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Abstract: We prove that in the 2D Ising model with a weak bidimensional quasi-
periodic disorder in the interaction, the critical behavior is the same as in the non-
disordered case; that is, the critical exponents for the specific heat and energy-energy
correlations are identical, and no logarithmic corrections are present. The disorder pro-
duces a quasi-periodic modulation of the amplitude of the correlations and a renormal-
ization of the velocities, that is, the coefficients of the rescaling of positions, and of the
critical temperature. The result establishes the validity of the prediction based on the
Harris—Luck criterion, and it provides the first rigorous proof of universality in the Ising
model in the presence of quasi-periodic disorder in both directions and for any angle.
Small divisors are controlled assuming a Diophantine condition on the frequencies, and
the convergence of the series is proved by Renormalization Group analysis.
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1. Introduction

1.1. Universality and Harris—Luck criterion. A certain number of macroscopic proper-
ties close to phase transitions show a remarkable independence from microscopic details.
In particular, it is both predicted theoretically and observed experimentally that the crit-
ical exponents, describing the singularities of thermodynamic functions, are the same in
systems sharing only a few general features but having different inter-molecular forces,
atomic weights, or lattice structures. This phenomenon is known as universality, and
the Renormalization Group, introduced by Kadanoff [41] and Wilson [65], provides an
explanation by introducing the concepts of scaling dimension, dimensionally relevant,
marginal, or irrelevant interactions, and universality classes. The fact that interactions
are dimensionally relevant or marginal does not by itself imply that they can change
the critical behavior; the precise effect on critical exponents is governed by an effective
dimension, which can be different from the scaling dimension due to cancellations or
other mechanisms.

A paradigmatic model where universality can be investigated is the Ising model,
which describes a system of spins with nearest-neighbor interactions and shows a phase
transition in dimensions d > 2 characterized by certain values of the critical exponents.
One can perturb this model with finite-ranged or higher spin interactions, or consider it
on different lattices, and ask what happens to the critical behavior. Ind > 4, universality
is proven in the context of the closely related ¢* models (see, e.g., [8] and references
therein), where it has been rigorously shown that the values of the exponents are equal
to the mean-field ones, e.g., the correlation length exponent is v = 1/2 and the specific
heat exponent o« = (4 — d)/2. We remark, however, that while in d > 5 the behavior is
exactly the same as in the mean-field theory, in d = 4 logarithmic corrections are present;
the difference is that in the first case the interaction is irrelevant in the Renormalization
Group sense, while in the second it is marginal (or, more precisely, marginally irrelevant).

In d = 2, the Ising model with nearest-neighbor interaction on a square lattice was
solved by Onsager [60]. His solution proves that the value of the critical exponents
(v = 1, « = 0) is different from the ones obtained by approximate methods, such
as the mean-field. With universality in mind, it is natural to ask whether these values
are robust under perturbations. One can ask, for example, if the addition of a next-to-
nearest neighbor interaction or a non-quadratic one leaves the system in the Onsager
universality class or not. In this case, it is not convenient to use ¢>4 models, but one can
use the representation in terms of Grassmann integrals, at the basis of the exact solution,
and analyze it using Renormalization Group methods. This strategy was proposed in
[64] and applied to the computation of the specific heat and energy correlations in [63]
and in Appendix N of [44]. The Grassmann integral representation was then used in
[43,44] for the case of two Ising models coupled to each other by a quartic interaction,
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which can be mapped into models like the Eight-vertex, Six-vertex, or the Ashkin-Teller
model.

Even if single or coupled Ising models have the same exponents in the absence of
quartic interaction, when the interaction is present they belong to different universality
classes. In the first case, the interaction is dimensionally irrelevant, implying that, when
the strength of the interaction is small enough, the exponents are the same as in the pure
Ising model (e.g. v = 1, @ = 0) and no logarithmic corrections are present. In the second
case, the interaction is marginal, and its flow is controlled thanks to the complicated
cancellations related to emergent symmetries. The exponents are continuous functions of
the strength of the coupling [44], verifying suitable Kadanoff extended scaling relations
[11,12]. Continuous exponents also appear in the transition between the two universality
classes in the Ashkin-Teller model [32,46].

Subsequently, the Renormalization Group approach to interacting Ising models was
used in the proof of the universality of the central charge [33], the scaling limit of all the
energy correlations [31], and to analyze the role of non-periodic boundary conditions
[6]. Interacting dimer models, which are in the same universality class as coupled Ising
models in some parameter regions, were studied in [35,37]. This approach typically
requires a small value of the coupling.

Other approaches, different from the Renormalization Group, lead to universality
results for the Ising model, like those in [16,17], with nearest-neighbor interactions
on different planar graphs. In [4], the Ising model with non-planar, or alternatively
some non-nearest-neighbor pair interactions, was considered, proving the Gaussianity
of correlations without a smallness condition but without providing information on
exponents.

Another situation where the issue of universality can be posed in the Ising model
is when disorder is considered. Disorder can be introduced either in the magnetic field
[1-3,39] or in the interaction, and we focus here on this second case, for which much
less is known at a rigorous level. Typically, one can consider two kinds of disorder in the
interaction: random or quasi-periodic. The first describes the effect of impurities, while
the second is realized in quasi-crystals or cold atoms experiments. Early investigations
were done in the 2D random Ising model; in particular, the Ising model with a layered
disorder (that is, constant in one direction) was considered in [57] (see also [38] and [24]),
and the specific heat was found continuous (instead of logarithmically divergent), while
with a bidimensional random disorder, a double logarithmic behavior in the specific heat
[21] was found.

In more general cases, Harris [38] proposed a criterion to predict when random
disorder is irrelevant or not; if & is the correlation length and A? is the covariance of the

disorder, the condition for irrelevance is v/ A2/£9 < |8 — B.|, where the left-hand side
is (roughly) the ratio between typical fluctuation of the sum of disorder terms within
a distance given by the correlation length & and the mean (B, is the critical inverse
temperature). As close to criticality & ~ |8 — B.|~", with v being the critical exponent,
irrelevance is predicted for vd /2 > 1, see [38], while relevance is expected for vd /2 < 1.
According to this criterion, irrelevance is predicted ford > 5 (v = 1/2 > 2/d) and
relevance for d = 3 (conformal bootstrap predicts v = 0.627--- < 2/3, see [62]). In
the marginal cases d = 4 (v = 1/2) and d = 2 (v = 1), Harris’s criterion gives no
predictions in general.

On the rigorous side, a generalization of Harris’s result was proved in [15], where it
was shown that in all systems with continuous transitions v > 2/d, with ¥ being the index
of the disordered system. In the case of layered disorderind = 2, the system is effectively
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one-dimensional as far as the ratio between mean and fluctuations is concerned, so the
relevance of disorder is predicted in agreement with [57]. A rigorous proofis still lacking,
despite progress being made in this direction in [18,30]. In addition, the Harris criterion
has been verified in simplified models of a probabilistic nature [29].

While the Harris criterion regards the case of random hopping, the case of quasi-
periodic disorder was considered by Luck [42] (Harris—Luck criterion). In the case of
the 2D Ising model with layered quasi-periodic disorder, the condition for irrelevance

was generalized to 1/& Zi:() 8y < |B — Bc|, where 8, is a suitable function measuring
the fluctuation of the quasi-periodic hopping, see [42]. Since v = 1, the condition for

irrelevance requires that Zi:o 8y is bounded and small uniformly in &, a condition
verified in the case of weak quasi-periodic modulation, while it is violated for strong
quasi-periodic disorder.

Such conjectures were checked in [42] by a perturbative method, but the issue of
convergence of the series was not addressed; they have also been confirmed by numerical
investigations, see e.g. [19,36]. In particular, in [19] it was numerically found that the
Ising model with weak quasi-periodic disorder remains in the Onsager class, while
evidence of a new universality class is found at stronger disorder. Finite difference
equations for the spin correlations have been derived in [14,61] from which low and
high temperatures expansions are obtained.

In this paper, we finally prove that the critical exponents for the specific heat and
energy-energy correlations in the weak quasi-periodic Ising model are identical to the
Onsager ones, both for layered and non-layered disorder, in agreement with the Harris—
Luck criterion. The result is based on convergent series expansions in the disorder,
and the small-divisor problem is addressed via Renormalization Group analysis. This
provides one of the very few cases in which a rigorous understanding of the critical
behavior of the 2D Ising model with disorder is achieved and universality is proven.

1.2. Main result. The Hamiltonian of the 2D quasi-periodic Ising model is
H=— Z [J{D oxoxre, + P 0xOxres | (1.1)
XEA;
where eg = (1,0),e; = (0, 1), x = (xg, x1), ox = * and:

(1) Fori € N, X € A,’, Al' = (—L(),i/2, L(),i/z] X (—LL,-/Z, Ll,i/Z] N Zz, Ox = + and
periodic boundary conditions are imposed.
(2) The interaction is given by

J,E”:(1+x¢<i>(2mo,,-x0+9j,o,2m1,,»x1+9,-,1))J(f'>, i=0,1 (12)

where ¢(-/ )(y) is such that

_ [(Loi=1)/2] [(L1:—1)/2] o
qW)(y) — Z Z ¢r(ll)el(noy0+n1y1)’ (1.3)

no=—LLo,;/2] m=—|L1,/2]

with qgl(lj) = (43(_13)*, n = (ng,n1) and'y = (yo, y1); moreover, for suitable real
constants A, n > 0

16| < A=l (1.4)
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(3) {wo,i}ien, {w1,i}ien are the best approximants wo ; = po,i/qo,i and @1 ; = p1,i/q1.i
of two irrational numbers wg, w1 < 1. For j = 0, 1, the latter are obtained starting

from the continuous fraction representation w; = aj o + " L from which,
: @
J “j,2+ﬁ
Pil 1 pj2 1 : Pii Cc
one has ~f— =ajo+ —, 2= =a;o + w1th‘a)~—— —- (seee.g.
4j,1 FOT @ g2 0T a}% Poaii ] =g, ( &

Section IV.7 in [20]).
(4) w1, wo are irrational numbers verifying a Diophantine condition, thatis, for j = 0, 1,

Rrwjnlr = cjln|  Vn e Z\ {0}, (1.5)

where | - |7 :=inf,ez | - +2mm| and p; > 1,¢; > 0.
(5) The side lengths of the boxes are chosen so that

Lii=qi, Loi=qo,i. (1.6)
and lim; o L1,i/Lo,; = ¢ with0 < ¢ < o0.

Remark 1.1.(1) The energy correlations of the quasi-periodic Ising model are obtained
as the limit of the energy correlations of a sequence of Ising models in boxes with
interactions periodic in space with a period equal to the side of the boxes. In the limit
i — oo the modulation becomes Zi',ﬁ,m:—oo ér(,j)ei(”0(2”‘“0x0+9110)+”1(Z”wl"ﬁ@j.l)),
that is quasi-periodic in both directions. While in principle other ways to define a
quasi-periodic Ising model can be imagined, this is the one chosen in numerical
simulations in the physical literature, see e.g. [19].

(2) The quasi-periodic Ising model has been considered up to now only with layered
disorder, corresponding e.g. to ¢© = 0; for instance JX(O) = J and J,El) =J{+
Acos(2rwix1+6)). In contrast, we consider a rather more general situation including

interactions of the form, for instance, J,EO) = (1 + AcosRmwoxg +6) cosrwixy +

NI, I = (1 + A(cosBrawpxo + V) cos(67 woxo +2) cosRrwi x1 +E))J D,
with 6, ¢, ¥, & phases: that is the interaction is different in any bond, and quasi
periodically modulated in both directions.

(3) The form of disorder we are considering breaks essentially all the symmetries present
in the non-disordered case other than spin-flip symmetry; in particular translation
invariance and inversion symmetry x; — —x; in both directions. Less general forms
of disorder preserve some symmetry; in particular, in the case of layered disorder,
translation invariance and inversion in one space direction is preserved.

The truncated energy correlations are defined for x1, X, € A; and ji, j» € {£} as

Si (X1, j1; X2, jo) = <0X10x1+ej1 szgx2+ej2)i - <leax1+ejl )i<0X20X2+ej2>iv (1.7)
with
1
= —BH — -pH
(0); =~ Yo e Mo, z= Y P (1.8)
{ox}e(F}Ai {ox}e{£}Ai

where Z is the partition function at inverse temperature > 0.
If A =0, for B # B, with B, given by

sinh(28.J @) sinh(2B.J V) = 1, (1.9)
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the thermodynamic limit i — +oo of the truncated energy correlations exists and is
denoted by S(x1, j1; X2, j2). Such limit decays exponentially for large distances with
correlation length & diverging at B. as € = O(|B — Bc|™1); B is therefore the critical
temperature. Moreover, in the limit 8 — B, one has

S(1, j13 X2, j2) = Zj, Zj,82(x1 — x2)g° (x2 — x1) + Rj, j, (X1, %) (1.10)

with gi(x —X3) = (v1(x1,1 —x2,1) £ i(vo(x1,0 — xzy()))_l, Zj, v1, v real constants,
IR} (X1, X2)| < m for |x; — xo| — 00,0 = 41'1 and a real constant C. B, is
therefore the critical temperature, defined as the temperature at which the correlation
length diverges. Note that one is taking the |A;| — oo limit at 8 # B, so that terms
O (e~ LiclP—Bcly vanishes in the limit, see Sect.5 below, if ¢ is a constant and L; =
min{Lg;, L1;} is the shorter side of A;. Note that vy, vy are the coefficients of the
anisotropic rescaling of positions g4 (x) = g(vixy, voxo) with g(xg, xo) = X|+UCO (and
similar for g_); they will be also called velocities. Our main result describes the long-
distance decay of correlations in the interacting case.

Theorem 1.2. Consider the Hamiltonian (1.1) and assume (1)—(5). There exist Ly, C, k >
0, functions b : (=g, Lo) — R, &; 1 (—Ao, Ao) X T — Randa; : (—ho, o) — C for
J =0, 1, with sup, [b(X)|, sup; |a;(A)], sup, » 1&;(A, #)| < C such that the following
holds. For any |\| < Ag there exists B.(L) = Bc + b(L) such that

(1) for B # Bc(V) the limit lim; o0 S; (X1, j1; X2, j2) = S(X1, j1; X2, jo) exists and is
finite.
(2) For B # Bc()
1

|G, ji: %2, jo)| < Cem P AebImaD?, (L11)

(3) For B — Bc(A)
ﬂli/gn(x) S(X1, j1: X2, j2) = Zj x; (M) Zj, x, (M) g+ (X1 — X2)g— (X2 — X1)
+Rj, j,(X1.X2) (1.12)

with

1 1
g+(x) = , &-(x) = . (1.13)

v (AM)xy +ivg(A)xo (vi(A))*x1 —i(vo(A))*xo
and |Rj, j, (X1, x2)| < Wfor x| —X2| — 00,0 = 1/4 and
Zjx(A) =Zj+ A\, 2mrwoxp, 2rwix1) vi(A) =v; +daj() (1.14)

with Zj, v; defined in (1.10).

Remark 1.3. (1) The asymptotic behavior of the 2-point correlation (1.12) at criticality is
similar to the one of the unperturbed case, with the main difference that the amplitude
is the product of two quasi-periodic functions Z; x, (1) and Z j, x, (A). The velocities
and the critical temperature are also modified. In contrast, the exponents are universal
and no logarithmic corrections are present; this provides a rigorous confirmation of
the Harris—Luck criterion. Outside the critical temperature a stretched exponential
decay is found, but this is just for technical reasons and exponential decay is expected.
The analysis could be easily extended to the n-point energy correlations.
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(2) The proof is based on the convergence of the series for the correlations, showing
a small-divisor problem similar to the one appearing in perturbation of integrable
Hamiltonian systems, see e.g. [25]. Convergence is shown assuming only a Dio-
phantine condition on the frequencies, the smallness of the coupling and a fast decay
property of the harmonics; without such assumptions a different behavior is expected.

(3) The result holds for any angle 6, including cases where inversion or translation
invariance is broken in both directions. This is a peculiar fact since in many similar
models with small-divisor problems, extra conditions are usually required.

1.3. Sketch of the proof. The starting point of the analysis is the exact representation
of the quasi-periodic Ising model as a Grassmann integral, which is an immediate con-
sequence of the dimer representation, see e.g. [57], and the fact that Pfaffians can be
expressed as Gaussian Grassmann integrals, see e.g. [56]. The energy correlations can
be written as the sum of terms of the form (the exact expressions are in Sect. 2)

J Pydy)P(d€)e’ O
J Py (dy)P:(d§)eY
where Py (dr), Pg(d§) are Grassmann Gaussian integrations, O is a quartic monomial

in the Grassmann variables, and V is a sum of monomials in ¥, £ and vanishes for A = 0.
The propagator (or covariance) of Pz (d§) is ¢ (k), given by

(1.15)

(D) 0) o . —1
N . it'Vsink; + % sin kg img (K)
8s () 1= ( —ime (K) “iWsink; — 1O sinky) 1O

with 1) = ‘11\—| Y xea tanh(B J,Ej)) and mg = m, = O(1). From the explicit expression
given below in (2.22), m, (k) = m, (0) + F (k) with m,(0) = O(1) and F(k) = 0
at k = 0, and bounded away from zero uniformly in 8 in the other three poles of the
diagonal elements of g¢ (k). One recognizes in (1.16) the propagator of a lattice Dirac
fermion with a mass m , (0) and Wilson term F (k).

The propagator gy (k) of Py (dy) has a similar expression with a mass that can
vanish as a function of temperature. The variables &, being associated with a bounded
propagator (called non-critical variables for this reason), can be integrated out (see
Sect. 3), expressing the energy correlations as Grassmann integrals of the form

[ Pydy)e’ O
[ Py(dy)e’

with V = ﬁ don >k Y-k Wn(k)wk_zngn, where Wn(k) is a matrix with elements

(1.17)

exponentially decaying in n and analytic in A. Here, ¥ = (¥4, ¥_), Q = (a())o a())l),

and O is still quartic in v. This representation is an immediate consequence of Wick’s
theorem, allowing us to represent Wy (k) as a sum of chain graphs, that is, products of
propagators of the form g¢ (k)8 (k — 27 2ny) g: (k — 27w Qmy) - - - . Convergence follows
from the exponential decay of 4311 and the boundedness of g¢.

One could perform the integration in v (critical variables) in a similar way, obtaining
an expansion for the correlations still expressed in terms of graphs. In this case, however,
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the propagator of the yr-variables is unbounded, and at criticality there are graphs that
are naively bounded by O (n!%) if n is the order and « a constant, due to the presence of
small divisors. To achieve convergence, one needs to improve the bounds, showing that
such factorials are indeed not present.

To show this, a multiscale analysis is required, as described in Sect.4. One decom-
poses the propagator as a sum of propagators supported at different momentum shells
with scale h, that is |k| ~ yh, y > 1, withh = 1,0,—1,=2,.... In other words,
gy (k) = 2}1:_00 g™ (k) with g™ (k) = O(y~"). Integrating the higher momentum
scales, we obtain

f Pll(,fh) (dw(ih))ev(h)(w(sh))é(h)
f pfﬂ(dwsh))ewm(w(fm)

(1.18)

with Pfh) (dy=") a Gaussian Grassmann integration corresponding to scales < & and
again

1 ~

. (=h) i (h (=h)

VO ==Y Y R W 0 o
n k

with V’V,(,h) depending on the scale i. Using that, for Gaussian Grassmann integrals,
Pfh)(dw(fh)) = Pv(fh_l)(dlp(fh_l))Pv(jh)(dw(h)), we can integrate the ¥ variable
iteratively; this again produces chain graphs as a product of propagators of arbitrarily
large size O (y ") times products of the W.&h). In Renormalization Group terminology,
the terms in V™ are relevant perturbations that could alter the critical behavior.

To show that this is not the case, one needs to distinguish between the case n = 0,
which are called resonant terms or resonances, and the non-resonant case n # 0. In
the first case, one gets an accumulation of identical small divisors in the perturbative
expansion, ending with a non-summable behavior. Such a phenomenon is avoided by
modifying the expansion, introducing a counterterm to account for the modification
of the critical temperature, and by modifying the velocities at each iteration step, see
Sect.4.1. That is, the propagator of the =) close to k = 0 acquires the form ~

—ivl,hkl + vo’hko —im
X (1) ( im v} ki — v ko
that reabsorbing certain terms in the propagator is possible only if the Wéh) have a
suitable form that does not change the qualitative structure of the propagator; this is
indeed what happens. When the angles 6; are generic, the breaking of symmetries does
not allow us to conclude the reality of velocities (which turn out to be real in the layered
case).

One has then to deal with the terms in V® with n # 0; in that case, the repeated
small divisors are not identical and they cannot be reabsorbed into the propagator. If the
disorder was periodic, that is, €2 is rational so that 2;r 2n mod 27 is bounded, this would
mean that there is a scale & so that such terms are not present for h < ; hence, they
could be easily bounded. In contrast, if 2 is irrational, that is in the quasi-periodic case,
such terms appear at any scale 4, and the propagators associated with fields multiplying

A,Y’) are as large as O(y ~"). One needs therefore, to achieve convergence, to prove

that W,Eh) (k) has a fast decay in & compensating for the small divisor y ~". This follows
from the Diophantine condition, as it implies that if k and k — 27 n are O (y"), then

-1
> where x;, (k) # 0 for [k| < y". Note
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n is large, that is |n| > y_% for a suitable constant t. The decay in n of Wéh) (K) can
therefore be converted into a decay in y ~" compensating for the y " of the propagator.

However, the gain must be obtained at every iteration step and one has to check that no
non-summable combinatorial factors are present; this is done using the cluster structure
of graphs (see Sect.4 and in particular Lemma 4.7 where the convergence of the series
expansion is proved). The series obtained is in A and in the running coupling constants
(corresponding to the renormalizations of the temperature and of the velocities); one
has to show that it is possible to fine-tune a parameter, corresponding to the shift of the
critical temperature, to prove that they remain small at any iteration, as proved in Sect. 4.

Finally, in Sect. 5, the full expansion for the energy correlations is considered. In this

case, after the integration of the fields of scales 1, 0, —1, —2, ..., k, one gets source terms

of the form ﬁ Zn’ i Kp Zl(l’ I)l WSJ’) lop) wlfg)_h Qn;\\g ) where Z }(lj I)l are running coupling

constants associated with the source terms in the generating function for correlations
and XE,J ) is the Fourier coefficient of an external field (see (2.1) below). In this case,
there are running coupling constants corresponding to n # 0 as there is no gain due
to the Diophantine condition. They have a finite limit as 7 — —oo, and this implies
that the critical exponents are the same as in the unperturbed case, and they produce the
quasi-periodic amplitude of the energy correlations.

1.4. Comparison with previous results. The paper uses a fermionic Renormalization
Group approach to the Grassmann representation of the Ising model, previously used in
the case of non nearest neighbor perturbations, see [31,33,44], or for coupled Ising and
related models like Six-vertex, Ashkin-Teller or dimer models [11,12,35,44]. In such
cases, the starting point is a Grassmann integral similar to (1.15) but with V' a quartic or
higher order translation invariant interaction.

In the case of the quasi-periodic Ising model, the situation is different: the interac-
tion in the Grassmann integral is quadratic but the modulation of the potential breaks
translation invariance and it requires the use of KAM methods to solve the small-divisor
problem.

The relation with KAM appears from (1.15); as the exponent of the integrand is
quadratic in the Grassmann variables, the energy correlations could, in principle, be
deduced by a suitable lattice Dirac equation in a quasi-periodic potential, essentially
given by

02 (Vxrey — Vx + A Ux) + 01 (Ve — Vi + AP Ux) +imosyx = Eoy vy,

with o1, 02, 03 being the Pauli matrices. Indeed, such an equation has not been studied,
but an extensive literature has been instead devoted to the related problem of the lattice
Schrodinger equation with a quasi-periodic potential (which is strictly related to a KAM
problem), like

1;0)c+1 + 1/fx,1 + A‘b}ﬂﬂx = El/fx

where x € Z and ¢, = ¢p(2mwx + 0) with ¢ 2 -periodic. For small A, the eigenvalues
and eigenfunctions of the above equation were studied in [22] where two Diophantine
conditions are assumed, one over the frequency and the other over the energy, using KAM
methods. In particular, it was required that [2rwn|r > C|n|™" and 2rwn £+ 2p|7 >
C|n|~", with E = cos p (first and second Melnikov condition). In [59] instead, the case
p = nmww was studied, corresponding to the gaps in the spectrum. Several attempts
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were made to improve such conditions, culminating in [23], where the second Melnikov
condition was removed, and in [7] where @ was assumed to be any irrational. In higher
dimensions, for the strong coupling regime, results on localization are in [10,40].

An important related issue is the computation of the correlations of a system of
several particles (fermions in particular) in a quasi-periodic potential, with a single-
body interaction described by (1.4). In the absence of a many-body interaction, the
knowledge of the single particle properties of (1.4) could be sufficient to determine the
properties of the ground state correlations. If ¢, in (1.4) is random, this was indeed
done in [5], and with a periodic potential (in the continuum) it was done in [9], where
indeed the asymptotic properties of correlations were determined only by a very precise
knowledge of the singularities of the eigenvalues (branch points) in the complex plane.

In the quasi-periodic case, a derivation of the asymptotic behavior of fermionic cor-
relations directly from the Schrodinger equation (1.4) has never been attempted. How-
ever, such asymptotic decay has been derived by writing the fermionic correlations as
Grassmann integrals similar to (1.15), with interacting measure P (dvy)e", propagator
(ikg+cos(k; +nw) — E)~! and V sum of monomials w,;)ykwk;kﬂnnw. The long-distance
behavior of the non-interacting ground state correlations in d = 1 has been determined
using a multiscale analysis in [13] via fermionic Renormalization Group methods, in-
spired by the ones used in KAM Lindstedt series [26,27]. The result was valid for
E = cosmmw, m € N, that is assuming a gap condition like the one in [59]; the ground
state correlations decay exponentially both in space and Euclidean time. Note that there
are infinitely many gaps with size O (7)., the spectrum being a Cantor set.

Later on, the RG methods were extended to include the presence of a weak many-body
interaction (and weak quasi-periodic potential): it was shown in [45] that the gaps are
not closed by the interaction (if the corresponding harmonic is present in the potential),
but are strongly modified via the presence of a critical interaction-dependent exponent;
the gaps become 0((A<13,h)1+"), n=alU+ O(U?), where U is the coupling of the many-
body interaction and 7 is a critical exponent. A similar phenomenon was also shown to
happen in the interacting Aubry-André model where only one harmonic is present in the
initial potential [49] and in the interacting Hofstadter model [50] for the Hall effect. In
higher dimensions, a class of fermionic systems in d = 2, 3 known as Weyl semimetals
have been considered [55] in presence of a quasi-periodic disorder and interaction in the
weak coupling regime; by assuming a first and second Melnikov condition restricting
densities, it was shown the stability of the Weyl phase, that is the absence of localization.

While the above-mentioned results regard the case of fermions on a lattice with a weak
quasi-periodic potential and a many-body interaction, the case of strong potential has a
different behavior, manifesting the phenomenon of Anderson localization. In this case,
one considers the kinetic energy as a perturbation of the quasi-periodic potential, and not
the opposite as in the previous case. In [28], localization without many-body interaction
was shown, and later the proof of 7 = 0 many-body localization of interacting fermions
[47,48,51-54] was established. It should be remarked that at the moment, such RG
methods are the only ones allowing us to take into account rigorously the interaction in
the thermodynamic limit.

At the mathematical level, the Renormalization Group methods used to analyze the
above fermion systems in the weakly disordered regime are related to the ones used
here for the quasi-periodic Ising model, but there are important differences. First of all,
in fermionic systems one has to restrict the values of the chemical potential either to
ensure the validity of a gap condition, as in [45,49,50], or a second Melnikov condition
[55]. There is no analogue of chemical potential in the Ising model, but we can solve
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the small-divisor problem without imposing any condition. In addition, in fermionic
models considered so far, the 2-point fermionic correlation was studied, while here
the energy correlations are considered, quartic in the fermions, a fact producing new
(infinitely many) marginal operators and the quasi-periodic modulation of the amplitude.
Moreover, the quasi-periodic disorder is bidimensional in space and Euclidean time
and all possible choices of angles are considered, while previously the only layered or
bidimensional cases with angles chosen equal to zero were treated [54]. The general form
of the disorder considered here breaks the inversion symmetries, an important property
to prove the reality of the velocities.

In addition to such technical improvements, it should be also remarked that the
application of direct methods, previously developed for apparently unrelated problems
like KAM series or non-relativistic fermions, to the quasi-periodic Ising model is a major
novelty of this paper and it produces the first rigorous proof of the Harris—Luck criterion,
and a natural starting point for the inclusion of next to nearest neighbor interactions.

2. Grassmann Representation

From the dimer representation of the Ising model, see e.g. [58], one can express the
energy correlations, which are expressed in terms of four Pfaffians, using Grassmann
integrals; see e.g. [56]. The energy correlations can therefore be written as

82
S(x1, j1; X2, o) = ——————log Z(A) , (2.1)
8AxlajlaAX2sj2 A=0
with
1
Z(A) =3 Y TaZal(A), 2.2)
aelE)?
wheret, _ =71_ ;=7 _ =—7,=1and
_ 1 |
Za(A) = | [] [T eoshBR” + Ax.j) fDA"@eSAi(CD'A), 2.3)
_XEA,' j=0
with
Sa (@, A) == > [tanh(BI) + Ax 1) Hx Hyse, + tanh (8L + AX‘O)VXVX%O]

XEA;

+ Z [HxHy + VxVx+ VxHx + VxHy + HyVy + Vx Hy] .

XEA;

(2.4)

Here, Hy, Hx_,Vx, Vx are independent Grassmann variables, four for each lattice site,
and Ey | := HyHyqe,, While Ex o := VxVxye,. Moreover, ® := {Hx, Hy, Vx, Vx}xen,
denotes the collection of all these Grassmann variables, and DA is a shorthand for
HXEAi d Hxd HydV xd V. The Grassmann integration is defined so that, for all x € A;,

/ dHdHydVxdVy = 0, / dHydHydVdVy(VxVxHxHyx) = 1. (2.5
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The label &« = (o1, @2), with a1, ap € {£}, refers to the boundary conditions, which
are periodic or antiperiodic in the horizontal (resp. vertical) direction. Letting Z =
Y we (212 Ta Za with Zy = Z(0), the truncated energy correlation (2.1) can be written
as

. . 4 T
S, jixa, )= Y S F Exii Bxailai (2.6)

ac{£)?

where (-)4 ; is the average with respect to the Grassmann “measure” DA @eSni (20 /Zy
with & boundary conditions.

Let us consider first the case A = 0.

We perform the (well-known) change of variables

ﬁx +iHy = ein/41ﬂ+,x - ein/4X+,x» ﬁx —iHyx = €_i”/41ﬂ—,x —e7im/4

X—.x>
. . (2.7
Vx+1Vx = 1//+,X + X+,x5 Vy —1Vx = 1ﬂ7,x - X—x- @D

We set Bg = [ DY d 54 ®0 and, for j =0, 1,10 = ﬁ D xeh, tanh(BJ), we
define VX(]) as
1 = tanh(B1Y) = tanh (,310')(1 + 29U Qrwo ixo +0).0, 2wy i X1 +9j,1)))

=) 4y (2.8)

sothat ) o . Va7 = 0. We can write

) - (03] W)
Bq = / [T dvexdv— xdxexdi— x5 O @1+0W20 (2.9)

XEA;

where, denoting with - the Euclidean scalar product,

1 —1 +
(09) — § 1 [ X+x ) . X+, x+e;
§700 = 4 e <X,X> < i 1> (X,x+e1> *

XEA;

1 L
_ - E ) [ X+x ) . 1+1 X+,x+€)
4 x <X,x> <_i +i) (X,x+eo) * (2.10)

XEA;

1
— Z Z 2i(\/§+ 1)(X+,x}(—,x - X—,XX+,X)'

XEA;

. 1 Vs —1 +i Yt xte
SV () = — 1 Z tygl) <Wx) ' (—i —1) <1/f,x+e1|> ¥

XEA;

1 Vi x =14\ (VY xte )
_ 0) , . v ,X+€0
4 Z Iy (1/,)X> <_1 +1> <1/f,x+e0 + (2.11)

XEA;

1
N Z Z [_ Zi(\/z - I)J(whxwf,x - Iﬂf,xwhx)-

XEA;
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1 L
own= § T ($0)-(24) ()

XEA;

1 ‘(/f , X 1 _1 X+€
e () () () o

XEA;

2.12)

Note that, by (2.8), Vx(j Visa 27 -periodic function in 27 Qx+# ; with Q = (wg‘i w(l) _),
N

and with zero mean so that we can write

V(J) Z v(J) in- 0161271an with V(J) 1 Z Vx(j)e—in'(ZHQX+1’j)’ (2.13)

[A;l

XEA;
where Vx(j) is defined in (2.8), n takes values as in (1.3),
VD) < Clafeiml (2.14)

with C and n independent of i, and V,E] ) (V(J ))* V(] ) = 0; these properties follow

from (1.4), (2.8) and by analyticity of VXJ as a function of the coordinates.
Denoting by ¢+ = ¥+, x+,

[ix = |A| > Teke™, (2.15)

keDy
with
ki =72 /cj+l—a]1)

L

i+ ) . (2.16)
kjef—["5] - ,L%’J}}
Note that

ZV(I) X+x . -1 1 i+x+e1
-1 -1 X—.x+e

—_

Dy = :k = (ko k1) € R?

XeA;
1 7, in Z+,—k . pltki=2T01n1) —} i Z(:+,k—27r9n
2|A | n X—,—k -1 —1 X—Kk—27Qn
neZ2
+ 1 Z P ind Z+,k72n§2n ik —¥ i Z+,7k
2Ail S n X— k—27Qn -1 —=1)\X-—«k
€Dy
neZ?
| o -
_ P indy (Xe -k @2.17)
Al|kZ n X——k
€Dy
neZ?

Nitki—2momy (=1 1) _ ik (=1 =1\ | (X k-270n
-1 -1 i -1 X—k—27Qn

— |1i | Z Vé])e—niwlnleil‘bﬂl (5)((\+,—ll((>
i ——
keDy
nez?

. (—i sin (k] — na)lnl) icos (/q — nwlnl) ) (ZﬂkZﬂQn) )

—icos (ki — mwin;) —isin (kj — rwini) ) \X- k—270n
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and similar expressions hold for the other quadratic expressions. By setting
Eﬁlj) — vé./)e*iﬂwjnjeill'ﬂj’ (2.18)

we finally obtain

S = [ [] dhoadiosdindiou

keD,,
S CO+SE () + Otree (W) +S CO+Sint” W)+ Qine (¥ 0 (2.19)

where, if ¥y = (Y.+, ¥k.—) and X = (Rk+» Xk, —)-

1 —~ —~
St = =337 2 T Gl (2.20)
! keD,
. (l) . (0) . .
. (—it"sink; — ™ sinkg —im¢ (K)
Ce k) = ( img (K) —irD sink; +1 @ sinkg )’ 2.21)
my(K) := tD cos ki + t© cos ko + 2(\/§+ 1), (2.22)
mY, (k) := 1V cosky +1© coskg —2(v2 - 1). (2.23)
and
1 ~ . e o~
Quree(V. ) = i [V k- QWXk + Xk - Q)P (2.24)
! keDy
with
irM sink; — 1 ginkg i(t(l) cosk; —t© cos ko)
Ok == (—i(t(l) cosk; — 1@ cosky) itV sinky +1@sinky ) (2.25)
Moreover,
1 N~ . —~
S = g o 2 AT POK mE s, (2.26)
" keDy j=0,1
neZz?
1 s : _
O 20 = g 2 ) APV i 0V (MR amgn + (¥ < 1), 2.27)
" keDy j=0,1
neZ?
with
PO (k. ) — —isin (kj — wrwiny) icos (ky — wwiny) (1—8, o). (2.28)
T \—icos (k) — rwing) —isin (ki — roin) 1,07, L2
©) _ sin (ko — nwono) icos (ko — nwono) B
Pk m) = (—icos (ko — wwong) — sin (ko — wwono) (1= 8ng.0), (2.29)
and

0Vk,n = PPk n, 00k n = -—POK,n). (2.30)
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Finally, we introduce new Grassmann variables &

T = &+ C L) QW) ¥, 2.31)
and with a straightforward computation yields

.8

Sie = Siree+ Sis S = Sl + S0 + 0 ®. (232)

Explicitly, we obtain S\, (£) = S\%) (§) and

1 —~ i~

Siee @) = =3ra7 2 Vo ()W (233)

! keD,

with

@Gy~ = Cyk) — QK)C; ' (k) Q(K), (2.34)
QK)Cy ' (K)Q(k) = My + R(k) (2.35)
where, if we denote with [M| := )" a.b |Ma,p| the chosen norm on the space of matrices,
we have [R(k)| < Clk|, My = —((t© —t")2/m, )0, and, if my (0) =: my and

m%(O) =: mg,,
my =m% — O t(l))z/mx

= LO[(N)) +1D) 22— 1) P+ D) +2(V2+ 1)) — (1O — D)2
m
X

= L0 D g 4O 0y O 02
My

4
= (O OO 1y, (2.36)
X

In conclusion,
Ea :N/Pg(dg)/a,,(dw)eW@ (2.37)

where N is a normalization constant and Ps (d§) is the Gaussian Grassmann integration,
see e.g. Section 4.1 of [27], with propagator g (k) = Cgl (k)

2 (X V) A
gex—y) = o= D e Vg, (2.38)
! keDy
Py (dr) is the Grassmann integration with propagator gy (X —y) = \f_| Dk ek =y)

2y &) and V(¥ £) = S (&) + S (W) + Qint (¥, &) where

GY'NE N 0 ~
Sim &) = 4_|Ai| kEXD: i§1 Ay 'S5k P (K, n)&k_270n; (2.39)
neZ% . ’
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1 ~ T ~
S ) =~ 2 e | 2 AP | Picaon (240
' KeDy Jj=0,1
neZ?
and
Om(¥§) = g7z D 2 A ADY - 0 (kM _rgn + (F < X).(241)
keD,x j=0,1
neZz?
with
0 & m) = 0V k& m) - 0K)C; k)P (k,m), (2.42)
and

Pf/)(k, n) = POk n) — 0k mC;' (k- 27n) Q(k — 27Qm)
— 0 C; ' ) QY (K, m) + QW) C; ' () PV (K, m) (2.43)
cgl(k —270n)Q(k — 27 Qn).

Remark 2.1. The partition function is written in terms of Grassmann integrals (see
(2.37)), and a similar representation holds for the energy correlations (see Sect.5 be-
low). The propagator g; (x —y) decays exponentially with a rate proportional to m (0),
where ¢ = v, x and m,(0) = O(1). We call ¥ and x (or &) respectively critical and
non-critical, or massless and massive variables.

If there is no disorder (i.e., A = 0 and t/) = tanh(8J (DY), the critical temperature
B¢, which is the temperature at which the correlation length diverges, is given by the
conditionmy, = 0.Indeed, one finds that this happens when sinh 2 ,BCJ M sinh 28,7 @ =

. () +© . 0
l, notlng that 4mm =1 is true for l( ) = ] (1)

critical temperature when A # O is different.

3. Integration of Non-critical Variables

3.1. Series expansion. We define
SV :/Pg(dg)ev“”f) _ I HEL W)

3.1)

= exp( 4|A B Va(K) ¥ 2nQn>

neZ2

where Eg (V (¥, -); q) are the truncated expectations with respect to Pg (d€) defined as

94
B (Vig) = oo tog [ Pedere’ 9| (32)

where o € R and Ef is constant. ﬁ,(k) is a2 x 2 matrix which can be expressed as sum
of connected graphs defined as follows.
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Uk e (key) Je (key) e (key) Pk—270m

U1 V9 U3 V4
Fig. 1. A graph I" withg =4

Definition 3.1. A graph with ¢ vertices and index n is defined, see Fig. 1, as a chain of
q lines €1, ..., £441 connecting points (vertices) vy, . .., vy, S0 that £; enters v; and £;4
exits from v;; £1 and €44 are external lines of the graph and both have a free extreme,
while the others are the internal lines. A labeled graph I' is defined from the graph
defined above by associating the following labels:

(1) To each point v is associated a label j, € {0, 1} and a momentum label n,, € 7?2 with
the constraint that ) /_ n,, = n.

(2) To each line £ is associated a momentum k, with the constraint that k,,, — k¢, =
—27 Qmy,;; moreover, ky, = kand k¢, =k — 27 Qn.

(3) Gn,q is the set of all possible graphs with g vertices and index n.

The value of the labeled graph I" is defined as

q
Wr (k) := Fy, (k) <]_[ 8e (ke ) Fy, (ke,-)) (3.3)

i=2

where

Fy(ky) = AY g | (3.4)

o 0 (k. my), ifv=1
PO (ke my),  ifv =2,

with the definitions in (2.8), (2.18), (2.42) and (2.43).

Lemma 3.2. The effective potential V () admits the representation ﬁ Zk €D, Znez2

¥ i - Va(®) ¥y _oran With

Va) =) Y Wrk). (3.5)

g=1TeGnq

For the proof, see Appendix A.
We denote by |A| := Zi’j |[A; jl,if A is a square matrix. Note that Wr (k) depends

on n.

Lemma 3.3. There exist C, Ao > 0 independent of i such that for |A| < o, i}\n (k) and
its derivatives satisfy, for s < 2,

85 Va()| < Clrle 2. (3.6)

Moreover,

-~ ak)  ib(k)

with a(K) = —a(—Kk) € C and b(k) = b(—k) € R.
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Proof. Using that |8,§j ge(k)| =< Gg and recalling that by (2.8) and (2.14) one has

|Fy(kin)| < |MC e Ml and by (2.18), (3.3) and (3.4) we get, for suitable constants
G¢, C1 > 0 independent of 7,

By Wr )| < 9739GE T Cf [Te ™! < 971x176¢ " cfe “'“']‘[e 1iml (3.8)
v

where 9 is an upper bound for the number of derivatives on the propagators and on the
F,’s. The sum over graphs consists simply in the sums over all possible j, and n, so

that, using that ) e~ 3Iml < 4 . and the sum over j, is bounded by 2, one gets
Y (I—e 2)
72C1Gs \?
EAAGIE qu (#> e 2Inl (3.9)
o (1—e3)2

and the sum over ¢ > 1 is convergent for || < % The proof of (3.7) is in
Appendix B. O

4. Integration of Critical Modes

4.1. Multiscale decomposition. We write

Eaz./\//P,/,(dlﬁ)eXp[ Z 1# K Vn(k)'ﬁk 271S2n]

n622

—N/P(<”(dw)e><pl4|A F Z'/f kY vor e ——

4lAil

b Tk 27

nEZ2

4|A '
4.1)

where PCED(dy) = %—P(dl/f)exp{—ﬁ > keD, ;ﬁ\,k . yzvcrz;ﬁ\k}. Note that, in
writing the above expression we have added and subtracted a counterterm proportional
to v, which will be suitably chosen below.

As we noticed, in the integration over the ¢ we cannot repeat the analysis done for
the & because the propagator is unbounded. The integration of i in (4.1) is done via a
multiscale analysis. We introduce a Gevrey class 2 function x (see e.g. [34, Appendix
A)) such that x/(|k|t) < 0 and
1, iflklt <y™!
0, if[klr>7%

1
2

x(k) = x(klt) = (4.2)

with T denoting the two dimensional torus of length 27, [K|r := /|ko|3 + ki |3 with
|k|7 = inf,,ez |k + 2mm|. We also define, if y > 1, h <0

k) = x(r "k, (4.3)
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x([klr) fullklr)

fi(k)

Fig. 2. Plot of the function x and some of the f},

and x1(k) = 1. The functions fj,(K) := xp (k) — xp—1(k) and fi(k) := xp(k)(1 —
xn—1(K)) are Gevrey class 2 compact support functions with support %yh_z < k| <
%yh, see Fig. 2.

The integration is defined recursively in the following way. Suppose we have just
integrated the field on scale h, h = 1,0, —1, —2, ... obtaining

Eq = N f PEN @y MV V=), (4.4)

with N, constant in v and P="(dy=") a Grassmann Gaussian integration with
propagator

=M (k) = x, (k) Apy1 (K) (4.5)
with
—1
. (h) (h) . .
- k1 — ko — b1 (k —iu —ibr(k
Apoy = Tk mao Ko =it i =il o (4.6)
in +1ibo (k) —ia;"")*k1 + (ay ) ko + bj (k)

and |b1(k)|, |b2(K)| < C|k|2; moreover

1 oS <i
VOQE) = e 3 S RN @)
! keD,
neZ?

If h =1, (4.5) holds with x1(k) = 1; moreover ;t = my, + y2v and VD given by the
exponent of the second line of (4.1).

Remark 4.1. We will show in the following that v has to be chosen as a suitable non
trivial function of X, , B; the condition for criticality, that is so that the correlation
length diverges, is given by u = 0 and not by my, = 0 as in the non disordered case.

We define a localization operation as

1
- 1 ~(<h ~ ~ ~(<h
LV® )y = el 3 w(_k).(vgh)(O)+Zk,a,v(§”)(0)>a/ff( ' (48)

keD,, j=0
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and
'RV(h)(Iﬂ(Sh)) — V(h)(llf(ih)) _ [,V(h)(l/f(fh)). 4.9)
We move the second term of £V ™ (="} in the Gaussian integration and by the change

of integration property of Gaussian Grassmann Integrals [27, Eq. 2.24], we have for
suitable NV}, € R,

Nh f P(Sh)(dw(fh))egv(h)(,/,(sh))+RV(h)(,/,<sh))

1 (<) g 5 (<h) ) (<h) (4.10)
Z'/\‘/-h/f,(fh)(dl//(fh))em Skeve Yok Vo #RVO (@)
where P =M (dvy (=M) has propagator
g1 = xn (k) A (k) (4.11)
with
—1
A= (T M0k —ag Mok — by —ip = iba(k)
if2 +iby (K) —i(ay" (K))*k1 + (g (K))*ko + b} (K)
(4.12)
and

al” (k) = a{"™" +ixa [0,V (0)] ad" (k) = ag"" — 0 [20V5" 0],

(4.13)

L1

where a;hﬂ) = a;hﬂ)(O) forany j = 0, 1 and for any &, and with v,00 = y_h]/;éh)(O).
To begin the iteration, one can define

a = -[0@="7 0], o =i[6=)TO)] . @14
We can write
PED @y &y = pEh=D (g (h=D) ph) (g, () 4.15)
where P ="~V (dy (=h=1) has propagator
gV = g1 (0 A () (4.16)
with Aj, (k) being defined in (4.6). P (dy ") has propagator
g™ k) == — =" (4.17)

where the analogous of (3.7) has been used. We can integrate P (dy ™) and the
procedure can be iterated.
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4.2. The single scale propagator. Inserting (4.16) and (4.11) in (4.17) one obtains
g" (&) = fi () AR(K) + fi.() (A (k) — Ay (K)), (4.18)

where f;, and fh are defined after (4.3). It is important to notice that supp y, (k) (Ap(K)—
Apk) C [F yh1, %yh] (therefore we can multiply for free with (I — xp—1(K) to

obtain ﬁ,) and therefore g(h) (k) is a Gevrey compact support function, with supp g(h) -
[% yh=2, %yh]. Note also that in the expression of g(1) the second term is not present
because (k) = 1.

Assuming iteratively (what will be proved inductively below in Lemma 4.7 for |A|

5-2) =< aﬁh) < %aﬁz), we can show that for s =0, 1, 2,

small enough) that %a
lope P (o)l < Cry 7M. (4.19)

Indeed,
|det Ay (k)| = liaky +alP ko + b1 (K2 + |1 + by (K)[? (4.20)
with by (K), b (k) = O(|k|2) as k — 0. Then, by algebraic manipulations, one obtains

[det A (K)| = 10282 + (o P2 + 20m(a" o™ Ykoki + F(k)  (4.21)

with F(k) = O(k[*) as k — 0. Using now that a\”, a{” € R and the iterative

hypothesis on aj.h), one has

h) (h)* ~ h) (h)* 2) (2
Im(a{"al"")| = Im@a"ag”” —aPal?)|

h 2 h* 2 hy* 2
= [Im((a{” — a{)ag”" —aP (@)’ —ai?))|

1 9 1
h 2 h 2 h 2 2 2
<la"” —aPllag" | +1ay”lag” —a?| < ( 5 - = + < ) lag”llai?|
8 8 8
17
2,2
56—4|a0 [la,™"]. (4.22)

Thus, (4.21) can be estimated as

— ~ *
et A, ()] > |a}" 1747 + lad" 1PkG — 2/3m(ay”ag"” koki] — |F (k)|
P @22, o2 17 o 0
> Sl PR+ 2 lag” PAG — - lag” lai kol k1| — F ()]
1
> 5 (@ + @) - 1F L. (4.23)

where in the last step we used |(a(()2)ko)(a§2)k1 ) < %((a(()z))zkg + (afz))Zklz).
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4.3. Graphs and clusters. The outcome of the multiscale integration described above
is again a representation of the effective potential in terms of graphs, which are called
renormalized graphs.

Definition 4.2. g,ﬁ ’qh is the set of renormalized graphs ', which are defined starting from
the graphs defined in Definition 3.1 by associating the following labels

(1) To each point v is associated a label n, and a label i, € {v, V}, with the constraint
that }-7_, n,, =n.

(2) To each line ¢ is associated a momentum Kk, with the constraint that kg
—27 Qn,, ; moreover kg, =k and k¢, ,, =k —27Qn.

(3) To each line ¢ is associated a scale index hy = 1,0, ..., —oo; if £ is an internal line
hy > h + 1; the minimal scale of the internal lines is Ar. To each external line is
associated a scale and h®*" < h is the greatest of such scales.

i — kg =

Given a renormalized graph, we associate a set of clusters defined in the following
way.

Definition 4.3. Given a renormalized Graph I'

(1) A non-trivial cluster 7 is defined as a nonempty connected subset of internal lines
and points attached to them such that if 47 is the minimum of the scales of the lines
of T, then hy > h%’, where h‘}x’ is the maximal of the scales of the external lines of
T (the lines ¢ T attached to a single point of T'). The points are trivial clusters and
I" is also a cluster.

(2) The difference of the momenta of the external lines of 7T is given by 27w Qn7 with
nr = ZveT n,. If ny = 0 then T is a resonant cluster (or resonance), otherwise
is a non-resonant cluster. An inclusion relation is established between clusters and
we say that 7 C T if all the elements of 7 belong also to 7. T is a maximal cluster
(trivial or not trivial) contained in 7' if T C T and there is no other cluster T such
that T C T CT.

(3) Q7 is the number of maximal clusters in 7', M7 is the number of the maximal non-
resonant clusters contained in 7'; Ry is the number of the maximal resonant clusters
contained T'; Q7 = My + Rr; My (M} ) is the set of resonant (non-resonant)
maximal trivial clusters (i.e. points) in 7.

Given a cluster, we can associate a value in the following way.

Definition 4.4. The value of a cluster 7" with maximal clusters Tw, w=1,...,07is
given by
Or—1 . .
W) = | [T Wy, Gu)g™ kuer) | Wy, (kop), (424)
w=1

where Kk, — k1 =27 anw_l, k; =k and wa (ky) is defined as

(1) If T, is a trivial cluster, then by Definition 4.2 (item (1)) it has two labels i,, and n,,.
Ifiy, = v, thenn, = 0 and wa(kw) = yththrz; if i, = V then either n, = 0
and then W; (Ky) = RVo(Ky) or 0y, # 0 and then Wy, (k) = Vi, (Ky) defined
in (3.1). B

(2) If T, is a non-trivial cluster then WTW = Rwa with R = 1 — £ defined in (4.8).
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Fig. 3. Graphical representation of a renormalized graph I': ¢ = 11, hs < hqa < h3 < hy < hy, hp = hs.
Qr = 4 (with 2 non-trivial clusters, i.e. 71 and T3, and two trivial ones, i.e. the points 1 and 9). O, =3
(with 2 non-trivial clusters 73 and 74 and a trivial one, v = 6). T3 has two maximal clusters, a trivial one
v = 2 and a non-trivial one 75. T5 has two maximal clusters, a non-trivial one 7 and a trivial one, n5. Tg, T4
and 7> have two maximal trivial clusters each

Remark 4.5. Let v be a maximal trivial cluster v € T. If v is a resonant V-point (i.e.
n, = 0), then by (4.9) and Lemma 3.3, we have

Len (&) xn (k — 27 Q@n)R Vo (k)| < y?7C|a). (4.25)
With the above definitions, the following lemma holds.

Lemma 4.6. 91(,}’) (K) in (4.7) can be written as

ee]

VP =>" > wrk). (4.26)

4= regyy
Similarly, the running coupling constants verify

h—1 h
v =yon+Bon @ =l Ba 4.27)

with

Bon=iy"" > Y [ @],

) Rh—1,
q Fegqu Jhr=h

Barh=—i) > [0k, Wr O], |, (4.28)

= R,h—1
9=2reGf " hr=h
o0
Bao.h :Z Z [0, Wr ()] ;-
9=21eG ! hr=h

The proof is an immediate consequence of Appendix A and Sect. 3.
An example of a renormalized graph with its clusters is given in Fig. 3: in Fig. 4 is
represented the same graph with only its maximal clusters.
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Fig. 4. The same graph as in Fig. 3 with only its maximal clusters represented. Trivial clusters are represented
by dots, non-trivial clusters by ellipses

Note that a set of clusters can be equivalently represented as a Gallavotti-Nicolo tree,
see e.g. [56].

If we consider as first non-trivial cluster 7 = I" and we use the above definition we
get an expression similar to the graphs defined in Sect. 3 with the difference that (a) the
propagators associated to the lines £ are g*); (b) to each resonant cluster is associated
the R operation; (c) the vertices are of type v or V; (d) the vertices do not have a j,
index. In contrast with the expansion in X seen in Sect. 3, the renormalized expansion is
in A and in the running coupling constants vy,.

In the following we denote by [[ = ]
Tt Ter
T non-trivial

4.4. Bounds. We define

IV := sup (k) xu(k — 2 Q2m) [V (k)] (4.29)
keD,

The following lemma holds. We denote with subscript / the infinite volume limit of a
quantity.

Lemma 4.7. Let T := min{p1, po}, take y > 4% and assume that for i’ > h one has
[vi| < |Al. Then, there exist Ao, C > 0independent of i and h such that, for any |\| < Lo
one has

(i) the limit T/\I(lfll) (K) :=lim; - 400 9,(,}') (K) exists;
(ii) for s = 0, 1, 2, the following estimates hold

IRV <y Clafeim, (4.30)
Bl < (CO*Y", Baynl < (CR)*Y". (4.31)

The bounds (4.30) and (4.31) are obtained by estimating the value of the graphs in
(4.26) and (4.28). For clarity, we write in Remark 4.8 below and example: we show how
the general procedure works in the particular case of the graph in Fig. 3.

Proof. Wr is obtained by Wr replacing ; with €, considering n, € Z> and k €
[—m, n)z. First, we show that we can multiply by xr, i.e. we show that

X (K) xn (K = 2w Q2m) Wr 1 (k) = i (K) xi (K — 27 Q) xr Wr, (k) (4.32)

where xr = 1 if, for any non-resonant cluster 7 in I', it is true that

hext

Inz| > Coy™ + (4.33)
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and xr = 0 otherwise. Indeed if kj, and ko are the momenta associated to the external
. . ) ext
lines of 7', then Py the compact support properties of g’s or xy, [Kin|T < %yhT and
[KoutlT < %yhf (note that h < h$*"). Therefore

T ext
Ikin — KoutlT = [Kin|T + [Kout|T < ZEVhT (4.34)

and by the Diophantine condition (1.5) we get

T pext
251/ T |Kin — KoutlT =27 min \/(wlnl mi)? + (wono — mo)?
mo,mi €

v

) (4.35)
> max ¢jn;|~% > max(c, o)y |~
J=Y,

hence the 1.h.s. of (4.32) is vanishing if for at least one non-resonant 7', (4.33) is not
true.

The proof proceeds then by induction. First, notice that the first step is a straightfor-
ward consequence of Lemma 3.3. By the inductive step, let us assume that (4.30) and
(4.31) hold for any scale 2, ..., h + 1 and we prove that they hold at scale 4. First of all
by (4.31) we get

2 3
1a™ — a®| < c222 Z Jk < e Y (4.36)
! ! k=h+1 y—1

3
hence for CZ)LQVVT < min; 8a(2) we get 7a(2) (h) < ga(z) this implies (4.19) for

s = 0, 1, 2. To estimate the quantities appearmg in (4 24), we recall that from Lemma
3.3, there exists a constant C> independent of 7, such that ||dy, anl < Ca|Ale="/2Il and

from (4.19) there exists a constant C| independent from i and A’ such that || g(h )|| <

Ciy —h'(1+s) Moreover, by Remark 4.5, we can estimate resonant V vertices as |R\70| <
|k|yhT (see also Remark 4.9 below). Thus,

IR xrWr (k)| < (cC1C2)Ty *H|ale x

(He—Zm) <l—[ y—hT(MT"'RT—l)) (
v T n.t.

where ¢ = 9 counts the number of derivatives produced by R or 9%, the factor yz(heTXl’hT)
is the result of the application of the R operation described in Appendix C and
y ~hr Mr+Rr=1) comes from the product of propagators. We can write

l—[e—g|nu| < e~ nl (H e—ﬁml) (He‘g'“”), (4.38)

l—[ yz(heTxt_hT)> l_[ yhTM¥_

T n.t.ny=0 T n.t.

(4.37)

v v v

0
_n _nh
and e~ 3Mm| = [T e 216 Im| 5o that

,ext
[T Bl < [ e 27 o, (4.39)

T n.t.
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The presence of xr guarantees that when ny # 0, the estimate (4.33) holds and the

. ~ 1/t
assumption y > 4% ensures that y := VT > 1. Therefore,

e=S7" ] e~Mr7T'T ifnp £ 0
T n.t.
]_[e—ﬁlnv‘ < ) (4.40)
v [] e~¢Mr7™"T ifnr =0
T n.t.

with ¢ = %CQ a constant independent of i and &. We get therefore

I8y Rxr Wrall < (€C1C)1y ™ Al fee™ ¥ (l_[e‘g'"“'> (H y‘h“M”RT‘”)
v

T n.t.
4.41)
« ( l—[ yz(h?‘—hm) (l—[ ecMry”T) l—[ phrMy
T n.t, T n.t. T n.t.
nT:O
where
N ifny #0
=1¢€ nr . 4.42
fext l 1f ny = O ( )

- Mlny
Using that for any M € N, one has e=¢7 """ < =M (@) yMhT (this is a

consequence of the bound e~ xM < (%)Me_M) and ZT ot Mr < 4q, we can bound

[Te M7 <cf (1‘[ ythMT) [T ' (4.43)

T n.t. T n.t. T n.t.

. . 12 {3y 12Iny 7
by setting M = 3 and with C3 = y (T) . We bound M7 with M, that is

the number of non resonant maximal trivial clusters. Therefore
o _ S—hy )i
<1_[ y /’LTMT> 1_[ e Mty < Cg] (1_[ yhTMT) l_[ J/hTMT (444)
T n.t. T n.t. T n.t. T n.t.

and

JRAT Wil < (cCLC2C)Ty ™Al e 4™ (1_[6‘5'"”)

« (1—[ y—hT(RT—1)> ( l—[ 2(he*— hT)> (H yhTMT) l—[ yhT(M’+M”

T n.t. T n.t, T n.t. T n.t.
ny=0

(4.45)
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Finally, using that Ry = M} + R}" where R}:" is the number of non-trivial resonant
maximal clusters in 7" we get

(l_[ y—hT(Rr—l)>< 1—[ yh?ﬂ_hT) 1—[ yhTM¥ < 7/t?rh (4.46)
Tt T n.t. Tn.t.
l‘lTZO

with er = lif nr = 0 and er = 0 otherwise. Equation (4.46) follows from the fact that

( 1—[ y—hTRT)< 1—[ yh?“> 1—[ My

T n.t. T n.t. T n.t.
ny=
’ (4.47)
_ ysrh< I yh?‘t>< I y—hTRT> [T ' =y
T n.t. T n.t. T n.t.
nr=0, T#

and, moreover

[T+ []r' =t (4.48)

T n.t. T n.t.
n7‘=0
We define
. 7" ifnr £0
= . 4.49

Inserting (4.46) and (4.49) in (4.45), we get

1S RXr Wrall < 3" (cC1C2C3) A4 foxre™ 4 o= Finy|
k s

v

4.50
8 < l—[ yh%xt_hT) <1—[ yhTMT) l_[ yhTM}. ( )

Tn.t. Tn.t T n.t.
ny=0
. . ~—h Iny
We use the inequality e ¢V < yp~! (mTV) y", and we call C; := max{l,

Iny - ext
y! (IHT”) } If T C T is maximal and T is non-resonant we have y"7 = "7 <

W —h;
y 7 T and therefore

fext( I yh?“"”) [T <cay” T] »"7 . 4.51)

T n.t. T n.t. T n.t.
nr =0

Inserting (4.51) in (4.50), bounding the factor [ | yhTM% in (4.50) by a constant, we get

IR Rxr Wrall < y"179(cC1C2C3Ca)T |2 e 3! (Heg'“v') [1r7 . @52
v T n.t.



235 Page 28 of 50 M. Gallone, V. Mastropietro

The sum over I" consists in the sum over the label n, associated to the vertices and
the sum over the scales. We use that

2
[1> e < H4<Ze_gn) <49(1 —e7%)7, (4.53)

n>0

The sum over the scale labels of the lines, &y can be controlled by summing over the
scales of non-trivial clusters and keeping only the constraint that, for each non-trivial
cluster, A" < hr:

Z 1_[ b _ 1—[ Z Ph5 =t < (ZV )ZT Mr < (%)4(1, (4.54)

{he} T n.t. TnthT>h'-°Xf r>0
where we used again ), M7 < 4q. Inserting (4.53) and (4.54) in (4.52), we get

1S Ryr Wr || <y =0ke= 432 ¢a, (4.55)

with C := 4¢C;C,C3 C4% a constant independent on i and A. The sum over ¢

is convergent if |A| < C, therefore, if |A] < < one gets

IRV | <Z 3 IR Wil < y 12 M. (4.56)
g=1TeGnq

To estimate f, , and ﬂaj’h, we have to bound W (0) for I" € g(f;]h, with Ar = h (see
(4.28)). In this case we have to consider only the case g > 2, since the sums in (4.28)
start from ¢ = 2. Moreover, there must be at least two maximal non-resonant clusters in
I, therefore M > 1. Indeed, if this was not the case, then there must be an internal line
with k, = 0, implying g*¢ (k;) = 0 by the support properties of g)’s, which yields
Wr(0) = 0. Thus, in particular, we must have Mr # 0 and ¢ > 2.

One can repeat the same argument used to estimate d; R xr Wr with the following dif-
ference. By construction, I" is a resonant cluster on which no R operator acts. Therefore,
analogously to (4.41), one obtains

1Bv.nl < ZZ(CCIQ)qmq(nelel)( l_[ yhT(MT+RT]))

qg=2 T T n.t.
o - . (4.57)
y ( I y2<hT‘—hT>>< [ ¢ hT) I v
T n.t, T n.t. T n.t.
nT:0
T+l

Using that M1 # 0 and hr = h, one can replace (4.43) with

1—[ e—;MT);—hT < y2hé;1 (1—[ ythMT> H yhTM; (4.58)

T n.t. T n.t. T n.t.

ny>201ny}

where 63 = max {C3, y—20 (51
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Moreover,

(M) () s
T n.t. T n.t.

T n.t.
nT=0
The sum over the graphs is done in the same exact way, with regard to the effective
potential. To sum over ¢, one first notices that we have no graphs with ¢ = 1 and

therefore the sum starts from ¢ = 2, and then one proceeds obtaining, for |A| < %,
o0
Bual <¥" Y A1(CHT < 2(CY*A%y" (4.60)
q=2

for a constant C’ independent of i and /. With the exactly same argument one proves
|Bajnl < 2(C*22y", 4.61)

We can therefore choose C = max{2C, 2C’} so that (4.30) and (4.31) hold. Moreover,

1 1 Y — 1 )
Ao = min { il 8 mjm a; (4.62)

so that the inductive step is proved.

It remains to prove the existence of the limiti — +o0o where i is the index of the box
side L; introduced in point (iii) after (1.3). the expression obtained replacing L; with oo
and w; with w is finite.

Let us denote with L; := min{L¢;, L1 ;}. Define for shortness of notation k(¢) =
(k — k)t +k; where k € [—x, 7)? and k; € D__ with |k — k;| < 2.—" and Q1) :=

(2 — Qi) +Q; and x, (K, Q) = xn(K) xn(k — 27 2n) xr, then let us cons1der the term
withn # 0 and s = 0. One has

WVin@®) = Vak)l <Y Y Wik, Q) — Wr(k, Q)|

a=1<lna (4.63)

+00 1y
ZZ Z H/O E[Xh(k(l),Q(l))Wr(k(t),Q(l))] dt

q=1T€Gnq

By the Leibnitz rule there are three terms: one in which there is a difference k —k; which
can be estimated using the same argument of eq. (4.37)—(4.56) with an additional term
=~ Therefore, at the end, this is bounded by C |)\|e_1‘“‘ L.

In the second term, the derivative can act either on a vertex or on a propagator
producing terms that can be estimated as |€2; — S2||nv|y_h Then, the procedure to
estimate the sum is again similar to (4.37)—(4.56) but in the sum over n (4.53) one sums
> nso(nl+1e” §" to absorb the term [n,| < [,/ Iny|. Onethenusesthat |2; —Q| < =

because the sizes of the lattice are the best approximants of the Diophantine numbers
wo and w; (see Section IV.7 in [20]). Therefore, the second term can be estimated as

_n 1
C|rleaml L
L
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To estimate the third term we use the same procedure from (4.37) to (4.56) and the
fact that either |k; — k| <27 /L; or |2; — Q2| < C/Ll.z.

The last term involves graphs with at least a vertex withn, > L; and this is O (e ).

Therefore, there exists a .o > 0 and C > 0 independent of & such that, for any
A < Ao one has

~ -~ C
Vin(K) = Va(k)| < 7 (4.64)

This implies the existence of the limit. O

Remark 4.8. Take the Graph in Fig. 3 and consider the case in which the only resonant
cluster is 7. We repeat the argument of Lemma 4.7, applied to this graph only, in order
to clarify the procedure. One has,

[ J18" ko)l < €10 sy ~hsy iy ~hay =2hay ~hsy, =2hs), =ho
Ler (4.65)
€10y ~ha(Sr, =1 ~ha(S1y 1)) ~ha (13—, ~ha(Sry =) ) ~ha 15—, ~hs(Sr =)

with Q7, =3, O, =2, 0y, =2, O, =2, Oy = 2, Q7 = 3; moreover the action
of the R operator on 7> produces a factor 2s=2) in agreement with (4.37).

Remark 4.9. Note that in (4.52) we have bounded the factor || yhTM 7 in (4.50) with a
constant, and an extra "7 coming from the analysis of Remark 4.5 has been estimated by
a constant before (4.37). Such terms will be used after (5.32) in the proof of Lemma 5.5
and in the proof Corollary 5.6.

4.5. The choice of the counterterm. In Lemma 4.7 we have proved the convergence of
the expansion considering v, as parameters and provided that v, are small enough. vy, are
determined recursively by (4.27) starting from the initial value v which is a free param-
eter; we show that there exists a unique choice of v so that v, is bounded uniformly in 4.

We impose the condition v_, = 0choosing v verifying B, 5 = Bv.n(Vh, Vitl, - .., V3 X)
2
v=— 3 YBuk i vkt vi ) (4.66)
k=—o00
from which
h
Vh = — Z Y Bk Uk, Viets -y 03 A) (4.67)
k=—00

and we want to show that (4.67) has a solution.

We define the Banach space M of sequences v = {vi}r<2 with norm |v|rg =
D k< lvely ~%/*y1/2 and we consider the ball B C M of sequences v such that [|[v]| o4 <
|A|. We define the map 7 : M — M as

h
TWh=—= Y ¥ Bor(i vist, ..., vi 1), (4.68)

k=—00
Therefore, (4.67) can be rewritten as
Wn=TWh- (4.69)
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Lemma 4.10. For |A| < Ao, T : B — B is a contraction.

Proof. To prove that T leaves B invariant, we prove a stronger statement: if v is such
that |v,| < |A|, then T (v) € B. Under these hypothesis, Lemma 4.7 holds and, using
(4.31), we get

h 15
—h. —h v
ITWIam =Y Y Yy iy 2Bl < ——————(Ch)*, (4.70)
h<2 k=—00 = Dyi-1
%
where C is the constant of Lemma 4.7. Choosing now Ay < (”_1)12—’/_1), we get
yac?
ITWIm = Al I p, " € M, then
TWh— T =— Z Y Bk 0k Vst 03 A) = Buk (W, Vg -5 V5 1)),
k=—o00
4.71)

The r.h.s. can be expressed as a sum of graphs identical to I with the difference that in
a vertex instead of vy there is v — vj. Indeed, repeating the argument of Lemma 4.7,
one gets

Bon () = Bon )] < 3D (cC1CrC3) 1|72 My ( [1 e‘g'“v')

q=2 T
M, /M
T
H Ve T Vhy

X< [1 VheTXt"”)
T n.t. T n.t. T n.t.

Using now that v € B, one has |[[; v% ]_[Tnt(th)MT| < QIApMr—1jv —

/|| m. Therefore, summing over I' as in Lemma 4.7, and calling C4 := 8¢C1C2C3(1 —
e’%)_z(y —1)~* one gets

4.72)

1Bon @) = Bon WD < Y CLM Y [ = v (4.73)
g2
If|A] < T’ then
1Bon (@) — Bua(W)] < 2C3 1Ay v — v/ | (- (4.74)

Using (4.74), we now have

IT@ —T0)lIm < Yy iy AT @ — Tl
h<2

h
<y Y IR, ) = BV (4.75)

h<2 k=—o00

h
3h —
<2y 2CiI =V Yy Y A
h<2 k=—00

2_ 3/4
< =D =D 7 i 4 contraction on B. ]

Thus, choosing Ao < Y 1742C7
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Remark 4.11. Since, by construction, v € 3, we have the bound >}, | ly /4172 <
|A], that implies a

loal < y "2 < Al (4.76)

which improves, and hence also justifies, the assumption in Lemma 4.7.

Remark 4.12. Equation (4.69) and Lemma 4.10 determines uniquely v = v(A, i, B)
and proves the assumption |v,| < CJ|A| used in Lemma 4.7. From (4.6), u = my +
Ay2v(A, w, B) with my, = my (B) given by (2.36). The criticality condition is imposed
setting . = 0; from 0 = my (B) + Ayzv(k, 0, B) we determine the value of S.(1) =
B:(0) + O(A) by the implicit function theorem as the derivative is non vanishing. In
addition & = O(|B — B(A))).

5. Energy—Energy Correlations

5.1. Integration of & variables. The energy correlation (2.1) can be written as

To Za 92
2Z 3Ax,, ;04

S, jiiXa. o) = Y

ac{+)?

Wa(A)] o (5.1)

with Z, 1y and Z, defined as in (2.6),

Wa(A) = log / DA P S(P0+B(®,4) (5.2)
where
B(®, A) = ) [5V(A)HyHyse, + 1 (A)Vx Vire] (5.3)
XEA;

and t_,gj)(A) = tanh(f J,Ej) + Ay, j) — tanh(8 J,Ej)). Proceeding as in Sect.2 we perform
the change of variables ® = ®(yx, ¥) defined in (2.7) and then (2.31) to get

ew.x(m:/Pw(dw)/Pg(dg)eww‘sﬂé(w,é,m (5.4)
where

B(.& A) =B £ +C QY. A), B, x.A) = B@{.x).A). (5.5
Using the following representation in Fourier series for A
1

Ay = —— A, iePX, (5.6)
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expanding in Taylor series f,gj )(A) around A = 0 and denoting by ¢ = ¥, &, one has

+00

A 1 A
B(W%J‘)=Zm Z Z $1—k
s=1 $1.8=¥.§ keDy,
BG(ID++)’V,
nez? (5.7)
jelo. 1y

s
’ K{],{g,n(k, P l)CZ,k—Zizl pr—27Qn 1_[ APrJr'

r=1

We can integrate over the £ field obtaining

WalA) _ ,Ni(4) / Py, (dy)e’ OBV W.A) (5.8)

where

+00 N

1 0 1°2,5,1 N N

B! )(w’ A) = Z m Z 'ﬁ—k : ’Cn > (k, p, i)'ﬁkfzf:] pr—27Qn 1_[ Apryjr

s=1 ! keDy, r=1

pe(D+v)’,
neZz,

jelo. 1)y
5.9)

where Eﬁ’s’l(k, p. j) can be expressed as sum over graphs I' similar to the ones in
Definition 3.1 with the following differences. To each point v of the graph I is associated
a label j, € {0, 1,2} and momentum label n, € 77, if Jv € {0, 1}, or py if j, = 2,
with the constraint that ), n, = n and p, is equal to one of the pi, ..., ps or a linear
combination of them; the number of points with j, = 0,1 is g. To each line ¢ is
associated a momentum Ky ; if k; and k,, are two lines attached to the same point v, then
ki — k, =27 Qn, if j, =0, 1 and k; — k, = py if j, = 2. The proof of Lemma 3.3
can be repeated up to some trivial modifications and we get, under the same conditions,
the exponential decay of the kernels in B (yr, A):

K251k, p, j) < Coe2MI (5.10)

for a suitable constant C.

5.2. Multiscale analysis. The integration of (5.8) is done inductively, by a general-
ization of the analysis in Sects.3 and 4. Suppose we have just integrated the scales
1,0,—1,-2,..., h + 1 obtaining

eWa(A) :eN"(A)/P(fh)(dw(fh))ev(h)(l”(sh))’rB(")(W(Sh)’A)’ (511)

with
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B(h)(w(ih) A)
+00

(<h) . ~(<h) LMY
Z 4|A; |1+x Z Z 'ﬁ ’Cz h(k P, ])wk p- pr—zﬂﬁﬂl_[Ap“j’ (5.12)
r=1

keDy l:’e(,D++)“Y
neZ’ je(0,1)*

and
+00
Ni(A) = Z i LY D KN . )8y, paanano HAp, i (5.13)
PG(D++)A neZ?
Jjefo. 1)

where 6 denotes the Kronecker delta. We define a localization operation as

~ (=h) = . h
LBD(y, A) = AT Yoo Y KEMY0,0, p¥iE ) gnAp (5.14)
! keDy,peD+,
neZQ,
jelo.1)

Note that, in contrast with the analysis in Sect. 4, the localization acts also on the terms
n # 0. We get therefore

N e
Mald) _ eNh(A)/p(gh)(dl//(gh))eﬁ“ Ykepy ok V'no2vy

(5.15)

( h) h -~
Zh W onAp H RV EDRBO (3 (=) )

4‘,\ oy Dnez2 2k, i ¥

with Z,(lj I)l IC2 L h(O 0, j). Note that, in writing the above expression, we have used

that I/C\IZ,’l’h(O, 0, j) is proportional to o7. This latter fact can be checked simply using
the anticommutation property of Grassmann variables. We can write P (<" (dy (=) =
PE=D gy (Sh=Dy pB) (g4 (M) and integrate 1 ) so that the procedure can be iterated
as in Sect. 4.

Let us introduce the following definitions.

Definition 5.1. The special renormalized graphs are labeled graphs defined starting
from the renormalized graphs in Definition 4.2 with the following additional labels and
modifications

(1) if z = 2 the first and the last line are attached to a single point while if z = O there
are no external lines.

(2) Each point v is associated with a label §,; if S;, = 0 (normal point) v is associated
with a label i, € {v, V} and a momentum label n, € 7% if Sy = 1 (special point)
it is associated with a momentum p,, an index j, € J, a momentum label n, € 7?2
and an index i, € {z, B}. The normal points are g and the special ones are s.

(3) Gny R.2.5.1.7 i the setof special renormalized graphs I (here R stands for renormalized,
z e {0,2}, s € {0, 1,2}, h is the scale and J is the collection of j, of the special
points).

Similarly to what we did in Sect. 4.3, to a special renormalized graph we associate a set
of clusters in the following way.
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§h5§h3§h1§h2§ §h5§h3§h1§h2§
/ ) ( J ) ( Ji )
R NG EEED

R.2.2.h{, R.0,2,h,{j1./2}

Fig. 5. (Left) A graph I" € g Uiz} . (Right) A graph T" € Gy

Definition 5.2. Given a special renormalized graph I, we define clusters as in Defini-
tion 4.3. Then, a non-trivial cluster 7 is associated with S7 = 1, 2 if it contains S7
special end-point and St = 0 otherwise; in the first case the cluster is called special,
and is associated with a momentum 27 Qn7 + pr (where pr := ZUGT Pv), and in the
second case is called normal, and it is associated with a momentum 277 2ny. We call Q1
the number of maximal clusters in T'; S7 = M7 + RY. the number of normal maximal

clusters and S;p the number of maximal special clusters; M;p is the set of maximal
special trivial clusters (i.e. points) in 7. The scales are such that, when z = 2, hr = h;
when z = 0 to each external line is associated a scale and # is the greatest of such scales
(see Fig. 5).

R2,1,h,J

Deﬁnltlon 5.3. The value of graph I' € Gy with maximal clusters Ty, w =

, Or is defined as

Or—1
wre = | [T Wy, (k)g™ Gue) | Wi, (kop) (5.16)

w=1

where k,, = kKyy_1 — 27r§2nTw7l

27 anuH if Tw_l is a special cluster k| = k. wa (ky) is defined as

if Tyy—1 is a normal cluster, Ky, = ky—1 + p7 L
e

Z}(ljl“ 21? ifT,, is a special z-point,
RIC,Z,’WI’1 if 7, is a special B-point,
Wa — yhithoz if Tw is a v-point(n,, = 0), (5.17)
Tw RVo if T, is a V-point(n,, = 0),
Vh, if T, isa V — point (n,, # 0),
Rwa if Ty, is a non-trivial cluster.
Similarly, if the special renormalized graphis I" € QR 0.2.h,J
1 “ * ()
—_ W - ) W -~
W) = g 2 w]j[l W, g " (ki) | Wz, (Kor)g"(kor) (5.18)

with k| = k.
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Lemma 5.4. The kernels IC can be written as a sum of graphs

oo
Kattep =3 > Wrlkp.j).

4=0reghpehd

K n=3 > W)

9=0rpeglshJ

(5.19)

and the running coupling constants verify

z =z B, B, = Z > Wr©,0.).  (5.20)
q= ]FgleIhl,j
h’é’:h

Also in this case, the proof follows along the lines Appendix A and Lemma 4.6.

5.3. Bounds. Let us now define

IKZ""]1 == sup sup sup [xa(k)xn(k+p— 27 QmK2"" (k. p. ). (5.21)
j€{0,1} peD,y kKeDy
We will denote by [ [, = HUEF,SU=0‘

Lemma 5.5. If |A| < Ao and v is chosen as in Sect. 4.5, then there exists a constant C
independent of i, 8 and h such that

= _n = . . _n
ICa A < Cemaiml, sup KO3 (p1, p2, j1, o)l < Ce s (522)
P1,p2€Ds
and
1B 41 < Claly"e i, (5.23)

Proof. Assume inductively that the statement is valid for k& > h + 1; then |Z; ( )| <
Cie "l by (5.10) and by induction

z{) =z + Z,B(]) o < 2Cze 4n (5.24)

assuming |[A|[4C (1 — e_%)2 < (.
We start from the ﬁrst of (5.22). Considering that the operator R acting on a special

cluster gives a factor 7 ~"7 one proceeds as in the proof of Lemma 4.7 to get (instead
of (4.37))

e Wr Il <C1(cCrC)7 (1) ( I1 yh?“‘hT)e‘Z'“S' (1"[ e‘g“”)

T n.t. vn.s.
Sr=
T#T
” (5.25)
% (H y—hT(M"+R"+S”’—1)) ( l—[ y2(heT’“—hT)) H yhTM;
T n.t. T n.t. T n.t.
n7y=0

S7=0
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where ¢ = 18 (up to 2 derivatives to points and vertex, with j = 0, 1), ny is the
momentum label of the special point, SsTp is the number of special end-points contained
in T. We can write

1= V_hr( [1 Vh?t_hr) [T (5.26)

T n.t. T n.t.
Sr=1
T#I

We get therefore

_ ext _ _n _n
llxe Wrll <(cCiC2)? |7y ’"( [ ””) (]"[e 2'“”)e 4l

T n.t. vn.s.
Sr=1
T#T
* (5.27)
o (1—[ y—hT(M;+R;+ssT'p_1)) < I y2(h?“_hr)> (1—[ yhTM;> I .
T n.t. T n.t. T n.t. T n.t.
nT:0
St=0
We now use that
(11 57ores0) (1T 07)
T n.t. T n.t.
Sr=1
T#T
7 (5.28)
% ( 1—[ yheTxlhT> <1_[ )/hTM¥) 1_[ yhTM;_p < yhr
T n.t. T n.t. T n.t.
nT=O
S7=0

and following the same argument of Lemma 4.7 from (4.39) to (4.45) we get rid of all
y‘hTMT ’s and, since I is a special cluster, we finally obtain

e Wrll 561(0C1C2C3)q|)\|q< I1 yh?“"")<
T n.t.

[1 VheTx“hT)

T n.t,
Sr=1 S7=0
T#I' (5.29)
X e*g‘nﬂ (1_[ egmv') l_[ e*g‘nﬂ.
vn.s. vn.s.

To handle the sum over I', we perform the sum over the scales as in Lemma 4.7, while
in the sum over n,’s one uses that n is fixed, and ZZ=1 n, + n; = n: the sum over
n,’s and ny can be performed only on ny, ..., n,. Thus, using triangular inequality
Zzzl [ny| + [ng| > |n| in the last product of (5.29), one has

e_%‘nﬂ (1_[ e_g|nv|> l_[ 6_%“1”' < 6‘_%|n| (l_[ e_gnv) (530)

v n.s. vn.s. vn.s.
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and then one can sum over np, ..., n, as in Lemma 4.7. Therefore

S lxrWrall < e imMaeCiCe (5.31)

reghzsnd

with C = (¢ x 3)C1C2C3m, by summing over g we get, for |A| < C/2 we get

>3 e Wrall < emEME2C. (5.32)

qZO Fegﬁ,qlx.h.ﬂ

We choose |A| < min{C/2, C1/(4C(1 — e~ 1)2}, with C = C14C,C>.
In order to prove (5.23), we note that we have to bound IC2 Lh (0,0, j). This is exactly
the same argument used to prove (4.31).

Finally we have to prove the second of (5.22). Using that I" € Gy,
of (4.37) becomes

R.0.2, , the analogue

. . _n _n ext__
IWri(P1. P2, j1. j2)| S(ACICo)Ty e alMlemalmnl | e ( [T+ ”T)

T n.t.
St=1
T#D
X (1—[ e—ZInu|> (1_[ y—hT(M;*'R';*'S;’)—“ST)) (5.33)
V.S, T n.t.
2(h —h hy MY,
<(TT72070) [Ty
T n.t. T n.t.
nT=0
St=0

where the extra 2" comes from the integration over k and the compact support prop-
erties of the propagators at scale hr; moreover r = 1 and §7 = 0if T # I'. Note that,
since I has two special points, we have

hr( [ VST(heTX'h”) [T (5.34)

Tnt., T n.t.
T#T"

To prove the second of (5.22), one repeats the argument used to prove the first of (5.22)
with, instead of (5.28), the following

( 1—[ y—hT(R;+sst>+3T_1)>< 1—[ yh?ﬁ_hr>

T n.t. T n.t.
Sr=1,2
T#I
(5.35)
(T ) (T ) T <
T n.t T n.t T n.t
n7=0

Sr=
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Then, to perform the sum over n,’s one now can not repeat the previous argument to
isolate the ng as one has to sum to at least one of them. Thus, one has

_n n N4 n _n n
e 4 ZU special ‘nv‘e—z v=1 [my| S e_§|n|€ 8 Zv special [y | 1_[ e_glnvl. (536)

VU N.S.

The rest of the proof proceeds as in the cases before. O

‘We now denote by /’6?,’27’1(1)1, P2, j1, j2) the contribution to /&%“(pl, P2, j1, j2) given
by the graphs with at least one v or V point:

o0
Ko "prpaji. i)=Y Y. Wr(p1.p2. ji. o). (5.37)
q:] Feg'I‘?.q(),x.h.j

Corollary 5.6. Let |A| < Ag and let v be chosen as in Sect. 4.5. Then,

= . . h _1n
sup KO3 (p1, p2, j1, o)l < Cyde sl (5.38)
P1.p2€D4y

Proof. Repeating the argument of Lemma 5.5, one has to estimate Wr; for graphs that
have ¢ > 1. One gets a bound identical to (5.33) with (]_[Tn_t_ y%hTM;) replacing

v . . . h
(]_[T ot yhTMT) (we used Remark 4.11 to estimate the v vertices, i.e. |v;| < y 4|A| and

Remarks 4.5 and 4.9 to estimate resonant V' vertices as |R\70| <y ihr ). We also decom-
pose the exponential as in (4.38) and from (4.43) we keep the factor [[; . yhTM; <
7 y%hTMA Using now (5.36), and (5.35), we get

X WP P2 1. )] < <cclczés>q|k|4e‘3“( [ e’g'““')<
vn.s.

« ( I yh%“—hr) [ » o,

T n.t. T n.t.

1 e—gmu)

v special (5.39)

We now split

[ v = ( [1 yi"’er”hﬂ> [T i, (5.40)

T n.t. T n.t. T n.t.

and since, by hypothesis, g > 1 for at least one cluster, one has M. +M§ > 1. Therefore,
using the telescopic sum, we can bound

exl y h
T n.t. T n.t.

At this point, one has

e Wl < (cclcz@)quwe—%"“'ﬁ( [1 e‘g'““'>

VU n.s.
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( I eg"“') [] yi¢-n (5.42)

v special Tn.t.

and one can sum over all n,’s and one proceeds as in the proofs of Lemma 4.7 to sum
over scales to get (5.38). O

5.4. The decay of the energy correlations. Before starting the analysis, let us recall
that ©w = O(B — B.) and, in particular, © = 0 identifies the critical temperature (see
Remark 4.12).

We have now to consider the energy correlation S(x1, ji; X2, j2) given by (2.6). We

consider first the infinite volume limit # W1 (A):
X1:J1 X2:J2
2 2

———————Wai(A)lazo = Y D TR ) —xa, i1, 2).(5.43)

BAXlaAI'l aAXZv.jZ h=h* ne72
where h* = log,, 1 and

. 1 ip(x1 —x0) .
K2t x1 = xa, j1, jo) = e’ ML (p, p+27Qm, i, jo). (5.44)
L
P

Indeed, one can write Kg’2’h(x1 — X2, j1, j2) as the sum over graphs in coordinate
space. On each graph, the constraint between the labels n, and the scales &, remains
unchanged, due to the presence of the xr function.

Due to the Gevrey regularity of the cutoff function x defined in (4.2), there exist
constants C, k > 0 such that, for k > h*, the propagator obeys to the bounds, see e.g.
Appendix A of [34]

1
180 @)| < Cyke D3 (5.45)

and

" 1
185" ()| < Cyl e D2 (5.46)

Note that yh* = O(|p]) for small . In the analysis of the graphs in coordinate space,
we use (5.45) to bound each propagator. Fixing x1, the L| norm is therefore bounded
exactly as in the proof of Lemma 5.5.

Regarding the bound on the point-wise norm (i.e. when both x; and x; are fixed), we
can write, if / is the scale of the smallest cluster 7 C T such that Sy = 2, for k > h,

1 Pl 1 P
e_"(l’k"“)2 < e_"/z(”hb“)2 e_K/Z(”k"‘D2 so that we can extract a factor e_"/z(”h“")2

from each propagator. Moreover there is an extra > in the bound due to the lack of
sum over the coordinates so that

2 2 i i \ .
- We,1(A)a=0| = Z C)/”‘e*’f/z(J/hlxl*le)2 < Cre~aulixi—x2h?
anl,jlanz,jz flzh*

(5.47)
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for some constant «; > 0. In deriving the above expression we have used that the sum
over all the scales can be done fixing % instead of 4.
. . . 2
To get a sharper estimate in the case u = 0, we can split MT Wa1(A)|a=0
X1.J1 X2:J2
in the contribution with ¢ > 1 and in the cqntribution with g = 0. The term withg > 1,

according to Corollary 5.6, has an extra y % The term with q = 0 contains two special

vertices, each one of which is associated with a Z,Ejl)l, with k > h.

In the term with ¢ = 0 we replace the velocmes a; )

g% with a' j ) since the difference a§ ) _ ] ) is bounded by y*/4 by (4.31).

In the same way we can replace Z;; (" ) o With Z (_Jgo o and the difference is bounded by
k/4 . Moreover, 7V =7V —o T AFo(X) and A = AFp(A) for n # 0, with

—00,0 —00,0,A —oo,n
Fo, F, bounded. Therefore, we can write

appearing in the propagators

32

—————— Wa i(A)la=o = Sa(X1, j1; X2, j2) + Sp(X1, j15 X2, j2),  (5.48)
8AX1,/18AX2,J'2 “ ¢

where we have included in Sy (X1, ji; X2, j2) the contributions with ¢ > 1 and the terms
with ¢ = 0 and containing a( ) _ (.k) or Z) — 7Y) so that

—0oo,n

C
2h+h/4 —c (" [xg X2|)2
|86 (X1, ji: X2, j2)| < C Z v < oA 549

h=—00
In S,(x1, j1; X2, j2) are collected the terms with ¢ = 0 and a( ) Zs (] ) i replaced by their
limiting values, so that, calling g (X1, X») the propagator with velocmes aﬁ._oo) , we have

Sa (xl’ jl; X, 12) = Z Z(—]éé,nl Z(_JC2>2J n2 2ni§2n1-xle2ﬂi§2n2-x2
n(,n;ez?
D B0 (X1, X2)F 0, (X2, X1). (5.50)
wex

Finally, we have to perform the sum over « in (5.1). First note that Z is non-vanishing;
we write

Z=7__7+7__ wZ) Lo (5.51)

ac{£)? -

where 29 = Z [n=0 denotes the partition functlon of the Ising model for A = 0, Za =
Zo/ZY and Z3 = Zg|5—o. In the limiti — oo, |A ; log |Z9| is independent of boundary

conditions if 8 # B, see e.g. chapter IV in [58], and the limit is reached as O (e~ C"*'L')
if L = min{L; o, L; 1}. Moreover, Z is non vanishing for 8 # B.: indeed, for u© < 0,
Zg is positive for all e¢; for p > 0, Z is negative for « = ++ and positive for all other
o’s.

We consider now 22 ; is the same in Zg for any o. log %

graphs containing at least a difference of propagators with different boundary conditions.
We choose a point X € A; and we decompose the graphs in a term in which all the
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sums are in a rectangle around X of side L; /4 and L; /4 and a remainder. In the
remainder there is a product of propagators connecting X to a point distant O(L;),
L = min{L; ¢, L; 1}, hence such term is O (|A[|A; |e’c|‘”L') In the first term we use
Poisson summation allowing us to write the propagator as the infinite volume limit plus
a term depending on boundary conditions and exponentially decaying in X; — X when
both x; and x; are in the rectangle around X of side L; 0/4 and L; /4, hence again we

get for it a bound O (|A]|A;|e¢I#ILi). Therefore,

A

< CI||A e IIE (5.52)

by using the uniform convergence, see Lemma 4.7. This says that
clZ--2°| = 12| < e2|2--2° (5.53)

where ¢y, co = 1 + O()\) constants.
Using that 2Z = ), 14 Zy, We can write (5.1) as

2

0
S(X1, j13X2, jo) = ——————— W__(A)|a=
(X1, j15 X2, j2) 9Ax ;0An 1 (A)la=0

T¢Za 92 92
+ Wa(M)|a=0 — —————W__(A)la=0 |-
Z |:3AX1-,J'13AX2,]2 * aAXl,jlaAXz,jz

(5.54)

where in the first term Z cancels out by (5.53).

The graphs contributing to W Wq (A)]| a=0 can be also decomposed as the
X1.J1 X2.J2

limit i — oo, independent from o and a difference which is vanishing. Indeed the
difference contains a difference of propagators, whose contribution is vanishing at || >
0, and a difference of oscillating factors €27 " which is bounded by |x|[n||w — w;];
note that |x| produces an extra max;{L;;} and | — w;| < C/Ll? (see Section IV.7 in
[20]) while for the sum over n one uses the exponential decay of the Fourier coefficients
of the potential. Hence the difference vanishes in the limit because we take the limit
on sequences of L;; such that lim; 4 L1;/Lo; = ¢ > 0. Moreover, if 1 # 0, as

a consequence of (5.53) and (5.52) we have that Zg,/Zg =1+ 0(|A,-|e_c|"|]:i) and

20(//20, = 1+ O(JA||Aj|e €!#ILi) Therefore the second term in (5.54) vanishes in the
limiti — oo.

The first term in (5.54) can be decomposed according to (5.48) with S, given by
(5.50) and S, satisfying (5.49). Therefore, the first term in the r.h.s. of (1.12) is given
by S, and the decay in |x; — X3| of R;, j, (X1, X2) is given by (5.49). This concludes the
proof of Theorem 1.2.
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Appendix A: Proof of Lemma 3.2

We begin by recalling that if f (E) is a polynomial in the Grassmann variablesg, Ee(f) =
f P(d&) f (£). We then recall that, for m € N, Wick’s theorem states that

m
g @kl,m gl’l;ﬂl "'Ekm,amépm,pm) = Z (_1)sgn(p) HES @k./ﬂ.fgl’pm’ﬂp(j))

PESnH Jj=1
(A.1)

where for all j, (pj)o < 0, (kj)o > 0 and 0}, p; € {£} and G, denotes the set of
permutations of m elements. From the definition of propagator of a Grassmann Gaussian
measure (see e.g. [27, eq. (4.11)]), one has

Ee Ei.obp.p) =[5 0015, p0k—plAil. (A2)

For g € N, letus compute E¢ (V7). Using linearity of the expectation and the explicit
form of V (v, &) (given in (2.40), (2.41), (2.42) and (2.43)), we can write

* q
Ee(v9) = Y Be( [T Ms, kromr v, ) (A3)
r=1

where Y _* is the sum over k,, 0, oy, o, #- € {{, €, (Q, L), (Q, R)}, jr € {0, 1}. The
monomials My are defined as

N N N
My k.0, 0, p, j) = Ww_k,aAaf)[P;J)(k, Doy Uk-2nonp.  (Ad)
13
N P (i ~
M:(k.n, o, p,j) = m—,sfk,oAi.”[P(”(k, )15, pEk_27m.p- (A5)
13
. I~ Dy AU =
MQ,L(k’ n,o,p,j)= Ww—k,aAn [Qllf k, n)]a,pgk—brﬁn,py
l
(A.6)

1

A |§7k,a Agj)[Ql(pj)(k’ n)]U,plzkunQn,py
i

Mo r(k,m,0,p,j) =

and each one of them can be represented as in Fig. 6 by associating a dashed line to each
Y variable and a solid line to each & variable.
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Fig. 6. Vertices associated to monomials in (A.4), (A.5) and (A.6)

To compute each of the expectations on the r.h.s. of (A.3) we use Wick’s theorem
(A.1) and therefore E¢ (My, - - - My,) reduces to the sum over permutations of products
of expectations of pairs of & variables. Each of such summand has a graphical inter-
pretation obtained as follows. First, one draws the vertices in Fig. 6 corresponding to
the monomials My, ..., M#q. Second, one connects the solid lines corresponding to a
pair (Ekjygj , Epl, 0;) Whenever the expectation [ (Ekj,afpi, o;) appears in the product of
expectations of the summand. In this way one obtains a graphical object that we define as
unordered graph. As a consequence of this correspondence, one writes Eg (My, - - - My q)
as the sum over all unordered graphs obtained by contracting all solid lines of the graph-
ical elements associated to My, ..., M#q. Note that there are two types of unordered
graphs: connected and disconnected.

We now write truncated expectations in terms of expectations. Let us consider S =
{1, ..., s} and let us denote by &7, the set of all possible partitions of S into p pairwise
disjoint subsets. Define for any I € §

ET(Mp) =BT (Myy;...s M), T ={i1, iz, ..., 0}, (A7)

where each of the M;’s is one of the monomials in (A.4), (A.5) and (A.6).
One can prove (see eq. 2.100 in [56]) that the following formula connects expectations
and truncated expectations:

s p
Ef (Mg, ... My) =Be(My, - Mg)— > Y [[ELM1). (A8
p=2{I1,,1,}eP, j=1

Using this formula, one can prove inductively that the truncated expectations are obtained
as the sum over connected unordered graphs only.
Using multilinearity of the truncated expectations, one has

*
Ef(Vig) =Y EL (Mg : My,). (A9)

where the }_* is the same as in (A.3) and the dependence on all parameters is understood.
From (A.9) and the observation after (A.8) we obtain a representation of E” (V; ¢) in
terms of connected unordered graphs.

Wheng =1, Eg(V(w, &) q) = Si(nvt’) (¢) which gives the first term in the sum (3.5)
with Wr given by the definition (3.3) in the case g = 1.

For the case ¢ > 2, one notices that with the vertices in Fig. 6 one can make only
two types of connected graphs: either one picks g vertices of type Mg, or one picks two
vertices of type M 1., Mg g and g — 2 vertices of type M.

In the first case, the value of the associated truncated expectation does not depend on

 and it contributes to E¢.
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In the second case, one first notices that each of the entries of the truncated expectation
on the r.h.s. of (A.9) is a quadratic monomial in the Grassmann variables, and then it
commutes with the monomials on each other entry. Fixing an order of the entries in
the truncated expectation produces a ¢! in front and restricts the sum over the graphs
of Definition 3.1. Last, the relation between EST(M#]; ceeg M#q) and (3.5) (with Wr
defined as in (3.3)) follows from (A.4), (A.5), (A.6), (A.1) and (A.2) after noting that
each unordered connected graph has the same sign. Indeed, it is sufficient to take the
sign appearing in Wick’s theorem (A.1) and to note that to keep the graph connected
one must always exchange an even number of Grassmann variables.

Appendix B: Derivation of (3.7)

The value of a graph Wr is product of complex valued scalar functions A, and matrices of
an(k) by (k) _ _

the form (bl*l(k) —ax (k) such that ap (K) = —a_n(—K) € Cand by (k) = b_n(—Kk) €

iR. Equation (3.7) will be proved by induction. For the graph with two vertices we have

to consider the product of three matrices Ay, (K), g5 (K — 27 Q2ny), By, (K — 27 Qny).

Here A and B can be either P or Q). The following explicit computation yields

A) (A)
An, (K)gy (k —27Qny) = < agy) () by (K) )

(bsy) (K)* —(a nA’>*

a®k—27Qny) G (k — 27Qny)
B (k —272m))* —(@® (k — 27 Qny))*

_( Bk,ny) a(k ny)
T\ —at(k,ng) Brkony) )

where, explicitly,
ak,ny) = ald &b® (k — 27Qns) — bSY (k) (@® (k — 27 Qna))*,
Bk, np) := alP (k)a® (k — 27Qna) +b{Y (k) (B (k — 27 Qnp))*.
It follows now from the symmetry properties of @ and b that ¢ (k, n4) = —a(—k, —ny)
and B(k,nyg) = (=K, —ny).
Computing the value of the graph, one has
An,(K)gy(k — 27 Q2ny) By, (k — 27 Qny)

_(ﬂ(k,nA) a(k,nA)> alPk—27Qny) b (k—27Qny)
—\—ef(kony) Bk na) )\ ({8 (k — 27 Qny))* —(anB)(k 27Qn,))*

_ (an (k) bn(k)
— \bp(k) —ag (k)
with

an(k) = Bk, ny)al® (k — 2w Qny) + (k. ) (B (k — 27 Qny))*,
bn(k) = Bk, n)bE) (k — 271 Qny) — a(k, np) (@Y (k — 27 Qny))*.
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From the symmetry properties of a, b, « and B it follows that under the exchange
{ng,ng,k} — {—nu, —npg, —k} one has that a,(k) = —a_n(—k) and by(k) =
b_n(—k). This completes the proof for the graph with two vertices. By the inductive
hypothesis we assume that the property holds for the product of the matrices associated
to the sub-graph of the first ¢ — 1 points, and repeat the argument.

We note now that, calling Val(I'(n,}(K)) the value Wr with I" € Onq

1
YV Vo®vi=7 Y ¥ Y. [ValT () — (Val(Tia,) (<k))”

keDy keD, rmv)eg(iq

T
+Val(T'(—n,} (K)) — (Val(T'(n,}(—K))) ] V. (B.1)
We start by computing
Val 'y (K) — Val [y, (k)"

= (ﬂ “’“) Gin,) (k) ~ (1_[ A% )(G{ n(=k)"

vel vel

(B.2)

It is convenient to call fy := [],cp A\f,j;”). Then, using that f_, = f;, we have

Val Tin, (k) — (Val I,y (=K))"

_ (@0 Ba@) (- n(-K) D7)

= I\ pik) —aik) ) T I \bon(—k) —a*,(—k)

_ <an<k) bn (k) ) g (—an(k) b;‘;(k)) (B.3)
m i) —azk) ) T\ k) af (k)

_ ( (fa+ [Han(K)  faba(K) — f*b*(k)> _ (an(k> ﬁn(k)>

Fabi(K) — fiba(K) —(fa(K) + f)ak (k) Bi(k) —ai(k)

with

an(K) = (fo + [an®)  Buk) = fabn(k) — fiDE(K). (B.4)

With those explicit expressions at hand, it is clear that 8, (k) € iR and oy (k) € C, in
general. Finally

Val T'n, (k) — Val I'(_p j(—k)" + Val T(_p (k) — Val ['(_p j(—k)"

_ (a® Ba) \, (e-n(®) Ank)

T\ Bk —aik) ) T\ k) —at, (k)

(oK) +a_n(K) Ba(k) + fon(k) (B.5)
T\ BEK) + B, (k) —ai(k) — a* (k)

_ (Otn(k) —an(=k) Bn(K) + Bn(=k) )
L)+ Br(—k) —ap(k) +ap(=Kk) J

Remark .7. In the case of layered disorder constant in one direction, say ey, the theory is
translation invariant in one direction and one has to the additional property that a, € iR,
implying that the velocities are real. Indeed only P! matrices are present and, as we
are interested in the case kg = k1 = 0 with w; # 0. This implies that also the entries
of the propagator are purely imaginary, and the product of an odd number of imaginary
numbers is imaginary.
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Remark .8. With respect to the symmetries of Section II.D in [31] we break mani-
festly symmetries 1)-3) (which are, in order, parity, diagonal reflection and orthogo-
nal reflection). Moreover, note that all kernels Ky (K) appearing in Sect.?2 are such that
Kn(K) = [K_n(—k)]* which is nothing but the symmetry by complex conjugation (i.e.,
the symmetry 4) in Section IL.D of [31].

Appendix C: Action of the R Operation

In this appendix, for j € N, we denote by R; the set of resonant clusters strictly
contained in R;_; and not in any other resonant cluster. (We also denote by R :=
Ujozol R;.) Denoting with R; the set of maximal resonances contained in Ry, the value

of renormalized resonant cluster can now be estimated as, if 7' is a resonance

o p] < sp | Sowt

ref0,17 | dt a”

Ptk )” (C.1)

One has now to analyze what happens when a derivative acts on a renormalized
cluster. ~

If two derivatives corresponding to a resonance 7' acts on the value of some renor-
malized resonant cluster 7/ C T, recalling that kf, = tk + q for suitable q, one has

d? : d? , : ,
CRWL (tk+q) = [ W 1k + q) — Wi (0) — (tk +q) - Wy T)(O)]
dr? dr?
d? (h /)
= o 2 ™ (tk + q). (C.2)
If one derivative acts on a renormalized cluster, we have instead
d _ (hy) Y'd d < )
—RW ™ (tk + = 7 tk + d C3
“ (tk+ @) fo S AW stk + @) ds. (€3)
Whence we get the two bounds
( T/) ( T/)
tk + C4
Hdtz < >H I 2
(hi) o)
—RW sup |—— W (s(tk+q))| - (C.5)
s,t€[0,1] dt ds

So, summarizing, for the estimate we have the following:

e if two derivatives corresponding to a resonance 7" act on the value of some resonance
T' C f, one can replace with 1 the R operator;

e if one derivative corresponding to a resonance T acts on the value of some resonance
T’ C T, one can replace with % the R operator and take the supremum over s €
[0, 11;

e if no derivatives act on a resonance, one can replace R with % and take the
supremum over s € [0, 1].
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These remarks permit us to iterate this procedure considering the action of derivatives
on resonances inside resonances. Proceeding in this way, we see that the R.H.S. of (C.1)
can be bounded in the following way. We denote by f either a line or a vertex and with
Tr € R aresonant cluster.

e There is one term for each ordered pair (f1, f2), with f1, f» € Tr, not necessarily
different (i.e. it may happen that f1 = f>).

o If f € To and T is a cluster contained in Tg, then T = T c 70D ¢ ... ¢
T = Ty is the chain of clusters associated to /1 containing T and contained in Tr.
Similarly, if f> € f"@ and T is a cluster contained in TR, one constructs the chain of

clusters associated to f> containing T and contained in TR.

o Atthis point we replaced the R operator acting on the cluster 7 with two derivatives.

e If a resonant cluster belongs to both the chain of clusters (the one associated with
/1 and the one associated with f>), then its R operator is removed.

e If instead there is a cluster (say, Ty ) belonging to only one of the chain of clusters,
then there is one term for any f3 € Ty. If f3 € (T",)o C Ty, then one considers the
chain of cluster associated to f3, containing 7, and contained in Ty . One replaced
the R operator acting on Ty .

e This construction is repeated until all R operators are replaced. At this point each
cluster inside a resonance belongs to two chains of vertices.

e From their explicit expression, it is also obvious that one can estimate the action of
a derivative on a vertex with the action of a derivative on a propagator on the same
scale.

e Last, the number of terms that are generated in this procedure is estimated by 97
(that is the number of terms generated when each vertex or each line can be derived
zero, one or two times without any constraint).

Note that, an adaptation of this argument permits to treat the terms 9, appearing in
(3.6) and (4.30).
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