,

L 0 Var - Valloga) = T =071,

Finally, let us point out that over the last few years, there have been several important
works which analyzed the roughening phase transition (i.e. localization/delocalization)
for other natural models of integer-valued random fields, such as the square-ice model
and the uniformly chosen Lipschitz functions Z? — Z; see in particular the recent works
[13,17,18,24]. These works do not rely on the Coulomb-gas techniques from [21] but
rather on geometric techniques such as RSW.

1.3. Motivations behind the statistical reconstruction problem

As we will see below, one of the main reasons which lead us to consider this statistical
reconstruction problem on the GFF has to do with the statistical analysis of the XY and
Villain models for d = 2. These are celebrated models with continuous O(2)-symmetry.
We briefly define them and refer the reader to [10,20,21,27] for useful background.
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Definition 1.11 (Villain and XY models). Let us fix a finite graph A C Z? and 8 > 0
to be the inverse temperature. Both models are Gibbs measures on the state space (S')%.
Let us parametrize this spin space via its canonical identification with [0, 27)%.

e XY model (or plane rotator model):

AP {0} xen] o [ [ exp(B cos(6; — 6;)) [ | d6i. (1.8)

i~

o Villain model:

d]P)ﬁVillain[{ex}xeA] x l_[ Z exp(—g(an +6; — 9]-)2) l—[del

i~j mezZ
We may now list the main motivations which guided our work.

(1) Extracting macroscopic random structures from XY and Villain spins. For spin sys-
tems such as the Ising model, Potts models or percolation, which all have discrete symme-
tries, it is clear how to associate natural macroscopic fluctuating objects such as interfaces
which may then converge to suitable SLE, as the mesh goes to zero. On the other hand, for
spin systems with continuous symmetry such as XY or Villain models, given a realization
of the Gibbs measure, say {0y }xea With oy € S!, it is much less clear what macroscopic
objects one may assign to {oy}.

One consequence of our present statistical reconstruction problem is that it gives
strong evidence to the fact that it is possible to extract a macroscopic GFF ¢, from the
observation of the spins {0 }ye{—p.....ny2 (up to small microscopic errors).

Indeed, at least in the case of the Villain model, it has been conjectured by Frohlich—
Spencer [22, Section 8.1] that at low temperature (8 >> 1), up to “microscopic errors”,
one should have

o 1
{Ux}xE{—n ..... n}2 ~ Pg]ﬂlam g] {exp(z _/¢n (x))} >
\/F x€{—n,...,n}?

where g/ = B/(B) satisfies |8’ — B| < e~CP and where ¢, is a GFF on {—n, ...,n}2 with
either free or zero boundary condition.

Once one realizes that one may extract a GFF out of the spins {0y }xea,, it is natural
to extract level lines and flow lines from this GFF studied in [16,30,40]. Corollary 1.4 is a
realization of this idea. We discuss this further in Section 6.2 where we highlight how our
work led us to conjecture that when § is high enough, the natural interface for the Villain
model pictured in Figure 4 should converge to an SLE(4, p) process.

(2) A different interpretation of the KT transition. The classical way of understanding the
KT transition for spin systems such as the XY model is to notice that vortices (= discrete
2-forms) come into the energy balance when analyzing the Gibbs measure (1.8). The
present work gives the following different interpretation of the role of the S!-geometry
within the KT transition which does not explicitly involve vortices. When the temperature
T is low, spins wiggle slowly around S! and one should be able to recover a macroscopic
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QAP RPQQQ
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Fig. 4. Conjectures 3 and 4 in Section 6.2 predict that at low temperature, the level lines of a
Villain model with ¢/10 on the right boundary and e1/10 on the left boundary should converge
to SLE(k = 4, p) processes. Furthermore, the set of all interfaces should converge to the so-called
ALE (see Conjecture 6). These conjectures are supported by the present statistical reconstruction
problem as well as by the techniques we have used.

GFF as we have seen in item (1) above. If instead the temperature 7T is large, the spins
start wiggling too quickly around S! so that one cannot extract the whole macroscopic
fluctuating Gaussian field ¢ which lives on the top of the spin field. Hence, one may
interpret the KT transition in the case of the GFF as the sudden absence of a statistical
estimator to recover the macroscopic field ¢. Also, as the true XY field is not exactly
given by the complex exponential of a GFF, this statistical reconstruction problem gives
a new example which belongs to the KT universality class (at least conjecturally, as we
have not proved anything regarding the behavior of a suitable notion of correlation length
for this problem).

(3) An integrable model for integer-valued GFF. The main tool we use for the regime
T > Tt is the proof of delocalization for the generalized IV-GFF ¢? ~ IP)Z’IV from Defi-

rec

nition 1.7. We think of a as the random vector {@; };e € [0, 1)* defined by
T .
aj == —¢; (mod 1), Vi €A,
2

where ¢ is a GFF in A. Hence, we may view the random measure Pf\’w as a quenched
measure on (shifted) integer-valued fields. Interestingly, these highly non-trivial quenched
measures have (by construction) a very simple annealed measure. Indeed, Lemma 2.8
readily implies that

/ Py, [d¢] Pr(da) = PFF[dg], (1.9)

where we denote by Pr(da) the law of the above random shift a and f7 = (27)?/T?2.
If one now assumes that some properties (such as fluctuations) are not very sensitive to a,
this identity gives a “useful laboratory” to analyze the classical integer-valued GFF (i.e.
a = 0). A first illustration of this is given in Section 5 where we provide a new insight on
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the & = () correction in the bound of Frohlich—Spencer. A second illustration is given
in the item below.

(4) Random-phase sine-Gordon model. As pointed out to us by Tom Spencer, our work
is closely related to the random-phase sine-Gordon model. This is a model of random
interface with quenched disorder which has been studied extensively in physics and which
is conjectured to exhibit a striking super-roughening behavior at low temperature (see for
example [12,29]). As we shall explain in Appendix B, our proof of Theorem 1.8 easily
extends to the setting of the random-phase sine-Gordon model and allows us to prove
log n fluctuations in the high-temperature phase of this model (see Theorem B.3).

(5) Imaginary multiplicative chaos. In this work we focus on lattice fields ¢ : A — R or
A, — R, but the question in the continuum is also interesting. Namely, given a Gaussian
free field ® on [—1, 1]? with zero boundary condition, can one recover ¢ from el@®:9
This is the complex analog of the reconstruction procedure :e”®: > ® studied in [11].
We discuss this further in Section 6.1, where we show that the existence of a continuous
reconstruction process in the imaginary case implies the existence of a discrete recon-
struction process. However, let us highlight that even if this continuum process does exist,
the discrete reconstruction process coming from it will converge much slower (0(1)) than
the one we obtain in Theorem 1.1 using statistical mechanics (i.e. O(1/n?), see Propo-
sition 3.9). Also, as opposed to the discrete setting where a transition arises, we do not
expect in the continuum a regime where :¢?*®: exists and yet the statistical reconstruc-
tion of @ breaks down. (After the first version of this work appeared, the reconstruction
problem in the continuum was solved in the beautiful recent work [5] using completely
different tools.)

1.4. Idea of the proof

The first choice one needs to make in the proof is the reconstruction function F7. We have
essentially two natural choices here (see Figure 5 for an illustration of both).

(1) First, ifa := %(d) (mod 27/ T)), then there is an a.s. unique ground state® for IP’E’IV
which we may call

m(exp(iT¢)) = m(exp(2i wa))
1= argming .z exp(—g(m +a,—A(m+ a))).

It is reasonable to guess that when 7" is small, the field ¢ should not fluctuate much
around m(exp(i T¢)).

(2) A second natural choice is to consider instead the conditional expectation of the field
given exp(i T'¢p).

From the point of view of the statistical reconstruction, the ground state should be read as the
maximum-likelihood estimator.
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Fig. 5. Here aj, := k/3 on the LHS of the picture and then the slope is —k /3. It is easy to check
that the ground state m for the GFF conditioned to have its values in these shifted fibers is given by
the purple curve f = oo. Then, as B decreases, the expectation x > IE;’IV [#2(x)] can be seen to
decrease to 0.

The quenched groundstate m(exp(i T¢)) does not have enough symmetries to apply clas-
sical tools from Peierls theory and we are too far from the perturbative regime where
Pirogov—Sinai theory can be used (see [20, Chapter 7]).

Therefore, for the low-temperature regime in the proofs of Theorems 1.1 and 1.2, we
will recover the GFF given its phase via the second choice, i.e.,

Fr(exp(iT®))(x) := E[p(x) | exp(iT})].

It is not easy to study this function F directly. However, for any test function f we can
use Markov’s inequality to see that

E[Var((¢, /) | exp(iT9)]]

g2

P(l(¢p — Fr(exp(iT®)). f)| = ¢) < . (1.10)

This implies that to understand how well F' approximates ¢ it is enough to bound the
conditional variance of (¢, f') given exp(i T¢). Working with the conditional variance is
much easier than to work with F directly. This is because one can study it by coupling two
GFFs (¢1, ¢2) such that exp(i T¢1) = exp(i T¢,) in such a way that they are conditionally
independent given exp(i T¢) (see Definition 3.1). This is useful because

E[Var[(¢, f) | exp(iTP)]] = 1E[(¢1 — ¢2. [)°]. (1.11)

As this function does not involve any estimate of the function F, and both ¢; and ¢,
have the law of a GFF, we set up an appropriate annealed Peierls argument to show in
Section 3 that (1.11) is small when T is small.

The second part of Theorems 1.1 and 1.2 also follows from similar ideas with a “sta-
tistical flavor”. In fact, we are going to show that for any f there exists an &€ > 0 such that
for all n large enough,

E[Var[(¢. f) | exp(iT$)]] = eVar[(¢, f)]. (1.12)
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This, together with some basic tension argument, implies that the probability that (¢;, 1)
is macroscopically different from (¢, 1) is uniformly positive.

To obtain (1.12), we need to modify the work of Frohlich and Spencer [21]. In this
seminal paper, the authors showed that the integer-valued GFF has variance similar to that
of the GFF when the temperature is high enough. In our case, in Section 4 we will prove
a result with a similar taste (Theorem 1.8) that will uniformly show that when T is high
enough, for any realization of exp(i T¢),

Var[{(¢. f) | exp(iT9)] = eVar[(. f)]. (1.13)

This can be read, in the context of [21], as the study of integer-valued GFF in an inhomo-
geneous medium.

2. Preliminaries

2.1. Discrete differential calculus

We start by discussing the basics of discrete differential calculus. As the only graph we
work with in this paper is A, = [-1,1] N %Zz with its canonical edge set, we only
discuss the needed results in this framework. For simplicity we identify A, with its vertex
set and we denote by E 5, its edge set. For a deeper discussion of discrete differential
calculus, we refer the reader to [14].

In this section, we study two types of functions: functions on vertices, S : A, — R,
and functions on directed edges, A : E — R. Functions on vertices can take any values,
while functions on directed edges have to always satisfy

A(XF) = —A(3). 2.1
Let us now present two canonical differential operators

VS(F) = S(y) = S(), (2.2)

V-A(x) =D AGRD). (2.3)

X3
Then one can write the Laplacian of S as follows:
AS(x) =V -VS(x) = ZS(y)—S(x). 24
y~x

Furthermore, we say that a function S : A,, — R is harmonic over a set A C A, if for
any x € A, AS(x) = 0.

For a pair of functions S1, S : ¥V — R on vertices, or A1, A, : E — R on edges, we
define

(S1:52) 5= 3 S0Sa(0. (Ar.42) = ST A ).
X€ x.y>

Furthermore, we define
(S1, S2)v = (VS1,VS,).
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Let us remark that the differentials V and —V- are dual to each other, i.e.,
(VS, A) = (S,-V - A). (2.5)
Thanks to this, we can easily see that —A is a positive definite operator.

Definition 2.1 (Inverse of the Laplacian). We fix a subset dA, € A, and we call it the
boundary. If dA,, # @, then for any function Sy : A, \ A, — R there is a unique function
S> : A, — R such that

—AS>(x) = S1(x), Vx e V\JdA,,
S>(x) =0, Vx € 0A,.
In this case, we call S5 := (—A™1)S;.
The inverse of the Laplacian operator can be understood thanks to the Green’s function
G(x,)) = —A"1(1y). (2.6)

When necessary, we will add a superscript to make explicit the boundary conditions of G.
Let us recall a classical result for the Green’s function in dimension 2.

Proposition 2.2. For the graph A, and for both free and zero boundary condition and
forany x,y € Ay,

G(x,x) = Clog(d(x,dA,)) + O(1), 2.7)

where C does not depend on any other parameter.

2.2. The Gaussian free field

In this subsection, we introduce the GFF and some of the properties we use throughout
the paper. For a more detailed discussion of the GFF, we refer the reader to [41,42].

Let us fix a boundary set dA,. A GFF with zero boundary condition on dA, is a
random function ¢ : ' — R such that

]P’((gb(v)edxv)veAn)aexp(—(d)’j)V) [T dx ] Soldxy).

veA,\OA, vEIA,

We say that ¢ is a GFF with free boundary condition if dA, = {x¢} for some x¢ € A,.
We say that ¢ is a GFF with zero (or Dirichlet) boundary condition if

oA, :={x € A, 1 |Re(x)| = 1 or |Im(x)| = 1},

in other words, the points in A, that are on the boundary of [—1, 1]?. Here, we interpret
A, as a subset of the complex plane C.

An important equivalent characterization of the GFF is as the centered Gaussian pro-
cess with covariance

E[¢(x)¢(»)] = G(x,y),
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where the boundary values of the Green’s function are associated with the boundary val-
ues of the GFF.
A key property to understand the GFF is its Markov property.

Proposition 2.3 (Weak Markov property). Let ¢ be a GFF in A, with zero boundary
condition in OA,. Furthermore, let B be a subset of the vertices of A,. Then there are
independent random functions ¢ and ¢® such that ¢ = ¢pp + ¢ and

(1) ¢ is harmonic in A, \ B;
(2) ¢B is a GFF in A,, with zero boundary condition on dA, U B.

Let us now define a white noise on the edges of A,,.

Definition 2.4 (White noise). A white noise is a function on the directed edges of A,
such that W (&) is a standard normal random variable independent of all other W(e’) with

e#e.

The discrete gradient of the GFF has an interesting relationship to white noise. This
result can be found in [4] for this setting as well as in [3] for the same decomposition in
the continuous case.

Proposition 2.5. Let ¢ be a GFF in A,,. Then there exists a Gaussian process £ (€) inde-
pendent of ¢ and such that
W:=V¢+¢

is a white noise in E. Furthermore,

p=A"'V.W

2.3. Integer-valued Gaussian free field and the KT transition

In this section, we briefly explain how Frohlich and Spencer proved their delocalization
Theorem 1.6, because we will rely on the technology they developed (an expansion into
Coulomb charges) later in Section 4. We refer the reader to the excellent review [27] from
which we borrow the notations. See [27] for the relevant definitions.

For simplicity, we fix a square domain A C Z? and we consider the case of free
boundary condition rooted at some vertex v € A.

The proof by Frohlich—Spencer can essentially be decomposed into the following suc-
cessive steps:

The first step is to view the singular conditioning {¢; € 277, Vi € A} using Fourier
series’ thanks to the identity

27 ) Saem(@) = 1+2)  cos(qd).

mezZ qg=1

It is slightly more convenient to consider the GFF conditioned to live in (2nZ)A rather
than Z4A. Following [21, 27], we will stick to this convention here as well as in Section 4 and
Appendix A.
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To avoid dealing with infinite series, proceeding as in [27], we consider the approximate
IV-GFF

N
1 :
Pp.aold] = ——— [(1+2) coslgp (i) BET , [dg).
v .

[ 1=V g=1

In fact, more general measures are considered in [21,27]: they fix a family of trigono-
metric polynomials A5 := (A;);ep attached to each vertex i € A. These trigonometric
polynomials are parametrized as follows: for eachi € A,

N
2i(@) =1+2) Ai(g)cos(qep(i)).

q=1

Now given a family of trigonometric polynomials A 5, they define

SR PR et

Poasnalddli= 7 —
AANY ep

We mention this degree of generality to keep the same notations as in [21,27] and also so
that the reader will not get confused when consulting those references. Also, this degree
of generality will be useful later in Appendix B. Yet, in the present case, we will stick to
the case where /A\l-(q) =1foralli e Aand1 <¢g < N.

The second step in the proof is to fix a test function f : A — R such that ) ;. f(i)
= 0 and to consider the Laplace transform of (¢, f), Eﬁ Adnw [e{®/)]. As N — oo, with

our choice of trigonometric polynomials,® this will converge to the Laplace transform
Eé\’A[e(%f)]'

By a simple change of variables, this Laplace transform can be rewritten as

1
Eﬂ’A,M,U[e(rb,f)] = Z/sTexp(zﬁ (fi—=A"Lf) )]Eg}jfv[l_[)t (gb(z)—l—o(z))]

ieA

where the function o = oy will be used throughout and marked with a different color in
the computations. It is defined by

m:%pm*f (2.8)

The main difficulty in the proof in [21] is in some sense to show that the shift o does
not have a dramatic effect compared to the exponential term exp(ﬁ (f.—=A~1 £)) so that
ultimately,

(6.1) 1 _—1)
EN, (o) = eXP(Zﬁ(HS)(ﬁ A" py).

8Note that, in this section, instead of conditioning the GFF to be in ZA as in Definition 1.5, we
condition it to be in (27 Z)2 . Besides changing constants, this does not make much difference.
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From such a lower bound on the Laplace transform, one can easily extract delocalization
properties of the IV-GFFE.

The third (and by far most difficult) step is to control the effect of the shift o via a
highly non-trivial expansion into Coulomb charges which enables us to rewrite the parti-
tion function as follows:

Zpadpw = Y Cw / [T +z(B.p. M) cos((gp. )] dugry , (@).

NeF PEN

We refer to [21,27] for the notations used in this expression and in particular for the
concept of charges (i.e. p: A — R), ensembles (i.e. sets N of mutually disjoint charges p)
etc.

One important feature of this expansion into charges is that under some (very general)
assumptions on the growth of the Fourier coefficients |)At,- (q)]| (see [21, (5.35)]), it can be
shown that the effective activities z (8, p, N') decay fast, namely (see [27, (1.14)]),

(8. p. )] < exp(—%(upu% + log,(diam(p) + 1))).

Hence at high temperature, the partition function corresponds to a sum of positive mea-
sures. (Also the weights ¢ are positive and such that Y cy = 1.)

Remark 2.6. In [27], the authors have introduced a slightly different definition of GFF
with free boundary conditions which makes the analysis behind this decomposition into
charges more pleasant (their definition handles the presence of non-neutral charges p very
easily). One can switch to their more convenient definition in our setting since in the limit
N — oo, both give the same integer-valued GFF.

This crucial third step allows us to rewrite the Laplace transform E BAIAD [ef¢-/)] as
follows:

ptratpy 2wer N [ Tpewll + 208 p. N) cos((g. p) + (0. pDI iy, (9)
Sower ex I Tl +2(B.p. W) cos((. DD diiy (@)

We now rewrite this ratio as (thus defining Z 4 (o) and Z 4 (0))

(6.1 = oF5U =071 ) Lweg CH Zn ()
Y ner cxZy(0)
The fourth step is an analysis, for each fixed ensemble N € ¥, of the above ratio

Zy(0)
ZN(0)"

Eﬂ,A,AA,v[

Trigonometric inequalities are used here in order to obtain, for each N,

> exp[—Ds 2 =B e p)?]
pE

o 5 GFF
- / Z 5 (0) pl;[v[l +2(B. o, N)cos((¢. p)] dig p (),
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where

z2(B. p. N)sin({¢. p)) sin((0. p))

29
1+ z(B, p, N)cos({¢, p)) =

S(N.¢) ==Y

PEN

Two crucial observations are made at this stage:

(1) The functional ¢ — S(N, @) is odd in ¢.

(2) The measure [[,cn[l + z(B, p, N) cos((¢, ﬁ))]du(ﬂ}ﬁ,v(q&) is invariant under
¢ —¢.

Altogether this simplifies the above lower bound tremendously, since by using Jensen,

one obtains readily

=exp[-Da Y 28,0, M)l(0. 0],

PEN

From this lower bound together with the specific construction of the ensembles of
charges -V, it is then not particularly difficult to conclude the proof with the desired lower
bound

Eﬁ,A,xA,c[e(d”f)] > eXP( (f. —A_lf)).

1
2B8(1 +¢)

As we will see in Section 4, the effect of shifting the Z fibers by a € R? will translate
as follows:

(0@ )] = 2B /=A7)

Yweren l_[pew[l + z(B, p, N)cos({¢, p) + (o —a, p))] du,?ff\,v(qﬁ)
Y wes e [ Tloew[l +2(B.p. N) cos((¢. p) — (. D] du§Th (9)

The difficulty for us will be that, generically, a is much less regular than o (defined
in (2.8)), which thus makes the Dirichlet energy (V(oc — a), V(o — a)) typically huge.
Therefore, we will not be able anymore to rely on the two symmetries above (in particular
the use of Jensen is no longer possible except for very specific choices of a; see the
discussion after Definition 1.7). We will come back to this in Section 4.

a
Eﬂ,AJA,U

Remark 2.7. The case of Dirichlet boundary condition has been outlined in Appendix D
of [21] and the details of the proof appeared very recently in [45, Appendix]. The proof
structure highlighted above for the free boundary condition still holds except that the
decomposition into charges needs to be adapted to take into account the presence of a
boundary. See [45, Appendix].

We also point out that the nice symmetrization argument used in [45] does not apply
to our case (as a is far from being harmonic) and also because the symmetrized measure
in most cases does not provide information on the fluctuations we need.
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2.4. Link with the a-shifted integer-valued GFF

In this section, we specify the link between our statistical reconstruction problem and the
a-shifted IV-GFF introduced earlier (in Definition 1.7).

Lemma 2.8. Let A C Z2, T > 0 and a € RA with ajyp = 0. If ¢ is a 0-boundary GFF

(with inverse tempemture B = 1) on A, then its conditional law given ¢ (mod 27/ T) =

2Tﬂ a is given by T, where Y ~ ]P’aI A and the T -dependent inverse temperature B is

given by
Br = 2n)*/T?.

Equivalently, for any functional F : R* — R,

wia a, 27[
Blr@) |7 = e =gy [ F(T)|

Proof. Recall from Definition 1.7 that
PN 7 Y Sesa@)exp(~5(Tm+a), Vit ).
mEZA:mwAEO

Now, by disintegration, for any continuous’ functional F : R* — R, one has

E[F(¢) | ¢/T® = o27i4]
Y meza exp(—3(F(a+m), (~A)3F (m + a))) F(3F (m + a))
Y meza exp(—3(F (@ +m). (—A)ZE (m + a)))
S ez exp(— 22 (a+m), (—A)m + ) F(ZE (m + 2))
> meza exp(—Z (a + m), (~A)(m + a)))

2
== 7(70) )

where we have made the slightly unusual choice 7 := (27)? T2 (in order to avoid
dealing with +/7 in most of the introduction). ]

3. Localization regime

In this section, we prove the first part of Theorems 1.1 and 1.2. That is, we show that one
can recover a GFF knowing exp(iT¢), in fact the recovery function is fairly straightfor-
ward:

F(exp(iT¢))(x) := E[p(x) | exp(iT¢)].

9We work with continuous functionals because they characterize the law.
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To show that this is the right function, we need to recall (1.10). It says that to prove
the first part of Theorems 1.1 and 1.2, it is enough to show that if ¢ is a GFF in A, and
f afixed smooth function in A, then

E[Var[(¢, f) | €T?]] = o(n*). (3.1)

Let us note that this approach may not look useful at first glance, as to bound this
conditional variance we need to compute the conditional expectation, which is a non-
trivial function of exp(i T¢). To circumvent this issue, we write the conditional variance
as follows:

Varl(¢. f) | "] = E[((¢, /) —El(@. f) | &T"])? | 'T¢]
= 3E[(d1. /) = {2, [N)? ] 77,

where ¢1, ¢, are conditionally independent given ¢’7¢. Let us be more explicit about this
law.

Definition 3.1. Let ¢ be a GFF in A, with any given boundary. Let (¢1, ¢,) be a pair of
GFFs in A, with the same boundary condition such that a.s. e!791 = ¢i7%2 = ¢iT% and
¢ is conditionally independent of ¢, given ¢!7%. In other words,

Pl(der.dg) | T o [T (e72@@v [T (X Samkrrawm(@itx))).

i=1,2 x€A,\0A, keZ

To prove (3.1), we use an averaged Peierls argument.

3.1. Large gradients are costly for a GFF

The first stage to implement a Peierls argument is to show that it is costly for a GFF to
have many edges with large gradients. To do this we are going to use the Markov property,
i.e. Proposition 2.3. In fact, for a given deterministic set B C A,, we need to understand
what is the law of the norm of ¢p.

Lemma 3.2. In the context of Proposition 2.3 with B N dA,, = @,
(1) the law of ||¢B ||2V is that of a y* with |B| degrees of freedom;
(2) the law of ||pB 1 is that of a x* with |A, \ (9A, U B)| degrees of freedom.

Proof. We start by defining Harm(B) as the set of functions A, — R that are harmonic in
Ay \ (B UOA,) and take value 0 on dA,,. In fact, ¢p is the orthogonal projection of ¢ to
Harm(B) under the inner product (-, -)y (see for example [41, Section 2.6]). One can now
check that the subspace Harm(B) has dimension | B|, from which (1) follows. As ¢5 is
the orthogonal projection to Harm(B)~, (2) follows by a similar reasoning, as the space of
functions with zero boundary condition on B U dA,, has dimension |A, \ (0A, U B)|. =

We can now use this proposition to obtain the basic input we need for a Peierls argu-
ment.
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Lemma 3.3. Let ¢ be a GFF in A, with either zero or free boundary condition. Then
there exist constants o, C,ug > 0 independent of A, such that for any finite set F of
edges and all u > uy,

Pllp(x) — p(y)| = u.Vxy € F] < Ce@*’IFI,

Proof. We use the Markov property of the GFF (Proposition 2.3) with the subset of ver-
tices B such that x € B if there exists xy € F. Let us note that |B| < 2|F|. We see
that

lgal} = > @8(0) —d(x)* = > (@) — p(x)) (32)

xy€eE xyeF

has the law of a y? with | B| degrees of freedom. Thanks to Proposition 2.3 (1), we know
that ¢p(y) — ¢p(x) is equal to ¢(y) — ¢ (x). Thus, using |B| < 2|F|,

P(l¢(x) —p(»)| = u,Vxy € F) < P(llgpzl} = u?|F|)
< P(l¢zl% = u’|B|/2).

We can now use Lemma 3.2 (1) to continue and see that when u is large enough,
P(l¢p(x) = ()| = u,¥xy € F) < C exp(—4au’|B|) = C exp(—au®|F[), (3.3)

where we have used |F| < 4|B|. L]

3.2. The GFFs ¢y and ¢, agree on a dense percolating set

3.2.1. The 0-boundary case. Let ¢ be a 0-boundary GFF in A, and assume we are given
an instance of ¢’T¢. Let us sample two conditionally independent copies ¢, ¢ given
¢'T? as in Definition 3.1. Let us now introduce the following definition.

Definition 3.4. We denote by / := I(¢1, ¢>) the connected component of the random set
{x € Ay : p1(x) = ¢p2(x)} connected to the boundary IA,.

Recall that by definition, ¢, ¢» are GFFs with zero boundary conditions and so
$1 = ¢ on 0A,.

Our goal in this subsection is to show via an annealed Peierls argument that with high
probability when T is small, the random set I is percolating inside A, . To study this, for
any x € A, we define O(x) as the empty set if x € I and as the connected component
containing x of A \ I if x ¢ 1.

Our main observation is that having an edge connecting O(x) to A, \ O(x) is costly
in the sense that it forces either |V¢;(e)| or |[Va(e)| to be larger than 7/ T'. Indeed, the
values of ¢ and ¢, are fixed modulo 27 7', in other words for any x € A, andi € {1,2},

2
$i(x) € p(x) + ?”Z.

This way, if ¢, ¢ agree at x but disagree at y ~ x, this means that either |¢1(x) — ¢1(y)]
> /T or |¢2(x) — ¢px(¥)| > 7w/ T. We then have the following proposition.
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Proposition 3.5. Using the definitions introduced above, for all T small enough there
exist w(T) > 0 and C > 0 such that

P(diam(O(x)) > L) < C exp(—w (T)L).

Proof. Let us note that if diam(O(x)) > L there is a subset 7 of edges of length at least L
such that its dual is a connected path surrounding x and for every e € 7 either |V (e)| >
/T or [V¢s(e)| = m/T. This implies that

P (diam(O(x)) > L)

< Y, P(Véi(e)l=n/Tor|Véa(e)| = n/T.Ve e1). (3.4

In|>L
7 surrounds x

Let us fix 7 and suppose that for all e € , either |V¢(e)| > /T or |Ve¢a(e)| >/ T. This
implies that there exist F' C nand i € {1, 2} such that for all e € F we have |V¢; (¢)| >
/T and |F| > [|n|/2]. This implies that

]P’(|V¢1(e)| >n/T or |V¢a(e)| > n/T,Ve € n)
Inl

<2 > > P(V¢(e) = n/T.Ve € F)

J=LlInl/2] F<n
|F|=j

In]
<2 N exp(=2d/ T?),
j=Lnl/2]
where we have used Lemma 3.3 and the fact both ¢; and ¢, have the law of a GFF in A.
Additionally, & := an? /2 . Thus, (3.4) is less than or equal to

a O
C Z Z 2k exp(—ﬁk) <C Zexp(—k(aT 2 _log2 —1log3))

k=L  |nl=k k>L
71 surrounds x ~
< Cexp(—L(@T ™2 —log2 —log3)),

where we have used the fact that the number of 7’s such that || = k and 5 surrounds x is
less than C - 3% and that
aT > —1log6 > 0. "

3.2.2. The free-boundary case. In order to analyze the free-boundary case, we need to
modify the above definitions significantly. We assume the free-boundary GFF is rooted
at some vertex xo € A,. As in the Dirichlet case, (¢, ¢2) will denote two conditionally
independent copies of the GFF given e!7¢.

The main difference with the Dirichlet case is that when 7' is small, it is no longer
true that with high probability, ¢; and ¢, will agree on a large percolating set. Instead, we
will find a large set, which we will call / again, together with a random integer my € Z
such that

$1(x) = ¢2(x) +m127”, Viel.
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Now, for eachm € Z, let
~ 2
I, := largest connected component of {x €Ny p1(x) =a(x) + m?}

If there are two of the same size, we choose one in a deterministic way. From these
subsets /,,, we define the set / and the connected components {O(x)}xena,, as follows:

o If there is a unique mg € Z such that fmo has (graph) diameter larger than n/2, then
we define
I :=Iy,,

and for any x € A,, we define O(x) to be empty if x € I and to be the connected
component of x in A, \ I otherwise.

o If on the other hand, one can find two integers m1, m, such that both fml and fm2 have
diameter greater than n/2, then we define

I:=0 and O(x):=A,, VxeA,.

e Furthermore, if there is no m € Z such that fm has diameter larger than n/2, we take
I = . In this case O(x) is the connected component of /,,,, containing x where m, =

T(1(x) — ¢2(x))/27.

We can now state the analogue of Proposition 3.5 for the free boundary condition.

Proposition 3.6. Let ¢y, ¢ two free-boundary GFF such that exp(iT¢1) = exp(i T¢p2)
and conditionally independent given exp(i T ¢y ). Then using the above definitions (for the
free boundary condition), for all T small enough there exist w(T) > 0 and C > 0 such
that for all x € Ay,

P(diam(O(x)) > L) < C exp(—w (T)L). (3.5)

Proof. The proof follows the same lines as in the Dirichlet case, as Lemma 3.3 does not
care about the boundary conditions. The only difference is that we need to deal with the
dichotomy entering into the definition of the set / (which does not exist for the Dirichlet
case). For this, note that in order to have two sets fml , fm2 with m; # m, and both of
diameter > /2, there must exist at least one path 7 in the dual graph (Z?2)* which has
diameter greater than n/2 and which satisfies the constraint that for any e € 5, either
|Vpi(e)| = /T or [Vga(e)| > n/T. By Lemma 3.3 and the same argument as in the
Dirichlet case, this can only happen with probability less than O(n) exp(—#n). Note
that the same argument implies that there is at most one connected component of the set
{x e Ay : p1(x) = Pa(x) + sz”} with diameter at least n/2.

Note that after defining 7, the argument of Proposition 3.5 implies that for any point x
the set O(x) can only be huge with exponentially decaying probability in the diameter .
Now, note that (3.5) is obviously true as long as L. > 2n, and thus for L. < 2n we have

P(diam(O(x)) > L) < P(diam(O(x)) > L, I # @) + P(I = 0)

%e—w(T)L i Qe_wgﬂn < Ce (L, -

=
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3.3. The conditional variance is small for 0-boundary GFF

We will now prove (3.1) for a 0-boundary GFF. Let us now study the law of (¢1, ¢2)
conditionally on 7 and the values of ¢; on I. We fix /7%, I and the values of ¢; on /
and take (¢1, ¢2) to be a possible value of (¢1, ¢») that satisfy the conditioning. Note that
to check whether (¢1, ¢2) is a possible realization, one just needs to check that (¢1);; =
(¢2)11 = (¢1)|1, and that for any connected component O of A, \ I, the pair (¢1, ¢2)
restricted to O locally satisfies the conditions, i.e.

01(x) = @2(x) = ¢(x) (mod 27/ T) forall x € O.

Furthermore, if we define O to be the graph induced by all the edges in A, that have at
least one vertex in O, we have

P((¢1.¢2) = (p1.92) | €72, 1. (p1))1) o l_[e—%(((fﬂl)‘5,((01)|a)v+((¢2)@s(¢>2)|o)v).
0 (3.6)

As a consequence of (3.6), under this conditioning if O # O’ then the law of (¢1, ¢)
restricted to O is independent of the law of O’. Thus, E[{¢; — ¢». f)?] is equal to

> FE) FDEl@ — $2)(xX)(¢1 — d2) (M) 1ow)=0»)]

X, yEA,
< Y ISOISWIE$r — ¢2)* () (@1 — $2)*N]*PAow=00)"?
X, yEA,
< 3 1S@IDIED: — ¢2)* ()] + El@1 — ¢2)* O) *P(Lo—o00) .
X, yEA,

3.7
We can now just bound
E[(¢1 — ¢2)*(x)] = 16E[${ (x)] = 48G;(x, x).

Note that on the event O(x) = O(y) the diameter of O(x) is at least da,, (x, y). Thus,
there exists an absolute constant C and @ (7') > 0 such that

P[O(x) = O(y)] = Cexp(=w(T)llx — y])).

From the fact that exp(—w@ (T')||x — y||) decreases exponentially as ||x — y| goes to
infinity, we find that

E[{$1 — ¢2. /)] = Cl f 1% 5up G (x. x)n* = C| f || Z,n* logn, (3.8)

which proves (3.1) and gives in fact a more quantitative rate of convergence.

3.4. The conditional variance is small enough for free-boundary Gaussian free field

We will now prove (3.1) for a free-boundary GFF. The proof is very similar to that for
the zero boundary condition so we are going to sketch the proof only, highlighting the
differences with the Dirichlet boundary case.
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Let (¢1, ¢2) be a pair of GFFs with zero boundary condition in {x¢} coupled as in
Definition 3.1. By Proposition 3.6, there exist a (random) set / and a (random) integer
my such that for all y € I, ®1(y) = ®(y) + 2rmy /T, and furthermore for any x if
we define O(x) as the connected component of A, \ / containing x, we have the same
conditional independence property of islands in this setting,

P(diam(O(x)) > L) < exp(—w (T)L). (3.9)

Let us note that the same argument as in Section 3.3 together with the estimate of
Proposition 3.7 implies that for any smooth function f : [-1, 1]*> — R we have

E[{¢1 — ¢2 —2wmy/T. f)?] = C|| f|5n” logn.
Now note that for any continuous function f with [ f = 0, we have
=18l 7HAD = 1 flloso(D).

Thus, defining f as f — f and noting that (my, f) = 0 we have

2 2
EBllgr — g2 /71 <E| (o1 =02 + 77 7) |+ (S)) Bl - a1

< C|| flIZn*logn + C|| f lco(1)n?, (3.10)

which finishes the proof.

3.5. The conditional variance at a given point is bounded
In this subsection, we are going to improve the result of (3.8) for f = 1,.

Proposition 3.7. Let ¢y and ¢, be two 0-boundary (or free-boundary) GFFs coupled as
in Definition 3.1. Then for all T small enough there exist K, K > 0 such that for alln € N
andall x,y € Ay,
E[(¢1 — ¢2)*(x)] < K, (3.11)
E[(¢1 — $2)(x)($1 — p2) (M om=0()] < Ke Kdan2), (3.12)

Proof. We start by proving (3.11) for ¢ a 0-boundary GFF as in Section 3.3. Let y be a
horizontal edge path connecting d[—1, 1]? to x in A,. We say that the edge e belongs to
yNO(x)ife € yand e N O(x) # @. We then have

(1—¢2)(x) = Y Vig1—2)(e). (3.13)
ecyNO(x)
Thus,
(1 — $2)*(x) < Z V(g1 — ¢2)(€)V(P1 — $2) ()¢ erco(x)ny -

e,e’€E
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We can now upper bound E[(¢; — ¢2)?(x)] by

> E[V(¢1 — $2)(@)V($1 — ¢2)(€)eercomny]

e,e’€E

< KsupE[(V(p1 — $2)(e)*]"? D Ple.e’ € O(x)]'/2.

e.e’cy
We conclude (3.11) by first noting that Var(V(¢; — ¢2)(e)) < 4 thanks to Proposition 2.5,
and by the fact that
Ple.e’ € O(x)] < exp(—w(T) max {dy, (e, x),dn, (e x)}).

We now prove (3.11) in the free-boundary case with 0 value at z. In this case, one
needs to take an edge path y going from x to z that only makes one turn (so that
deeey Ple.e’ € O(x)]"/? is bounded). The same argument as before shows that

E[(¢1 — ¢2)*(x)] < C + 2E[m7],

where my := 0 if I = @, while if I # @ then my := (¢1 — ¢2)(x')/ (27 T) at a point
x’ € I (recall that this value is a constant in [).

To bound the variance of n, we note that we can take an edge path y starting from z
and such that it always hits / when I # @, and it only makes four turns (again so that
D erey Ple ¢’ € 0(z)]"/? is bounded). By the same argument as before, one sees that

E[m?] < C.

We now prove (3.12). Note that this directly follows from

@ (T)
El1 ~ 9200000 < Kexp(- T3 Ndn, (v} G4
This can be done exactly as before by choosing an appropriate path y. ]

Remark 3.8. Proposition 3.7 hides an important fact. There is a difference regarding
the behavior of the (conditional) correlation function between the two different types of
boundary condition we study.

To be more precise, in the case of a 0-boundary GFF, one has

E[(¢1 — ¢2)(x) (1 — d2) (¥ 1ox)=0o)] = E[(P1 — ¢2)(x) (1 — ¢2)(¥)],

which proves (1.4). However, in the case of free boundary conditions, one has

E[(¢1 — ¢2)(x) (1 — ¢2) (V)]
= E[(¢1 — ¢2)(x)(¢1 — $2) () low=0m] + Elmilom-om)]-

As we do not expect that ]E[m%] goes to 0 as n — oo, one can see that the (conditional)
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correlations do not decrease to 0 as dp,, (x, y) — oco. However, it is also interesting to
note that these correlations do decay exponentially to 0 if we condition not only on e!7¢,
but also on the value of mj. In fact, this seems to be closely related to the large-scale
correlations which arise for Coulomb gases in 2d with free boundary conditions; see for

example [19].
Note that Proposition 3.7 improves the result of (3.1) and (3.8).

Proposition 3.9. For T small enough one has

2
E[Var[iz(qa,f) ei”ﬂ < K%. (3.15)
n n

Proof. The proof follows the same lines as the proof of (3.8). The main difference is that
we now use (3.14). [

4. Delocalization regime

We start by proving the roughening transition for generalized integer-valued fields (The-
orem 1.8) and then, as a corollary, extract the delocalization regime for our statistical
reconstruction problem.

4.1. Proof of Theorem 1.8

In this proof, we focus on the case of the free boundary condition (as in [21,27]); how-
ever, following [21, Appendix D] or the recent [45] (see Remark 2.7), our proof works in
exactly the same way in the Dirichlet case.

Recall from Section 2.3 and from [27, (1.13)] the following series expansion for the
Laplace transform of discrete GFFs with periodic weights AA = (A)jea (We assume the
same hypothesis as in [27, Theorem 1.6]):

[e(¢’f)]
1 ant ) Dwer WEFTI el +2(B.p. ) cos((g. 7) + (0. D]
Ywer e [ Tlpenll +2(B.p. N)cos((¢, o) dug'y ,(#)

A1) 2wer CNZN(0)
Z,/Ver CNZy (0)

We denote by IE*;3 A OF p,‘;; Adnw the discrete GFF whose periodic weights are
shifted by a:

Eﬂ,l\,k/\,v

e

1
= eﬁ<

1
dpg pap (@) = o [1% @ —apdu§s @) 4.1)
SGANSY jeEA
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The shift by a easily translates into the following expression for the Laplace transform
under ,u% A
S DGAN SV

EE,A,M,U[‘?("””]

_ AT
« ZJ\/‘Q?‘ CN _[ HpeN[I + Z(ﬁv P, '/v) COS((¢’ ﬁ) + (U —a, IO))] dﬂfG;F}i v(¢)
Yower e [Tlpenll +2(B.p. N)cos((g. p) — (a. DI dug'y (¢)

2B(f —A— lf)ZNE‘?CrNZrN(O'—a)
Lyer cxZu(-2)

As the shift a is fixed once and for all in this proof, let us introduce the shifted partition
functions {Z%;(0)} w . For any o : A — R and any collection N € ¥ of charges,

Z3(0) = Zu(o —a) = / TT0 + 2B, o, M) cos((. 5) + (0 —a, D] dS™E ().
PEN
(4.3)

4.2)

Following the same analysis as in [27, Section 3] (or in [21, Section 5]), we obtain the
following lower bound on the ratio of partition functions:

zzv( 0)
o 2] Da 3 (B Wl ’]
S(N,a,0) B GEE
<[ G L+ M) eos(6.7) — DI, 4
PEN
where

S(N.a.4) =3 z(B.p. M) sin((¢. p) — (a. p) sin({o. p)) .5)

s LHz(B.p N)cos((g. p) — (a. p))

As mentioned in Section 2.3, one major observation in [21] is that S(N, ¢) :=
S(N,a=0,¢) =—S(N,—¢). Indeed, this property together with the fact that the prob-
ability measure

dPy(¢) :=

[]01+2(8.p. M) cos((¢. ) du§rx , ()

Zy (0) ol

is invariant under ¢ — —¢ avoids controlling terms such as exp(S (N, ¢)) using Jensen:

Z
S = o[-0 10l ] [ @ Daryg)

= exp[-Ds X [z (6.p (0. xexo [ S0 dPu))

PEN

= exp[=Da Y 12(B.p. M)l(0.0)? .

PEN
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Claim 3.2 in [27] then shows that when f is sufficiently small,

Zy(0)
Zy(0) = P ( 200+ )Z(’_“’))

(. —A—1f>), 46)

=exp| ————
p( 20+ e)ﬁ
which ended the proofin [21,27].
In our present setting, the functional ¢ — S(N, a, ¢) introduced in (4.5) is no longer
an odd functional of ¢. Furthermore, the lower bound (4.4) suggests introducing the a-
reweighted probability measure

dPY($) = = [ 11 + z(B.p. M) cos((. 5) — (a. p)) du§s . (9).

PEN

(0)

which is no longer invariant under ¢ — —¢. This lack of symmetry does not allow us to
rely on Jensen and we are left with analyzing the quantity

/ eSWad) gpa (¢).

We will not succeed in controlling the full Laplace transform but will instead extract
bounds on the first and second moments from the series expansion near @ ~ 0 of the
Laplace transform o EE,A’AA’v[e“("”f)].

For any o € R (which will be colored for clarity), we have (recall (4.2), (4.4) and (4.6))
the lower bound

B3, [0 = HU-aTl ) Laver e 25 (@0)
pdAnw dner xZy(0)
S ST

ZNE? CNZN(O)B 2(l+s)B (fi=A71f) feSa(Na¢) dP2 (¢)

ZNET C«/VZJV ()
4.7)
where now
= 2(B.p. M) sin({. 5) — (a. p) sin(e (0. p))
Su(N,a,0) = ;v 15 2(B.p, M) cos(($. 7) — (@ p))
Ly 2(B.p, N)sin(ig. p) = @. o0 0) | (a0 48

1 + Z(ﬂ’ P, e/\'/') COS(<¢7 ﬁ) - (a» IO))

PEN

This Taylor expansion holds first because we are in the regime where B can be chosen
small enough so that the denominators are uniformly > 1/2 (see [21,27]), and second
because our parameters A, § etc. are fixed as o — 0.
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First order analysis. At first order in o, we find combining (4.7) and (4.8) that for any
f:A—Randasao — 0,

L4+ aEg p 20 ol@, )]+ 0@@?)
Yo wer N Z30) [[L + Su(N,a,9) + O(@?)] dP (9)

> (1+ 0(a?))
Y wes CNZi(0)
z(B,0,N) sin({¢,0)—(a,p)){(0,p)
1 az./ve&’«' CWZ,?V(O)E?V[Z;JGN 1+z(B,p,N) cos({¢,0)—(a,p)) ] + 0(a2)
Y wer cnZi(0)

In particular, identifying order 1 terms (and recalling that o := %,(—A)_1 f,see(2.8)),
we thus have, for any f : A — R,

Eg arn ol ]

2(B.p W) sin(,7)—a0) s (<A fip)
o Lwes N ZYOEL (Y sen @ r M@ —wm

B Ywer N Zi(0)

The key observation at this stage is that for each collection N of charges, the func-
tional

z(B, p, N)sin((g, p) — (a, p)) (5 (=)' £, p)
1 + Z(ﬁ’ P, ’A/) COS(<¢’ ﬁ) - (av p))

fSWV.ag f=—)

PEN

is linear in f. Obviously, the functional f + E g Adn (@, f)] is linear as well. Now
by using this linearity and plugging — f into the above inequality, we obtain a rather
surprising exact expression for the mean value of (¢, f') under the measure u% Adnw:
We state this exact identity as a proposition below and we call it modular invariance
identity for reasons which will be explained in Appendix A.

Proposition 4.1 (Modular invariance identity). For any function f and any weights Ap =
(Ai)ien satisfying the same hypothesis as in [21, (5.35)] (or equivalently in [27, (1.9)]),
we have

E§ a0 ol )]

2(B.p,N) sin((¢,0)—(a.p)) (5 (=A) ! f.p)
 Xwer W ZyY OEY Y pew — Tz met@s )

Ywew cNZi(0)
_ Twer N Zy O ERS(N.2.9. /)]
2 weg N Z3(0)

Remark 4.2. This exact identity, as we shall see below, is a key step in our proof. Because
it is so central and since it does not look like anything familiar, we added Appendix A to
give a longer but more natural second derivation of this identity. It should not come as
a surprise that our second derivation is longer, since above one relies in fact on several

4.9)



Statistical reconstruction of the GFF and KT transition 669

key parts of the proof of Frohlich—Spencer [21]. Appendix A gives a complementary
interpretation/explanation of the origin of such an identity. In particular, in Appendix A,
we shall view the shift vector a = {a}xea as an exterior magnetic field and we will
also explain why we call this identity “modular invariance” due to a relationship to the
functional equation for Riemann theta functions.

Second order analysis. The above identity for the first moment will be instrumental in
bounding from below the desired second moment as we shall now see.
Again by combining (4.7) and (4.8), we find that

L+ aBg a0 U@ N+ 30%E 4 5 Wle. )]+ 0(@?)

. | a_ (0)ER, [eSa(Va.0)
zeWZNE}-C(NZ 4 (0)E?, [e ]

Z,Ne'ﬁ CNZN(O)
- 872(2{]_’_?)31/) Y ves N ZA(O)EL [14 Su (N, a,¢) + L[Sa(N.a,¢)]> + O(a?)]
B Y weg CnZi(0)

o2(fi—a~lr)
> e 2008

Lwer N Zy OE[1+aS(N, 2.6, )+ C[S(V.a.¢, )2+ 03]
Y ower N Z3,(0)
Y wer cw ZAOEL[S(N, 2, ¢, f)]
Z,NET« CNZ,N(O)
o 1 iy Ewer N ZHOEG[IS(V.a.¢, ))F]
i [(1+ op\ A > ey x Z30)

The first order terms are equal by Proposition 4.1 and from the second order terms, we
extract the following lower bound:

=1+«

i|+0(a3).

E§ apoll®: £)7]

. i Sower N ZHOEL[IS(V.a.¢, /)]
T Wropth Nt S vy cx 2 0)
1 Zweycwzx(ommﬁw,aw,f)])z
SR ( S wes n 75 (0)
(14:8)/3“ —AT )+ Ef A, Wl £ (4.10)

by first applying the Cauchy—Schwarz inequality to a suitable probability measure on the
coupling (N, ¢), and then using Proposition 4.1 for the last equality, i.e. the modular
invariance identity (4.9). This ends our proof. ]

4.2. Non-recovery phase (T >

rec)

In this subsection, we handle the non-recovery phases of Theorems 1.1 and 1.2.
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As in Definition 3.1, let (¢, ¢2) be two conditionally independent instances of ¢
given ¢ (mod 27/T) = (27/T)a. By Lemma 2.8, the law of (¢1, ¢2) is given by
27/ T) (Y1, ¥2) where 1, ¥, are independently sampled according to ]P’;TI\; (m?) T2
Thanks to this and Theorem 1.8 with C = 1/(1 + ¢), for any continuous function

fi[-112 >R,

2
Eligr — b2 /11 = () LB e a0 — 2 117

T
> (£ (A ). (4.11)
T l4e
Furthermore, since both ¢; and ¢, are GFFs, we have

E[(¢1 — ¢2. /)] = 2E[(¢1, )1 = 12( £, (=8) 7' )2
Therefore, using the Paley—Zygmund inequality we obtain
1
P — . )2 > (f(=A)! > >27°
(1 =02 /) 2 (LD ) = s >
Now, we use the fact that for any deterministic function F depending only on
exp(iT¢), we have F(exp(iT¢1)) = F(exp(iT¢p2)). Using this we can compute
270 < P((¢1 — 2. /)2 = (L (=0)7" 1))
<P((F(expiT¢1) — ¢i. [)* = 5(f.(=A)7" f), for some i € {1,2})
< 2P((FexpiT¢1) —¢1. f)? = 3(f£.(=8)7' /). 4.12)
We conclude by noting that for any continuous non-zero function f, we have

(fL(=0)71f) = Cn*.

To finish, let us show (1.5). We start by noting that

2
E[($1(x) = ¢2(x))] = (2?”) E[E G2 p2 o [(¥1(x) = ¥2(x))]]

2
> ——G(x,x) > 2¢(T, x)logn.
1+¢

Here, recall that G represents the Green’s function. Note also that ¢ (7, x) depends on T
as ¢ did depend on T'.
We now see that

2E[(¢1(x) — F(1)(x))?] = E[(¢1(x) — F(1)(x))? + (¢2(x) — F(1)(x))?]
> E[(¢1(x) — ¢2(x))?] > 2¢(T. x) logn. ]

We now complete this section by proving Corollary 1.3.

4.3. Proof of Corollary 1.3

Let us take ¢, — & in probability for the topology of the space of generalized functions.
Let us now analyze the two regimes T < 1 and T > 1.
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4.3.1. Small T. First, we see that (Fr(e!T%")),en is tight in the Sobolev space H ~37¢.
This is because Fr(-) is obtained via a conditional expectation and sup,,cpy E[||¢n ||§1_3]
< oo (see for example the proof of [7, Corollary 4.5].') We now note that thanks to
Theorem 1.1 (a), for any smooth function f (with zero mean if we are in the free boundary
case) we have

SAFETO), f) = (g 1)+ Fr@T8) = 0. f) = (@, 1),

From this we see that Fr(eT#") also converges in probability to ®.

4.3.2. Big T. Taking any deterministic (recovery) function F', we know from Theorems
1.1 and 1.2 that for any function (with zero mean if we are in the free boundary case)
f 00, 1] = A,

liminf P{jn 2 (F (exp(iT¢n)) — ¢n. f)| = 8] > 0.

This implies that F(exp(i T¢,)) cannot converge to ® because n72(¢y,, ) — (P, f).

5. There is always information left

The objective of this section is to prove that for any 7' > 0, exp(i T'¢) gives non-trivial
(macroscopic) information about ¢. More precisely, in this section we quantify how much
information is preserved under the operation ¢ + ¢ (mod 27/ T).

Theorem 1.8 implies that for all possible values of exp(iT¢) and for all T large
enough there exists £(7") such that

Var[(¢, f) | exp(iT$)] = (1 — e(T)E[(@, f)?].

At the same time, it is clear that

E[Var[(¢, f) | exp(i T9)]] < E[{¢. f)°].

Let us remark that it is not clear whether this £(7") is a technical constant coming
from the proof or whether it is telling us something meaningful about the model. In the
following proposition we show that in the average case the existence of this (7") is not
technical. In fact, in Remark 5.2 below we give its interpretation. See also Remark 5.5 for
the link with the ¢ = &(T') correction in Frohlich—Spencer.

Proposition 5.1. Let T > 0 and ¢ be a GFF with either free or zero boundary condition
in Ay,. Then there exists ¢’ (T) > 0 such that

E[Var[(¢. f)* | exp(iTe)]] < (1 — &' (T)E[(. f)*]. (5.1)
Furthermore, when T > 1, we have
¢ (T) > (1 +o0(1)2T% T, (5.2)

10T that case, it is proven for the Sobolev space H ™!, as the authors dilute the values of the
discrete GFF in a given vertex, but the same argument holds for H ~3 when this value is not diluted.
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Remark 5.2. Proposition 5.1 should be interpreted in the following way:
e The field exp(i T'¢,) gives non-trivial information on the GFF ¢,,.

Indeed, if the statement of the proposition were not true, for any continuous function
f :[-1,1]> = R we would have

0 Var[(gn. f) | expli Tn)] — /[ F)G. ) f(y) dx dy
[—1,1]2X[—1,1]2
= lim n~*El(¢n. /)]

where G is the continuous Green’s function in [—1, 1]2. In the statistics world, we would
say that Proposition 5.1 means that exp(i T'¢) explains at least &'(T') of the variance of ¢.

Proof of Proposition 5.1. Let us write F(x) := E[¢(x) | exp(iT¢y)] and ¢ = ¢,,. We are
going to prove that

E[(F, f)*] = E[(¢, f)?]. (5.3)

This suffices because
E[Var[(¢. f) | exp(iT)]] = E[(F — ¢. f)’]
=E[(¢. /)’1 - E[(F. f)°].
To prove (5.3), let W = V¢ + ¢ be as in Proposition 2.5. Then
E[(F, f)’] = E[E[(¢. f) | exp(iT$)]’]
E[E[E((. /) | exp(iT9), exp(TOF | exp(iTW)]]
> E[E[(¢. f) | expiTW)P].

where we have used Cauchy—Schwarz and the fact that exp(i 7'¢) is independent of the
pair ({¢p, f),exp(iT¢)). Hence, it only remains to show that

E[E[¢, f) | exp(( TW)]*] = €E[(¢, f)?]. (54

Now, recall from Proposition 2.5 that ¢ = A~!V - W and compute

E[(¢. /) | exp(TW)] = E(W,~VAT! f) | exp(i TW)]
1 - . — -
=5 2 EW@) | exp(TW)]VAT /(@)
écE
1 - . - — >
=5 2 EWV@ | exp(TW@)IVAT /@),
écE
where the last line comes from the independence of the values of W on different edges,

and the fact that W(¢) = —W(e). The equality of this last line may seem innocent but it
is the main reason why the problem simplifies when we work with the white noise.
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Let us note that the random variable E[W(€) | exp(iT W(€))] is centered and has the
same law for all €. Furthermore, it is independent for all e # ¢’. Let us define

o(T) = Var[IE[W(E) | exp(iTW(é'))]] > 0. (5.5)
We can now compute
E[E[(¢. /) | exp(iTW)]*] = 270(T)(VA™! f(e). VA~ f(¢))
=2 (T)(f.—A7" ) = o(T)E[(9, f)].

from which we obtain (5.1).
To obtain (5.2), we remark that we set &'(T) = o(T'). When T > 1, one can get (5.2)
by estimating (5.5) using (A.1). This is the subject of our next lemma. ]

Lemma5.3. As T — oo,
o(T) = Var[]E[W(E) | exp(iTW(é))]]
=272 T 4o T?). (5.6)
Remark 5.4. Equivalently, if Z ~ N (0, ), then as 8 — oo,
Var[E[Z | Z (mod 1)]] = 2(27)% fe~@™°F 4 o(e=CF), (5.7)
This straightforward rewriting of the lemma will happen to be useful in [23].
Proof of Lemma 5.3. Let Z ~ N (0, B7') with B := (27r)?/T? as in Lemma 2.8 so that
Z9 Ly Then
o(T) = Var[E[W(e) | exp(iT W(€))]]
= Var[E[W(€) | W(€) (mod 27/ T)]|

= BrVar[E[Z | Z (mod 1)]]
= BrE[E[Z | Z (mod 1)]?]. (5.8)

Notice that

Y ez exp(—EL(n + a)?) - (n + a)
Yeezexp(—EL(n+a?)

As Br — 0, it will be convenient to rely on the Jacobi identity (A.1) which plays the
role of a temperature inversion. Below, we start by slightly rewriting this identity via a
straightforward change of variable, so that it matches integer-valued fields (as opposed to
fields in 27 Z). The following three identities are equivalent:

E[Z | Z (mod 1) =a] =

_a2 .
> wez exp(—%(Znn +2ma)?) - 2nn + 2wa) _ %3 quz e 2Bsin(q - 2ma) - q
- 2
ZneZ exp(_%(znn + 2na)2) quZ e_IZIT‘J COS(q . 27m)

3
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_a> .
Y ez exp(—%(n +a)?)-(n+a) ﬁ Y gez € P sin(g - 2ma) - q
27)2 - 2
D onez eXP(_%(” +a)?) > gez e % cos(q - 2ma)

’

2m)2

)
Znezexp(—%(n+a)2>-<n+a)_é—izqeze 27 sin(q - 27ma) - q

2(22)2
Donez exp(——(n +a)?) > gez e’ 7 cos(q - 2ma)

This rewriting of (A.1) implies the following useful expression for the conditional expec-
tation: 271 22%”)2 .

e 21 sin(q - 2ma q
E[Z | Z (mod 1) = a] = a<z

a2em)?
quze 26T cos(q - 2ma)

This readily implies
o(T) = BrE[E[Z | Z (mod 1)]?]

@n)? @n)?

. 58, . - 2
(2m)? (2 sin(Qra)e 21 + 4sin(dmwa)e At ) _@em?
= Br 5 E o +o(e” A7)
T (1 +2cos(2ma)e” 2P1)

2 )2 )2
= (2’8L)]E[4 sin2(27m)e_(2ﬂT) + o(e_(zﬁT) )]
T

2 2 _(27.[)2
(@m) +o(e” fr ) = 2727 T 4 o(e T,

T

where we relied on the convenient abuse of notation a for the random variable Z (mod 1)
throughout. ]

Remark 5.5. Proposition 5.1 is one of the reasons why this model is a laboratory for
IV-GFF, especially with quenched disorder. In this case, it allows us to obtain explicit
lower bounds on the &(T')-correction between the GFF and the integer-valued GFF with
quenched disorder a given by a GFF (at inverse temperature ﬁ;l) modulo 1. We will
discuss such explicit bounds in more detail in [23].

6. Conjectures on Ty and the interfaces of the models

The main focus of this section is to state several conjectures. However, we also prove
some intermediate results which are interesting on their own and which will give support
to each of these predictions. As such, this section has more mathematical content than a
list of open questions.

6.1. Lower bound on the value of T,

The objective of this part is to justify the following conjecture:

Conjecture 1. We have T, > 2./7.
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We have two reasons to believe this conjecture, both related to the continuum Gaussian
free field. The first reason concerns the so-called imaginary chaos and the second one is
related to the flow lines of the continuum GFF.

6.1.1. Reason I: Imaginary chaos. We will not introduce all the definitions here. We refer
to [26,28] for context and the definition. Let ® be a 0-boundary continuum Gaussian free
field in a domain D C C and let v} be the uniform measure on dB(x, ¢). We normalize
® so that if d(x, y) > ¢ then

E[(®@,v)(®,v)] = Gp(x.y).

Note that in our normalization Gp (x, y) ~ %Hog lx =yl
Fix o € R and define 'V* as the imaginary chaos associated with «,

V= V(D) 1= lim exp(ia@(-) + Ol;ﬂ*i[qbe2 (-)])-

Here the limit is taken in the space of distributions, and it is only non-trivial in the case
a < 2./7. Note that our normalization is different from the one in [26,28], in which our
o corresponds to &@ = /2.

We can now prove the following result.
Proposition 6.1. Assume

(Hy) there exists & such that for all @ < & the GFF ® can be measurably recovered
from V*(®), ie., there exists a deterministic measurable function F such that a.s.
F(V%) = .

Then T > a.

rec

Remark 6.2. After the first version of this work appeared, hypothesis (H;) was proved
up to & = 2.4/7 in the recent work [5]. Let us emphasize that the imaginary case is more
subtle than the same question for the real chaos analyzed in [11] as one needs to control
the local fluctuations all the way to the boundary.

To prove Proposition 6.1, we need to show that the discrete imaginary chaos converges
to the continuous one.

Proposition 6.3. Let ¢™ be a discrete 0-boundary GFF in A, and let
o2
w20 = exp (1) + GEIGW)0))
Then for all @ < 2.4/7, as n — oo,

(fP(n)’ VE) — (O, V(D)) inlaw,

for the topology of generalized functions. Here ® is a 0-boundary GFF in [—1, 1]2.
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As this section is concerned mostly with conjectures, we will only sketch the proof of
this result. The main input is [26, Theorem 1.3] which states that (®, V*(®)) is charac-
terized by its moments.

Proof of Proposition 6.3. By [26, Theorem 1.3], the field (®, V¥(®)) is characterized by
its moments, that is, by

<[ ([Tew. ) ([T ) ([T 720
i J k
= [ (T4 coan ) (T 52000 ) ([T R Godz ) 0y o). 6.
i J k

where all f¢ are smooth functions in [—1, 1]? (with zero mean if ® is a free-boundary
GFF). The function C(:, -, -) is called the correlation function of this model. By a simple
(but Iengthy) computation one can see that (6.1) also comes from the discrete setting

B{LT @ ) (LT 720) (L1720 7))

= (T4 e ) (TT£2000a0 ) (T Godze )i 0 G
i J k
(6.2)

at least when all the functions f have disjoint supports. This can be proven by noting that
C is obtained only from the Green’s function and that the discrete Green’s function con-
verges to the continuum one [15, Corollary 3.11]). To finish, one needs to show that (6.2)
is true for all possible f's. This can be done using the dominated convergence theorem.
To see that the sum coming from the LHS of (6.2) is uniformly dominated, one applies
[15, Theorem 2.5], i.e.,

G(x.y) =~ o (” Y ”) + o0,
and uses the same techniques as in [26, Section 3.2]. [

We can now prove Proposition 6.1.

Proof of Proposition 6.1. Let ¢(n) and ¢(”) be two 0-boundary GFFs coupled as in Defi-
nition 3.1. Thanks to Proposition 6.3, the 4-tuple
(¢(”) pa ¢(n) rvozn)

1,n°

is tight. Let (®q, V§, ®,, @5, V) be any accumulation point of the sequence and note
that because for all n € N, a.s. Vi, = V7, we have Vi = V7. This equality implies,
thanks to assumption (H;), that a.s. ®; = ®,. Then, as all accumulation points are the
same, we have in fact, as n — oo,

(¢§n) e ¢(n) rvan) — (@1, VF, @1, VY) in distribution.

1,n°
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Let us now take any smooth function f. For j € {1,2} we have

1 4
sz (z0007.1)) | < k.

which implies that
Lo o o)
IE|:(n_2( 1 — P2 vf)) i|—>IE[(CI>1—<I>1,f)2]=0.

As this implies that E[Var ( Y’), f) | exp(i a¢>§”) )] = o(n*), we conclude as at the begin-
ning of Section 3. u

Remark 6.4. Note that even if assumption (H;) is proven, this only shows that
E[Var ( Y’), £)] = o(n*), which is a weaker result than E[Var (d)f"), )] = O(n?) estab-
lished in Proposition 3.9.

6.1.2. Reason 2: Flow lines. Flow lines of Gaussian free fields were introduced in [16,
40] and were studied in depth in [30-33]. Informally, a flow line can be described as the
curve which is the solution of

0 (1) = V2T p0) = 2 € 0D,

where @ is a GFF in a simply connected domain D and u is a harmonic function. For us it
is important to note that the curve 1 should only be determined by e (V2T 2/ This will
motivate assumption (H,) below.

Flow lines can be defined using the concept of local sets [39,44]. In other words, 7 is
a flow line of a GFF @ if for any stopping time t of the natural filtration of n we have

® =" +h,,

where n; = 1([0, 7]), ®"* has the law of a GFF of D \ 5, and A, is a harmonic function
in D \ 1. Let us remark that in this case the function £, is, in fact, a measurable function
of n;. In fact, it can be found in [30, Theorem 1.1].

A generalization of flow lines is given by the angle-varying flow lines defined in [30,
Section 5.2], which can be roughly described as running a flow line with initial angle 6,

11

until a stopping time'' 77, and then continue with an angle 6, until a stopping time 7,

and continue until finitely many iterations. These lines are called r);‘l ;i and they are a
measurable function of ®, the GFF they are coupled with (see [30, Lemma 5.6]).
In fact, [30, Proposition 5.9] shows that if y > 1/ «/5, there exists a countable set of

‘Ek ...‘Ck
angle-varying flow lines (77 lk [,f ) such that a.s.
01 "'eék keN

' With respect to the natural filtration of 7.
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is dense (because SLEjg is a space-filling curve). Now, define [, as the o-algebra gener-

Ln
T .
ated by nelen egn” The discussion in the paragraph before and the fact that / fln_on 182
1 ey n lf n
ln tzz" 91 . ezn

measurable function of the set 7 [n implies that F = \/, F,, is equal to the o-algebra

generated by @ (see for example [6 Lemma 2.3]). In other words, ® is a deterministic
n o
function of (7}t1e e ) .
6,"...07 JneN
This allows us to show the following proposition.

Proposition 6.5. Let ¢, be a 0-boundary GFF in A, and assume

(Ho) there exists § > 1/~/2 such that for all x > j and for any angle-varying flow
line 77;1“';‘5, there exists an approximate angle-varying flow line n'™ depending
on exp(i V21 ¢n/ x) such that (¢, n™) converges in law to (®, 77” e , (P)).

Then T, = \/2n/x.

Before proving the proposition, let us recall that it is expected that the flow lines
related to the discrete GFF converge to the flow lines of the continuum GFF, as this is
already the case for y = oo, the SLE4 case [38]. If this were the case, Proposition 6.5
implies that 7)., > 2/7.

Proof of Proposition 6.5. Let ® be a continuous GFF with zero boundary condition.
Thanks to assumption (H;), we can define n](c") such that as n — oo,

o ok .k
n k
@n ™) — (@, ot ot (@) (6.3)
in law. We then have
‘L’k
(s 0 ens) = (. (g 9"( ), ) (6.4)

in law for the product topology. Indeed, (6.3) implies that (¢,,, (n](c")) reN) is tight for the
product topology. We can then check, again thanks to (6.3), that any accumulation point
(D, (n7°)ken) has to be such that

k

-k
@ 1%) = (@7t (@),
Ot
Asa consequence,

(@ e = (0. (ngy (,k( ), )

which implies (6.4).
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We can now conclude in a similar way to Proposition 6.1. We take (¢1, ¢) coupled
as in Definition 3.1 and we study the 4-tuple

(@, @ Nken, 637, (17 (@) ken)-

Again, this 4-tuple is tight and any accumulation point is of the form

(@1 (15 58 @) 2 (g o 0), )

Since for all n, k € N, we have 7}, (¢(")) s (¢(")) we find that at this accumulation

point, a.s.,
k. k.

. otk
ek 9/\ (®1) ngk éck (@2)

As ®; is a function of this (nek o k( ,)) , we see that ®; = ®,, which implies

that (¢(") ¢(")) converges in law to (®q, <I>1). By the same reasoning as at the end
of the proof of Proposition 6.1 we conclude that for any continuous function f,

E[Var[(¢®, f) | e¥V>™$"/x]] = o(n*). .

6.2. Interfaces of exp(iT¢)

In this section, we discuss the possible scaling limit of certain interfaces naturally appear-
ing in exp(i T¢) and how they may relate to the interfaces of the GFF ¢.

6.2.1. Level lines of exp(iT¢). In [38], the authors showed that the level line of a zero
boundary GFF with a special boundary condition converges in law to an SLE4. We believe
a similar story holds for both exp(i T¢), and more importantly for the Villain model. Let
us be more explicit.

We define u, as the bounded harmonic function in A, \ dA, with boundary value
A= \/n_/Sin dA, N{x :Re(x) >0} and —A = —\/71_/8in dA, N{x :Re(x) < 0}.Itis
shown in [38] that if ¢, is a GFF in A, with zero boundary condition and 7 the level line
of ¢ + uy, then n™ (-) is a path in the dual of A, that has the following properties (see
Figure 6):

o It goes from the dual of the edge (—i — 1/n, —i) to the dual of the edge (i + 1/n,1i).

e The primal edge associated to a dual edge in the path is such that ¢, is negative to its
left and positive to its right.

Theorem 1.4 of [38] states that (") (-) parametrized by capacity converges in the uni-
form topology to an SLE4. This result is improved in [39] by showing that as n — oo,

(¢n. 1) = (®,n) inlaw.

Here @ is a GFF in [—1, 1] and 7 is the so-called level line of the continuous GFF. More
precisely, 1 is a measurable function of ® and the law of ® conditioned on 7 is such that

D + U = OF + OF,
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A

Fig. 6. Left: The boundary values of the harmonic function u. Right: The level line of ¢ + up;
note that ¢ + uy takes positive values to the left and negative to the right.

where ®L, resp. @&, is a GFF in the domain to the left, resp. right, of 7 with —A, resp. A,
boundary condition (see Figure 7).

A

Fig. 7. The image shows how the limiting curve 7 separates the domain into two different domains,
the left where the GFF has —A boundary condition and the right where its boundary condition is A.

We now have the tools to prove Corollary 1.4.

Proof of Corollary 1.4. We assume that ¢, converges to a continuum GFF & and define
LW = L(T")(exp(i T¢,)) as a set parametrized by ¢, where

L™ (q) = E[n™(q) | exp(iT¢)].

Let us now prove that the set L7 converges in probability to the level line 5 of ¢. To do
this, it is enough to show that for all ¢, L (¢) converges in probability to 7(g). Thanks
to [38, Theorem 1.4] we know that 7 (g) converges in law to 7(g); now it suffices to
show that as n — oo,

Var[n™(q) | exp(iT$)] — 0 in probability. (6.5)

To do this, we use the same trick as always. Let (¢>§") , ¢>§") ) be two GFFs coupled as in
Definition 3.1. We know that thanks to Theorem 1.1 (a), (d)i"), nﬁ") , qbé"), né") ) converges
in law to (&, n, ®, n). Here the topology on the curves is that of the uniform distance for

continuous curves. As a consequence of the convergence we find that for any ¢ € Q,

P17 (@) =S (@)]| = §) =0 asn — oo.
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Since A, is bounded, we conclude that
E[ln{"(q) — nS"@|?] = 0 asn — oo,
This concludes the proof, as it proves (6.5). ]

Corollary 1.4 gives an explicit way to recover the level line of the GFF given e!7%,
However, this recovery process does not locally depend on the field. We also believe that
it is possible to recover the level line via an explicit local function of T @»+%n) its own
level line.

Now, we let T be small enough such that TA < m; then the imaginary part of
exp(i Tun(x)) has the same as sign as the real part of x. We also define -7 (), the
level line of the imaginary part exp(i T (¢, + u,)). We conjecture the following.

Conjecture 2. There exists a small enough T, such that for all T < T, T converges
in law to an SLE4. Furthermore, n™ and n™>T converge to the same limit.

Apart from Corollary 1.4, we have two other reasons to believe in this conjecture. The
first one is the fact that the gradient of ¢, on its level line ™ is, in mean, upper and
lower bounded (see [38, Lemma 3.1]). Thus, one could expect that most edges in n have
corresponding primal edges for which Im(exp(i T'¢y,)) is negative on its left vertex and
positive on the right one.

The second reason is that level lines do not get close to each other, nor to themselves.
This can be seen in [38, Sections 3.4 and 3.5], or by understanding their scaling limit as
in [43, Remark 1.5].

As we said before, we conjecture that there is a similar result for the Villain model.
In fact, Frohlich and Spencer conjectured that the Villain model at low temperature T is
close to the imaginary exponential of a GFF with a slightly different temperature 7v; :=
Tva(T) > T (see [22, Section 8.1]). This allows us to interpret Conjecture 2 as follows.

Conjecture 3. Let T be small enough and let Y, be a Villain model in A, with tem-
perature T and boundary values exp(—ikﬂ) in the left side of the boundary, i.e.
dA, N {x :Re(x) <0}, and exp(i A M) in A, N {x :Re(x) > 0}. Let n™ be the level
line of the imaginary part of V. Then 77(") converges in law to an SLE, (see Figure 8).

In fact, the result should hold for more general boundary values.

Conjecture 4. Let T be small enough and let v, be a Villain model in A, with tem-
perature T and boundary values exp(—ia) in dA, N {x : Re(x) < 0}, and exp(ia) in
dA, N {x : Re(x) > 0}. Let n™ to be the level line of the imaginary part of . Then for
a small enough, n™ converges in law to an SLE4(p) with p = a/(A/t) — 1.

6.2.2. Full set of interfaces. Instead of studying a single interface of a GFF, one could
also study the whole set of interfaces arising from a 0-boundary GFF. These sets are called
ALEs, and were introduced in [9] and further studied in [6, 8, 36].
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Fig. 8. Left: The boundary values of the Villain model. Right: The level line of the imaginary part
of this Villain model. We believe that this line converges in law to an SLE4 when the temperature
of the system is low enough.

ALE:s are characterized as the only random set A_ , such that a continuum GFF &

can be written as

®:=) %4592, (6.6)

o

where the sum is over connected components O of the complement of A_, ,, ie.,
[—1, 1]2 \ A_; .. Furthermore, o e {—1, 1} and conditionally on A_, ;, ®9 is a
0-boundary GFF in O (conditionally) independent of (®o/)o'+0. The existence and
uniqueness of such a set was proven in [9]. Furthermore, as shown in [8, Lemma 3.6],
this set can be thought of as the union of the 0-level lines of the continuum GFF .

In fact, for this discussion it is useful to define the O-level line 1 of a discrete GFF
going between x € dA, and y € dA,; 1 is then a dual path connecting an edge containing
X to an edge containing y such that for all vertices in A, \ dA, to the left of 1, one has
¢n(x) < 0, and for all vertices to the right of 1, ¢, (x) > 0 (except maybe for points in
the boundary'?). Furthermore, let us define the discrete ALE A" A a8 the union over all
starting points and end points of the associated 0-level lines.

The O-level line is known to converge for the Hausdorff topology by [38, Theo-
rem 1.3], and furthermore the techniques of [39] allow us to see that it converges to
the O-level line of a continuum GFF. These techniques, together with [8, Lemma 3.6]
mentioned above, allow one to show that A” 1, converges for the Hausdorff topology to
the ALE."?

We can now discuss similar results to those for the level lines. In particular, as before
we have

12Note furthermore that such a line is not always unique. This should not be a problem as it is
not a problem in [38].

13The exact argument is not written anywhere, even though this proof has been known to a small
community. As the main focus of this section is not this result, but rather to shed light on this
interesting direction, we will not formalize this result further here.
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Proposition 6.6. For T < T__, there exists a deterministic function At (-) such that when

rec’

¢n — D, we have A (e!T¢) — A_p

The problem, as before, is that we do not know whether this function A7 can be taken
to be the discrete ALE associated to the imaginary part of e’7%# . This is the content of the
next conjecture.

Conjecture 5. Let T be small enough and ¢, a 0-boundary GFF converging to ®. Then
the ALE associated to the imaginary part of e 7% converges to A _ A

@GOG@GOG@G@G@G@GOG@G@G@G@GOGOGOG@G

O
)
G00000C0000000000C °GB00CG00B0BC00CG0
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Fig. 9. Left: The boundary values of the Villain model for this case. Right: The ALE associated to
the imaginary part of this Villain model. We believe that this set converges in law to the ALE A_, 3
when the temperature of the system is low enough. A striking consequence of this conjecture is that
the law of the limiting set does not depend on the temperature, as long as the system is cold enough.

An even more daring conjecture is that the same is true for a Villain model at small
enough temperature.

Conjecture 6. Let T be small enough and let ,, be a Villain model in A,. Then as
n — oo the discrete ALE associated to the imaginary part of Y, converges to A_j ;.

It is interesting to note that we expect that the interfaces of the Villain model at low
temperature resemble each other a lot for various 8. That is, this geometry will not distin-
guish the temperature from which the ALE arises. However, we expect that the law inside
each connected component of the complement of this ALE will look pretty different. To
be more precise, we expect that the boundary conditions generated by this ALE get closer
and closer to 1 = e’ as the temperature goes to 0.

6.3. Upper bound on of T 7,
In fact, the analysis of level lines of the GFF makes us believe in the following conjecture.

Conjecture 7. We have T,}, < 2+/2n.
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Let us note that 2+/27 is the smallest value of 7' so that exp(i T'A) = exp(—i T'A). That
is, it is the value for which we could not expect to recognize the macroscopic difference
between the left and the right side of the level line 1 introduced in Section 6.2.

The level line 71 is fundamental in recovering the GFF. This is shown, for example, in
the construction of the free-boundary GFF given in [36].

There is another reason why we believe that one cannot recover ¢ when 7 = 2+/27.
It has to do with the level set of the GFF.

Although the GFF is not a function, one can still define A_, . This is, informally, the
(connected component connected to the boundary of the) preimage of [—a, b]. These sets
were introduced'* in [6, 9] and their existence is conditional on the size of the interval
[—a, b]:

o The set A_, p exists if and only ifa,b > 0 and a + b > 2.

The case a + b = 24 is special. These are the values such that exp(—iTa) = exp(i Th).
Furthermore, in [8], it is shown that these are the only values of ¢ and b such that the
following happens:

o Fix two points x,y € [—1,1]? and let O(x) and O(y) be the connected components of
[—1,1]> \ A_,p containing x and y respectively. Then there is a positive probability
that O(x) # O(y) and 00 (x) N d0(y) is a continuous curve.

This property implies that the places where the GFF takes value —a and the ones where
it takes value b are mesoscopically separated, i.e. they are not macroscopically far apart.
As the function x — exp(i2+/27 x) cannot distinguish between —a and b, we believe
it is not possible to recover A_, 5 just by knowing exp(i2+/27 ¢). This would make it
impossible to recover all the macroscopic information on the GFF.

Appendix A. Viewing the shift a = {a; };ca as an exterior magnetic field

The goal of this appendix is to provide a different proof of Proposition 4.1. The idea of this
proof was inspired to us by an inspection of this exact identity in the simplest possible
case of a Gaussian free field on a single point {x} with Dirichlet boundary condition,
namely a Gaussian & (0, 1/8). The appendix is organized as follows: first we investigate
the case of one point, then we make a link with Riemann theta functions (thus explaining
the name modular invariance) and finally we give a second proof of Proposition 4.1.

A.l. Warm up: GFF with one point and Jacobi theta function

Let us consider the GFF on a graph with two points {x, y} with zero boundary condition
at y. The partition function of the a-shifted integer-valued field (here the vector a is just

14See [37] to better understand the relationship between A_, p and the imaginary chaos.
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one parameter which we call a) reads as follows:

/ (Z Brmnsa(®)) v

nezZ

«/ﬁ Z (——(2ﬂn + a) )

In the limiting case where we plug the infinite Fourier series

Z(B.a)

1+2 Z cos(q(¢p —a)) =2m Z 82nn+a(P)

q=1 nez

into the Frohlich—Spencer expansion at one point, it can be checked that the identity (4.9)
reads

_4
Y ez exp(—EQrn+a)?) - Qun+a)  §Yyepe P sin(g-a)-q
- 2
ZnEZ exp(_g(znn + a)Z) quz 6_37 COS((] . a)

. (A

which is correct for any 8 > 0 and any real a € (—x, ). (Note interestingly that it is
degenerate for the LHS as 8 — 0 but not for the RHS!)

One way to prove this identity is to notice its link with Jacobi’s theta function. Indeed,
the latter is classically defined as follows (see for example [34]):

0(z|7):= Zexp(innzt + 2imnz)

nez

forall z € C, v € H. Now if we plug
=ifa, tv:=2inf

into 8, we find

0(z|1)= 5 Zexp(—g@rm + a)z).

neZ

Jacobi’s first modular identity states that
0 (5

T

where o = (—i7)/2exp(Ziz?) = /278 exp(—gaz). This identity gives

Z e_% cos(qa) = /2np Z exp(—g(Znn + a)z) = 2xB Z(B,a),

qeZ nez

_71) =ab(z | 1), (A.2)

from which one can prove the identity (A.1) by taking the log-derivative in a. Note that
one may also avoid using Jacobi’s identity and re-prove things using a Poisson summation
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formula. We indicate the link here as our shift-parameter a which is central to our work
is naturally associated to the first argument z of the theta function 6 (while the second
argument 7 is related to the inverse temperature).

The argument we have just outlined bares some resemblance to the fact that, in an
Ising model with an exterior magnetic field /, one can compute the average magnetization
as a derivative with respect to & of the free energy log Z. In our context, we have used the
fact that

B 2y .
2 nez eXP( 2(2nnﬂ+ O -Qanta) Loz
> nez €Xp(—5(2mn + a)?) p

This suggests that our key identity (4.9) for a general domain A C Z? should be rem-
iniscent of recovering the average magnetic field of the Ising model from the derivative
in h of its free energy log Z. We implement this idea in the rest of the appendix by viewing
the vector shift a = {a; };c A acting as an external magnetic field. We prove Proposition 4.1
along these lines in two steps:

Section A.2: First, as in the case of one point, we work in the limiting case of infinite
Fourier series at each vertex x € A. This makes the analogy with the Ising model clearer
and makes a connection with the modular invariance of certain Riemann theta functions.
From the intuition gathered here, we notice that the key identity (4.9) is an appropriate
log-derivative with respect to a, namely —(o, V,log Z) = —(%(—A)f1 f.Valog Z).

Section A.3: In the second part, we work in the finite cut-off case. Here it is not so clear
how to recognize the integral against ( f, ¢) on the RHS of the identity (4.9). The rea-
son is that expansion into charges from [21] (and particularly the effect of the complex
translation under spin waves) somehow obfuscates the readability of ]E'gl Adnw (o, )]
To end the proof, we first get around the blurring effect caused by the expansion into
charges from [21] (using the matching of partition functions before and after expansions
into charges) and then connect with an actual average of (¢, f) by Gaussian integration
by parts.

A.2. Riemann theta function and a-shifted integer-valued GFF

In this section, we implicitly rely on expansions into infinitely many charge configurations
in [21,27] by attaching to each vertex i € A the infinite trigonometric series

Xi(di) =142 cos(k(di —a).

k=1
We will not properly justify here that these series are well defined as our goal is to justify
properly in the next section the key identity (4.9) which holds in the finite cut-off case

N
Xi(@i) =142 cos(k(d; — a)),

k=1
with N large.
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Let us introduce the following two partition functions in the general case of A C Z?
with, say, Dirichlet boundary condition:

Z(B,a) = — ! — Z exp(—§2(2n(mi—mj)+ai—aj)z)

\/(27713 l)lAldet(_A) lmeZA i~j
Z(B.a)= Y cnyZ5(0)
NeF
= 3 cw [ TT0+ 2B, ) cos(.7) = fa. D) i, (9)
NeF pEN

(As hinted above, ¥ must be an infinite set of charge configurations here.)
The expansion from Frohlich—Spencer (in this limiting case) reads as follows: for all
B < Boanda € RA,

Z(B.a) = Z(p.a). (A3)
Inspired by the analogy with Ising, we now compute, for any g : A — R,
(¢. Valog Z(B.2)) = ) _ gida, log Z(B.a)
i€A
ZIEA gi ZmGZA e 2 Zz—v] (27[(”11 mj)+al_aj) Zl’\‘] (ZJT(m, m]) + a; — a])
ZmGZA e 2 ZINJ (zn(ml mj)+al_aj)2

DieA Xmezh e Ty @nlmi—m))+ai=a;)® [AQ2rm + a)];gi
ZmGZA e—% Yi~j@r(mi—m;)+a;—a;)?

=p

Y egn €8 X CxTm) a0 (g A + )
Zmeer 2Zl~j(2”(ml mj)+al_aj)2

=P

Choose (as in [21,27])
g=0:= %—A_lf.
This gives
Y ez o= 8 TijC@rmi—m))+a;—a;)? (f.2mm + a)
Y cga e~ Tinj@ulmi—m))+ai=a;)?
Eg’aalle. 1.
Now, from (A.3), we know that for any function g : A — R,

(g. Valog Z(B.a)) = (g. Valog Z(B.a)).

This implies, with g = o, the following formula for E 1Y BA a[(¢, )

Ep'sal(¢. /)] = (0. Valog Z(B. ).

(0, Valog Z(B.2)) = —
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Let us then compute V, and check that it gives the desired identity:
(0. Valog Z (B, a))

= Zol Z ceN’llEp p,eN/Z(,va~ N)[_Sin(«bvﬁ)_(a’p))_pi]

Z('B a) NEF
x [T [1+:z(8. 0. N)cos((g. ) — (a D] G (@)
peefv\{pf

_ f( z(ﬁ p: N)sin((¢. p) — (a. p)){o. p))
Z(,B a) M,ﬁ ~ 1+ 2(B.p, N)cos((¢, p) — {a. p))

x [T1+2(B.p. M) cos((g. p) — (a. p)] dpGx ()

PEN

and we thus recover the RHS of (4.9) in the limiting case of infinite trigonometric poly-
nomials at each site.

Let us briefly highlight now the link with Riemann theta functions which we believe
illustrates what is beneath the identity (4.9). It is not hard to rewrite the partition function

Z(B.a) = ! Z exp(—g Z(Zn(mi —mj) +a; —aj)z)

\/(277,3_1)“\‘ det(—A)~! meZA i~

as a theta function in several variables (i.e., a Riemann theta function). The latter gener-
alized theta functions may be defined as follows (see for example [34]): for any g > 1,
z=(z1,...,2¢g) € C%® and a symmetric g x g complex matrix 2 whose imaginary part
is positive definite, set

0(z| Q) := Z exp(ri m’ Qm 4 2izm - z). (A4)

mezZg
The Riemann theta functions therefore match exactly our model when
=if(=A)a, Q:=2inB(-A).

We claim that the identity (4.9) is reminiscent of the suitable log-derivative (i.e. taking
F(a) —» —(0, V,F(a))) of the modular invariance identity for Riemann theta functions
(see for [34, Example 5.1]) which states that

Q7 'z | —Q7Y) = Vdet(—i Q) exp(inz! Q7 'z)0(z | Q). (A.5)

A.3. Blurring effect of the decomposition into charges

In this subsection, we work with finite cut-off Fourier series (and therefore do not need to
worry about convergence of series) and we end our alternative proof of Proposition 4.1.

By the same computation as the one outlined above for the infinite trigonometric
series, the RHS in (4.9) is given by

—(0, Valog Zy (B, a))
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where Z (B, a) denotes the rewriting by Frohlich—Spencer of the finite cut-off partition
function (i.e. Zy (B.a) =) yc5 cw Z3,(0)). The key point here is that it is not clear how
to recognize the expectation E 2 B A, v[(qS, f)] from the above log-derivative. To make

that identification easier, one should rely instead on an easier expression of 7N (B, a).
Indeed, we will instead work with the initial expression of the partition function before
subtle expansions into charges are made. Namely, we consider

Zn(B.a) —/1_[ 1+ZZcos(k(¢x ax)))dIP’EFAF

xeA

and we then compute
— (0, Valog Z(B,2)) = —(0, Valog Zn (B, 2))
ESFR(N, ksin(k(¢i —ai) [eeay (1 +2 202, coslk(gx — ax)))]
= — Z Oj ~ .
icA Zn(B.a)

We now wish to compare this with an expression for EE,A,M,U (o, )]

N
Ef aan ol A =EFT[TT (1423 costkigr —ar) (. /]
k=1

xeA

=Y AEGR[TT(1+2 i cos(k(x — ax)) )

ieA xeA k=1
N
=3 i Y e RS [0 TT (142 ) costk(@x —an)],
i€EA jeEA X€EA k=1

by Gaussian integration by parts. Continuing, this gives us

E§ aanol(® )] = Zﬁﬁ( A7, jHw()),

ieA

where

N
V() = 2E GFF[Z sin(k (¢ —a;)k ] (1 +23" cos(k(y — ax)))].

k=1 xeA\J k=1
Hence

E3 x5 ol f)] Zﬁﬁ[ A I]W(l)——%(ﬁ(—A‘l)\P)=—<%(—A‘1)ﬁ\1’>
ieA

N N
=Y oEgE[2 Y sintk(ts —ak [T (1+2 coste@e —an)],
k=1

ieA k=1 xeA\i

which ends our proof because we have obtained, as desired, the same expression as for
_(O-»ValogZN(ﬂ’a))‘ u
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Appendix B. Link with the random-phase sine-Gordon model

As pointed out to us by Tom Spencer, our work turns out to be closely related to the
random-phase sine-Gordon model which has been studied extensively in the physics lit-
erature [12,29] and which we now introduce.

Definition B.1. Let A C Z? be a finite domain. Let z € [0, oo] (this is called the activity)
and a = {a; };ep be a quenched disorder on the vertices given by i.i.d. random variables
a; uniform in [0, 27).

We equip the domain A with either Dirichlet or free boundary conditions. The
random-phase sine-Gordon model is the following quenched disorder probability mea-
sure on fields {¢; }iea:

]P’EiGA [do] := Z*‘% exp(z Zcos(qb,- — a,-))PﬁG’lil:[qu].
B.z,A ieA

Remark B.2. (1) Note that if we let z — oo, the measure ]P’;;'iG converges to the a-
shifted IV-GFF on A (with a € [0,27)%).

(2) If z — oo and if the disorder a, instead of being uniform in [0, 277)%, is sampled as
follows:
a:=¢ (mod2m) withg ~ ]P’ﬂGFF,

then the annealed law [ P (d a)]Pg:ii Ald¢] is very simple and is given by ]P’EFF[dqﬁ].

When the disorder a is uniform, it turns out that the annealed law is very different
from the law of a GFF. Indeed, in a series of works including [12, 29], the following
roughening/super-roughening phase transition has been predicted:

e If the temperature is high enough, then on large domains A, := {—n,...,n)?, it is
predicted that the random phase sine-Gordon model will fluctuate as a GFF, namely for
any fixed z € [0, co] and B small enough,

Ea[EETZSﬁn [¢2(0)]] =n—oo lOgn.

e On the other hand, if the temperature is low enough, fluctuations are predicted to be
larger! The following super-roughening behavior is predicted (see [12, 29]): for any
fixed positive activity z € (0, co] (note that here z > 0 is required) and 8 high enough,

E[EF2R, [67(0)]] =nooo (logn)®.

Our present work does not allow us to investigate the more surprising low temperature
phase with expected (logn)? variances (see for example Remark 1.9). Yet, it enables us
to prove rigorously that the fluctuations for the random-phase sine-Gordon model in the
high temperature regime are at least as large as for a GFF. (Note that with the quenched
disorder a, one cannot rely on classical correlation inequalities such as Ginibre.) Namely,
a very mild generalization of the proof of Theorem 1.8 yields the following result (which
also clarifies the link between high enough temperature and the choice of activity z).
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For simplicity, we state our result for zero boundary conditions around A, (but the
analogous statement also holds for free boundary conditions by considering ¢ (a) — ¢ (b)
for two distant points a, b in the bulk).

Theorem B.3. There exists Bo such for all B < By and all z € [0, 0o], uniformly in the
disorder a € |0, 271)A”, we have

VaryS9, [$(0)] = (1) logn.

This implies in particular the following lower bound for the fluctuations of random phase
sine-Gordon (i.e. with a quenched disorder a ~ i.i.d.) when 8 < Bo:

E[E53%, [970)]] = Q(1)logn.

Sketch of proof. Since Theorem 1.8 is stated uniformly in the disorder a, it implies the
limiting case z = oco. It remains to notice that the proof also handles the case of finite
activities z € [0, 0o) using the following minor modifications. Indeed, recall that we wrote
the proof of Theorem 1.8 for general trigonometric polynomials

N
7 (@) =142 hi(g) cos(gd(i)),
qg=1
where the set of weights Ay = (4;);ea is assumed to satisfy the same hypothesis as in
[21, (5.35)] (or equivalently [27, (1.9)]).
In our present setting, at any site i € A, we need to work with the following periodic
function:

Gi 1> 7O = B a(g) cos(q(di —a)
qeZ
with
1 2 —iq6 ,zcosB
alg) = — e 1YY do.
2 0

It is sufficient to notice that 0 < @(0) < ¢ and |a(q)| < «(0) for each g € Z. Indeed, we
may rewrite our periodic function as follows:

o7 cos(¢;—a;) _ Ol(O)(l +2 Z i(q) COS(Q(¢i - ai)))v

q=1

where |i(q)| < 1. Since the conditions on /A\(q) in [21,27] are conditions on the growth
of these coefficients, it is immediate to see that this “sine-Gordon” trigonometric poly-
nomial satisfies the conditions required to run the same proof as for Theorem 1.8. To
fully match the setup in that proof, one can absorb the multiplicative constant «(g) in
the trigonometric polynomial into the partition function without any impact on the fluc-
tuations. Also, we wrote the proof as in [27], with a cut-off N on large frequencies (i.e.
looking at 1 4 2 Z;VZI )At(q)). The same limiting argument N — oo as in [27] applies
here. The rest of the proof (in particular the analysis of the first and second moments in
Section 4.1) is identical in this setting. This ends this extension of Theorem 1.8 to the case
of the random-phase sine-Gordon model. ]
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