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Abstract: We consider a class of non-integrable 2D Ising models whose Hamiltonian,
in addition to the standard nearest neighbor couplings, includes additional weak multi-
spin interactions which are even under spin flip. We study the model in cylindrical
domains of arbitrary aspect ratio and compute the multipoint energy correlations at the
critical temperature via a multiscale expansion, uniformly convergent in the domain size
and in the lattice spacing. We prove that, in the scaling limit, the multipoint energy
correlations converge to the same limiting correlations as those of the nearest neighbor
Ising model in a finite cylinder with renormalized horizontal and vertical couplings,
up to an overall multiplicative constant independent of the shape of the domain. The
proof is based on a representation of the generating function of correlations in terms of
a non-Gaussian Grassmann integral, and a constructive Renormalization Group (RG)
analysis thereof. A key technical novelty compared with previous works is a systematic
analysis of the effect of the boundary corrections to the RG flow, in particular a proof
that the scaling dimension of boundary operators is better by one dimension than their
bulk counterparts. In addition, a cancellation mechanism based on an approximate image
rule for the fermionic Green’s function is of crucial importance for controlling the flow
of the (superficially) marginal boundary terms under RG iterations.
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1. Introduction

The Ising model may very well be the most studied model in statistical mechanics;
partly because it is the simplest finite-dimensional model with bounded local interac-
tions which can be shown to exhibit a phase transition, but probably more so because
the two-dimensional (2D) Ising model with nearest-neighbor interactions on a locally
planar graph is exactly solvable in a very strong sense. Exact solutions and related meth-
ods have been used over decades to generate a remarkably rich picture of the model,
from the algebraic transfer matrix approach used by Lars Onsager to calculate the free
energy and spontaneous magnetization on the square lattice with periodic boundary
conditions [Ons44] through the mapping into free Fermions and Grassmann integrals
[SML64,Hur66,KC71,Sam80] which give rise to many relationships among the cor-
relation functions, to the set of quadratic difference equations used to determine the
lattice correlation functions at any separation and any temperature [MPW81], just to
mention a few. Among the byproducts of these methods are the identification of the
critical point of the model, of the corresponding set of critical exponents and the com-
putation of the scaling limit of the critical correlations [Wu+76]. More recently, using
the methods of discrete holomorphicity introduced in [KenOl1], and later developed in
[SmiO1,LSWO04,Smil0], the set of correlation functions in the scaling limit has been
proved to be conformally covariant [CS09,DS12,HS13,CHI15], in agreement with the
predictions based on Wilsonian Renormalization Group (RG) [Wil71a,Wil71b] and on
Conformal Field Theory (CFT) [BPZ84].

The predominant part of the mathematical results on the behavior of the 2D Ising
model, in particular nearly all the results on the theory at the critical point (including the
scaling limit of the critical correlations) are based on the exact solvability of the model
with nearest-neighbor interactions; and, even more specifically, on the fact that the exact
solution exhibits a simple determinant structure [KW52]. This is quite unsatisfactory:
the predictions on the structure and properties of the scaling limit of the critical theory,
based on RG and CFT, are expected to be robust under a large class of perturbations of
the microscopic Hamiltonian, said to be irrelevant in the RG jargon, which break the
exact solvability of the model. Furthermore, the robustness of the limit under such class
of perturbations is the very content of the universality hypothesis, which is one of the
cornerstones of modern statistical mechanics and is a key hypothesis that one would like
to test. Therefore, it would be highly desirable to prove stability of the scaling limit of
the critical theory under a large class of perturbations of the microscopic Hamiltonian.
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Motivated by this, we introduce the following deformation of the standard nearest
neighbor Ising model:

2
Hy(0) = =) 1) 0:00 = 1 ) V(X)ox, (L.1)

=1 ZeA XCA

where: A is a finite portion of Z?, with appropriate boundary conditions, to be specified
below; Jp, J; are two positive constants, representing the couplings in the horizontal and
vertical directions, and €1, é; are the unit vectors in the two coordinate directions; the
local spins o, take valuesin {+1, —1},and oy := I—[zeX o;; V(X) is afinite range, trans-
lationally invariant, even interaction; finally, A is a parameter controlling the strength of
the interaction, which can be of either sign and, for most of the discussion below, the
reader can think of as being small, compared to Ji, J>, but independent of the system
size. In the following, we shall refer to model (1.1) with A # O as to the ‘interacting’
model, in contrast with the standard nearest-neighbor model, which we will refer to
as the ‘non-interacting’, one of several terminological conventions motivated by anal-
ogy with quantum field theory (an anology motivated, in particular, by the Grassmann
representation of the model, discussed in Sect.2 below).

Even though, physically, the presence of the additional interaction is not expected to
change the macroscopic behavior of the system, particularly at or close to the critical
point, rigorous results in this sense are rare. Among the very few available results, let us
mention the recent proof of Pfaffian behavior of the boundary spin correlations [Aiz+19]
for general (non-planar) pair interactions, based on the use of random currents and on a
generalization of Russo—Seymour—Welsh theory [Rus78,SW78]; remarkably, this result
does not require a smallness assumption on A, even though it requires the additional
interaction beyond the nearest neighbor one to be a pair interaction of ferromagnetic type.
The second result that we mention, and the only one where the scaling limit of the critical
correlation functions of (1.1) has been fully computed, is [GGM12], where the infinite
plane multipoint energy correlations have been considered, and their scaling limit proved
to coincide with that of the nearest-neighbor model, for A small enough,! up to a finite
multiplicative renormalization of the energy observable. The proof of [GGM12] is based
on constructive RG methods, and follows an earlier proposal [PS,Spe00]. One of the
limitations of the result in [GGM12] is that it only concerns infinite plane observables:
the method of proof is based on translational invariance and is not able to accomodate the
presence of a boundary. In particular, the result in [GGM12] is not strong enough to allow
one to check conformal covariance of the scaling limit under geometric deformations
of the domain, in the spirit of [Smi10,CS09,DS12,HS13,Che+14,CHI15]. In this paper
we make a first step towards the longer term goal of understanding scaling limits of
critical, non-integrable, statistical mechanics models in domains of arbitrary shape and
their conformal covariance [Giu]: we consider the multipoint energy correlations of (1.1)
in cylindrical domains of arbitrary aspect ratio and prove that the scaling limit coincides
with the one of the non-interacting model, up to a finite multiplicative renormalization
of the energy observable, independent of the shape of the domain. The major technical

1 This result was stated for pair interactions (of either sign) only, but the generalization to other finite-range
interactions is straightforward.

2 More precisely, in [GGM12] the authors considered model (1.1) on a discrete torus A of side L and
performed the following special scaling limit: first L — oo for 8 # B¢(1), with B()1) the critical inverse
temperature of the interacting model; then 8 — B.(A) and, simultaneously, after appropriate rescaling of the
energy observable, lattice mesh to zero.
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novelty required for proving this result is the control of the boundary effects under
iterations of the RG map; the new technical tools introduced for this purpose may have
an impact in several related problems, as discussed in more details below.

Main results We consider the model (1.1) in cylindrical geometry with free boundary
conditions; that is, welet A = Z; x (Z N [1, M]), where3 L, M € N, and Zp =7Z/LZ
is the set of integers modulo L (in the following, we shall identify the elements of Z

with the integers 1, ..., L); moreover, if z = ((z)1, (z)2)* is on the upper boundary of
A, thatis, if z = ((z)1, M) for some (z)1 € {1, ..., L}, then we interpret o,,;, as being
equal to zero; if z = (L, (z)2) for some (z)2 € {1, ..., M}, then we interpret o, as

being equal to o(1,(z),)-

The set A can be naturally thought of as the vertex set of the graph G, = (A, Bx),
whose edge set is the set 28 of nearest neighbor edges (or ‘bonds’) of A, including,
of course, those connecting a point z = (L, (z)2) with z + ¢; = (1, (z)2). The edges in
B 5 are in one-to-one correspondence with their midpoints; therefore, in the following,
we shall identify the elements of 2B, with the midpoints of the nearest-neighbor edges
of A and, with some abuse of notation, we shall indiscriminately refer to x € B, as
an edge, or as the midpoint of an edge. For x € B, and 0 € Qp = {+1}*, we let
€x = €x(0) 1= 0,0,, with z, 7’ the two endpoints of the edge x. We are interested in
computing the multipoint energy correlations (6x1 €y, ) 6A” where (-) g 4 is the average
with respect to the Gibbs measure associated with H, at inverse temperature §; that is,
given an observable F : Q5 — R,

ZaeQA e_ﬂHA(U)F(O—)
ZGEQA g_ﬂHA(U)

Our results are more straightforward to derive and state in terms of the truncated corre-
lations (le; S or cumulants, defined, for any n > 1, as

(Flg.a = (1.2)

; Gxn>/3’A,

an

(6x1; cee 6xn>,3,A = m log <eA|EX|+'~~An€xn> (13)

ﬂ,A’AI:--:An:O’

the ordinary correlation functions can easily be reconstructed from them. More precisely,
we are interested in these truncated correlations at the critical temperature, in the limit
L, M — oo with fixed aspect ratio L/ M.

We fix once and for all an interaction V with the properties spelled out after (1.1).
We also assume that J;/J> and L/M belong to a compact K C (0, +00). We let ¢; :=
t1(B) = tanh BJ;, with [ = 1, 2, and recall that in the non-interacting case, A = 0, the
critical temperature B.(J1, J2) is the unique solution of £, (8) = (1 —#1(B8)) /(1 +11(B)).
Note that there exists a suitable compact K’ C (0, 1) such that whenever J,/J; € K
and 8 € [%,BC(Jl, D), 2B:(J1, J2)], then t1, 1, € K’. From now on, we will think of
K, K’ as being fixed once and for all. In order to emphasize the dependence of the Gibbs
measure upon A, t1, 2, we add labels to the Gibbs measure, and denote

(.8 = i (1.4)

3 We use the convention that N is the set of positive integers, and Ny the set of non-negative integers.
Compared to [AGG22], we do not assume here that L is even: the proof (both here and in [AGG22]) goes
through without any significant modification, irrespective of the parity of L.

4 In the following we shall denote the components of z € A by (z)1, (z)2, rather than by z1, z2, in order
to avoid confusion with the first two elements of an n-tuple z € A", for which we will use the notation
z2=1(21,---,2n).
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We are now ready to state our main result.

Theorem 1.1. Fix V as discussed above. Fix J1, Jy so that J1/J2 belongs to the compact
K introduced above. There exists Lo > 0 and analytic functions B.(1), t{ (1), Z1 (1),
Z>(A), defined for |A| < Ao, such that, for any finite cylinder A with L/M € K and any
m-tuple x = (x1, ...xn) of distinct elements of B p, with m| horizontal elements, m,
vertical elements, and m = mj +my > 2,

(1.5)

where t1 (1) := tanh(B.(A)J1), (X)) := tanh(B.(X)J2) and t5(A) := (1 — (X)) /(1 +
1} (X)). Moreover, denoting by 5(x) the tree distance of x, i.e., the cardinality of the small-
est connected subset of B 5 containing the elements of x, by d = d(x) = minj<;<j<m
8(xi, xj), and by dy = dy(x) = minf_, Sg(x;), with Sg(x) the L' distance between the
midpoint of x and the boundary of A, for all 6 € (0, 1) and ¢ € (0, 1/2) and a suitable
Coy.c > 0, the remainder Ry can be bounded as

d

2-2¢
. -0
300 (x)) (min{d, dy})™". (1.6)

1
[RA(X)| < Cé’fglklm!d—m <
In this theorem, 8. (1) has the interpretation of an interacting inverse critical temper-
ature, and ()¢, FO0E0)A plays the role of the reference non-interacting critical Gibbs
measure. In fact, Eq. (1.5) tells us that, for the purpose of computing the multipoint energy
correlations, we can use this non-interacting measure instead of the interacting one, up to
the finite multiplicative renormalization constants Z (1), Z»(A) and the remainder term

R . The non-interacting correlation function <€x| S €0 o0 )i A in the right side
3 1 3 2 ’

of (1.5) is explicitly known from Onsager’s solution of the nearest neighbor Ising model.

In particular, the non-truncated energy correlation <(5x1 — <€x. )0 O (A)_A) (€, —
9 1 9 2 3

K00y g% is the Pfaffian of itable 2 2 ti- tri

(EX"I)O,II ()‘)*’2O‘);A)>0,tl’*(k),t§(k);A is the Pfaffian of a suitable 2m x 2m anti-symmetric
matrix. In the limit that L, M, d, dj all become large compared to the lattice spacing,
with e.g. their ratios all kept bounded, this Pfaffian goes to zero like d =", which indicates

that the remainder term R, is subdominant with respect to (exl; cels €y )0 £ ) A
°f1 2 ’

at large distances. Note that, since we consider the truncated energy correlations, the
remainder also goes to zero as §(x) becomes large at d fixed, as expected. Notably, the
analyticity radius Ao and the functions B.(1), t{'(1), Z1(X), Z2(X) are all independent
of L, M, aslong as L/M € K. That is, the result is uniform in L, M — oo, as long as
the aspect ratio is bounded from above and below.

Asacorollary of Theorem 1.1 (thanks in particular to the uniformity in L, M), we can
compute the scaling limit of the energy correlations as follows. Fix two positive constants
01, €, with €1 /4, € K,andlet L = |a= 4|, M = |a~"¢5] fora > O sufficiently small.
Let A% := aA and let B« be the corresponding set of nearest neighbor bonds. As in
the case a = 1, for x € B pa, we let €, be the product of the spins at the vertices of the
edge x. We denote by Ay, ¢, := (R/€1R) x [0, £7] the continuous cylinder which A¢
reduces to in the limit @ — 0. Moreover, for any z in the interior of Ay, ¢,, we define
the rescaled energy observable as follows:

£ (2) = a”(exr) — €2,(0), (1.7)
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where [ € {1, 2}, x(z, [) is the edge of B o« with vertices a|z/a] and a|z/a] +ae;, and
e?,l()”) = ('SX(ZJ)))LJI (),12(); Aa” (1.8)

where ()5 1,(1).n(1): A« denotes the interacting critical Gibbs measure on A (here #; (1)
with [ = 1, 2 are the same as in Theorem 1.1).

Fix an m-tuple z = (z1, ..., zy) of points in the interior of Ay, ¢,, with m > 2.
Theorem 1.1 tells us that, forany I = (Iy, ..., ;) € {1, 2}",

a . . a
<511 (z1); ... 8, (Zm))/\,zl(/\),zz(x);/\“

m m 1.9
= (Z1)" (22 )™ ef; @03 - 6, @y ey s gsn + REae (@) (9

where, if § = 8(z) is the tree distance’ of z, d = mini<;<j<m d(z;,z;) and dy(z) =
min?”zl diSt(Z,‘, 3Agl,gz),

1 2-2¢ a 0
Ri;pa@)] < CJIAm!— | < min{d, dy} ) o
|Rp; A (2)] < Cyl|AIm an (5) (min{d, da}> (40

where Cy . is the same constant as in (1.6). Clearly, for any fixed z, the right side of
(1.10) goes to zero as a — 0. Therefore, the scaling limit of the energy correlations
is straightforwardly related to the corresponding quantity for the noninteracting model.
On a cylinder, this latter quantity can be given explicitly; we formulate the result for
the non-truncated energy correlations, rather than for truncated ones, since the resulting
expression is now simpler in this form.

Corollary 1.2. Under the same assumptions as Theorem 1.1, for any m-tuple z =
(21, - - ., zm) of points in the interior of Ay, ¢,, withm > 2, and anyl € {1, 2}",

. a a _
Jim_ (ef) e -, Gy oy e =
_ mi my 4. a a
= (210)" (Z20)"™ lim (ef 0], Gl ey prynes (1D

where t1 (1), 2(A), Z1(X), Z2(A) are the same as in Theorem 1.1, and &f (z) is defined
as in (1.7). The limit in the right side of (1.11) exists and equals

T (6661068, Gl ) e = CHON™ 1 = GGOIPEME),

(1.12)
with M(z) the 2m x 2m anti-symmetrix matrix, whose elements, labelled by
(L,+),d, =), ..., (m,+), (m, —), are equal to:

[gscal(Zi, Zj)]a)w’ ifi #j,

[M@]i.0.G00 =10 (1.13)

otherwise,

where gscal is the scaling limit propagator in (2.1.23) below, computed at t; = t(}),
ty =15 ().

5 §(z) is the same as the so-called Steiner diameter of z. For n-ples of points in the plane, it is defined as
8(z) := ming>q minz,e(Rz)k mianT(z.,z/) L(t), where 7 (z, z') is the set of all possible trees with vertices
in the elements of the (n + k)-tuple z @ 7' = (z,7)), and L(7) is the tree length of 7, i.e., the sum of the
Euclidean lengths of the edges of 7. For n-ples of points in the cylinder the definition is the same, provided
the Euclidean distance in R is replaced by its analogue in the cylinder.
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The analogue of (1.11) for the truncated correlations follows from (1.9)—(1.10); since the
non-truncated correlations are combinations of products of truncated ones (and vicev-
ersa), the statement for truncated correlations implies the one for non-truncated ones.
The existence of the limit in the right side of (1.11) and the computation of its explicit
form, (1.12)—(1.13), follow from the exact solution of the nearest neighbor Ising model
on the cylinder, which is reviewed in the companion paper [AGG22, Section 2]; in par-
ticular, for the proof of (1.12)—(1.13), see [AGG22, Appendix D]. It is easy to check that
an analogue of Corollary 1.2 is valid for the energy correlations in the half-plane®, as
well.

The explicit expression of the scaling limit shows that it is covariant under uniform
rescalings of the cylinder A¢, ¢, — Agg £0,, forany & > 0, see [AGG22, Appendix D].
As commented there, uniform rescalings, translations and parity transformations are
the only conformal transformations mapping finite cylinders Ay, ¢, to finite cylinders
Ay g, (or translations thereof). In order to check conformal covariance of the scaling
limit in a more complete sense, it would be desirable to extend the proof of Corollary
1.2 to general finite domains with free boundary conditions; we discuss this further in
Generalizations and perspectives below.

Method of proof, motivations and comparison with previous works As briefly men-
tioned above, the rigorous application of Wilsonian RG to interacting 2D Ising models
at the critical point was sparked by Spencer’s proposal [Spe00] of a rigorous strategy to
compute the energy-energy critical exponent and by the related (unpublished) work of
Pinson and Spencer [PS]. The starting point of their approach is an exact representation
of the partition and generating functions in terms of a non-gaussian Grassmann integral, a
sort of fermionic ¢§ theory, which can be studied via the constructive fermionic RG meth-
ods first developed in the mid ‘80 s and early ‘90 s [BG90, Ben+94,Fel+92, GK85,Les87]
and later applied to several critical statistical mechanics models in two dimensions
[BFM09,BFM10,GM04,GMO05,GMT17,GMT20,Mas04] and to condensed matter sys-
tems in one [BMO01,GMO1], two [GM10,GMP12a,GMP12b] and higher dimensions
[GMP21,Mas14]. Dimensionally, the quartic interaction of the effective ¢>§ model which
the interacting Ising model is equivalent to, is marginal in the RG jargon. The same is
true for several other critical two-dimensional statistical mechanics systems, such as
interacting dimer models, six- and eight-vertex models, and the Ashkin-Teller model
(see [BFM09,BFM10,GM04,GMO05,GMT17,GMT20,Mas04] for a rigorous analysis
of their critical behavior via fermionic RG methods). In all these systems, the marginal
coupling is generically non-zero, and the analysis requires the use of subtle cancella-
tions discovered by Benfatto, Gallavotti and Mastropietro in the context of interacting 1D
fermions [Ben+94,BMO1]. On the contrary, in the context of interacting Ising models,
life is much simpler: the massless field in the fermionic formulation of the 2D critical
Ising model is a two component Majorana fermion [ID91, Chapter 2]. This implies that
there is no room for a local quartic coupling (see Sect.3.1 for details, see in particular
Eq. (3.1.10)) and, therefore, the fermionic quartic interaction is effectively irrelevant,
rather than marginal. This is the key reason why one expects (and can prove in some
cases, see [GGM12,GM13] and Corollary 1.2 above) that the infrared fixed point of 2D

6 The generalization of Corollary 1.2 to the case of the half-plane concerns the scaling limit of the energy
correlations computed in the following way: lim,,_, o+ limy, a7 00 <£§’I (x1)-- -5;1" (xm)>

ie.,

2t1 (M), (W) A7
L, M — oo first, then @ — 0; here, as usual, A = aA, with A the cylinder of sides L and M, and the limit
L, M — oo is computed under the constraint that L/M € K. The uniformity in L, M of our bounds, valid
as long as L/M € K, implies that the limit computed this way is the same as the limit of (1.11)—(1.12) as
L1, €y — oo, under the constraint that £1/¢> € K.
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interacting Ising models is ‘trivial’, that is, the scaling limit at the critical point coincides
with the non-interacting one, up to a finite multiplicative renormalization of the energy
observable.

All the rigorous RG results mentioned so far rely on translation invariance of the
model. From a technical point of view, this guarantees, in particular, that the relevant
and marginal couplings are, in fact, constants, rather than functions depending on the
position z in A, the domain which the system is defined on. Constructive RG methods are
not well developed yet in the case of critical theories in finite domains, where boundaries
are present and affect the form of correlation functions in the scaling limit. This is a se-
vere limitation for the rigorous construction of scaling limits in finite domains and for the
study of their conformal covariance with respect to deformations of the domain. It is also
a limitation for several other related problems, such as the understanding of interaction
effects in systems with defects, which is an issue of relevance for, e.g., the Kondo problem
[Aff95,BGJ15,Wil75], the problem of many-body localization [BAA06,Mas17,NH15],
and even for the computation of monomer-monomer or spin-spin correlations in in-
teracting dimer or Ising models (due to the fact that such correlations reduce to the
computation of interacting Green functions in discrete Riemann surfaces with cuts, or
‘defects’, at the locations of the monomers, or of the spins [CHI15,Dub11]). At a theo-
retical physics level, RG methods in the presence of boundaries have been developed in
the context of quantum wires [FG95,GM09,MEJ97, Med+00] and of the Casimir effect
[Sym81,DD81a,DD81b], but a systematic theory is still lacking.

As discussed above, in the case of interacting 2D critical Ising models, the interaction
is effectively irrelevant rather than marginal, contrary to many other 2D critical statistical
mechanics systems. Therefore, this case looks like one of the easiest where to control
boundary effects in the scaling limit. This is what we do in this paper; as far as we know,
our work represents the first rigorous treatment of these effects in a critical theory. The
methods we introduce may have an impact in related areas, such as the computation
of boundary critical exponents in models of quantum wires or of quantum spin chains,
the computation of the (universal?) sub-leading corrections to the critical free energy
in models of interacting dimers, the Kondo problem, the Casimir effect in interacting
systems, the computation of monomer-monomer or spin-spin correlations in interacting
dimer or Ising models, etc.

Our strategy is roughly based on the following ideas: in the presence of a boundary,
any contribution to the bulk thermodynamic functions, as well as to the generating
function of correlations of observables located at points in the interior of the domain,
can be decomposed into a bulk part (which is defined in a straightforward way based on
its infinite plane counterpart), plus a remainder, which we call the ‘edge part’. One of the
important results of this paper is that the edge part admits dimensional bounds that are
dimensionally better by one scaling dimension, compared with their bulk counterparts:
the edge part of a linearly relevant operator is marginal in the RG sense; the edge
part of a marginal operator is irrelevant. Fundamentally, this is because the local part
of the edge part can be taken to be supported on the boundary (as in the definitions
we introduce in Sect.3.1.2), so that the sum or integral associated with these terms
is over one coordinate rather than two. This modified scaling dimension appears in
Proposition 3.23, in particular as a dependence upon the label E,, which is equal to 1
for the edge contributions.

In the bulk theory of the 2D interacting Ising model studied in [GGM12] there is only
one linearly relevant operator, corresponding to the ‘running temperature counterterm’,
denoted by v, both in [GGMI12] and in this paper, which is used to fix the value of
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B corresponding to the interacting critical inverse temperature. Its edge part can be
localized at the boundary, and in this way one obtains a boundary marginal running
coupling constant, whose flow is (potentially) logarithmically divergent. We expect that,
in general, this logarithmic divergence is the one responsible for anomalous boundary
critical exponents, like those expected in Luttinger liquids on the half-line [FG95,GMO09,
MEJ97,Med-+00].

In our situation of interest, a remarkable cancellation, see (3.1.29), implies that the
boundary marginal running coupling constant is exactly zero. Therefore, the boundary
terms are all effectively irrelevant, and they scale to zero in the infrared limit. Summa-
rizing, if we start with the interacting Ising model on a cylinder, with open boundary
conditions in the non-periodic direction, we tune the temperature at criticality, and take
the scaling limit, we get a limiting theory in the continuous cylinder with, again, open
boundary conditions in the non-periodic direction. This result is in line with the CFT
expectation that the scaling limit of the 2D Ising model supports only two independent
conformal boundary conditions, open and fixed (+/—) boundary conditions [Car86]’
The cancellation of the boundary marginal coupling is not related directly to the one
of the bulk local quartic coupling, mentioned above: we could not anticipate it on the
basis of the bulk analysis in [GGM12]. Rather, it is related to an approximate image rule
satisfied by the propagator on the cylinder.

Generalizations and perspectives One of the limitations of this paper is the choice
of cylindrical geometry®: we expect analogous results to be true in finite domains of
arbitrary shape with open boundary conditions, but we are currently unable to prove
them. The generalization to rectangular domains should be feasible (even if involved)
but extensions to more general domains appear to require new insights into the non-
interacting model. In our approach, the choice of the domain is dictated by the availability
of a sufficiently explicit exact solution for the reference non-interacting model. The
partition function and the energy correlations of the non-interacting model exhibit a
determinantal (or, more correctly, Pfaffian) structure in all domains, but the underlying
matrix can be explicitly diagonalized only in very special cases, most notably the torus,
the cylinder and the rectangle (explicit diagonalization of the relevant matrix on the
cylinder is already quite involved, as compared to the torus, and is reviewed in the
companion paper [AGG22], see Sect.2.1 for a summary of the features of this exact
diagonalization that are relevant for the present work; diagonalization on the rectangle is
known [Huc17a,Huc17b] but even more involved”). We use the explicit diagonalization

7 Although there is no exact duality relating different boundary conditions for the model with A # 0, we
expect that the non-integrable model with fixed, say +, boundary conditions can be studied via a multiscale
perturbation theory around a non-interacting model with renormalized, dressed, parameters and the same fixed
boundary conditions. Such a reference non-interacting model is dual to its counterpart with open boundary
conditions, and the main features of the expansion should be the same as for the open boundary conditions
we consider here: in particular boundary terms should be irrelevant in this case as well. Consequently, duality
between open and fixed boundary conditions should be an emergent property in the scaling limit of the
interacting model.

8 An additional, less consequential, limitation is the non-uniformity of our result, as the aspect ratio of
the cylinder tends to zero or infinity. We expect to be able to overcome this limitation easily, by studying the
regime of infrared scales corresponding lengths larger than L but smaller than M, or viceversa, via a different
multiscale scheme, taking into account the quasi-1D nature of the system at such scales. We decided not to
do this explicitly in this paper, just in order to limit its length. We expect that such a refined scheme will
allow us to prove the analogue of Theorem 1.1 and Corollary 1.2 without any restriction on the aspect ratio.
In particular, the result of Corollary 1.2 would generalize to infinite cylindrical strips, and would allow us to
check conformal covariance of the limit from the strip to the half-plane.

9 The diagonalization procedure on the rectangle may be simplified substantially by using an exact image
rule, following from s-holomorphicity, see [CCK17,Rus20], but this remains to be done in detail.
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of the relevant matrix in order to derive a Fourier representation of the propagator (the
fermionic Green’s function) and, correspondingly, a multiscale decomposition thereof,
see (3.2); we also use it to write the propagator in Gram form, see (3.4), which is
needed for our technical estimates. If we were given the same inputs (in particular, the
‘right’ decay bounds for the single-scale propagator, its Gram decomposition, and the
cancellation of its appropriate components at the boundary) in a more general domain
2, then we would be able to construct the scaling limit in €2 as well: our multiscale RG
construction, described in Sect. 3, is insensitive to the geometric details of €2, provided
the right inputs on the single-scale propagator are available.

A natural idea for proving the desired properties for the propagator of the non-
interacting theory in general domains is to use the results on the scaling limit of the
fermionic Green’s function in finite domains based on discrete holomorphicity, see
[HS13,Che18]. The limiting propagator has all the desired properties; the hope is that, if
the remainder (the difference between the rescaled finite-mesh propagator and its scal-
ing limit) goes to zero sufficiently fast, then the desired properties can be proved for the
finite-mesh propagator, as well. Unfortunately, the aforementioned results are not strong
enough to provide us the desired inputs: the convergence to the scaling limit proved
there is not quantitative.'!? The problem of computing the optimal convergence rate to
the scaling limit for the planar Ising model is currently under investigation.

If, instead, we stick to the same cylindrical geometry as in Theorem 1.1, there are
other, more straightforward, extensions of our main results: (1) computation of the
massive scaling limit of the energy correlations, (2) computation of the scaling limit of
the boundary energy and spin correlations, (3) computation of the universal sub-leading
corrections to the critical free energy.

The solution of (1) for the massive scaling limit in the temperature direction is im-
plicit in the proof of this paper: here we focus on the massless scaling limit only for
simplicity, but our methods are flexible enough to allow us to control the massive one, see
[GGM12], where the massive scaling limit in the infinite plane was explicitly obtained.
The computation of the massive scaling limit in the direction of the magnetic field is
harder, and we do not know how to approach it at the moment. See [CGN15,CGN16]
for recent progress on such scaling limit in the non-interacting case.

Problem (2) has been solved in all its most essential aspects in [Cav20], and we plan
to present the full proof in a forthcoming paper.

We expect that the solution of (3) will follow from a combination of the methods
of this paper with those of [GM13]. We hope to come back to this problem in a future
publication.

Summary and roadmap

e In Sect.2 we review the Grassmann representation of the generating function for
the energy correlations of our model. This representation originates from the well
known Grassmann representation of the partition function of the nearest neighbor
Ising model [CCK17,Sam80]. While very similar to the one derived in [GGM12],
the specific form of the Grassmann generating function used in this paper is slightly
different, and we refer the reader to the companion paper [AGG22] for its derivation.
Moreover, in Sect. 2, we set the stage for the multiscale computation of the Grassmann
generating function, to be described in the following sections. In particular, we ‘add
and subtract’ quadratic terms to the Grassmann action, depending on two parameters

10 1t js likely that an extension of these methods would ‘easily’ give non-optimal quantitative bounds [Che],
but these would not suffice for our purposes.
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t{, Z, to be appropriately fixed in such a way that the reference non-interacting theory
around which we expand is the correct one (i.e., the one with the correct dressed
critical parameters f{ (1), ;' (1), see Theorem 1.1, and with the correct asymptotics
— at the level of the finite prefactor in front of the dominant power law behavior at
large distances — of the fermionic Green’s function at the critical point).

e In Sect.3 we describe the iterative, multiscale, computation of the Grassmann gen-
erating function. We begin with a general introduction to the iterative integration
scheme to be followed, defining, in particular, the sequence of effective potentials
V" (which define a sequence of coarse grained models obtained by averaging fluc-
tuations on scales of the order 27" or smaller) and of ‘single-scale’ contributions
to the generating function YW (that is, the contribution of the degrees of freedom
eliminated in coarse-graining); in our conventions, the ‘scale label’ 4 is also equal to
h =1 — j, with j the number of iteration steps performed. The goal of this section
is to derive a uniformly convergent expansion for V) and W, with quantitative
bounds on the norm of their kernels. After the general introduction, the exposition
is organized as follows: in Sect.3.1 we define the localization and renormalization
operators £ and R, which allow us to isolate from V" the potentially divergent
terms (the ‘local contributions’ £V and to rewrite the remainder in a convenient,
interpolated, form, denoted RV(h), which will be shown to satisfy improved dimen-
sional bounds, compared to its local counterpart; in particular, we define the notion
of localization on the boundary and exhibit the cancellation of the marginal bound-
ary coupling, see (3.1.29); compared to previous works, the definitions of £ and R
introduced here take into account boundary effects: correspondingly, the remainder
RV consists of two contributions, which we call ‘bulk’ and ‘edge’ contributions;
on the contrary, the local term £V contains by construction only bulk contribu-
tions and is parametrized by five real parameters: the running coupling constants
VY, Cn, i, and the effective vertex renormalizations Z1 ,, Z3 ;. In Sect. 3.2 we define
the so-called Gallavotti-Nicolo (GN) tree expansion for V" and W; compared to
previous works, here we introduce the notions of bulk and edge vertices, and bulk
and edge sub-trees, which are induced by the systematic decomposition of RV
into its bulk and edge contributions. In Sect. 3.3 we prove L' weighted bounds for
the tree values, and prove that each sourceless edge vertex comes with a dimensional
gain, represented by the factors 2~ E»»=v) in Propositions 3.17, 3.19 (where E, is
the ‘edge index’, equal to 1 for edge vertices, and O otherwise) and the dependence
upon E, in the scaling dimension in Proposition 3.23; these are three of the main
technical results of this paper. Finally, in Sect. 3.4, we show the boundedness of the
sequence of effective vertex renormalizations; note that the boundedness (and asymp-
totic vanishing) of the running coupling constants follows from a standard fixed point
argument, which requires the parameters ¢{', Z mentioned above to be fixed properly;
see [AGG22, Section 4.5] for the proof in the specific setting required in this work.

e In Sect. 4 we conclude the proof of the main theorem, by adapting the bounds derived
in Sect. 3.3 to the multipoint energy correlation functions. This section and the related
“Appendix C” contains the other key technical novelties of the work. The strategy for
bounding the correlation functions parallels the analogous discussion in [GGM 12,
Section 4]. However, in order to perform the sum over the scale labels we need to take
into account that some branches of the GN trees have scaling dimension zero: this
requires a modified procedure of summation over scales (which still leads to uniform
bounds in the scaling limit, thanks to the fact that GN trees can be decomposed in a
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union of connected subtrees whose branches are all associated with negative scaling
dimensions), described in Sects.4.1, 4.2 and “Appendix C”

We emphasize that, in order to appreciate the technical novelties of the present paper,
with respect to previous works on the multiscale construction of the bulk critical corre-
lations of two-dimensional statistical mechanics models, such as [GGM12], the reader
should compare our definitions and technical estimates with the corresponding, simpler,
ones, introduced and used for the treatment of the infinite plane critical correlation func-
tions. In order to help comparison and to provide a self-contained reference for such an
infinite plane construction, we summarized all the necessary material in the companion
paper [AGG22], which contains, in addition to a derivation of the exact solution of the
nearest neighbor Ising model in cylindrical geometry using Grassmann variables, a re-
view of the multiscale computation of the effective potentials in the infinite plane limit,
in the same notation and via the same technical procedure used in the present work.

2. Grassmann Representation of the Generating Function

In this section we rewrite the generating function of the energy correlations for the Ising
model (1.1) with finite range interactions as an interacting, non-Gaussian, Grassmann
integral, and we set the stage for the multiscale integration thereof, to be discussed in the
following sections. The estimates stated in this and in the following sections are uniform
for J1/J2, L/M € K and t|, 1, € K', but may depend upon the choice of K, K’, with
K, K’ the compact sets introduced before the statement of Theorem 1.1. As anticipated
there, we will consider K, K’ to be fixed once and for all and, for simplicity, we will
not track the dependence upon these sets in the constants C, C/, ..., c,c/, ..., k, k', ...,
appearing below. Unless otherwise stated, the values of these constants may change from
line to line.

The generating function of the energy correlations that we are interested in, in the
notations introduced in Sect. 1, reads

Za(A) = Y exp| D [Bljw+AJe+BL Y V(X)ox |, @)

oEQA xeBp XCA

where j(x) is 1, resp. 2, if x is the midpoint of a horizontal, resp. vertical, bond. Before
we formulate the general representation of Z4 (A) in terms of an interacting Grassmann
integral, see Sect.2.2 below, let us briefly recall the Gaussian Grassmann representation
of the partition function in the case A = 0; see [AGG22] for additional details.

2.1. The non-interacting theory in the cylinder. If A = 0 and A = 0 we have [AGG22,
Section 2]:

ZA0)],_, = (=2cosh BJ1) M (cosh B Jp) - M =1 / D¢ DE 5P +SnE),
2.1.1)

where ¢ = {Pp ;}w=+zea and & = {&, ;}w==+ ;e are two collections of 2L M Grass-
mann variables, D¢ and Dé& denote the Grassmann ‘differentials’,

Dp = [|d¢r.dp—., Dt =]]dk.db ., (2.12)

ZEA zEA
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and, letting ¢, (), (k1) := Z(LZ)FI eK1@1g, (2),.(2) for any ki € Dy, with
D, — {n(Zrz—l) im=—Lal .. ,%}, (2.1.3)

and similarly for &, (;), (k1),

M
1
Se@r =23 > [—b(kl)qn,(z)z(—k1>¢_,<z)2(k1)+rz¢+,(z>z(—k1)¢_,<z>2+1(k1)

k1€Dy, (z)2=1

3 AUD)Be, 00 ()i, (1) + 3 AKDS- 0p (kD) 0 (kD] (2:1.4)

1 M .
Sn€) =7 Y Y (+ne e o (—kDE- @ k), (2.1.5)

k1€Dy (2)2=1
with ¢_ pr41(k1) := 0, and, recalling that ; = tanh 8J; forl =1, 2,

1—1} _ 2fysink

b(ky) := m,

(2.1.6)

Remark 2.1. The Grassmann variables ¢, & used here are different from the ‘standard’
variables H, H, V.,V or ¥, x used in [GGM12,ID91], even though they are related to
these other sets of coordinates via an (explicit) invertible linear transformation. The use
of the coordinates ¢, & is particularly convenient in our cylindrical geometry: in fact, the
linear transformation relating ¢, £ with H, H, V, V corresponds to a Schur reduction
that block diagonalizes the quadratic Grassmann action in the cylinder, see [AGG22,
Eq. (2.1.9)]. The labels ‘c’ and ‘m’ attached to S.(¢p) and S, (&) stand for ‘critical’
and ‘massive’, and refer to the polynomial (resp. exponential) decay of the off-diagonal
elements of the covariance matrix associated with S;(¢) (resp. S;,(€)) on the critical
linetr, = (1 —11)/(1+1).

Remark 2.2. (Reflection symmetries) The quadratic polynomials S;(¢), S, (§) are in-
variant under the following horizontal and vertical reflections:

Pwz = O1bw,; == i0Pw.0,7, v,z —> Oléw; =16 00 (2.1.7)

where 01z .= (L +1 — (2)1, (2)2), and

Pw,z = O20w; = IiP_w oz, Ewz = by = —iwéy 0, (2.1.8)

where 6>z := ((z)1, M + 1 — (z)2). As discussed below, these symmetries are also
present in the interacting theory, and will play a role in the multiscale computation of
the generating function.

The quadratic forms S.(¢) and S,,(£) can be written as S.(¢) = %((p, Ac¢) and

Sn(€) = %((b, A @), respectively, for two 2L M x 2L M anti-symmetric matrices A, =
Aq(t1, ) and A, = A,,(t1, t2). In terms of these matrices, (2.1.1) can be rewritten as

ZA(0)],_, = (—2cosh BJ1)"M (cosh BJo) M~ DPF A PFA,,.
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[We recall that the Pfaffian of a 2n x 2n antisymmetric matrix A is defined as

PfA .=

71 2 (DT An(1)7@) -+ Axon 1) 7 0m); (2.1.9)
4

where the sum is over permutations v of (1, ..., 2n), with (—1)” denoting the signature.
One of the properties of the Pfaffian is that (Pf A)? = detA.] For later purpose, we also
need to compute the averages of arbitrary monomials in the Grassmann variables ¢y, .
and &, ;, with w € {+, —} and z € A. These can all be reduced to the computation of
the inverses of A. and A,,, thanks to the ‘fermionic Wick rule’:

f PL(D¢) ¢w]azl o .¢a)ng2n = Pf GCa
(2.1.10)

[ En @8 8o e =P G,

where Po(Dg) = Dpe @A) /Pf(A,), Pp(DE) := Deez&And) /P(A,,) are the
Gaussian Grassmann integrations associated with A., A,,, respectively, and, if n is even,
G. and G, are the n x n matrices with entries

[Geljk = / Pe(Dg) ¢wj,z]-¢wk,zk = _[Agl](wj,zj),(wk,zk)
2.1.11)

[Gm]jk = / P (D§) swj,zj'swk,zk = _[Aal](wj,zj),(wk,zk)

(if n is odd, the right sides of (2.1.10) should be interpreted as 0). The two-point functions
[ Pe(DP)dw,:¢er . and [ Py (DE)E -Eur o are referred to as the propagators of the
Grassmann fields ¢ and &, respectively. They have been explicitly computed via Fourier
diagonalization of A, and A,, in [AGG22, Section 2]. Let us summarize here the main
properties of these propagators to be used in the remainder of this article. The massive
and critical propagators are denoted

N Er26rz Erzby
(2, 2) = / Pn(DE) I:g—,zéﬂ,z’ 5—,z$—,z’i| ’
e (2, Z/) — / PC(D¢) |:¢+,z¢+,z’ ¢+,z¢,z’] = |:g++(z’ Z/,) &+ (2, Z/)j| .

G- s P 2P g-+(z,7) g-—(z.7)
(2.1.12)
The massive propagator, for all #1, t, € (0, 1), is given by the explicit formula
0 s+((z =72
I (2, 2) = 821y [_s_((z 50 +(( 0 )1)} , (2.1.13)

e~ik1y

where, forany y € {1,..., L}, s+(y) := 1 ZkleDL Ter o5 - As for the critical propa-

gator, we provide a detalled expression only on the cr1t1ca1 line

1—1 1—1n
th+th+hh =110 = o =
1+1 1+1n

, (2.1.14)
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which is the only case we need for the purposes of this paper: in this case,

1 1 . )
gz )=~ ) Y e
L 2Ny (ki k
k1€DL koeQpm (k1) m ki, k2)

—ika (=N g ik | 8k k) g (ki —k2)
X {e glki, ko) —e |:§+(k1, k») 621k2(M+1)§77(k1, k2)

(2.1.15)

where Q (k1) is the set of solutions of the following equation, thought of as an equation
for k, at k| fixed, in the interval (—, 7):

sinko(M + 1) = B(ky)sinko M, (2.1.16)

iky 2
with B(ky) :=t % Moreover, the normalization factor Ny is defined as
!

A (B(k) sinkaM — sinka(M + 1))

Ny (kr, k2) = : 2.1.17
ulk. k2) B(k1)coskoM — cosky(M + 1) ( )
and
I (§++(k17k2) §+—(k17k2)
ki,ky) i =% 2
ok, k) [g+<k1,kz> g——(ki. ko)
._; —2insink;  —(1 - ;12)(1 — B(ky)e k)
T Dk, ko) (1 —)(1 = B(kp)e'*2) +2it; sink; *
(2.1.18)

with
D(k1, k2) :=2(1 — 12)>(1 — coskp) +2(1 — 11)>(1 — coska). (2.1.19)

Note that the symmetries detailed in Remark 2.2 induce corresponding symmetry prop-
erties on the propagators. In particular, for the critical propagator, these read

Grr(k1, ko) = gei(kr, —k2) = —g4i(—k1, ko) = g—_(—ky, k2),
Gi—(k1, ko) = g4 (—ki1, ko) = —g_+(k1, —k2), (2.1.20)
8o (ki kp) = —e 2 M g (k1 ky),

forall k; € Dy and ky € QO (ky).

Remark 2.3. (Cancellation at the boundary) The definition (2.1.15) can be extended to
all z,z € R%; in particular, using (2.1.20), and letting P,z := ((2)1, M + 1) (resp.
Pz := ((2)1, 0)) be the projection of z on the row at height M + 1 (resp. 0), right above
(resp. below) A (the labels u and d stand for ‘up’ and ‘down’, respectively),

s (Paz. ) = g (e Paz) = g0 (Paz¥) = g+ (& PuZ) =0,

2.121)
g+— (2, Puz) = g—4 (Puz. 7)) = g—— (Puz. ) = g—— (z. Pu2') = 0,

for all z, 7/ € R2. In the following, it will be convenient to introduce for any z € A four
additional fictitious variables, ¢, p,; and ¢, p,;, With € {+, —}, to be understood
as Grassmann fields that, if tested against another field ¢, ,» with respect to P.(D¢),
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produce as output the propagators [g. (P, z, z') 1w« and [gc (Paz, z')]w.o » Tespectively. In
particular, thanks to (2.1.21), the Grassmann fields ¢, located at P,z and the Grassmann
fields ¢_ located at P,z can be interpreted as being identically zero, and we shall do so
in the following. Formally, the fact that ¢, and ¢_ vanish at P,z and at P, z, respectively,
can be understood by noting that the system in the cylinder A = Z; x (ZN[1, M]) can
be obtained from one in the larger domain Z;, x (ZN[0, M +1]) by removing the vertical
couplings connecting the two bottom-most and the two up-most rows; equivalently, by
setting the associated weights in the dimer representation to zero; or, again equivalently,
by replacing the Grassmann variables associated with the ‘outside’ ends of these bonds
(i.e., those at height 0 and M + 1, respectively) with zero. For the setup we consider in this
paper, these are precisely the variables ¢, at P;z (also called V in the ‘standard’ notation
where the four types of Grassmann variables are denoted H,H,V,V,see [AGG22, Eq.
(2.1.10)]) and ¢_ at P,z (also called V, see [AGG22, Eq. (2.1.10)]).

Remark 2.4. (Scaling limit) The scaling limit propagator in (1.13) is defined as
Oseal (2.2) = lim ™' ge(la™ 2] a7 '2)), (2.122)
a—0

and is given explicitly by the following expression:

gscal(z, 7)) = ) H)”{g?ﬁ,ﬂ'(x =+ (n161,2n26))
ne?z?
+rﬁm@—ﬂhﬂMhQﬂ%+%ﬂﬁ 858z =) + 1L, @+ +2n262) “
=gz — )1 +nily. G+ 22 +2n20) &z — )1 +nily. G+ )2+ 200 — D)

(2.1.23)
where, letting, for z = ((2)1, (2)2),
gscal(z) = ! // dky_dk, e*ikl(z)lfikz(z)2Lk1
n(l—1n) ) e @r)? k2 + k3
1
_ (2)12, (2.1.24)
26— 1) 212
we denoted scal( )= scal(ﬂ @) scal( )= scal(@ ﬂ) and
81 2) =8 1-1° 1—1 » 82 2) =8 1-11° 1-n 7
1 scal
scal — gica () L) (z) 2.1.25
900 (z): [gacal(z) _g?cal(z) . (2.1.25)

For the computation leading to these explicit formulas and for constructive estimates
on the speed of convergence of the right side of (2.1.22) to the limit, see [AGG22,
Section 2.3 and Appendix C].

2.2. The interacting theory in the cylinder. Let O = {+, —, i, —i} and M A be the

set of the tuples ¥ = (w1, 21), - - -, (@, Zn)) € (O x A)" for some n € 2N. Given a
tuple ¥ = (w1, 21), - - -, (Wn, 2n)) € M1 A, we let ¢ (W) be the following Grassmann
monomial:

P(W) = ¢w1,zl T ¢w,,,z,,7 2.2.1)
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where ¢, ; denotes ¢, ;, p_ ., &4 -, 6 ; for o = +, —, i, —i, respectively. In the fol-
lowing, with some abuse of notation, any element ¥ € M A of length |V| = n will
be denoted indistinctly by W = (w1, z1), - - -, (@n, 2n)) or ¥ = (@, 7), with the under-
standing that @ = (w1, ..., w,) and 2 = (21, ..., Zn)-

Moreover, we let X5 be the set of the tuples x = (x1,...,x,) € %’X for some
m € Np, with the understanding that, if m = 0, then x is the empty set. Given a tuple
x = (X1,...,Xn) € Xp,welet#x := m be its length, and A(x) := ]_[l’-":1 Ay, , with the
understanding that, if m = 0, then A(@) = 1.

Given these definitions, we are ready to state the desired representation theorem
for the (Taylor coefficients of the) generating function Zx (A) in (2.1), see [AGG22,
Section 3] for the proof.

Proposition 2.5. For any translationally invariant, even, interaction V of finite range,
there exists g = Ao(V) such that, for any || < Lo(V), the derivatives of log Z  (A)
of order 2 or more, with no repetitions, computed at A = 0, are the same as those of
log EA(A), with

Ea(A) = VA [ Po(D§) Py (DE) ¥ @ 5:A4), (222)
where:
1.
W(A) = Z wa (x)A(x) (2.2.3)
xeXA:
#x>2

for suitable real functions wa such that, for any m > 2, and suitable positive con-
stants C, ¢, w1

sup Z lwa (x)|e2606(x) < CmM'max(l,Km)’ (2.2.4)
XIE%A X2yuey Xm 6‘31\
where x = (x1, ..., Xp) and §(x) is the tree distance of x, that is, the cardinality of

the smallest connected subset of B 5 containing the elements of x.

2.

V($,E, A) = BT($, £, A) + V™ (9, &, A) (2.2.5)
where
B (¢, €, A) = Y (1 =13, ExAs
xeBa
VG E A = Y Y W, ) (WA®R), (220
We M| o XeX)
and:

1T The factor 2 in front of co at exponent is chosen for convenience and uniformity with later notations: in
fact, the bare Grassmann action will be identified with the bare effective potential on scale i = 1, see (2.2.17),

(3.1), and following equations; the factor 2 at exponent should be interpreted as being equal to 2" with scale
index h = 1.
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o in the first line of (2.2.6), j(x) = 1 (resp. = 2) if x is horizontal (resp. vertical),
and: if x is a horizontal edge with endpoints z, z + ey, then Ey := H, ;H_ _;,,
with (recall that s,, was defined after (2.1.13))

L
Ha),z = éw,z + Z So((2)1 — .V) (¢+,(y,(z)z) - wd’—,(y,(z)z))v (2.2.7)
y=I1

while, if x is a vertical edge x with endpoints z, z + €3, then Ex = ¢y ;¢_ 15,5

e in the second line of (2.2.6), W}{“ are suitable real functions such that, for any
n € 2N, m € N and the same C, ¢y, k as in item 1,

sup sup Z e2z‘o$(z) | W/i{lt((w, 2), V))| < c" Mlmax(l.lm)’

weO" z1eA
1% 29, z0€A

) (2.2.8)
sup  sup Z Z echrS(z,x)|Vvll\nt(((‘07 Z),x)‘ < Cn+m|klmax(],k(n+m)),
00" x1€B A X2, Xm EB A ZEA"
where, in the first line, z = (21, . . ., 2n) and, in the second line, x = (x1, ..., Xm);

moreover, §(z, X) is the tree distance of (Z, X), that is, the cardinality of the smallest
connected subset of B p that includes x and touches the points in z (we say that
an edge x € B, touches a vertex 7 € A, if z is one of the endpoints of x), and
8(z) =6(z,90);

3. wa, W, considered as functions of A, t|, and tp, can be analytically continued to any
complex M, t1, ty such that |A| < Ao and |t1], |12| € K', with K’ the same compact
set introduced before the statement of Theorem 1.1, and the analytic continuation
satisfies the same bounds above.

A few remarks are in order. First of all, for uniformity and compactness of notation,
we rewrite (2.2.5)—(2.2.6) as:

V@, A= Y Y Wal¥,x)p(W)Ax), (22.9)

WeMi s xeX)

where Wy = Bf{ee + Wli\m, with Bf{ee the kernel associated with the first term in the
right side of (2.2.6) and invariant under the symmetries described momentarily, which
is supported on tuples (W, x) such that || = 2 and #x = 1, and satisfies

sup sup Y e*P@V|BI*((w,2), x)| < C. (2.2.10)
we®?xeB) ZEA2
The functions wx and Wy satisfy the following properties, which will play an important
role in the multiscale computation of the generating function.

1. Symmetries. From the proof of Proposition 2.5 in [AGG22, Section 3], it follows that
the functions wx (x) can be chosen to be: symmetric under permutations of x, trans-
lationally invariant in the horizontal direction (with periodic boundary conditions in
the horizontal direction), and invariant under the reflection symmetries induced by the
transformations Ay — Ag,x, with! = 1, 2, where 601, 6, act on a midpoint of an edge
x = ((0)1, (x)2) € Bp as:Oix = (L+1— ()1, (x)2), ox = ()1, M +1 = (x)2).
Similarly, W ((@, 2), x) can be chosen to be: anti-symmetric under simultaneous
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permutations of  and z, symmetric under permutations of x, invariant under simul-
taneous translations of z and x in the horizontal direction (with anti-periodic and
periodic boundary conditions in z and x, respectively), invariant under the reflection
symmetries induced by the transformations A, — Ag, and ¢, ; — O, ., see
(2.1.7)—(2.1.8). Therefore, with no loss of generality, we assume that w,, WX“ are
invariant under these symmetries.

2. Infinite volume limit. From the discussion in [AGG22, Section 3], it also follows
that wy , W admit an infinite volume limit, in the following sense. Let A := 72
and let B, be the set of nearest neighbor edges of Z2. Then, for any fixed tuple
(z,x) € AL, x B, withn € 2N and m € Ny, we let

Weo((@,2),x) := lim Wxr((w,z+21.m),X+20.M), (2.2.11)
L,M—o0

where zz, p = (L/2, | M/2]), 2+ z1 m is the translate of Zo by z1 ., and similarly
for x + zz_ p. The limiting kernel W, besides being anti-symmetric under simulta-
neous permutations of @ and z, and symmetric under permutations of x, it is trans-
lationally invariant in both coordinate directions, and invariant under the following
infinite plane reflection symmetries: Ay — A(—(x);,(x)2)> P+.z = TP+ (—(2)1.(2)2)»
O+iz —> 1QFi (—(2)1,(x)2) (horizontal reflection), and Ay — A(x);,—(x)0)> P+,z —>
IPF,(()1,—(@)2)» Ptiz = Fid+i((2)1,—()2) (vertical reflection). Moreover, the de-
composition Wy = BX“ + W3 induces an analogous decomposition for W.. Of

course, BT and W™ admit the same bounds (2.2.10) and (2.2.8) as B and Wi,
respectively, and are invariant under the same symmetries as Wy,. Similar consider-
ations hold for w, , whose infinite volume limit is denoted by wso.

3. Bulk-edge decomposition. Not only does the infinite volume limit of the kernels exist,
but it is reached exponentially fast. This allows us to conveniently decompose the
finite volume kernels into a bulk plus an edge part, with the edge part decaying
exponentially fast to zero away from the boundary of the cylinder. For this purpose,
note that any n-tuple z € A’ with horizontal diameter smaller than L/2 can be
identified (non uniquely, of course) with an n-tuple of points of Z? with the same
diameter and ‘shape’ as z; we let zo, € (Zz)” be one of these representatives,
chosen arbitrarily'?; we use an analogous convention for the elements of B} and of
A" x B! with horizontal diameter smaller than L /2 (with some abuse of notation,
given (z,x) € A" x B’} with horizontal diameter smaller than L/2, we denote by
(Zoo» Xoo) = (2, X) o its infinite volume representative). Given these definitions, we
write Wp = Wg + Wg, with

Wi((@, 2), x) := (=1)*® 1(diam| (z, x) < L/3) Weo (@, Zo), Xo0), (2.2.12)

and Wg((w, 2), x)) := Wpa((w, 2),x)) — Wg((w, 2), x)), where 1 (A) is the charac-
teristic function of A, diam; is the horizontal diameter on the cylinder and, for any

12 For instance, given z = (z1,...,2n) € A", recalling that (z;); € {1,2,...,L} and (z;); €
{1,2,..., M}, we can let zoo = (V1,---, yn) be the n-tuple of points of 72 such that: (1) the vertical
coordinates are the same as those of z, i.e., (y;)2 = (zj)2, Vi = 1, ..., n; (2) the horizontal coordinate of y|
is the same as zy, i.e., (y1)1 = (z1)1; (3) all the other horizontal coordinates are the same modulo L, i.e.,
(yi)1 = (zj)ymod L,Vi =2,..., n; (4) the specific values of (y;), for i > 2 are chosen in such a way
that the horizontal distances between the corresponding pairs in z and z are the same, if measured on the
cylinder A or on 72, respectively.
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z with diam(z) < L/3,

#lzi € z (z)1 = L/3}, if maxg ez {(zi)1 — (z)1} = 2L/3,

(z) = 0, otherwise.

(2.2.13)

Note that the factor (—1)*@ guarantees that both Wg and Wg are invariant under
simultaneous translations of z and x in the horizontal direction, with anti-periodic
and periodic boundary conditions in z and x, respectively. In addition to this, both
kernels are invariant under the same reflection symmetries as W . Of course, in
analogy with W and W, Wp and Wg can also be decomposed as Wg = Bgee + Wfam
and Wg = B[ + WM. While BI*® and W, satisfy the same bounds (2.2.10) and

(2.2.8) as Bf{ee and WX“, respectively, B]firee and Wém satisfy the following improved
bounds:

1 ,
7 osup YT BE (@, 7). 0[P OEE < €, (2.2.14)
weO? zeA?
xeBp

and, for any n € N and m € Ny,

1 : .
_ Sup Z |W113nt(((l), z)’x)|eZC08E(va) S Cm+n|k|mdx(1,K(m+n))’ (2215)
L yeon ZEAN

xeB'y

with the same C, cg, k as in item 1 of Proposition 2.5, where ég(z, x) is the ‘edge’
tree distance of (z, x),

Sg(z,x)= min |T| (2.2.16)
Te%E(Z,X)
where %g(z, x) is the set of connected T C 5 5 which include x, touch all the points
in z, and also have at least one of the following properties:
(a) T touches the boundary of the cylinder or
(b) T includes two bonds x and y whose horizontal coordinates differ by more than
L /3, taking periodicity into account, i.e. diam(7) > L/3.
For the proof of Egs. (2.2.14) and (2.2.15), see [AGG22, Lemma 3.2 and Egs. (3.20)—
(3.21)]

Before we start the multiscale computation, let us make a final rewriting of the Grass-
mann generating function. It is expected (and it will be proved below) that the interaction
has, among others, the effect of modifying (‘renormalizing’) the large distance behav-
ior of the bare propagator, by effectively rescaling it by 1/Z (where Z plays the role
of the ‘wave function renormalization’, in a QFT analogy), and by changing the bare
couplings #1, t, into dressed ones, t;", t;. In order to take this effect into account, it is
convenient to write the Grassmann generating function in terms of a reference Gaussian
Grassmann integration with dressed parameters. Since, of course, these dressed param-
eters Z, t{', t5 are a priori unknown, they will be fixed a posteriori via a self-consistent
equation, whose solution requires the use of the implicit function theorem, see Remark
3.9 below and the related discussion in [AGG22, Section 4.5]. For the time being, we let
1} be any element of the compact set K’ defined before the statement of Theorem 1.1,
and 5 == (1 — 1) /(1 +1]).
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Motivated by the previous considerations, we rewrite the Grassmann generating func-
tion E(A) in (2.2.2) as follows: recalling that P.(D¢) = Dpe ?) /Pf A., with S.(¢) =
%((]), A.¢) as in (2.1.4) we add and subtract at exponent the quantity Z(S; (¢) +S,; (£)).
with S} (¢) = 1(¢, A%¢) and S} (&) = 1(€, A% &), the same as in (2.1.4) and (2.1.5),
respectively, computed at t;", tf instead of ¢1, t»; next we rescale the Grassmann fields
as ¢ — Z712¢, & — Z71/2¢, thus getting

Ea(4) oc VD / P} (D) Py(Dg) V@5, (2.2.17)

where: o indicates that the ratio of the two expressions is independent of A, so that
they are generating functions of the same correlations; P}(D¢) = D¢ ¢S @) JPEAY;
P*(Dg) = D& eSn® /PFA% ;

VD@, &, A) i= Z7H(Se(@) + Sn(€)) — (SF(p) + SE(E) +V(Z12p, 2712, A).

(2.2.18)
For later reference, we note that, in light of (2.2.9), y (¢, &, A) can be written as:
VO@.e. = > Y wlw oW Aw) (2.2.19)
WeMi g xeX)

where WI(\I) is analytic in A, in the sense of item 3 of Proposition 2.5, it has the symmetry
properties described in item 1 after (2.2.10), it admits an infinite volume limit, in the
sense of item 2 after (2.2.10), denoted by W&])) (which is also analytic in A), and admits
a bulk-edge decomposition, in the sense of item 3 after (2.2.10). Equations (2.2.17)—
(2.2.19) will be the starting point of the multiscale analysis discussed in the next section.

3. The Renormalized Expansion

In this section, we will show that for every J,/J,, L/M € K, t;,t; € K', with K, K’
the compact sets introduced before the statement of Theorem 1.1, |A| sufficiently small,
and an appropriate choice of tl*, Z, the derivatives of E (A) of order m > 2, with
no repetitions, at A = 0 admit an expansion as a uniformly convergent sum. Such an
expansion is based on the following iterative evaluation of E 5 (A): starting from (2.2.17),
we first define

NVOWVO($.4) O<fP,;‘;(DE)e"('>("’~‘5’*‘), CRY

where once again « means ‘up to a multiplicative constant independent of A’, and
WO YO are normalized in such a way that W© (0) = V@ (0, A) = 0. The function
WO isthe h = 0 contribution to the generating function, and V® the effective potential
on scale 0.
. * v (¢,A) % .

Next, we need to compute the integral [ P*(D¢)e , where PX(D¢) is the
Gaussian Grassmann integration with propagator g, whose explicit expression is given
by (2.1.15) and following equations, computed at ¢, ¢} rather than at #;, . In order

to obtain a convergent expansion for the logarithm of [ P* (qu)ev(o)(d”A), we use a
multiscale procedure, based on the multiscale decomposition of the critical propagator
discussed in [AGG?22, Section 2.2], whose most relevant features are recalled here.
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Multiscale decomposition of the critical propagator. In view of [AGG22, eq. (2.2.3)],

letting h* := —| log, (min{L, M}) |, we write
0
0 =g"@ N+ Y M), (3.2)
h=h*+1

where the single-scale propagator g™ satisfies the same cancellation property at the
boundary as (2.1.21) (see [AGG22, Eq. (2.2.8)]), as well as the dimensional bounds stated
in [AGG22, Proposition 2.3], which we summarize here for the reader’s convenience:
forany r = (r1,1,7r1,2,72,1,12,2) € Zi, letting 91, ; (resp. d2, ;) be the discrete derivative
in direction j with respect to the first (second) argument, defined by 9y ; f(z,Z) =
fz+é;,7)) — f(z,Z), with ¢; the j-th Euclidean basis vector, we have

||3"g(h)(z’ Z/)|| < CcHrlg 2(1+|r|1)he*6’02h||Z*Z’H1 (3.3)

2 7 2 .
where " = [1; i=1 Bl I = Hi,j:l ri.jl,and ||z|ly = |per; (z1)|+|z2|, withper; (z1) =
Lz—l 2J Moreover, there exists a Hilbert space H s with inner product (-, -)

1nclud1ng elements y(hs) R ;762’2 o ya(fsh;, )70(,<sh; (for s = (s1,5) € Zi, z € A) such

that, whenever h* < h < 0, the following Gram representation holds for the elements
giﬁi/ (z,7) of g™ (z, ), with w, @’ € {+, —}, and their derivatives:
h h h
3650 (2. 7y = (nggz’ycg,l/ Z,), (3.4)

where 95" .= ]_[2 1 st ajf f and, letting | - | be the norm generated by the inner product

(-, -), max{|y ", ’y(h) I’} < C1Hislig) 2h 1421510 Similarly, 3657 g1 (2, ) =
(ya(,fffz), ya(), :’, l ) with max{]y(<h) ~(<h)| } < ClHIslig) 2h"(42Is1) 5o that, in par-

ticular, |8"g="") (z, 2)|| < C*rhy !2<1+|'|1)h* (we recall that 2"" ~ L~! by the very
definition of #*). We also recall that, by denoting g}, = gV the massive propagator, i.e.,
the one associated with P (D§), g(l) satisfies the same estimates and admits the same
Gram decomposition spelled above for g, with the scale label & replaced by the value
1.

Another important ingredient of the multiscale construction described in the follow-
ing sections is the bulk-edge decomposition of the propagator, summarized here: for
h<1,let g(h)(z — ') be the infinite volume limit of g’ (z, z’), in a sense analogous to
(2.2.11), thatis, g% (z — 2/) = limp_y— o0 8 (2 + 2011, ¥ +22.m1), see also [AGG22,
Eq. (2.2.9)]. Of course, ggé) (x — y) satisfies the same bounds (3.3) as g’ (z, z'), and
admits an analogous Gram representation. Given this, we let the bulk part of g’ be

defined as the restriction of ggé) to the cylinder, with the appropriate (anti-periodic)
boundary conditions in the horizontal direction:

0y (2, 2) == sz (2 — 2)1) 8 (per, (z — 2)1) . (2 — 2)2) (3.5)
where per; was defined after (3.3) and, recalling that (z)1, (z')1 € {1, ..., L},

+1, [(z—2)1l <L/2
st((z—2)1) =10, lz—ZNnl=L/2 (3.6)
1, [(z=2Nnl>LJ2
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The edge part is, by definition, the difference between the full cutoff propagator and its
bulk part:

0z, ) = g"(z, ) — 03z, 7). 3.7)

and satisfies an improved dimensional bound, as compared with (3.3); namely, if z, 7’ €
A are such that [per; (z — 2)1)| < L/2 — |r1.1] — |r2.11,

||3'g(Eh>(z, Z/)|| < cHrlg 2(1+|r|1)he—602hd5(z,z’)’ (3.8)

where dg(z, z') := min{|per; ((z — Z)1)| + min{(z + 2)2, 2(M + 1) — (z + )2}, L —
Iper; ((z — 2)1)| +(z — 2')21}; note the factor of 2" in the exponent, so that this implies

0
W, = 1
> e 2) _O<dE(z,z/))’ (3.9)

h=—00
that is to say that gg has a similar decay to g, but in a different distance. With no loss
of generality we can assume that the constant ¢ in (3.3) is the same as in (3.8), and is
also the same as the constant cq in Proposition 2.5, as well as in (2.2.10), (2.2.14), and
(2.2.15).
The multiscale decomposition (3.2) and the addition formula for Grassmann integrals

(see e.g. [GMT17, Proposition 1]), implies that f P} (D¢)ev(0) @.4) can be rewritten as
/ P*(D)eV" @A — / PER) (D= / Pt (D™D .

/ P(O) (D¢(0))ev(0)(¢(50)’A), (310)

where =0 1= ¢ 130 6@ and PP (D?) (resp. PR (D)) is the
Gaussian Grassmann integration with propagator g (resp. g="")). The right side of
(3.10) will be computed one step at the time, by first integrating out ¢@, then ¢,
etc. This iterative procedure induces the definition of the sequence of effective potentials
VY™ and of single-scale contributions to the generating function W™, via:

VDAV @A) o / P (D) @A), 3.11)

forall i* < h < 0,and V™ W™ are fixed in such a way that W (0) = Y™ (0, A) =
0. Finally,

NV o / PE) D)V @A), (3.12)
so that, eventually,
1
Ea(A) x exp( Z W(")(A)>. (3.13)
h=h*—1

where W = W is the same function as in Eq. (2.2.17). The basic tool for the evaluation
of (3.1), (3.11) and (3.12) is the following formula, which we spell out in detail only for
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(3.11), even though an analogous one is valid for (3.1) and (3.12). Suppose that, for all
h < 0, the effective potential V) can be written in a way analogous to the one on scale
h =1, see (2.2.19), namely

V(g )= Y Y W e Ax), (3.14)
WeMog p xeXp

where M A is the subset of M s consisting of tuples W € ({+, —} x A)" for some

n € 2N. Then VD as computed from (3.11), admits an expansion analogous to (3.14),
: (h)

with W, replaced by

WD, x)

00
s=1

(W) (%)

Z Z H WP W, x| ey, W)

[ =

!
§: vy,..., VieMoa X1,....x5€X7 \J=I1
<EW (g(0): - 5 (L)), (3.15)
where: the superscript (V) on the sum over ¥, ..., ¥, indicates that the sum runs

over all ways of representing W as an ordered sum of s (possibly empty) tuples, W{ +
cee \Il; = W, and over all tuples Mo p > v; D \IJ; for each such term, we denote

by \ilj =Y\ \Il} and by a(V; Wy, ..., V) the sign of the permutation from ¥; &

DY to ¥ B U d---®U (here @ indicates concatenation of ordered tuples); the
superscript (x) on the sum over x1, ..., X, indicates the constraint x| @ - - - ® x5 = x;
EM($(Q1); - ; $(Qy)) is the truncated expectation of the Grassmann monomials
¢(Q1), ..., d(Q;) with respect to the Gaussian Grassmann integration with propagator
g™ with the understanding that, if s > 1 and one of the Q;s is the empty set, then
EM(p(Q1); - ;$(Qy)) = 0, while, if s = 1 and Q; = ¥, then E? (¢ (%)) = 1.
The single-scale contribution to the generating function admits a similar representation,
namely,

X#£D
WD) = 3wV wAw), (3.16)
xeX

where wX’_l)(x) is defined by the counterpart of Eq. (3.15) with W replaced by the
empty set and, since we have not included W (A) in the right hand side of Eq. (3.11),
there is no term with s = 1 and W; = ¢. In Eq. (3.15), the truncated expectation can be
evaluated explicitly in terms of the following Pfaffian formula, originally due to Battle,
Brydges and Federbush [Bry86,BF78], later improved and simplified [AR98,BK87] and
rederived in several review papers [GMO1,Giul0,GMR21], see e.g. [GMT17, Lemma
3l:ifs > land Q; #0,Vi € {1, ..., s}, then

EM@QD:-- 190N = Y. &P01..., 0.
TeS(01,...,05)

with 81”(01. ... 0y) =1 (Q1. ... Os) [1‘[ gé’”}

LeT

/ Po,...0.1( A PE(GY) o (1)), (3.17)
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where:
e S(Q1, ..., Q) denotes the set of all the ‘spanning trees’ on Q1, ..., Qs, that is,
of all the sets T of ordered pairs (f, f), with f € Q;, f' € Qj andi < j, whose
corresponding graph Gt = (V, Er), with vertex set V = {1, ..., s} and edge set

Er ={Gi,j)e V? : A(f, f)) € T with f € Q;, f' € Q,},is a tree graph;

e ar(Q1, ..., Qp) isthesign of the permutation from Q- -- Qs to TH(Q1\T)D
@ (Qs\T);

o for £ = ((wi, 2i), (wj, 2)), géh) is a shorthand for gg:l,j (zi, zj) (we recall that

gc(UhLZ, (z, Z') are the components of the 2 x 2 matrix g™ (z, z'));

o t ={tj jhi<ij<s.and Pg, o, r( dt) is a probability measure with support on a
set of ¢ such that #; ; = u; - u; for some family of vectors u; = u;(¢) € R® of unit
norm;

o letting2g = Y°}_, [Qil. G4 5 7(¢)is an antisymmetric (2q — 25 +2) x (2q —

2s + 2) matrix, whose off-diagonal elements are given by (G(th) 0 T(t)) fp=

ti(f),i(f’)gy(l} 1y where f, f' are elements of the tuple (Q1\T) @ - - - ® (Qs\T), and
i(f) is the integer in {1, ..., s} such that f is an element of Q; \ T.

Similarly, if s = 1 and Q1 # 0, we let S(Q1) = {#} and we write the analogue of
(3.17) as EM(¢(Q1)) = 8" (Q1) := PE(GY)). where (G(Q’lf)ﬁf., = g((j?f,) and f, f'
are elements of the tuple Q.

The systematic use of (3.17), in combination with the decay bounds on g(h), see (3.3),
allows one to get bounds on the kernels of W and V™ and, consequently, on those
of log E 4 (A). Such bounds are sufficient to show that the sums in terms of which these
kernels are expressed are absolutely convergent for any fixed 2™ (that is, for any fixed
volume, recall the definition of 2* given before (3.2)); however, a priori, this convergence
is not at all uniform in 2* and so tells us nothing about the thermodynamic limit. For
a more quantitative discussion of the reason why the bounds obtained via this ‘naive’
procedure are non uniform in 4%, see, e.g., [GMT17, Sect.5.2.2].

The basic idea of the strategy we use to get past this is to find, at each step 2 < 0 of
the iterative scheme, a decomposition13

VW (¢, A) = LVP (¢, A) + RVP (¢, A), (3.18)

where:

o LV™ is the so-called local part of the effective potential, which includes terms that
tend to ‘expand’ under iterations, usually called the relevant and marginal contribu-
tions in Renormalization Group (RG) terminology. In our case, £V includes: three
terms that are quadratic in the Grassmann variables and independent of A, depending
on a sequence of s-dependent parameters which we denote v = {(vy, &n, 1) }h<0
and call the running coupling constants; and two terms that are quadratic in the
Grassmann variables and linear in A, depending on another sequence of effective
parameters, {Z1 5, Z2,1}n<0. called the effective vertex renormalizations.

13 Actually, in order to define a convergent expansion, it is not necessary to split the effective source term
BM (¢, A) := V<h)(¢, A) — V(h)(¢, 0) into local plus irrelevant part, since this is not the source of any
divergence. Nevertheless, in order to compute the scaling limit of the energy correlations, it is convenient to
also decompose the effective source term into a local part plus a remainder, and we shall do so in Sect. 3.1 and
following sections.
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o RV is the so-called irrelevant, or renormalized, part of the effective potential,
which is not the source of any divergence.

Such a decomposition, described in detail in Sect.3.1 below, corresponds to a sys-
tematic reorganization, or ‘resummation’, of the expansions arising from the multiscale
computation of the generating function. We anticipate that the running coupling con-
stants and the effective vertex renormalizations are defined in terms of the infinite volume
limit of the kernels of the effective potential, whose flow has been studied and controlled
in [GGM12] and reviewed in greater detail in [AGG22, Section 4], exactly in the same
setting needed for the present paper.'* As shown in [AGG22, Section 4.5], by appropri-
ately tuning the inverse temperature 8 to a value f.(A), which has the interpretation of
interacting critical temperature, and by appropriately fixing the parameters Z, ¢{" enter-

ing the definition of V1, see (2.2.17)—(2.2.18), the whole sequence v is bounded and
smaller than C|)A|. Under these conditions, we will be able to show that the resulting ex-
pansions for multipoint energy correlations in the cylinder A are convergent, uniformly
in h*. Our estimates are based on writing the quantities involved as sums over terms
indexed by Gallavotti-Nicolo (GN) trees [GN85,GMO01,Gal85], which emerge naturally
from the multiscale procedure; the relevant aspects of the definitions of the GN trees
will be reviewed in Sect.3.2 below. Weighted L' bounds on the kernels of the effective
potentials, based on their GN tree expansion, are derived in Sect.3.3. As a corollary, in
Sect.3.4 we show how to control the flow of the effective vertex renormalizations, as
well as their edge counterpart.

3.1. Localization and renormalization: the operators L and R. As anticipated above,
in order to define a convergent multiscale expansion for the effective potentials and the
generating function, at each step 2 < 0 of the iteration we decompose the effective
potential V™ into a ‘local’ part LV plus a remainder RV™ (the ‘irrelevant’, or
‘renormalized’ part). In this section we first give a number of necessary preliminaries
and then define the action of the operators £ and R on Y see Sect.3.1.4 and in
particular (3.1.46), (3.1.52), and (3.1.53) for the ‘final’ formulas. The decomposition in
(3.1.46), (3.1.52), (3.1.53) is defined in terms of other operators, L, Rp and Lg, Rg
(the bulk- and edge-localization and -renormalization operators), which we introduce
in Sect.3.1.2, after having described in Sect.3.1.1 the general structure and properties
of the kernels of the effective potential; Sect. 3.1.3 collects a couple of norm bounds on
RB, RE that will be useful in the following.

3.1.1. Representation of the kernels of the effective potential.

Field multilabels. Let A = 71, x (Z. N[0, M + 1)), be the closure of A, which can be
thought of as the union of A and of two additional rows at vertical heights 0 and M + 1,
right below and above A, respectively. Recall also that for ® = + and z € A \ A, the
symbol ¢,, , should be interpreted as explained in Remark 2.3. Given these premises,
we let M, be the set of field multilabels, which we define as tuples

U = (w1, D1,21), ..., (@n, Dp, zn)) € ({+, =} x {0, 1,2}> x A)"

14 The running coupling constants used here and in [AGG22] are not strictly speaking equal to those of
[GGM12] even in the isotropic case because of a number of changes in the quantities used to define them,
most importantly the different decomposition of the propagators, but the general outline of the construction is
the same.
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for some n € 2N, satisfying the following constraints: ||D;||; < 2 and z; + D; € A.
Given ¥ = ((w1, D1, 21), ..., (wu, Dy, 2,)) € My, we let ¢p(WV) be the Grassmann
monomial

PV) = 3P0, 2y 0o, 2 (3.1.1)

where 00i¢,, .. = 9PV19{P2¢,  with 3; and 9, the right discrete derivatives
in directions 1 and 2, respectively, defined by 9; f(z) = f(z + e i) — f(z) (with the
understanding that, if (z); = L, then 01¢y,; := —@w,(1,(z),) — Pw,z» and similarly for
the higher order derivatives, in agreement with the anti-periodic boundary conditions in
the horizontal direction on the Grassmann fields). For later reference, we also let M?\ be
the subset of M 5 consisting of tuples ((w1, D1, z1), - .., (W, Dy, z,)) forsomen € 2N
such that z;, z; + D; € A (rather than z;, z; + D; € A). Inthe following, with some abuse
of notation, any element W € M, of length || = n will be denoted indistinctly by
Vv = (w1, D1,21), ..., (@, Dy, zy)) or ¥ = (w, D, z), with the understanding that
w= (w1, ...,wy,),etc.

Structure of the effective potential. Recall that the effective potential V1) on scale 1 can
be represented as in (2.2.19). For smaller scales, i.e., for & < 0, we will inductively
prove that the effective potential can be represented in a similar way, namely as

V0@ A= > S W ne @A), (3.1.2)

WeMp xeXy

for a suitable real kernel function (or, simply, kernel) W/(\h) : Ma x XA — R. Equa-
tion(3.1.2) is analogous to the ‘naive’ expansion (3.14), with the important difference
that the sum over W now ranges over M, rather than over My A. It will be shown

iteratively that the kernel Wl(\h), labelled by A and /&, can be chosen in such a way that
it satisfies the symmetry properties described in item 1 after (2.2.10).

In addition to WI(\h), we iteratively assume the existence of an infinite volume kernel

Wég) on Moo X X, Where M is the set of field multilabels in the infinite plane,
defined in [AGG22, Section 4], and X is the set of the tuples x = (x1, ..., x,) € B

for some m € Ny (as usual, if m = 0, then x is understood as the empty set). Wég) will
be used momentarily to define the bulk-edge decomposition of W(h), and, a posteriori, it
will turn out to be the infinite volume limit of W[(\h), in the sense of item 2 after (2.2.10);
however, a priori, we define Wéé') to be the solution to the iterative Eqs. (3.2.3)-(3.2.4)
below, with Wéé) defined as in (2.2.19) and following lines. Note that the restriction of

Wéé') at x = (J, denoted by Vo(!,l ), is the same infinite volume translationally invariant
kernel constructed and estimated in detail in [AGG22, Section 4]; the (straightforward)
generalization of the construction of Wég), as well as the derivation of weighted L!
bounds on it, to any x € X, goes along the same lines, and is given for completeness
in Sects. 3.2-3.3 below.

Given W[(\h) and Wéé’) for some & < 0, for any (w, D, z) € M, we let

W (@, D, 2),x) == (=1)*@ I, (@, D, 2), x) W (@, D, 200), X0),

3.1.3
with I (W, x) := 1(¥ € MS)1(diam;(z, x) < L/3), (5.13)

where: a(z) was defined in (2.2.13); M was defined as the subset of M, consisting
of tuples ((w1, D1, 21), ..., (wn, Dy, z,)) for some n € 2N such that z;, z; + D; € A;
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diam; is the horizontal diameter on A); (Zoo, Xoo) = (2, X) o 1S the infinite volume
representative of (z, x), in the sense of item 3 after (2.2.10). Moreover, we let

wi = wh —w. (3.1.4)
For later reference, we also introduce the following definitions:

1. We denote by VI(\h) the restriction of Wj(\h) to x = ¢ (the ‘sourceless’ part of the
effective potential, which can be naturally thought of as a kernel on M A or on
M, depending on whether 4 = 1 or & < 0), and by Bl(\h) the restriction of Wj(\h) to
x # ¥ (the ‘effective source term’), so that W[(\h) = V[(\h) + th).

2. Givenakernel W on M x x X, wedenote by W, ,  its restriction to field multilabels
of length n, whose derivative labels have 1-norm equal to p, and to tuples x of length
m. Similarly, given akernel V on My, welet V, , be its restriction to field multilabels
of length n, whose derivative labels have 1-norm equal to p. Often, with some abuse
of notation, we shall identify V,, , with the kernel whose only non-zero component
is V., p, and similarly for W, , .

3. We say that two kernels W and W on M A X X are equivalent, and we write W ~ VT/,
if the corresponding potentials

V(gp, A) := 2: ijmummwmu)mm

WeMp xeXy

Do D WWx)g(W)AWX)

WeMp xeXp

V(p, A) :

are equal. For the notion of equivalence among infinite volume kernels, see [AGG22,
Section 4].

3.1.2. The bulk- and edge-localization and -renormalization operators. In this subsec-
tion, we introduce bulk-localization and bulk-renormalization operators £ and Rp,
as well as edge-localization and edge-renormalization operators Lg and Rg. These are
linear operators acting on kernels of &£-independent potentials on the cylinder A; if ap-
plied to kernels that are invariant under the symmetries described in item 1 after (2.2.10)
(horizontal translations, permutations, and reflections), they act as projection operators,
with Rp orthogonal to £g and Rg orthogonal to Lg.

We will first define £ and Rp on the sourceless part of the kernels, then Lg and
Rg on the sourceless part of the kernels, and finally £ and Rp on the effective source
term (for the purpose of the following discussion, we will not need to define the edge-
localization and -renormalization operators on the effective source term, because they are
automatically dimensionally irrelevant). The definition of £g and Rp on the sourceless
part of the kernels generalizes the analogous definition on the infinite volume kernels
discussed in [AGG22, Section 4.2]. The action of the ‘full’ localization and renormal-
ization operators, £ and R, on the kernels of V® for h < 0, will be defined in terms of
LB, RB, Lg, RE in Sect. 3.1.4 below.

The action of L5 and Ry on the sourceless part of the kernels.

Consider akernel V : M — R supported on M (for the definition of M, see a few
lines after (3.1.1)). First of all, recalling item 2 after (3.1.3) for the definition of V;, ,,
we let

L5 (Vo) =0, EZ—g—p<0. (3.1.5)
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In the RG jargon, the combination 2 — 5 — p is the scaling dimension of V,, pls; in this
sense, (3.1.5) says that the local part of the terms with negative scaling dimension (the
irrelevant terms, in the RG jargon) is set equal to zero.
There are only a few cases for which 2—%—p > 0,namely (n, p)=(2, 0), (2, 1), (4,0).

In these cases, the action of L on V,, ,, is non trivial, and will be defined in terms of
other basic operators, the first of which is E which is defined as follows: for (n, p) =
(2,0), (2, 1), 4,0), we let (LV)n = E(Vn p) = LV, .p be the kernel on M4 such
that

n
LVip@,D.2) = [[]8:;0 | D 83.cs DV, p(@. D, y).  (3.1.6)
j= YEA"

Note that this definition imples LLV;, , = LV, . If (n, p) = (2, 1), (4, 0), we let
Ly(Vo1) = ALV21),  La(Vao) = A(LVap), (3.1.7)

where A is the operator that antisymmetrizes with respect to permutations and sym-
metrizes with respect to reflections in the horizontal and vertical directions, more ex-
plicitly

AV (W) = 4|\1'|' Z Z (=) " 06 (V)V (O W) (3.1.8)

T Oe{l,0],0,,010;}

where the sum in 7 is over permutations of sequences with || elements, and recalling
the notation of Eq. (2.2.1), 0 (V) and ®W are defined by

0o (V)¢(OV) = 04 (V) (3.1.9)

where the action of ®1, ®; on Grassmann monomials on the right hand side is given in
Egs. (2.1.7) and (2.1.8). Note that although A and £ do not commute (this is in fact part
of the point of introducing A: £ does not preserve antisymmetry of the kernels), one
can verify that ACAV = ALV.

A first important remark, related to the definitions (3.1.7), is that the following key
cancellation holds:

LB(Vao) ~ 0, (3.1.10)

simply because w only assumes two values and L V4.0 is supported on z such that z; =
2 =23 = 4.

Let us now define the action of £g on V2. In this case we need to include in
EB(V2,0~) a term of order (2, 1), see (3.1.14)—(3.1.15) below, so we first need to rewrite
V2.0 — LV2,0 in ‘interpolated form’, in terms of an equivalent kernel supported on field
multilabels (@, D, z) with |[D||; = 1. For each pair of distinct sites z, 7’ € A, let
v(z,Z) = (2,21, 22, - - 20, Z') be the shortest path obtained by going first vertically

15 On the basis of the general Wilsonian RG theory, the scaling dimension of a kernel describes the way
in which it transforms under rescalings of the spatial coordinates and of the fields or, equivalently, under the
action of the linearized Wilsonian RG transformation. On general grounds, for a kernel of order (n, p), it is
equal to d — nlAg — p, where d is the spatial dimension, and Ay the scaling dimension of the field ¢, i.e.,

half the critical exponent of the two-point function of ¢: {px¢y) ~ |x — y\72A¢. In our case, d = 2 and
Ay = 1/2, which explains the expression 2 — n/2 — p in (3.1.5).
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and then horizontally from z to z’'®. Note that y is covariant under the symmetries of
the model, i.e.,

Sy(z,7) = y(Sz, §2) (3.1.11)

where S : A — A is some composition of horizontal translations, and of horizontal
and vertical reflections. Given z, 7/ two distinct sites in 1_\,_let INT(z, 7) be the set of
(0, (D1, D), (y1, y2)) = (0, D, y) € {£} x {0, &1, é2}* x A? such that: (1) y; =z, (2)
D1 =0,3) y2,y2+ Dy € y(z,7), (4) 0 = +if y; precedes y, + D in the sequence
defining y (z, z’), and o = — otherwise. In terms of this definition, one can easily check
that (cf. [AGG22, Egs. (4.2.6) and (4.2.8)]):

Y Va0 = LVa0l@, 0,206 (@, 0,2) = Y (=D)*@V30(@,0,2)

zeA? ZeA?
> D)W, D, y)
(0,D,y)eINT(z) (3.1.12)
(1 »
= 3 Y ®RV)si(@, D, y)p(@, D, y),
yeA? D

where, if z = (21, z1), the sum over (o, D, y) in the first line should be interpreted as
being equal to zero (in this case, we let INT(z1, z1) be the empty set). In going from the
first to the second line, we exchanged the order of summations over z and y; moreover,

(l‘;’) denotes the sum over the pairs D = (Dy, D;) such that | D||; = p, and, for D
such that | D||; = 1,
RV)1(@.D.y) = RVo0)@. D, y):== > (=D)*@*WoV,4(0,0,2).
o=, 7eA?:

(0,D,y)€INT(z)
(3.1.13)

From the previous manipulations, it is clear that (ﬁV)z,l ~Vao— ZVZ’(). Since ZVLO
is supported on arguments with z = (z1, z1), and recalling that INT(z1, z1) = ¥, we also
have R(LV;,0) = 0 and R(ALV;,0) = 0. Note that the action of R “adds a derivative”,
taking a kernel supported on multilabels without derivatives to one which is supported on
multilabels containing a single derivative, and R, unlike £, does not commute with the
operation of restricting to a certain order: RV, o, the result of R acting on the restriction
Qf a kernel to order (2, 0), is equal to (RV)2,1, the restriction to terms of order (2, 1) of
RV. We warn the reader to be alert to the positioning of the subscripts in the remainder
of this section in particular.
We are finally ready to define the action of L£g on V, ¢:

ALV20) i (1, p) = (2,0)
(L(V2,0)n,p == { AL(RV20)) if (n, p) =(2,1) (3.1.14)
0 otherwise.
16" 1f diam (z, z) < L/2, there is no ambiguity in the definition of such a shortest path. If diam (z, 7’) =

L/2, we choose y(z,7') = (2,21, 22+ -5 Zn, Z') to be the path going first vertically and then horizontally
from z to z’ in such a way that the min{(z){, (z')1} < (zj)1 < max{(2)1, (@)}, forall j=1,...,n.
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Combining this with the previous definitions and collecting terms of the same order, in
view of (3.1.10),

ALV2) if (n, p) = (2,0),
(LBV)u,p = VALV + L(RV2)) if (n, p) = (2, 1), (3.1.15)
0 otherwise

Remark 3.1. Recalling that LL =L, ACA= AL, and ﬁ(AZVz,o) =0,

(LBLBV)2.0 = AL(LBV )20 = ALALVy 0 = ALV20 = (LBV )20
(LLeV)21 = AL(L V)21 + ALRLBV)2,0))

= ALALVy | + ALAL(RVa0) + AL(R(ALV20))

= ALVy + ALRVao) = (LeV)a1,

(3.1.16)

and (LgV),,p = O for all other values of (n, p). In other words, LgLp = L.

Let us now define the action of Rp on V, in such a way that RgV ~ AV — LgV;
note that we will mainly apply these operators to kernels for which AV ~ V, and thus
Rp ~V — LgV. First of all, we let

RBVn,p)=RBV)n,p:=AVy,p, if: n>6, orn=4and p>2, orn=2andp > 3.
(3.1.17)

Moreover, we let
(RBV)2,0=(ReV)21=(RBV)40 :=0. (3.1.18)

The only cases in which (RgV),, p is non trivial are (n, p) = (2, 2), (4, 1). For these
values of (n, p), (RBV)n,p is defined in terms of an interpolation generalizing the
dgﬁnition of (ﬁV)z,l in (3.1.13). As a preparation for the definition, we first introduce
(RV)n,p for (n, p) = (2,2), (4, 1). For this purpose, we start from the analogue of
(3.1.12) in the case that (2, 0) is replaced by (n, p) = (2, 1), (4, 0): for such values of
(n, p) we write (cf. [AGG22, Egs. (4.2.16) and (4.2.18)])

(p)
Y Wap—LVuyl@, D, 2)p(@, D, 2)

zeA"™ D
(p)
D =DV, @, D) Y (=)*Pog(e, D+ D, y)

zeA"™ D (0,D’,y)€INT(z)
()
=Y Y RV)upu(@. D, y)p(@. D, y). (3.1.19)
yeA"™ D

In the second line,

e if (n, p) = (2, 1), then INT(2) is the same defined after (3.1.11);
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e if (n, p) = (4,0), then, for any z € A, INT(z) is the set of (o, (D1, ..., D),
Vs ..., v4) = (0, D, y) € {££}x{0, é1, é2}* x A* such that: either y; = y, = y3 =
21, D1 = D2 = D3 =0, and (o, (0, Dy4), (z1, y4)) € INT(z1, z4); or y1 = y2 = z1,
y4 =24, Dy = Dy = D4 = 0, and (0, (0, D3), (z1, y3)) € INT(z1, z3); or y1 = 21,
y3 =23, ¥4 = 24, D1 = D3 = D4y = 0, and (0, (0, D3), (21, ¥2)) € INT(z1, 22).

In the third line of (3.1.19), for D such that | D|; = p + 1,
(RV)n, p1(@, D, y) = (RV,p)(@, D, y)

= Z (_1)0{(Z)+c\t(y)aVn,p(w7 D—-D.7). (3.120)

o==,zeA",
D/G{O,él,éz}”:
(0,D',y)eINT(z)

Recall that INT(z) is empty if z consists of a single repeated point; as a result
R(AEVn p) = 0 also for (n, p) = (2, 1), (4,0) (on the case (n, p) = (2,0) we al-
ready commented in Remark 3.1). We are now ready to define:

(ReV)22 = A(Vaa + (RV)22 + (R(RV))22),
(RBV)41 := A(Va1 + (RV)a)). (3.1.21)

Summarizing and rewriting the order indices,

0 if (n, p) = (2,0), 2, 1), (4,0),
A(Vap +RVa 1 + R(RVay)) if (n, p) = (2,2),

ReVn, = ’ ~ ’ . 3.1.22

RBVonr =1 Avy) +RVao) if (1, p) = (4, 1), (3.122)
AV, p otherwise.

By construction, AV ~ LgV + RV with LgV as in (3.1.15). if V is invariant under
the symmetries described in item 1 after (2.2.10) (horizontal translations, permutations,
and reflections), then V ~ AV and

V~LgV+RpV. (3.1.23)

Remark 3.2. Examining the orders of the kernels appearing in Eqgs. (3.1.15) and (3.1.22),
weseethat CgRpV = 0and RgRpV = ARV = RpV.Recallingthat R(ALV, ,) =
0 for (n, p) = (2,0), (2, 1), we also see that RgLgV = 0.

Together with Remark 3.1, we see that L and Rp are orthogonal projections. These
properties (and the corresponding ones for further related operators introduced below)
are used in the iterative decomposition we introduce in Sect.3.2, in particular in the
structure and definition of the trees involved in the expansions (3.2.5) and (3.2.6): we
refer, e.g., to the condition that endpoints with scale label 4, smaller than 2 are the
children of vertices with scale label i, — 1, see the sixth dotted item after (3.2.6); see
also the analogous item in [AGG22] (i.e., the last dotted one before [AGG22, Eq. (4.3.3)])
and the related explanation given there.

Remark 3.3. As already mentioned, in the infinite volume limit, the operators Lg, Rp
reduce to those introduced in [AGG22, Section 4.2], to be denoted by L, Reo in this
paper. The definition of these infinite plane operators is the same as the one for Lg, R,
respectively, modulo a few trivial replacement (e.g., the operator A should be interpreted
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as the one that, besides anti-symmetrizing with respect to permutations, symmetrizes
with respect to horizontal and vertical reflections in the infinite plane; £ is defined via
an equation analogous to the right side of (3.1.6), with the factor (—1)*") replaced by
1 and the sum over y € A" replaced by y € A%, with Ay = 77; etc).

The action of £g and R on the sourceless part of the kernels.
Given a kernel V on M ,, we first introduce the following operators:

2
Levao@,0,2) = | [[80@ ] D (D*PVio@,0,y),
Jj=1 yeA?:
z25(¥)=25(2)
(3.1.24)
ReVisi@. D2y = Y. (~D*OOs vy 0w,0,y),  (3.1.25)

o0,y:
(0,D,z)€INTE(y)

where

25(2) = ((z11,0) if (z1)2 < [M/2],
wer= ((z1)1, M +1) otherwise.

Moreover, in (3.1.25), y is summed over A2, and INTE(z1, z2) is the set of
(0, (D1, D2), (y1, y2)) = (0, D, y) € {£} x {0, é1, &2}*> x A? such that: either y; = 7],
Dy = 0, and (o, (0, D2), (z5(2), y2)) € INT(z4(2), z2); or y2 = z3(z), D2 = 0, and
(0, (0, D1), (za(2), y1)) € INT(z3(2), z1)-

Remark 3.4. In connection with the definition of z3(z), we recall that the field ¢,, ; at
72=2y() € Z_X\A is defined in the sense of Remark 2.3. Moreover, as discussed in the
same remark, ¢, , (resp. ¢_ ;) is equivalent to O if the vertical component of z is equal
to O (resp. to M + 1).

Given the definitions of £g and Rg, we define the edge-localization and edge-
renormalization operators as follows:

(LEV)np = {A(EEW A vlv?se 2, 0) (3.1.26)
0 _ ifp =0

(REVInp = { AVa,1 + (ReV)2,0) if (n, p) = (2, 1) (3.1.27)
AV p otherwise

which satisfy AV ~ LgV +RgV.; when V ~ AV (i.e. with the symmetries mentioned
in connection with Eq. (3.1.23)),

V ~ LEV + RgV. (3.1.28)

As we shall see in Proposition 3.17, the scaling dimension of E terms in the effective
interaction is improved by one, so that Rg in fact consists of only irrelevent terms. A
further crucial observation is that

LEV ~0, (3.1.29)
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because LgV is supported on field multilabels of the form ¥ = ((wy, 0, z), (w2, 0, 2))
with z having vertical component (z)2 € {0, M + 1}, so that ¢ (V) is equivalent to 0,
either because w; = wy, or because of the considerations in Remark 3.4. Moreover, in
the same way as in Remarks 3.2 and 3.1 Lg and Rg act on V as projection operators,
orthogonal among each other.

Remark 3.5. As discussed in Sect. 3.1.4 below, the operators Lg and Rg will be applied
to the edge part of (the sourceless part of) the effective potential, whose effective scaling
dimension is better by one as compared to the corresponding ‘bulk scaling dimension’.
The intuition behind this improvement in the edge vs bulk scaling dimension is very
simple, and is based on the general expression d — nAg — p for the scaling dimension
discussed in footnote 15. For edge contributions, which are localized along the one-
dimensional boundary of the cylinder, the effective spatial dimension to be used is
d = 1 rather than d = 2. Using the fact that the scaling dimension of ¢ is Ay = 1/2
also along the boundary, we find that the scaling dimension of an ‘edge kernel’ of order
(n,p)is 1 —n/2 — p, see (3.2.24) in Remark 3.13 below. The rationale behind the
definition (3.1.26) is that Lg, when acting on an edge kernel of order (n, p), returns a
non-trivial output only in the case that 1 — n/2 — p = 0, corresponding to the edge
marginal contributions. The key cancellation (3.1.29) tells us that the edge marginal
contributions vanish.

The action of £Lg and Rg on the effective source term.

Consider a kernel B : Mj x Xo — R such that B, , 0 = 0 for all n € 2N and
p =0, 1, 2 (see item 2 after (3.1.3) for the definition of By, ; ,, with m > 0). We define
the action of the ‘bulk-localization’ and ‘bulk-renormalization’ operators £g and Rg on
B as follows:

LB if =(2,0,1
(Lo B)npm = A(LBy,1) if (n, P.,m) (2,0, 1), (3.1.30)
0 otherwise
and
0 if (n, p,m) = (2,0, 1),
(ReB)n,pm =  AB2,1,1 + (RB)2,1,1) if(n, p,m)=(2,1,1), (3.1.31)
ABy p.m otherwise

where we recall that A is the operator that anti-symmetrizes with respect to permutations
of W and symmetrizes with respect to reflections, and £ and R are defined in analogy
with (3.1.6) and (3.1.20); namely, specializing to the only cases of interest, and denoting
by z, the left/bottom vertex of x € B, (i.e., x =z, + éj /2, for j equal either to 1 or
2),

2
£B20.1(@.0.2).%) = ([T 82) 22 =DV Bo0.1(@.0, ). %),
=1 yeA?

J
RB11 (@ D.2),x)= Y (=) D@6y (@0, ), x),

o=, yeAZ:
(0,D,z)€INT, (y)

(3.1.32)
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where, in the second line, INT, (y) is the set of (o, (D1, D2), (y1,y2)) = (0, D, y) €
{£) x {0, &1, é2}* x A2 such that: either y; = z,, D; = 0, and (o, (0, D»), (zx, y2)) €
INT(zyx, z2); or yo = z2, Dy = 0, and (o, (0, D1), (zx, ¥1)) € INT(zx, z1). The reader
can check that once again the definitions (3.1.30)—(3.1.31) are such that

B~ LpB+TRgB (3.1.33)

for suitably symmetric kernels, and that £ and Ry continue to act as orthogonal pro-
jections as in Remark 3.2.

Remark 3.6. As in Remark 3.3, we denote by Lo, Roo the infinite volume counterparts
of Lp, Rp; when acting on the effective source term (see item 1 after (3.1.3)) associated
with an infinite volume kernel, L, Roo are defined via the right sides of (3.1.30),
(3.1.31), with A to be interpreted as in Remark 3.3, and £, R given by the infinite plane
analogues of the right sides of (3.1.32) (in the first line of (3.1.32), the factor (—1)*()
should be replaced by 1 and the sum on y should run over Ago; in the second line of
(3.1.32), the factor (—1)*+2@) ghould be replaced by 1, the sum on y should run over
A%O, and INT, (y) is defined as explained after (3.1.32), with the only difference that
(0, D, y) belongs to {£} x {0, &1, é2}* x Ago rather than to {£} x {0, &1, é2}% x A?).

3.1.3. Norm bounds on Rp and Rg. In this subsection we collect a couple of technical
estimates on the norms of Rp and Rg, which will be useful in the following. Consider
two real kernels V : My — Rand B : M x XA — R, invariant under horizontal
translations (with the usual anti-periodic and periodic boundary conditions in z and x,
respectively), and B such that B, , o = 0. If V is supported in M, then, for any x > 0
and €, € > 0, the action of Rg on V can be bounded as follows (we formulate the bound
only for the choices of (n, p) for which the action of Rp is non trivial, see (3.1.22)):

IRBV)2.2ll60) < V22l + € Vot lliese) + (6/)72||V2,0||(x+2€/), (3.1.34)
IREV)41 ey < IVa1ll) +3€ 1I1Vaoll e (3.1.35)

where the norm ||V, , || («) is defined as:

Vi, pl ) := sup sup Z 0@ S(ll;[)) [V p(®, D, 2)] (3.1.36)
® el ZEAM: D
1=

(here the label (p) on the sup over D indicates the constraint that || D||; = p, § denotes
the tree distance, defined after (2.2.8), and it is understood that the summand in the right
side vanishes if (w, D, z) € M ). The definition (3.1.36) is the finite volume analogue
of [AGG22, Eq. (4.2.21)], and the proof of (3.1.34) and (3.1.35) is the same as the one
leading to [AGG22, Egs. (4.2.24), (4.2.25)], which we refer the reader to for additional
details. A repetition of the same proof provides the following bounds on the action of
Rg on V and of R on B (no need that V' is supported in the interior of A, here; again,
we restrict our attention to the choice of the labels n, p, m corresponding to a non-trivial
action of the renormalization operators, see (3.1.27) and (3.1.31)):

2
IREV)2,1llE:x) < 1V2,1llE:x0) + E”VZ,O”(E;K+€)a (3.1.37)

2
I(ReB)2,1,1() ey < I1B2,1,1) |y + EHBZ,O,I(X)”(K+E)7 (3.1.38)
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where, letting the symbol * || z; on a sum indicate the constraint that the sum is taken
with the horizontal coordinate of z; fixed, || Vy, |l (E;«) is defined as

|21
1V pll ey 5= sup > @) sup |Vap(@, D, 2)|, (3.1.39)

zeAn

where 0 is the ‘edge’ tree distance, defined after (2.2.15), and || By, p, i (X) || (¢ is defined
as

IBu pm ()l ) := = sup Z 9@ sup|B,,,,m((w D,2),x)|. (3.1.40)
ZEA"

Again, both in (3.1.39) and in (3.1.40), it is understood that the summand must be
interpreted as zero if (, D, z) € M. In the following, we will use the bounds (3.1.34),
(3.1.35),(3.1.37) and (3.1.38) to evaluate the size of the renormalized part of the effective
potential on scale /. In such a case, x will be chosen of the order 2”. Let us also anticipate
that, in order to bound the size of the edge part of the effective source term, we will need
an additional norm, which we introduce here for later reference:

1Brpan () i) 3= sup D e P sup|Bnpm((w D.z).x)|,
zeAn

(3.1.41)

where the summand is interpreted as zero if (@, D, z) & Maj.

Remark 3.7. If B is the effective source term associated with an infinite volume kernel,
the infinite volume analogue of the the bulk norm (3.1.40) is given by the right side of
(3.1.40), with the sum on z running over A, rather than over A", In terms of this norm,
the analogue of (3.1.38) holds, namely:

2
(ReoB)2,1,1() ey < 1B2,1,1 () ) + g||32,0,1(X)||(K+e)- (3.1.42)

3.1.4. The action of £ and R on V™ and the running coupling constants. We finally
have all the necessary ingredients for defining the desired decomposition of the kernel of
the effective potential (3.1.2) on scale & < 0 into its local and renormalized parts. Recall

that, as discussed after (3.1.2), W[(\h) is inductively assumed to satisfy the (analogue of
the) symmetry property described in item 1 after (2.2.10); moreover, we assume the

existence of an infinite volume kernel Wo(él), in term of which we define the bulk and
edge parts of W[(\h) asin (3.1.3) and (3.1.4), respectively (in particular, we recall that its
sourceless part, cho) is the same constructed in [AGG22, Section 4]).

We first write Wj(\h) V(h) + BX’) (recall item 1 after (3.1.3)) and decompose both
Vlgh) and Bﬁ\ ) in their bulk and edge parts,

v =y ey g = gt g (3.1.43)

Next, by using the decompositions (3.1.23) and (3.1.33) on Véh) and B}(gh), respectively,
we rewrite

VI~ gV i Rg VP B~ g B +Re B+ B, (3.1.44)
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We further decompose Lp V(h), Rs V(h), Ly B](sh) and Rp Bg') in their bulk and edge
parts, by letting, for any ¥ = (w, D, z) € M,

(LVIMBW) = (—1)*@ Iy (W) (Lo V) (W),
(LaVig == La V" — (L Vi)s, (3.1.45)

and  similarly  for  (RgVy")p, (ReVy")E, (LeBY ), (LeBY)E, (ReBY )8,
(R B](gh))E. Next, we define

vy = (L Vg")p = 2" Fop + uFep + mnFyp = i - o,
By = (LsBy)s = Z14Fip + ZonFop = Zy - F. (3.1.46)
Ve = e Ve + RV, EBY = (LeBY ) + (R BY k.

where:

o F,B, F¢ B, F; B, FjB are the A-invariant kernels associated with the following
‘local’ potentials:

FuB = Z¢+,z¢f,za }—{‘B = Z Zw¢w,z di1¢w,z,

ZEA w==%zeA

FuB = Z Z¢wz &2¢—w,z,

w==%zeA

Fip = Z Z Z Ax¢+zl+ae, —zx+0és (3.1.47)

] 1,2xeBj A 0=0,1

where dj, &2 are symmetric discrete derivatives, acting on Grassmann variables ¢, ;
withz € A as digy; = 3010 + 016 .—;)", and dag, . = 3(L(z + &3 €
A) Dy +1(z—e2 € A) 82(;5,0,1_@].); moreover, in the last line, B 5 and B, A are
the subsets of ‘B o consisting of the horizontal and vertical edges, respectively.

e The constants vy, {p, np, called the running coupling constants, only depend on Vo(f )
and are the same defined in [AGG22, Egs. (4.2.30), (4.5.2)] and studied in [AGG22,
Section 4.5], see Remark 3.9 below. The constants Z; , with j = 1, 2 are defined as

Zin = 4B 010,00, 0"
=é;/2
=2 3 (B)20.1((@, 0, y), x)\ (3.148)

yEAZ, N

and are called the effective vertex renormalizations.
Several remarks are in order:

17" Tt is understood that: if ()1 = 1, then 91, .

&) = —018u,(L,(2)p) = P,z + Do, (L.(2)2): T (@1 =L,
then 019w,z = —@w,(1,(z);) — Po,z-
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Remark 3.8. The fact that (LgVp)p and (Lp Bp)p have the simple structure stated in

the first two lines of (3.1.46) follows from the definitions and the fact that Wo(g) is
invariant'® under translations and under the action of (the infinite volume analogue of)
A, cf. [AGG22, Eq. (4.2.30)].

Remark 3.9. As mentioned above, the sequence v = {(vi, i, 1) }r<o has been studied
in [AGG22, Section 4.5]. In particular, in [AGG22, Propositions 4.10 and 4.11] we
proved that, for A small enough, there exist functions S.(1), ¢{'(1) and Z(1), such that,
fixing #; = tanh(B.(A)J1), t = tanh(B.(A)J2), t] =t () and Z = Z(}) in (2.2.17),
the corresponding sequence of running coupling constants satisfies the following bound,
for all 0 < ¥ < 1 and a suitable Ky > 0:

en = max{|vy |, |Znl, ]} < Ky (227" (3.1.49)

The functions B.(1), t{ (1), Z () are analytic in A, and such that the differences B.(A) —
Bc(J1, J2), tf‘(A) — 11, Z(}) — 1 are all of order O()\) (recall that B.(Ji, J2) is the
unperturbed critical temperature, defined a few lines before (1.4)). From now on, we
assume 8 = B.(A) and 11, 12, tl* , Z to be fixed in this special way, so that (3.1.49) holds.
One of the key goals of the following sections is to show that, once that 8, 11, 2, ti“, Z
are fixed in this special way, not only the running coupling constants are well defined
uniformly in 4 and infinitesimal as 7 — —oo, but the whole sequence of effective
potentials is well defined and analytic in A, uniformly in the scale label and in the
volume, and their kernels satisfy natural dimensional bounds, proved in Sect. 3.3 below.

Remark 3.10. 1 (n,p) # (2,0),(2,1),(2,2),(40), (4, 1), then (EV{"), ,
= ((Véh))n’ p)E, Which is zero, because it is the edge part of the bulk part of a ker-
nel; moreover, (£ Véh))‘;,o = 0, by the very definition of (Lp Véh>)4,o and (Rp VB('h))4‘o.
Note also that, even if (Véh))E = 0and Véh) ~ LB Véh) +RB V(h), the kernel £ Véh) =
(LB Véh))E +(Rp Véh))E is not equivalent to zero, because the extraction of the edge part
does not commute with the operators L£g, R . Similar considerations are valid for £ B](;h).
In particular, if (n, p, m) # (2,0, 1), (2, 1, 1), then (EBY ) pm = (B pm)E =
0.

Remark 3.11. Using the decay bounds for Vo(g ) proved in [AGG22, Lemma 4.8] and

the bound on ¢j, in (3.1.49), it follows that the kernel (€ Véh)),,, p» Whenever it does not
vanish (see previous remark), satisfies, for the same ¢ as in Eq. (3.8):

1€ Ve Dnpll g, 3egay < CIAI2720M2C 3P, (3.1.50)

where the norm in the left side was defined in (3.1.39), and, in the right side, 6 = 3/ 419

See “Appendix A” for the proof. Similar bounds on £ Bg') will be proved in Sect.3.4
below.

In light of (3.1.44) and (3.1.46), we have:
VO vy Fy 4 RV + 0 4 v P,

(3.1.51)
BV ~ 7, F{ + ReBY s +EBY + BY.
18 The stated invariance of WC(,Z) follows from its definition, see (3.2.6) and following definitions.

19 The choice 6 = 3 /4 is arbitrary and made just for definiteness: the bound remains valid for any fixed 6
smaller than 1; the constant C may diverge as 6 — 17.
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Finally, using the decomposition (3.1.28) on £ Véh) + VE(h) and the cancellation (3.1.29),
we write EVS + VI ~ L€V + V) + ReEVEY + V) ~ ReEVP + v,

so that, in conclusion, for all 2 < 0, the kernel WI(\h) = [(\h) + Bl(\h) can be decomposed
as
W~ Fg+ 2y By + RW, (3.1.52)

where v, - Fg + Zj, - Fft = LW\ and

RW = [(ReViy")s + (ReBy )] + [Re@E Vs + Vi) + €BY + BY].
(3.1.53)

The expressions in the first and second brackets in the right side are, by definition, the
bulk and edge parts of R W, respectively.

3.2. The tree expansion for the effective potential on the cylinder. Once that the action
of the operators £ and R on V" has been defined, we are ready to define the recursion
formulas for the kernels of the effective potential. At the first step, recalling the repre-
sentation (2.2.19) for the effective potential V(1) on scale 4 = 1 and the definition (3.1)
of the effective potential VO on scale h = 0, we find that the kernel of V@ admits a

representation analogous to (3.15) (with ED represented as in (3.17) and ®<Tl) defined

as after (3.17), with gi)lz)/ (z, z) the elements of the 2 x 2 matrix gV (z, z’) = g (z, 2));
that is, for any (W, x) € Mo, A x X (recall that Mg 4 is the subset of M A consisting

of tuples ¥ € ({+, —} x A)" for some n € 2N):

00 1 (V,x)
0 D,z -
NCIOED SIS Yo P,y
s=1"" Uy, UseMia TeS(T, ..., Ty)

X1, XsEXA
N
ey, ) | [T W x| (3.2.1)
j=1

Recall that Wl(\l) in the right side of (3.2.1) can be decomposed in its bulk and edge parts:

Wl(\l) = Wél) + Wél). The single-scale contributions to the generating function, wg)) (x),
is defined in the same way as (3.2.1), with W replaced by the empty set, except that there
is no term with s = 1 and ¥ = 0.

The definition of the kernel of the effective potential for 4* < h < 0 is similar: for
any (W, x) € My x Xy, we let

© (W,x)
(h—1) -y - ¥ » " g e
WA (\Il’x)_ S! 67‘ (\LIl?""\IJS)
s=1 - W, YeMp TeSWy,...,Ty)

X1,...,.Xs€XA
s
ca(Wr W, %)(l_[ [Uh F(W)) + Zy - F§ (W), x ) +RW/(\h)(‘1’j,xj)]>,
j=1
(3.2.2)
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which is the analogue of (3.15)~(3.17), with W< decomposed as in (3.1.52). Re-

call that RWX') in the right side of (3.2.2) can be decomposed in its bulk and edge
parts, as in (3.1.53). Note also that, with some abuse of notation, in (3.2.2) we de-
noted by ®(Th)(Q], ..., Q) a function that is not exactly the same as the one de-
fined in and after (3.17), but a generalized one, differing from it for one important
feature: since now the field multilabels Q; have the form (w;, D;, z;), with D; dif-
ferent from 0, in general, the propagators géh) appearing in the second line of (3.17),

with ¢ = (@i, Dy, ), (@}, Dj, 2j)), should now be interpreted as 320, g'%), (1, ),

and similarly for the propagators appearing in Pf(G g, .. g, 7(¢)). Of course, for any
h* < h < 0, the single-scale contributions to the generating function, wf\h*l)(x), is
defined in the same way as (3.2.2), with W replaced by the empty set, except that there
is no term with s = 1 and ¥ = @.

Finally, at the last step, we write w )(x) asin (3.2.2) with ¥ = ¢ (and the usual
convention that there is no term w1th s = 1 and ¥ = §), and the understanding that
®¥1*)(\31, ..., W) is the analogue of QS(Th)(\ifl, <., Uy), with g replacing g.

For the following discussion, we will also need recursion formulas for the bulk and
edge parts of the kernel of the effective potential: these are obtained, starting from
(3.2.1) or (3.2.2), by letting W' (W, x) = WP, x) — w D, x), where,
for W = (@, D, z), WS D(W,x) = (—1)*@ Iy (¥, x) WD (Weo, x00) (here 14 is
defined as in (3.1.3) and Vo, = (w, D, Zoo) With (Zoo, Xoo) = (2, X)oo the infinite
volume representative of (z, x) in the sense of item 3 after (2.2.10)) and Wéé’ -b (¥, x)
is the solution to the following infinite volume recursive equations:

o) 1 (V,x)
1 - _
WIWwx =3 = > Yoo el .y
s=1 7" UL UeMi oo TeS(y,...,0,)
X1,...,.Xs€X
ca(W W, L, W) HW“)(\P,,xJ) . (3.2.3)
j=1
and
(V.x)

WD, x) = Z 3 Z B (Fr, ..., )

N
ca(W; W, ...,\Ifs)<]_[ [Uh Foo(W)) + Zy - FA(Y). %)) + R W (W, xj)D,
j=1
(3.2.4)

where Roo W, (h) =Rso V(h) + RooBso " is defined as explained in Remarks 3.3 and 3.6;
similarly, all the other quantities with the label oo are the infinite volume analogues
of their finite-cylinder counterpart, obtained by replacing A by Z2, B, by the set of
nearest neighbor edges of the infinite square lattice, g’ (z, z’) by its infinite volume
limit g(h)(z —Z) :=limp oo gM(z + zp.M, 7 +zp M) (with z, p defined as after
(2.2.11)), etc. The infinite volume recursion equations have been introduced and studied
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in [AGG22, Section 4], in the special case that x = @ (i.e., for the sourceless part
of the infinite plane effective potential), which we refer the reader to for additional
details on the definitions of the sets and of the functions entering (3.2.3)—(3.2.4), such

as My, e Fso.

T,00°
The systematic, iterative, use of (3.2.1)—(3.2.2) and of the bulk-edge decomposition,

allows us to express W[(\h) purely in terms of {v, ¢k, Mk, Z1 ks Z2.k }h<k<0s {EV](sk)}kkfo,
{5B](3k)}h<k50, WI(\I) and of the propagators {g(k)}h<k51, {ggé)}h<k§1. The result can be
conveniently expressed in terms of a Gallavotti-Nicolo (GN) tree expansion, analogous

to the one described in [AGG22, Section 4.3] for Vég ) We refer the reader to [AGG22,
Section 4.3] for details about the derivation of the GN tree expansion and the definition
of GN trees in the infinite volume case.

A repetition of the proof leading to [AGG22, Egs. (4.3.3) and (4.3.4)] implies that

W~ S Walrl, with Walel= Y. > Y Walw.P.T.DI

) PeP(x): TeS(r,P) DED(1,P)
Pyy 0
. 3.2.5)
wl’ ~ Y walt]l, with walrl= > >3 Walt,P.T.DI
reT®. PeP(t): TeS(r,P) DeD(1,P)
my,>0 Pv0=@

where the * in the first sum in the second line indicates the constraint that the root v
of 7 is ‘dotted’ (see below: all the involved notions, sets and functions will be defined

shortly); moreover, Wéé’) is defined via the infinite volume analogue of the first line of
(3.2.5):

W = 3" Weolr], with

Weltl= S Y Y Welr.P.T.DI. (32.6)

PeP(r): TeS(t,P) DeD(z,P)
Poy#

In (3.2.5), the set 7 is a family of GN trees similar to the family To(g’) defined in
[AGG22, Section 4.3], whose generic element, denoted 7 € TW  see Fig.1 for an
example, is characterized as follows:

e 7 is arooted labelled tree, with vertex set V (t) consisting of at least two elements;
any vertex v € V (t) carries, in particular, a scale label 4, € [h + 1,2] N Z.

e Theroot vy = vp(7) of T is the unique leftmost vertex of the tree, of scale h,, = h+1.
The set of endpoints V, () is the subset of V/(1) := V() \ {vo} with degree (number
ofincidentedges) equal to 1. Welet V(1) := V (7)\ Ve(7) and Vo/(r) = Vo(7)\{vo}.

e Every vertex v € V(1) is ‘dotted” and colored black or white, i.e., it is graphically
represented either ® or O. The root vg = vp(r) may or may not be dotted; in order
for vy not to be dotted, its degree must be 1. The endpoints v € V,(t) can be of six
different types: either ‘bulk’ interaction endpoints (represented ®), or ‘edge’ interac-
tion endpoints (represented O), or ‘bulk’ counterterm endpoints (represented ¢), or
‘edge’ counterterm endpoints (represented <), or ‘bulk’ effective source endpoints
(represented M), or ‘edge’ effective source endpoints (represented [J).
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Vo

=

h+1 2

Fig. 1. Example of atree t € 7' (M) Note that the white vertices are ‘hereditary’, that is, if w € V(7) is white,
then all the dotted vertices preceding w on 7 are white

e if an endpoint v € V,(7) is of type ‘bulk interaction’ @, or ‘edge interaction’ O, then
hy = 2 necessarily; if an endpoint v € V,(7) is of type ‘bulk counterterm’ 4, or
‘edge counterterm’ <, then ki, € [h +2, 1] N Z; if an endpoint v € V, () is of type
‘bulk effective source’ B, or ‘edge effective source’ [J, then hy, € [k +2,2] N Z.

e Given two vertices v, w € V(t), v > w or ‘v is a successor of w’ means that the
(unique) path from v to vy passes through w. Obviously, v > w means that v is a
successor of w and v # w. Moreover, ‘v is an immediate successor of w’, denoted
v > w, means that v > w, v # w, and v and w are directly connected. For any v € T,
Sy is the set of w € 7 such that w > v. Vertices, other than the root, with exactly one
successor, are called ‘trivial’. For any v € V/(t), we denote by v’ the unique vertex
in V(t) such that v > v'.

e If v € V,(7) is an endpoint with i, < 2, then v’ is non trivial and h, = hy — 1.

e Inaddition to its scale label, every endpoint v € V,(7) has an index m, € Ny, which
indicates the number of probe fields A associated with it; we allow m, > 0 if and
only if v is an effective source endpoint, B or [J; if v is an endpoint B or (J with scale
hy < 2,thenm, = 1. If v € Vy(1), we let m, = Zﬁ:&e(z)mw-

e If v € V(1) is colored white, then any other vertex such that v < w is also colored
white (including vy, if it is dotted). We attach a label E, € {0, 1} to all the vertices
v € V(1), such that E, = 0if v is black and E, = 1 if v is white (if vy is not dotted,
we let Ey, be the same as Eug, with v(’)‘ the immediate successor of v).

e Subtrees: for each v € Vy(1), we let 7, € 7"~ denote the subtree consisting of
the vertices with w > v.

The sets P(t), S(t, P), D(z, P) in the formulas for Wx[r] and wa[7] in (3.2.5) are
the sets of allowed field labels, allowed spanning trees, and allowed derivative maps,
defined in a way analogous to those of [AGG22, Section 4.3]. More precisely, given
teT = Uh*_lfhfo’]'(h), any element P = {Py,},cv(r) € P(7) is characterized by the
following properties:
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e |Py|isevenand,if v > vy, itis positive. If v € V,(7) is an endpoint of scale i, < 2
(therefore, of type @, <>, R, or (), then either | P,| = 2 or | P,| = 4, the case | P,| = 4
being allowed only for endpoints of type <.

e We arbitrarily order the elements of V,(t), thus producing an ordered sequence out
of it, and, for every v € V,(t), welet j, € {1, ..., |V.(7)|} be its position in such an
ordered sequence (e.g., if we graphically represent t as in Fig. 1, we can let j, be the
position of v in the list of endpoints ordered from top to bottom). Then, for v € V,(7),
P, has the form {(j,, 1, w1), ..., (jv, 2n, w3,)}, Where w; € {+, —, i, —i},if hy, = 2,
while w; € {+, —}, if hy, < 2. Given f = (j,[, o), we let o(f) = (j,[) and
w(f) = w.

e If v is not an endpoint, P, C UweSl, Py.

e Ifv € Vy(r), we let Q, := (UwESv Pw) \ P, be the set of contracted fields. If v
is dotted, then we require |Q,| > 2 and |Q,| > 2(|Sy| — 1); and conversely Q, is
empty if and only if v = vy and vy is not dotted.

e Ifvisnotanendpointand b, = 1,then Q, = UweSv {f € Py |w(f) e {+i, —i}y,

while, if hy, < 1, w(f) € {+, —} forall f € Q, (i.e., all and only the massive fields
are integrated on scale 1). As a consequence, any endpoint v such that v" has scale
hy < lissuchthat w(f) € {+, —} forall f € P,.

We also denote by w, the tuple of components w(f), with f € P,. Note that the
definitions imply that for v, w € 7 such that neither v > w or v < w (for example when
v/ = w’ but v # w), P, and P, are disjoint, as are Q, and Q.

Next, given P € P(t), we let S(t, P) be the whose elements T = {T,},cv,(r) are
characterized by the following properties:

e forall v e Vy(7),

Ty = {(f1. £2) -, (f2s,1=3: Fasi—2)} € O,

which is called the spanning tree associated with v;
o if w(f) denotes the (unique) w € S, for which f € Py, then (f, /') € T, =

w(f) # w(f) and o(f) < o(f); moreover, {{w(f1),w(f2)}....,
{w(f215,1-3), w(fas,1—2)}} is the edge set of a tree with vertex set S,,.

For each v € V (1), we also denote by D(z, P) the set of families of maps D =
{Dy}vev () such that D, : P, — {0, 1, 2}2; the reader should think that a derivative op-
erator 32»(/) acts on the field labelled f. We also denote by D, the tuple of components
Dy(f), with f € Py, and by D, | 0 the restriction of D, to any subset Q C P,. Addi-
tionally, ifamap z : P, — A isassigned, we denote by z, the tuple of components z( f),
with f € Py, and by ¥, = (wy, Dy, 2,) the field multilabel associated with @,,, Dy, Z,;
moreover, if v € Vp(t) and also the maps z : P, — Ao, forall w € S,, are assigned,

for each w € §, we denote by v, = W (P,\Py) = (ww|Pw\Pv’ Dw|Pw\P,,’ zw|Pw\Pv)

the restriction of Wy, to Py, \ P, (here z,, | 0 is the restriction of z,, to the subset Q C Py,).
Finally, if a tuple x,, € B'{" is assigned to a vertex v € Vy(7), for any w € S, we let
Xy € %K“’ be the sub-tuple (of length m,,) of x, such that x, = ®es, Xy, where the
elements of S, are ordered in the way induced by the ordering of the endpoints (see the
second item in the list of properties of P € P(1)).

We are now ready for the recursive definition of tree values. Let us start with the infi-
nite volume tree values, which are defined via a slight extension of [AGG22, Eq. (4.3.5)],
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as follows: W[z, P, T, D] is non zero only if E,, = 0 (i.e., if all the colored vertices
of T are black), in which case, letting D), := Dues,, DU|1D for hy, < 1and D} :=0
vo

for hy, = 1, and given x,, € 28?.";0 with B, = By the set of nearest neighbor edges
of the infinite square lattice,

Weclz, P, T, DI(@0, Do, 20), ¥u) = 1(@0 = @)1 (Do = Dyy = D) 10"

[ S, !
(hvy)
xS Wy By ) [ Kuso(W, x0), (3.2.7)
z:PLOUQUO—>Z2 veSU0
20=2Zy
where @y, = @(Wyy; Wy, Wy, ) (see (3.15) and following lines), and we recall

that, if |Sy,| = 1, then T, = #. In this case, if ¥, = Wy, then 05( LO)(Q) should be

interpreted as being equal to 1; this latter case is the one in which, graphlcally, v is not
dotted. In the second line of (3.2.7), Ky (¥, Xy) also depends on 7, P, T, and D,
but we leave this dependence implicit for brevity; it is defined as follows: if h,, = 1,

Vo%)(\lfv) if v is of type @,

3.2.8
Béé)(\llv, xy) if vis of type ® ( )

Kv,oo(\yvs xv) = {

(here, as usual, Vo(é) and B((xl)) are the restrictions of Wéé) to the terms with x = @ or
x # ), respectively) while, if i, < 1,

Uhy, * Foo(Wy) if v e Ve(r)is oftype’ (so that hy = hyy + 1)
Roo V(W) if v € Vo(7) is of type @ (so that iy = 2)

Ky, co(Wy, xyp) = Zhy, - Fo’g(\llv, Xy) if v € Ve(r) is of type Mand iy = hyy + 1,
RooBS (W, xv) if v € V() is of type M and i, = 2,

Weolty, Py, Ty, Dy 1(Wy, xy) if v € Vo(),
3.2.9)
where, in the last line of (3.2.9), letting P, (resp. T, resp. D, ) be the restriction of P
(resp. T, resp. D) to the subtree 7y, and D, := {D}} U{Dy}wev )w=v, (here D}, is the
map such that D; = @wesv Dw|P ), we denoted

Wooltv, Py Ty D1 := ReoWoolTy, Py, Ty, D) . (3.2.10)

where, if D, = (Di,...,D,) with n = |P,| and |D|; = p, we denoted by
RooWooltw, P, ZU,Q;]‘D the restriction of (Roo Wool Ty, Py, Ty, D) 1)n, p to that spe-

cific choice of derivative label.
Let us now define the tree values in finite volume A. We distinguish three cases.

(1) If E,, = O (that is, all the colored vertices of 7 are black), then, letting as usual
vV = (w, D, z), we define
Walr, P, T, DIV, x) = (=1)*@ I, (¥, x)WeolT, P, T, D1(Woo, Xo0),
(3.2.11)

where I, was defined as in (3.1.3), Vo = (@, D, Zoo) With (2o, Xo0) = (2, X) oo
the infinite volume representative of (z, x) in the sense of item 3 after (2.2.10),
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2

3)

and W[z, P, T, D](V, x) was defined in (3.2.7) and following lines Note that

the fact that Wég) = ZfeT(h) Wool[t] readily implies that W(h) ZreT(h) Walrl,
with Wy [t] given by the second equation in the first line of (3.2.5).

If E,, = 1and E, = Oforall v > v (that is, all the vertices of T but vy are black),
then, letting tpjack be the tree obtained from t by changing the color of vy to black,

we define

Walt, P, T, D] := Wa[tblack, P, T, D] — WalTolack, P, T, D]. (3.2.12)

where Wg[rbmck, P, T, D]is defined by the finite volume analogue of (3.2.7), that
is,

Wl tblacks P> T, D]((wo, Do, 20). Xvy) = L(@g = @y)L(Dg = Dy = D), o) v

[Svo I
(hv()) -
> Doy, Ty ) [ KW, x0), (3.2.13)
Z:UuesvoPﬂ—ﬂ_\: VESy,
ZOZZUO

where in the second line the summand must be interpreted as zero if ¥,, & M for
some v € Sy,, and K, is defined by the ‘bulk’ finite volume analogue of (3.2.8)—
(3.2.9): more precisely, if h,, = 1, then

vil(w,) ifvisoftype®,

Ky(Wy, xy) := o (3.2.14)
I Bl(gl)(\llv, xy) if vis of type &
while, if by, < 1,
Uny, Fg (V) if v e V,(7) is of type * (so that hy=h,+1)
RV )B(W,) if v € V,(7) is of type @ (so that i, = 2)
Ky(Vy, xy):= Zp,, F]‘;(\IJU, Xy) if v e Ve(r) is of type Mand h, = hy, + 1,
(ReBY B (W,, x,) ifv e V,(z) is of type M and /r, = 2,
Walty, Py, Ty D 1(Wy, xy) if v € Vo (1),
(3.2.15)

where in the last line W [7,, P,, T, D, ]is defined via the analogue of (3.2.10),
with Roo W in the right side replaced by (R Wy ), and W, defined as in item
1).

If E, = 1 for at least one vertex v > wvg, then we define Wyp[t, P, T, D]
((wo, Dy, zp), xvo) by the same expression as in the right side of (3.2.13), where
now some of the vertices v € S, appearing in the product in the second line are
white, i.e., E, = 1. In such cases, the definition of K, must be modified as follows:
if hyy =1and E, = 1, then

Vél)(‘llv) if v is of type O,

K,(W,,x,) =
w(Yo, o) Bél)(\llv,xv) if v is of type OJ,

(3.2.16)

while, if h,, < 1,
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REC™ (W) if v € V. (1) is of type O (s0 that hy=hy,+1)
Re(Vi" + VD) () if v e V,(7) is of type O (so that i, = 2)

Ky(Wy, xy):= Déh"o)(\llv, Xxy) ifv e Ve(r)isof type Jand i, = hy, + 1
(B]E:l) + SBI(;))(lIJU, Xxy) if v € V() is of type Jand h, = 2,

Walte, Py, Ty, D,1(y, xy) if v € Vo(0),
(3.2.17)

where, in the first and third lines, C]E:h) and Dg’) are defined inductively (in the scale
h) as follows:

0 * 0 *
=" 3 ewpll, D =) Y EWalel 3218

k=h 1eT® k=h reT®
Ev0=mv0=0 Ev0=0, myg=1

where the * indicates the constraint that 7 is required to have vy dotted, and, for any
7 € T™ guch that E,, = 0, EW,[7] is defined, in analogy with the third line of
(3.1.46), as EWA[7] := LeWalr] — (LBWaltDB + RWAlr] — (ReWalz])B =
(LeWaltDE + (RBWAlT]E. Moreover, in the last line of (3.2.17), if v € V(1)
is white, then WA[‘L'U, P,,T,, D,]is defined via the analogue of (3.2.10), with
R oo Weo in the right side replaced by Rg W (with the understanding that, if £, = 1
and m, > 0, then RgW, = Wy); if, instead, v € Sy, is black, than K, is defined
as in item (2).

Remark 3.12. Noting that, in view of the definition of tree values, the bulk contribution

. . Eyy=my,=0
to the sourceless part of the effective potential, Véh) = Zte(’)]'(h) 07" Walr], can be
equivalently rewritten as:
Ve + X 0. Walr] ifh =0
(h) Ey,=my,=0
Vgl = Walrl = o .
’ TG’TZ(/X): Uh+l - FB + (RB Vél))B + Zg:h Z* reT®: WA[‘[] ith <0
Eyg=myy=0 Eyy=my,=0

(3.2.19)

where, again, the * on the sums over t indicate the constraint that 7 is required to have vy
dotted, we see that C](Eh) = S(Véo) - Vél)), and C](Eh) = E(Véh) —upt1 - FB—(RB Vél))B)
for i < 0. Moreover, by using the definition of £, Lg and R, it follows that £ (vp41 -
Fg + (Rp Vél))B) = 0, so that, in conclusion,

) = ey = 806 (V). (3.2.20)

Similarly, one finds that
b = eBY) - sn0eBM). (3.2.21)
Using the definitions in items (2)—(3) above, it follows that Wéh) ~ Zf;o;(,i) Walrl,

with W [7] given by the second equation in the first line of (3.2.5); for the proof, see

. L o . Eyy=0
“Appendix B”. This, in combination with the fact that Wéh) = ZzeOTW Walr], proves

the first line of (3.2.5). The proof of the second line of (3.2.5) is completely analogous.
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Remark 3.13. As in the case of the infinite plane, see [AGG22, Remark 4.4], we let
Ry = Dyll1 = 3,5, IIDw|PU l1 = IDyll1 — | D),|l1. From the definitions, it follows
that R, = 0, while, if v € Vé(r), any D € D(z, P) with P € P(7) is such that: (1) if
m, = E, =0, then

D,
D,

=0
1
R, =11, |PJ|=2and ,=lor|P|=4and D], =0 (3222)

0, otherwise;

2, |P,| =2and |

) if my + E, = 1, then

1, |P|=2and |D,|, =0

Ry = {0, otherwise; (3.2.23)

3)if my + E, > 2, then R, = 0. In analogy with the case of the infinite plane, see
[AGG22, Eq. (4.3.10)], we let

. | Py
d(PU’ va ny, EU) =2-

- ”DUHI — My — Eu(smv,O (3224)

be the scaling dimension of v, whose allowed values have important implications
for the (uniform) convergence of the GN tree expansion, see Proposition 3.23 below.
From the definitions, it follows that, for any allowed set D and v € Vy(r) U {v €
Ve(t) : hy < hy — 1}, then d(Py, Dy, my, E)) < —1, with the only exception of
the case (| Pyl, || Dyll1, my, Ey) = (2,0, 1, 1), which is allowed and corresponds to
d(Py, Dy, my, Ey) =0.

Remark 3.14. With the other arguments fixed, the number of choices of D for which
Walz, P, T, D]or Weo[z, P, T, D] do not vanish is no more than 10!V (™! cf. [AGG22,
Remark 4.5]: in fact, there is a choice of at most 10 possible values for each endpoint,?”
and then the other values are fixed except for a choice of up to 10 possibilities each time
that Rp or Rg or R act non trivially on a vertex v € Vé(r), i.e., each time that, for
such a vertex, R, > 0, see (3.2.22)—(3.2.23).

3.3. Bounds on the kernels of the effective potential. In this section, we prove two key
bounds on the kernels W [z, P, T, D], which will be used later in order to estimate the
logarithmic derivatives of the generating function of energy correlations, once we express
them in the form of sums over GN trees. These bounds are the natural generalization of
those described in [AGG22, Section 4.4] for the sourceless part of the infinite volume
kernels of the effective potential (which we invite the reader to consult before reading
this section) to the case of the finite volume tree values defined in the previous section.
Compared with [AGG22, Section 4.4], the main novelty here is the presence of edge
vertices, which come with the ‘edge contribution’ to the kernels associated with the given

20 The value 10 bounds, in particular, the number of different terms that the operators Rp, Rg or Roo
produce when they act non-trivially on interaction or on effective source endpoints. In fact, the cases in which
Rp acts non-trivially on the sourceless part of the kernels are those listed in the right sides of (3.1.22), with
(n, p) = (2,2), (4, 1) (similar considerations apply for the action of R on the effective source term, and
for the actions of Rg and of Roo). If (n, p) = (2, 2), the number of possible values taken by Dy is 10 (one
derivative in direction i € {1, 2} on the first Grassmann field and one derivative in direction j € {1, 2} on the
second Grassmann field, etc.); if (n, p) = (4, 1), the number of possible values taken by D, is 8, which is
smaller than 10 (one derivative in direction i € {1, 2} on the k-the Grassmann field, with k € {1, 2, 3, 4}).
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subtrees. As apparent from the definitions in the previous section, several ingredients
enter the definition of the tree values of GN trees with edge (white) vertices; however,
loosely speaking, the reader may simply think that the value of a subtree rooted in a white
vertex is the same as the value of the corresponding tree with all the vertices re-colored
black, modulo the fact that at least one of the functions Qi(h )(lIJU1 \Wags v Yoy, \ Wyg)
entering its definition is replaced by the corresponding edge contribution, or at least one
of the endpoints comes with an edge contribution, such as REC]E:h” 1). Of course, one
of the ingredients that we need for estimating the kernel of a subtree rooted in a white
vertex is a bound on the difference between (’5( ")(\Ilv1 \ Waygs « - » Yoy, \ Wy) and the
corresponding bulk contribution. The desired bound is summarlzed in the following
lemma.

Lemma 3.15. There exists C > 0 such that the following holds. Consider s > 1 non
empty field multilabels Q; = (w;, D;i,z;), 1 = 1,...,s, and let Q = @leQi =
(w, D, z) and Qi o0 = (@i, Di, zi.c0)- Then, if diam(z) < L/3,

60701, 00) = (D DS (e, Q)
< 121§ +HIDIDR y—co2" 66T 7). (33.1)

for any h < 1, where c is the same constant as in (3.8), and

Se(T.2) ==Y lz(f) —2(f)ll +min{dist(z, 8A), L/3}.  (33.2)
(f.f)eT

Remark 3.16. The proof of the lemma actually gives a slightly better bound than (3.3.1),
with Z(f’f/)eT lz(f) — z(f") 1 + min{dist(z, dA), L} replacing 8g (7, z) in the expo-
nent. The reason for defining g with L/3 rather than with L is to simplify the form
that some bounds in the following take. Similarly, the reason for stating the result of the
lemma as (3.3.1) rather than with the improved exponent is to write the final bound in
the precise form it will be used later.

Proof. Let us recall, for the reader’s convenience, the definition of ®(Th ), see (3.17) and
following list:

6M(Q1,.... 0 =ar(Q1, ..., 05) []‘[ gé”)}fPQI,...,QS,T(dt) PE(GY) o 7 (@)

teT
3.3.3)

Moreover, (— 1)“(Z)®(h) (Q1, ..., Q) is given by an analogous formula, with géh) re-
placed by its bulk counterpart g .. B, and similarly for the propagators in the Pfaffian. Re-

call that the propagators g™ (x,y) entering the definition of & (Th) (01, ..., Qs)canbede-

composed as g™ (x, y) = ggl)(x, y) +gl(5h)(x, y), see (3.7), with gl(gh) Og ) bounded as in

(3.3) and (3.8), respectively; moreover, if diam; (x —y) < L/3, as in the case under con-
sideration, g, g(h) g(h) can all be represented in Gram form, as in (3.4), with bounds

of the same qualitative form as those described after (3.4); see [AGG22, Remark 2.6].
We now write out the difference Qigi)(Ql, e, Q) — (—1)"‘(Z)Q5(h) (Q1,...,05)asa
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telescopic sum of single factor differences. There are |T | terms with a difference between
spanning tree propagators, of the form (letting £ = (f, "))

() _

gzh)’ ‘ 8eh)‘ < C2UHIDDIHID DA =2 di(().2()

88
< C2UHIDDIHIDE D g=eo2 (12(£)=2(F) | +min{dist(z.04).L])
(3.3.4)

where in the second inequality we used the definition of dg(z(f), z(f")), see the line
after (3.8).

. . (h) (h)

. Let us now consider the difference Pf(GQ1 n 05T (t)) —F’f(GQ! o O.T:B (t)),. where
in the second term the argument of the Pfaffian is the matrix obtained by replacing the
elements G(Qh]) 0T (¢) by their bulk counterparts. Let2n = |Q|—2|T | be the dimension

of G(th) ’’’’’ 0.7 (t). We write the difference in telescopic form as
PE(GY) o r®) —PE(GY o p@®) = > (PFAGD —prAGD),
1<1<j<2n

(3.3.5)

where A7) is the anti-symmetrix matrix whose elements above the diagonal with label
smaller or equal to (resp. larger than) (i, j) in the lexicographic order are equal to the

.....

preceding (i, ]) in the lex1cograph1c order (1f @, J) = (1, 2), we interpret A2 =
G 0, 7.5 (). Using the definitions, we find that

[PEAC) —PEAGT ] < g — g ol - [PE Ay (33.6)

where ¢; ; is the pair of field indices associated with the matrix element (i, j), and A;;

denotes the matrix A®-/) with both the i-th and j-th rows and columns removed. Now,

the difference g( ) gé ) B is an edge propagator, bounded as in (3.3.4). In order to

bound |Pf A;s | recall that both G(h) 7 () and G(h) 0,.T () are Gram matrices

(see (3.4) and the fourth and ﬁfth items after (3.17)); 1n partlcular they can be written
as

G o r O =), (GY) o rp s = ok he). (33.7)
for appropriate vectors f, h, fg, hp in two apriori different Hilbert spaces H and Hp,
such that | fx||? < €2"1+2%)  with ry the £! norm of the derivative vector associated
with the k-th field label (see the lines after (3.4)), and similarly for |||, || f.x||*> and
lhB.1 1. Remarkably, also A;; is in Gram form, thatis, forany k, [ € {1, ..., 2n}\{i, j},
we can write (A;7)x,; = (Fi, Hj), where (-, -) denotes the scalar productin H@® H & Hs,
and Fy, H; are the following vectors in H & H & Hp:

ifk <i hy, h ifl <i
(e, 0,00 ifk<i, g Ok 0 i L<d g e

F, =
k ©, fx, fB:k) ifk >1i, (h1,0, hp,) ifl >i.
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can be bounded from above via the Gram-Hadamard

Therefore, \Pf A = ‘/Idet Ap;

inequality [GMO1, Appendix A.3], which states that | det A; ;| < [Tx I Fll I Hy l; recall-
ing the definition of Fy, H; in (3.3.8) and the bounds on the norms of fi, fg.x, i, hB.
stated after (3.3.7), we find

|Pf Ayl < C‘Q|—2|T|2h(%—|T|—l+HDHl—”D(T)”l—”D(fi)Hl—||D(fj)”l)’ (3.3.9)
where |[D(T)||; = Z(f’f,)eT(HD(f)II] +D(f)l1) and f;, f; are the two field labels
suchthat ¢; ; = (f;, f;). Combining (3.3.5) and (3.3.6) with (3.3.4) and (3.3.9), we find

19l » (33.10)
< (0| - 2|T|)2C|Q‘_2|T|2h(T_‘T‘+”DHl_”D(T)”l)e—COzh min{dist(z,dA),L}

Putting it all together, we find that
801, 0) - &0, .. Q)

191
<[1m1+ aQi - 217p?clez (£1om) (3.3.11)
1—[ e—c02" 12(H =2 )e—cozh min{dist(z,0A), L}
(f. fNeT

Of course, the factor in brackets in the right side can be reabsorbed in C!€!, up to a
redefinition of the constant C, and, therefore, we obtain the desired inequality, (3.3.1). 0

We are now ready to state and prove the bounds on Wy [t, P, T, D]. In order to mea-
sure the size of W[, P, T, D], we use the following norm, whose definition depends

. m
on the values of E,, and m,,: given x,, € B,", we let

” W [ P T D]( )” ”WA [T’ B’ ) Q] (xU()) ”(%thvo) if EUQ = 01
T, P, T,D](x Sy = :
A L£,4,L7 Vo Evo’hto |IWA[T,£, ,Q](xvo)”(E;%Ozhvo) if EU() = 1,

(3.3.12)

where cg is the same constant as in (3.8) and: the norm in the first line is defined as in
(3.1.36) or as in (3.1.40), depending on whether m,, = 0 or m,, > 0; the norm in the
second line is defined as in (3.1.39) or as in (3.1.41), depending on whether m,, = 0 or
My, > 0.If my, = 0, we shall drop the argument (x,,) = (¥) in (3.3.12).

We start by discussing the case in which t has no endpoints with source field labels
(in particular, no endpoints of type B or O), that is, m,, = 0; in this case, the basic
bound is summarized in the following proposition. Next, we will discuss the case with
my, > 0, see Proposition 3.19 below.

Proposition 3.17. Let Wy [t, P, T, D] be inductively defined as in Sect. 3.2. There exist
C,k, o > O such that, for any v € T, withm,, = 0, P € P(r), T € S(t, P),
D € D(z, P) and |A| < Ao,

e Wl

1
2(F1Quv1+X es, 1Pwloy I —Ru+2=215, Dy

) PU — Ly U
IWALT . T, Dlll g, < Cvevee1Pel2=Ewl (T S )
veVp(r) vt
X( 1 2751,@“7;1”,))( I mmaxu,K\Pvnzhu(z—%|Pn\—nnu|m29hv)
veV/(t) veVe (1)

(3.3.13)
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where, in the first product in the right side, R, is defined as in Remark 3.13, and, in the
last product, 6 = 3 /4.

Remark 3.18. Proposition 3.17 is a (significant) generalization of [AGG22, Proposi-
tion 4.6], which states the validity of the bound (3.3.13) for the (analogue of the)
I - ||0;hu0 norm (simply denoted || - ||;,v0 in [AGG22], see [AGG22, Eq. (4.4.1)]) of
the infinite volume tree value W[, P, T, D]. In fact, the reader can easily check that,
if Ey, = 0 (which is the only case of relevance for the infinite volume tree value: in
fact, W[z, P, T, D] can be different from zero only if T has E,, = 0, in which case
2~ Evghug | 27 Evhu=hy) = 1) ysing the bound (3.1.49) on ¢, with ¥ = 6 = 3/4,
the right side of [AGG22, Eq. (4.4.2)] reduces to the right side of (3.3.13).

Proof. If E,, = 0, then we use the fact that
” WA [Ta £a Za Q] ||0;h,)0 S ” WOO[Tv £7 Zv Q] ”hv() Ll (3314)

where the norm in the right side is the same one defined in [AGG22, Eq. (4.4.1)] in the
infinite volume case. Thanks to (3.3.14), in this case the desired bound, (3.3.13), follows
from [AGG22, Proposition 4.6] and from the bound (3.1.49) on €;,. The only new case is
E,, = 1, which we focus on from now on. We limit our discussion to the case h,, < 1,
the case h,, = 1 being analogous (and, actually, simpler than the complementary one).
Case 1: v is the only white vertex of T. In this case Wy [t, P, T, D] is given by (3.2.12),

that is, recalling that T has no effective source endpoints,
Walr, P, T, D](wo, Do, zo)

= ISvl;O“ Z [ (hv())( H K, (\yv)) — (- 1)a(zv0)]A(\pv0)®(hv0)

2:Uvesy, Py— A VESy,
20=2y,

(TT KuoeWoo)] (33.15)

VESy,

where: 1,, is a shorthand for oy, 1(wo = wy,) 1(Dg = D,, = D/, )' for notational
(h UO> and ®< LO)

(‘i’vl s Usuo ); in the sum over z we could freely assume that z maps to A rather than

convenience, we dropped the arguments of & , which are both equal to

to A, due to the support properties of the summand. We now rewrite the difference in
the right side of (3.3.15) as

Walz, P, T, Dl(@q, Do, z0)

= I;lv';()“ Z {I:IA(\DSUO)(QS(?O) (— l)ot(ZSvo) Ot(ZvO) (hvo) (1—[ Kv(\yy))]
z:U,,EsvO P,—A veSUO
20=2Zy,
(1= 1acws,))® (h”")( [T Kuwn)]
veSUO
[( D@0 [ (W) (1 = Ta(5,)) S (”0) ( I1 Kuoo(%))]}

UESUO

(3.3.16)
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where \-IJSU0 = Dye Su W, (and, correspondingly, 28, = @vesvozv), and we used the
fact that in the case under consideration all the vertices in S, are black so that, by the
definition of bulk contributions,

In(Ws, ) (D@0 [T Ko@) = 1a(Ws,) [] Koioo(Woo)- (3.3.17)

VESy, VESy,
By using the decomposition (3.3.16), we find

[Walz, P, T, D

Wihy, = D)+ D+ T,

where (1), (I1) and (/11) are contributions corresponding to the expressions in the
first, second and third square brackets in the second, third and fourth lines of (3.3.16),
respectively. Concerning (/), we use Lemma 3.15 to find (recall that the notation * ||
z(fo) was introduced right before (3.1.39)):

BN 10 N
) < fello2) 0 02105520y ) 100 (1 Qug H Evesi 1P10ug 1D 020 8 (Tog.2(Qu) .
TSyl
z:UI,ESUOPU—>A
( I1 |1<v(xpv>|), (3.3.18)
UESUO

where z(Q,,) is the tuple with elements z(f), f € Qy,, and fp is an element of O,
such that dist(z(Qy,), dA) = dist(z( fo), dA)?!; recall that 8g(T', z) was defined in Eq.
(3.3.2). Note that

8E(2ug) < E(zs,)) < 8B(Toyr 2(Qup)) + D 8(z), (33.19)

UGSUO

since there is a set S C B whose cardinality is the expression on the right hand side,
which fulfills the requirements defining $g(z), see Eq. (2.2.16). As a result

C9uw! *[z(fo)
Swp !

(I < 7%02"%5E(TUO,Z(QUO))2th(%\Quol’rzvesvo Dlgy, )

e
2Upesyy Pv—>A

( [ e $2"05(z)

veSvO

KU(\IJU)I) (3.3.20)

In term (I 1), noting that HveSvo K, (¥,) contains a factor HveSuO I (W) o L(Ws, €

M), the characteristic function 1 — I (‘I’SUO) can be replaced by 1 (diam (ZSUO) >
L/3). Therefore, the term (/1) can be bounded from above by an expression analo-
gous to the right side of (3.3.18), modulo the facts that 6g(7y,, 2(Qy,)) is replaced by
8(Tyy, 2(Tyy)) = Z(f,f’)eTUO lz(f) — z(f) 1, and that the summand is multiplied by

21 Note that there is no need to write the suprema over @y, and Dy, in the right side of (3.3.18), even
though the definition of edge norm in (3.1.39) includes them: the reason is that, at P, D fixed, these suprema
are trivial (the involved kernel at fixed P, D is non zero only for a specific choice of wy, and D). Similar
comments hold for the norms appearing in the following discussion.
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1 (diam; (ZSUO) > L/3). Because of the presence of this indicator function, in all the
nonvanishing terms z is such that

S8e(zs,,) > L/3 = 8e(Tyy, 2(Quy)) — 8(Tyy, 2(Tyy))

and

BE(2s,) = 8(zs,)) < . 8(z) +8(Tuy, 2(Tyy)):

veSU0

combining these two inequalities gives us

166(zs,,) = 8(Tuy, 2(Tog)) = 3 [6(@s,,) = 8(Tup, 2(Tuy)) |

— 106(zs,,) — 38 (Tug, 2(Toy)) (3.3.21)
<3 ) 8(z0) — 0E(Toy, 2(Qup)),
UES,)O

which together with the aforementioned bound (and 6g(z,,) < ég (zSUO )) gives

C!uw! *#[1z(fo)
|Suo !

1
o~ P20 85 (T, 2(Qup)) 910 (31Qug X vesyy 1Py 1)

un <
2Usesyy Po—> A

( [ 702"08()

veSUO

KU(\IJU)I). (3.3.22)

Note that this bound is weaker than (3.3.20). Finally, (/117) is bounded from above by
an expression analogous to the right side of (3.3.22), with the only difference that K, is
replaced by Ky co.

In order to sum over the coordinates, we proceed as follows. Given fj as above, let
fv = fo for the v € S, such that fo € P,; then for each £ € T,, incident to v, let
Uy be the other vertex £ touches, and for this vertex let ff)@ be the field label it shares
with £; then do the same for all the other ¢ incident on the vertices mentioned so far,
etc. Figure?2 gives an example. Having done so, and recalling that 6g(Ty,, 2(Qy,)) =
min{dist(z(fp), 9A), L/3} + Z(f,f’)eTvO lz(f) — z(f) 1, we see that

*[|2(f0)

3 ef%ﬂzhvoag(no,z(gv()»( I1 30205z, KU(‘I’U)D
ZIUveSvon*A veSUO
M
€0 Ahvg s €0 Ahy [Syyl—1
S( Z 2 Omm{(z)g,M+1—(z)2,L/3}>(Ze—TOZ o”Z”l) o=t
(z2)2=1 z€72
2(fy) fixed s
x ]"[( Y eda? L°5<Zz))|1{v(xyv)|). (3.3.23)

veSvO zPy— A

The product in the last line can be rewritten as [ [, Sup 1Kl (340t and, recalling that
: 1

the vertices v € §,, are black, || K, ||(5602hvo) < IKy,00 ”(300 where the norm in the
7 7

211 v )’
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L3
)
®f,
[ ]
Vg = 17@3

Fig. 2. Example of f,, 9, defined in the proof of Proposition 3.17. The numbering of the vertices and spanning
tree edges is arbitrary

right side is the infinite volume norm (defined analogously to (3.1.36), with A replaced
by Ao, see [AGG22, Eq. (4.2.21)]). Now, the factors ||Kv,oo||(gc()2hv0) are bounded as
it

discussed in [AGG22, Proposition 4.6], see in particular the dotted list after [AGG22,
Eq. (4.4.9)] and [AGG22, Eq. (4.4.13)]: using also (3.1.49) with ¢ = 6 = 3/4, we get:

[Pyl

CIAR=DR=7=IDul2fh if 4y e V, (1) is of type @
1K v.00ll 3 cgamoy < C1Pol |y max(LclPul} ifve V,(r)isof type® (3.3.24)
27 R Wy, Py Ty DY, if v € Vo(2),

where, in the last line, R, is as in (3.2.22). Using (3.3.24), (3.3.23) (or its analogue for
the bound of the right side of (/11), which is the same modulo a few trivial changes,
due to replacing A with Ao and K, with K, ), and noting that

Zf‘f)zzl e_%ojwo min{(z)z,M+l—(z)2,L/3}Scz—hvo and ZZEZZ e_%ozhvo Izl < C2_2h”0,
we find:

IWalt, P, T, Dllg.p,, < ClCw! 2"1%2}'"0(%'&0“2”651}0 D1y, 1+2=218u D
T T T ISyl
IPy]
CIARM =D =IDullNg0h  if o € V, (1) is of type ®
: 1_[ CIPol |y pmax{Lre Pol) if v € V,(7) is of type ® (3.3.25)

—hyR
veSuy | 27| Weol Ty, Py Ty Dyl -

Finally, using the bound of ||We[7y, P, T, D’ 1llx, in [AGG22, Proposition 4.6], we

v
obtain the desired bound, (3.3.13), in the case under consideration, in which E,;, =1

and E, = 0 forall v > 0.
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Case 2: v is not the only white vertex of 7. In this case, Wp[7, P, T, D] is defined as in
item (3) after (3.2.15), that is,

1 (hu)
Walt, B.T, Dlwo, Do.zo) = ¢ 37 & (T &ucw)
vol* Usesig Py A VESy,
20=Zu
(3.3.26)
where the shorthand notations are the same as those used in (3.3.16). If we now use the
fact that

8E(2uy) < 8B(25,)) < 8(Tug. 2(Toy)) + > 8£,(z0),

veSUO
where 8f, (z) = 0g(z) if E, =1, and 6, (z) = 8(z) if E, = 0, we find

[Quyl
IWALT, 2. T, Dl < 203100 ¥ sy 1Pl 1)
B R O

*[|2(f0)

3 ( I1 e—%ozh”"Hz(,f')—z(f")Hl)( I1 e 321055, (20)

Z:UUESUO Pv—>1_\ (f’f/)ETvo UGSUO

Ku(w)]).

(3.3.27)

where fj is an arbitrary field label in P,,,, with wg an arbitrary vertex in S,, such that
Ey, = 1. We define fv and vy in the same way as discussed after (3.3.22), and rearrange
the sum over positions as follows: each vertex v with E,, = 0 is associated with the
sums over the coordinates of all of its field labels except for f,, but when E, = 1 we
also associate v with the vertical coordinate of the position of f,, thus obtaining a sum
of the form appearing in the definition of the edge norm in Eq. (3.1.39). The remaining
sums are associated with the legs £ the spanning tree T,; if E5, = O this sum is over
two dimensions as before, but if £;, = 1 the remaining sum is only over the horizontal
coordinate. In this way, we bound the second line of (3.3.27) as follows:

*[|z(fo)

3 ( I1 e—%2h”0||z<f>—z(f/)n1>( I1 e%z”voagv(zv)|KU(q,v)|)
2Upesy, P> A (f.f)€Ty, VESy,
s( I1 Ze—”z"zh”f)lzn)( > e—‘z"Z’”Ol(z)l).
LeTy: ze72 LeTy: (2)1€Z
7= U=

f) fixed IR
< l_[ Z 032 U05(11:)|KU(\I,U)|) ( 1_[ Z e 32 UO‘SE(Z”)|KU(‘~I‘U)|>

UESUO: z:Py—> A veSvO:Z;va]\
E,=0 E,=1

< €151l =Mu ClSw1=2) 2—hvo< [T 25" ||KUIIEu;hv0), (3.3.28)

UGSvO

where to obtain the last inequality we note that each v € S, except for wq appears as
vy for exactly one € € T,.
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Now, the factors in the product over v € §,, with E, = 0 satisfy || K, | g, hyy =

1Ky, 00 ”hvo with | K ||th bounded as in (3.3.24). We are left with bounding the factors
in the last product, over the vertices v € Sy, such that E,, = 1. In this case, recalling the
definition (3.2.17), if v is an endpoint with &, < 2 (and, therefore, h, = h,, + 1), then

() . h . .
IKullt;n,, = IRECE )P, 11D, l1;h,, With Cé ) defined as in (3.2.18); now, using
(3.2.20), we rewrite

()
1Kol = IREEVg " = 8hy0 0V VIRl i, (3.3.29)

that, in view of Remark 3.10 and of the definition of R, see (3.1.27), is non-zero only
for (|Pyl, IDyll1) = (2,1),(2,2), (4, 1); from this, using the bound (3.1.37) on the
norm of Rg, to be applied with k = %"2}’”0 andk +€ = %COZhUO, and the bound (3.1.50)

on EVéh), we find

1
1Ky ll1n,, < Claf2 o2 @2l Pl 60, (3.3.30)

Note that the scaling dimension 2 — %va| — [[Dyll; is < O for all the values of
(| Pyl, I Dyl1) for which the left side is non-zero, see the comment after (3.3.29).

On the other hand, if v is an endpoint with £, = 1 and h, = 2, then ||Kv||1;hv0 =
||(RE(VFEU + 5V]§1)))\P,,\,\|Du|\l,mv ll1:h,,: by using the the bound (3.1.37) on the norm
of R, the bound (2.2.15) on the edge norm of V" and the the bound (3.1.50) on
the norm of EVS", we find that [|(Re(V" + 5Vél)))\Pv|,||Dv||1,mv||1;hv0 is bounded
from above by C!Pvl|x|max{LelPol} which is also smaller than C!Pv!|x|max{LlPul}p—hy

1
2l @=31PuI=IDvl) 20y yp 0 a redefinition of the constant C. o

Finally, if v is a white vertex in Sy, N Vo(7), then ||Kv||1;hu0 = [|[Walw, P,, T,
QU]||1;;,UO, where we recall that W [z, P,. T, D,]is defined via the analogue of
(3.2.10), with Roo W in the right side replaced by Rg W, . Once again, the norm of
RE is bounded as in (3.1.37), with k = £2"0 and k + € = ¢g2"0 < L2/, 50 that,
recalling that R, = || Dy |1 — [|D/,|l1 (see Remark 3.13), we find

IWAlto, Py Ty D1, < C27 5 | WalTy, Py, T, D1,

L v 2o L v 2o
Putting things together, we get the analogue of (3.3.25), namely

10y

CIQuo\zth( 18+ 0esy 10v]0u 11+2-21Sy 1) 2~ .

o =
07 [Syl!

|| WA[I’ £7 Zv Q]”],h

1—[ C\Pvl|)L|m'dx{1aK|Pu|}2hu(2—@—HDu||1)29hu2—Eu(hu—hu0) ifve V,(1),
27 mRp By Wy [z, P, Ty, DU E, o, if v e Vo(r).

VESy, EN N L]

Now, consider a factor || Wy [ty, P,, T, D1l E,.n, appearing in the second case of the
last product. If E,, = 0, then we use (3.3.14) and bound it via [AGG22, Proposition 4.6];
if £, = 1, we iterate the bound, and we continue to do so until we are left only with
endpoints or with vertices v € V{j(r) such that E, = 0. By doing so, we obtain the

desired bound, (3.3.13). |
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Let us now discuss the bound on the kernels associated with GN trees that have one
or more effective source endpoints. The analogue of Proposition 3.17 in the case of trees
with m,, > 1 is summarized as follows.

Proposition 3.19. There exist C, k, o > 0 such that, for any v € Tey with my, > 1,
Xy € B, P eP(r), L €S(t,P), DeD(x,P)and || < ko,

IWALZ, P, T, DI gl g, < Cvevem(Folrmo.
|

Gela Y es, 1Dwloy I —Ro+2=21S, Dy

2 15,1 )- (] 2.

veVy(r) veVi (o)
my=0
( I 22[|S£‘|—1]+hﬂe—%2hvm(m)) < I |)L|max{1,x\P,,\}2h,,(2—%\PU\_HDU”l)thU).
veV(r): veV,(1):
my=1 my=0
Zi—1(Eu. Doy x0) i 1Pyl my) = (2. 1)
< lv_!) {lkl‘“a"”*K('Pv'*mv)’ otherwise ) (3.3.31)
veV,(1):
my>1

where: in the first product in the third line, S} = {w € Sy, : my, > 1}, [1+ is the positive
part, and cq is the same constant as in (3.8); in the second product in the third line,
0 = 3/4; in the product in the last line,

max (12,11} if Ey=0and h, <1,
Jj=1,
hy—1) .

- D)2 b1 ) g 3 ooy i Ev = L and hy < 1,
Zny—1(Ey. [ Dyl xg) o= 1 B 2P R g2y ¥ !

1 ifEy =0and h, =2

I+ max IEBS 2 pill@ey i Ev=1andhy, =2.

(3.3.32)

with co the same constant as in (3.8). Note that: in the product in the last line of (3.3.31),
in order for (| Py|, my) to be different from (2, 1), h, must be equal to 2; in the first line
of the right side of (3.3.32), || Dy|l1 = O necessarily; in the second line of the right side
of (3.3.32), || Dyll1 € {0, 1} necessarily.

Remark 3.20. The effective vertex renormalizations, Z; 5, and the edge couplings D(h),
& B](Bl) will be bounded in Sect. 3.4 below.

Remark 3.21. Proposition 3.19 and its proof imply that the norm of the infinite vol-
ume effective source term, ||Weo[7, P, T, D](xy,) ||0;hu0 is bounded by the right side of
(3.3.31) with E,, = 0; note, in particular, that such a bound does not depend on the edge
couplings {D](Ek) }hvo <k<0, while it does depend on the effective vertex renormalizations
{Z knyy<k<o-

Proof. As in the proof of Proposition 3.17, we limit our discussion to the case h,, < 1,
leaving the simpler case h,, = 1 to the reader. We proceed as in Case 2 of the proof of
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Vg = 17[1 = QN)ES

Loy

Vg = YNJg 4
Fig. 3. Example of a selection of f,, y used in the proof Proposition 3.19. The clusters with an external wiggly

line correspond to vertices with m, > 1, and x, are the non-empty set of coordinates of the corresponding
probe fields

Proposition 3.17: by using the fact that

1 7
8Eyy @rg- ¥up) < = 05, (Xy) + £3E,, (25, ¥s5,,) (3333)
< —16Euo<xv0>+ (5T, 2(Tup)) + > bk,(z)]. (3334

6 6

ve Sv0

we obtain the analogue of (3.3.27):

10| .
CT2M0° g (31Qug H Evesiy 1Pl0ug 1D = 854 Crog)

IWalz, B, T, DIGuo)l Evgihng < T,
[ Sy, I!
3 ( I1 e*%cofl”(’||Z(f)*z(f’)\|1>(1_[8177002’”05&(1%%)|KU(\I’,U’xv)|>.
z:U,,ESUOPUHZ\ (f. fETy, VESy,

(3.3.35)

In order to sum over the coordinates, we let 7y and £, be as follows (an example is given
in Fig. 3):

1. for each v € S, with m, > 1 let fv be an arbitrary element of P,, and for each
¢ e Ty, which connects two such vertices let vy be one of them, chosen arbitrarily.

2. pick another £ € T, which is incident on one of the vertices for which fo has already
been designated:
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(a) If the other vertex v’ € S, which it touches does not yet have fU assigned, then
let ¥y, = v’ and fv/ be the unique element of £ N P,.
(b) Otherwise, let vy be an arbitrarily chosen v € S,, with m, > 1.
3. Repeat the previous step until all vg with £ € T,,, have been assigned.

Remark 3.22. Note that, removing from Ty, the elements ¢ for which iy € S} , separates
T,, into a collection of separate trees each of which contains exactly one v € S} , and
so there are exactly |S} | — 1 such £: this is the key property we need from the definition

of v¢. Note also that each v € §y,\ S}, is v for exactly one €.
For the purpose of an upper bound, in the second line of (3.3.35), we replace the

factors e~ 13020 12()=201 associated with pairs (f, f') = ¢ for which ¥y € S} by
the factor 1. By proceeding in this way, we bound the second line of (3.3.35) as follows:

3 ( I1 e—%fozhvoHZ(f)—Z(f’)Hl>(l_[e%fozhvofsEv(mev)|KU(\DU’xy)!)

2Upesy, P> A (fS)ETy, VESy,
Ll — 0202
5( [T > e Hz\h)( I1 Y e 1)
LeTy: €72 LeTy: (2)1€Z
mﬁ£:0~ Eﬁ[:() mg[:O, Eﬂ[:]
7 ohy
< l_[ Z £ 1260270 8E, (2v.%) Kv(‘l"mxv)|>‘
veSy) Py~ A
(o) fixed )
Uy Ly
< 1_[ Z eﬁq)Z Os(z”)|Kv(‘~I/v)‘)< l_[ Z eﬁcoz 038 (z0) Kv(\pv)|>
VESy \Sp zPy—=>A VES \Sy Py A
E,=0 Ey=1
(3.3.36)

Now, the products in the first, second, fourth and fifth parentheses in the right side
are bounded as in Case 2 of the proof of Proposition 3.17, see (3.3.28) and following
discussion (the fact that the prefactor in the exponent is 7/12 rather than 1/2 causes
some trivial changes). The product in the third parentheses in the right side is new, but
it can be bounded via a similar procedure. We need to distinguish various cases:

o Ifv e S;‘O isin Vo(r) and E, = 0, then K, (¥, x3) = Wa [Ty, P,.T,,D, (¥, xy),

with W a[zy, P,.T,, D,]defined via the analogue of (3.2.10), with R o, W replaced
by R Wx. By using (3.1.38) (cf. also [AGG22, Eq. (4.4.12)]), we find that

7 . Ahy,
D eI g (w, x)| < C27 R Wil Py T, D10, -

—V’ —V’ =V
zPy,—A

o Ifv e S;‘O isin Vp(z) and E, = 1, then K,(Wy, xy) = Walty, Py, T, D 1(Wy, Xy),
so that

hy,
3 o 136020 8E 2y, X 0)
22 Py—> A

Ky(Wy, x0)| < [|Walzw, Py, Ty, D1l 1y -
o Ifv € S;‘O is an endpoint of type B and i, = h,, + 1, then K, (¥, x,) = Zhv() .
FBf‘(\IJv,xv), so that

3 e12€02"08(z0.x0)
zPy—>A

Ky (¥, xv)| =< inlzllXZHZj,hv—IH-
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e Ifv € §% isanendpointoftypeMand ki, = 2, then K, (W,, x,,) = (Rp By )5 (¥, xy),
so that: K, = 0 if (| Py|, my) = (2, 1) and || Dy||; = 0; and, otherwise, using (2.2.8),
(2.2.10) and (3.1.38),

3 e GER |K(W x,)|
zPy—>A
if (| Pyl, my) = (2, 1),
otherwise.

<

c
—{ [Py = P8(x,) 5, max{Loc( Py Hmy)) (3.3.37)

e If v € S is an endpoint of type O and hy = hy, + 1, then K, = O unless
(IPyl, | Dyll1, my) = (2,p,1) with p = 0,1, in which case K,(¥,,x,)

= D](3 UO)(\IJU, Xy), with x,, = x,, consisting of a single point, so that
Z 020 85(2y,x0 (hyy)
D PO IEEIK, Wy, x) ] < 1Dg )2 10y, () g 7
2Py A (3.3.38)

_Qohvg (hvy)
< T (D)2, 1, 11 o) g 3 -

o Ifv € S;‘O is an endpoint of type O and h, = 2, then K,(¥,,x,) = (BIE:I) +
EB](;))(\I/U, Xy), so that

Teg Hhy _% 1
o e OEEED Ky (wy, xy)| < e T EED (S p 1 oI BE) 12y 0m) I E:co)
zPy—A (3.3.39)
1
+0p,120m,, 1 1(IDu 1 < 1) max, IEBE) @ p. 1)l E:co):

where we used the fact that, by definition, (B]gl))(,,, p,m) vanishes for p = 1, and that,
by Remark 3.10, (€ BY) (n. p.m) vanishes unless (n, p, m) € {(2,0, 1), (2, 1, 1)}. Now,
using (2.2.14) and (2.2.15), ”(Blgl))n,o,m”(E;co) can be bounded from above by C, if
(n,m) = (2, 1), and by C™+"|x|max{Le(+m)} " otherwise. In conclusion,

7 hy,
Z 6%2”055(21),.\?“)‘[{1)(\11%xv)| =<
ZPy—>A

(3.3.40)
< o PoE(xy) {

1 .
€ max €8y )2 p 1l I (1Pl o) = 2,1,
C‘P”Hm”: |amaxthe(Pol+mo} - otherwise.
Putting things together, we find

C10w|
[Syo !

1 .
|Walz, P, T, DllE,:h,, < 210 (31Qug I Lvesug 1210wy #2185 1=21S09 D = {3854, (Fvg) |
L, L, DIE,:h, =

l_[ Cva\|)\|max{1-K\Pv\}Zhu(zfsz‘*HDU||1)29hu2*5v(hu*hv0) ifve V()
27 MR Bk W2y, Py, Ty, Dol ey, if v € Vo (1),

VESu\S, v L

— 0 ohy 5 .
e BIR I Z, (B 1Dyl x) v € Ve(r) and (1Py]my) = 2. 1),
. 1_[ C\Pvl+mue—708m(xu)|)\|mﬂx{1,K(IPuI+mu)l ifve V,(t)and (| Py], my) # (2, 1),
vesiy | 27 R\ Walzy, P T, DolEyn,  if 0 € Vo(T).

L Ly Xy
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Now, the factors associated with the vertices v € Svo\Sug that are not endpoints are
bounded as in Proposition 3.17. For the factors associated with the vertices v € S«
that are not endpoints, we iterate the bound, and we continue to do so until we are letot
only with endpoints, or with vertices in Vy(t) with m,, = 0. By doing so, we obtain the
desired bound, (3.3.31). O

Next, we rearrange the bounds in Propositions 3.17 and 3.19 in a different form,
more suitable for summing over GN trees and their labels, and for deriving the desired
dimensional bounds on the multipoint energy correlations, to be discussed in Sect.4
below. The result is summarized in the following proposition.

Proposition 3.23. Under the same assumptions as Propositions 3.17 and 3.19,

Cm"O +Zu€Ve(1) [Pyl

IWalz, P. T, Dl gy ihyy < ——c———2"0Pro Promig-Erg)
|Sup !
I1 Sl ,2(/1”711,,/)d(Pv,Du,mu,En)( I1 22[\s:|711+huefi—22hvagv(xv)>
veV/(1) ISul! veV(r):
my>1

1_[ {zhv“Dv”]Zhl,—l(Evv ”DU”lv-xv) l.f(|PU|v mv) = (27 l) (3341)

VeV |)L|max{l,K(|PU|+mv)}29hv otherwise
where d(Py, Dy, my, E,) =2 — @ — Dy ll1 —my — Eydp,, 0 is the scaling dimension
of v, see (3.2.24).

Remark 3.24. As discussed in Remark 3.13, the scaling dimension d(P,, D,, m,, Ey)
is negative (more precisely, it is < —1) for all the allowed values of P,, Dy, my, Ey,
with the only exception of the case |Py| = 2, D, = 0 and m, = E, = 1, in which
case it vanishes. A step-by-step repetition of the proof of [AGG22, Lemma 4.8] im-
mediately implies that the sum over GN trees, restricted to allowed labels such that
(| Py, I Dyll1, my, Ey) £ (2,0, 1, 1) for all the vertices in Vo(t) U {v € V(1) : hy <
h, — 1}, is convergent, uniformly in the scale of the root. In particular, let us state the
resulting bound on the GN tree expansion for (Bég))z, »,1, which will be used in the next

section in order to bound Z; 5, Dg’) and EB](;): for h < 0, p € {0, 1,2}, and (say)
0 =3/4:

27T Y > > IWeelw, P T DIy o

te7®;  PeP(r) TeS(r,P) DeD(t,P)
Eyy =0, myy=1 [Py|=2 1Dy l1=p (3.3.42)

< C|x|(5,,,o+(1 — §4.0) max max |zj,h,|)2—1’h,
h<h/<0 j=1,2

provided that |A| is sufficiently small (here the % on the sum indicates, as usual, the
constraint that vg = vo(t) is dotted; in the present situation, this implies that t has

at least one endpoint of type ®). Contrary to the trees contributing to (Bég))g, p,1 (or,
more generally, to the bulk part of the effective source term, B](gh)), trees contributing
to the edge part of the effective source term, B(h), will, in general, contain vertices
with (| Py, || Dyll1, my, Ey) = (2,0, 1, 1), for which the scaling dimension vanishes;
the presence of such vertices has a significant impact on the proof of convergence of the

sum over GN trees for the multipoint correlation functions, to be discussed in Sect.4
and in “Appendix C” below.
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Proof. We start from (3.3.13) and (3.3.31). Recalling that
R, = |Dyl1 — ZweSv ||Dw|P Il1, and using [AGG22, Eq. (4.4.23)] and the analogue
of [AGG22, (4.4.24)], we get

Mg+ veve() |Pol —Eyyhyy - _
Walr, P, T, D g < g 2hugd(Pog. Dyy) 27070 ifmyy =0
(Walz, P, T, DllE, - .
— 2 = vty — |Sv0|1 1 lfmvo >0
. l‘[ ‘Slwz(hu—hv/)d(Pu,Dv))( l‘[ 2_Ev(hv_hv’)>,
veV/(x) " veV/(1):
my=0
( I1 zznszﬂflhhvef%gzhvaEU(xU)),
veV(r):
my>1

(11 27 d P DO 7, (B 1Dl x) B (1Pl my) = (2,1, ) 634
A max{Le (| Pyl+mo)} p0hy otherwise e
veV, (1) ’

where d(P,, D) =2 — % — |Dyl1. If we now use the identity

2_hu0mU0 l_[ 2_(hv_hu/)mv l_[ ZhL,/mu — 1’
veVj(r) veV,(t)

and note that, for any v € V,(t) such that (| Py|, m,) = (2, 1) one has 2~ hd(Po.Dy) —
2mlIDvlip=hvmy after rearranging the resulting factors, we get (3.3.41). O

3.4. Beta function equation for Z; and bounds on Dgl), & B](;). In this section we
bound the effective vertex renormalizations Z; ;, with j = 1,2 and h < 0, and the

kernels Dgl), 831(31) involved in the definition of Zhv—l (Ey, |Dyll1, xp) in (3.3.32). The
bound the effective vertex renormalizations is based on the control of their flow equation,
known as the ‘beta function equation’ in the RG jargon, and is discussed in Sect.3.4.1.
The bounds on D](Eh) and £ B](gl) follow from an adaptation of “Appendix A”, and are
discussed in Sect.3.4.2.

3.4.1. Beta function equation for Zj j. The definition of the effective vertex renormal-
izations Z1 » and Z; j, see (3.1.48), combined with the GN tree expansion for the infinite
volume effective potentials, see (3.2.6), implies the following equation, for all z < 0:
x=él‘/2 x=é;/2
Zin=4 Y LaWoeltl(@,0.0,0) """ =2 3 3 Weltl((@, 0.9, )|
reT® 0=(+,—) e yenl, ©0=(+,—)
3.4.1)

(recall Ao := Z2). Note that the trees contributing to (3.4.1) have exactly one endpoint
of type W, and all the others (if any) of type ® or €. Note also that sum over 7 in (3.4.1)
is absolutely convergent, with the contribution from the trees with vy dotted bounded as
in (3.3.42). The case in which vy is not dotted corresponds to the contribution from the
‘trivial’ tree with exactly one endpoint (which is, therefore, of type M) on scale i, = h+2
(in fact, if & < 0, the contribution to (3.4.1) from the tree with exactly one endpoint v on
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scale h, = 2 and vy not dotted vanishes, because Loo(Roo Bél,)) = 0, by the definition
of L and R); moreover, the contribution from such a trivial tree equals Z; p41, if

h < 0,and 4(Loo BS)2.0.1(((+, =), 0,0), 8;/2), if b = 0.
Thanks to these considerations, recalling also the fact that Wécl)) is analytic in A, see

the comments after (2.2.19), and the bound on the norm of Wéé) following from (2.2.8),
(2.2.10) and following discussion, we find that, if # = 0, then Z; o, with j = 1, 2, are
analytic in A, and bounded as |Z; o] < Co for all |A] < A¢ and some Cy > 0. More

explicitly, recalling the definition of Béé) following from (2.2.18) and (2.2.5), the bound
(2.2.8), and the facts that Z = 1+ O(X), tf — 11 = O(X) and 1] — 1 = O(A) with
t2 =0-1 /4 + t ) (see Remark 3.9), after a straightforward computation we find
that

Zj0=4LooBL)01(((+,-),0,0),2;/2) + O = Z;+ O(1),  (3.4.2)
with

S |25 ifj=1

= 4.
J 1—@)? ifj=2 (34.3)

If h < 0, distinguishing the contribution from the trivial tree with one endpoint on scale
h, = 2 from the rest, we can write

Zin="Zjn1+ B,{H, (3.4.4)

where the beta function B }]l .1 18 given by the analogue of the right side of (3.4.1), modulo
the constraint that trees contributing to B,/l 1 must have vy dotted. Thanks to (3.3.42),

|Bj|| < CIx12"" max(|Z; ]} (3.45)

for6 = 3/4. Equations (3.4.4) and (3.4.5), in combination with the absolute convergence

of the expansion for B 5+1 and the analyticity of Wo(o), imply that {Z; s}, <0, with j =1, 2,
are two Cauchy sequences, whose elements are real analytic in A for |A] < Ag. We let
Zj-—00o=2Z2j—-c0(X) = Z;f + O(A) be the limit as & — —o0 of Z; ;, which is also real
analytic in A. Note also that, for 6 = 3/4 (say),

|Zjn = Zj—oo| < CIA27". (3.4.6)

3.4.2. Bounds on Dg’) and & 81(31). In this subsection we derive bounds on

h 1 . .
1DE)2.p.1 ()l g, 3002y and 1€ Bg)2.p1 () sy With p = 0,1, which are the
norms entering the definition (3.3.32). Let us first consider (D](Eh))z, p,1- Recall that, by
the definition (3.2.18), DY’ = Y"0_, €8, with

* *

BY — Yo Waltl=Ia Y Weltl=IaBY).  (347)

1eT® reT®
Ev0=0, muO=1 Ev0=0’ mv():l



456 G. Antinucci, A. Giuliani, R. L. Greenblatt

with I, the kernel in (3.1.3), so that

0
h ~ (k
IDE )21 g, 2egy = D NEBE 2 p1 (D ;30020
k=h

In order to bound the norm of £ Bék), we proceed in a way analogous to “Appendix A”.

Recall the definitions of £ and Rp in (3.1.30)—(3.1.31), from which it follows, in par-

. ~ ~ (k ~ 5k =

ticular, that (EBlgk))z,o,l = ((LB 31(3 ))2’0,1)5 = (A(E(Bl(g ))2,0,1))E and (gBl(gk))Z,l,l =
= (k

((RBBE Mot DE

= (ARBY)2.1.1)k (in writing the last identity, we used the fact that (BS”)2.1.1)E = 0,

because it is the edge part of the bulk part of a kernel). From these formulas and the

definition of R in (3.1.32), it is apparent that (£ E’ék))z’ p,1 with p = 0, 1 only depends

on (éé?)z,o,l, which, in view of (3.3.42) and the boundedness of Z; 5, see (3.4.6) and

preceding lines, satisfies

I(BE 2,01 ()l eary < CIARF VK <0. (3.4.8)

We start with bounding the edge norm of (Eéék))z,o,l = (A(Z(gék))z,o,l))]g, which
satisfies

1EBE Y2010 @) < IEBE 2.0 DEE) |l E:r)

with

(LB)2,0.1) (@, 0,2), %) = £(BY)2.0,1((@, 0, 2), %) — (£(BY)2.0.1) (@, 0, 2), x)

2
=([Tese)] X 920100030350 = 3 (BE201(@.0. 300, %) |
j=1

yea? yeAd,
diam (y,x)<L/3

(3.4.9)

the terms in the first sum on the right-hand-side are entirely cancelled by a corresponding
set of terms in the second sum, leaving only those for which diam{(y, x) > L/3ory; ¢
A for j equal either to 1 or 2, and for these remaining terms we have §(y, x) > Sg(z, x).
As aresult, for any «, € > 0,

Z eKSE(z.x)

(ZBY2.01)((@,0.2), 0)| = e 0 3 B0 (FOY 64 ((@,0, ), )],

zeA? yeAd,
(3.4.10)
that is, recalling the definition (3.1.41) of the edge norm,
IEBY)20DE@ Ee < e EDNBE)20,1 )l ese) (3.4.11)

where the norm in the right side is the infinite volume analogue of (3.1.40).
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Next, we bound the edge norm of (€ g}(gk))g’ 1= (.A(ﬁéék))z, 1,1)E, Where, recalling
the defintion of R in (3.1.32),

(RBE)21,DE(@, D, 2), %) = (RBY)211(@, D, 2), %) — (RBY)2,1.1)5 (@, D, 2), %)
=@ Y 0 (BE2,01(@.0. o). x00)

o=%1,yeA%:
diam{ (y,x)<L/3, (3.4.12)
(0,D,z)€INT,(y)
~(k
@ D20 Y o (B01(@0. ). 50
U:il,yeAgo:

(0,D,200)€INT o, (¥)

where the interpolation path INT in the last term in the right side is the infinite volume
analogue of the one defined after (3.1.32); the construction of INT, is such that the first
sum on the right hand side is over an empty set whenever either of the indicator functions
before the second sum vanish, so again the first sum cancels all terms of the second sum
which do not satisfy §(y, x) > 8g(z, x), giving, for any «, € > 0,

@~
3 e sup [((RBY)2,1,DE((@. D, 2). %)
zeA? b

~ = (k
< ¢~ €OEW) Z KT (y.x) Z |(Béo))2,0,l((ws 0. ), X00)| (3.4.13)
yeA2, (0,D,2)€INT,(y) h

_ ~(k
TR N 2930001 (B0, 1 (@0, ), x00)]
yeAd,

<

IS

(for the last inequality, proceed analogously to [AGG22, Equations (4.2.26) to (4.2.28)]).
In conclusion,

~ ~ 2 ~
k — k
I(RBE)2.1)E®) By < ~e OB 01 () ller2e)  (3.4.14)

Putting things together, choosing k = %Cozk and k + 2¢ = ¢o2¥, and using (3.4.8), we
find, for p =0, 1,

~ _ _670 k
1EBE)2.p.1 () ;3 gy < CIAI2TPE2% e ¥ 20600, (3.4.15)

Summing over k from % to 0, and bounding 2~7% < 277" we find

0
_ _ 09k _ —_
IDE2p1 ()l g, 3 gy < C27PM ALY 2% e ¥ 7B < €27 PR (8(x)) "
k=h
(3.4.16)

Similar considerations, in combination with the norm bound on BC(,Q, which follows
from the infinite volume analogues of (2.2.8) and (2.2.10), imply that

max 1EBE)2,p1 ()l By < Ce™ 0. (3.4.17)
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Summarizing, using the bounds of this subsection and recalling the definition (3.3.32)
of Zp,—1(Ey, |Dy|l1, xy), we have that the combination 2122z, (E,, Dy, x,)
entering (3.3.43) satisfies

CIAM@e(x)"? ifE,=1andh, <1,

ZhHDUH'Z _(Ey, |D , <
ho=1 (B, [Dullts x0) = C otherwise.

(3.4.18)

4. Correlation Functions

Recall that the truncated energy correlation functions of €, . .., €, , Wwithx = (x1, ...,
Xm) an m-tuple consisting of m > 2 distinct edges (or, equivalently, of edge midpoints) in
B A, can be computed as the derivative of log B (A) withrespectto Ay, ..., Ay, atA =
0: and that 8 (A) is given by (3.13), with W (4) = W(A) = Yy, wa(X)A(x)

as in (2.2.3), and W(h)(A) with 2 < 0 as in (3.16), with the kernel wf\h) expressed via
the GN tree expansion (3.2.5). Consequently, we have arrived at

0 *
(€xis o5 €u)l pamn = D0 [ waG@N+ 0 Y waltl@@)]. @D

™ h=h*—1 ;T 0.
Myg=m

where ¢ = tanh(B.(1)J1) and , = tanh(B.(1)J>) are fixed as explained in Remark
3.9, the first sum in the right side runs over the m! permutations 7 of an m-tuple of
distinct elements, and the * on the last sum in the right side indicates the constraint
that the vertex vg = vo(7) is dotted. In (4.1), wp comes from the transformation from
spin to Grassmann variables summarized in Proposition 2.5, and vanishes at A = 0;
the remaining terms come from the iterative integration of the massive and massless
Grassmann variables described in the previous section, and may or may not vanish at
A = 0, depending on the choice of 7.

Let m1 and m; be the numbers of horizontal and vertical edges in x, respectively. We
want to compare (4.1) with the rescaled, critical, non-interacting correlation function

Zl,—oo mi ZZ,—OO mp T
( VA ) ( z5 ) (€x5 o5 € sragin 4.2)

where Z; oo = Zj (1), with j = 1,2, is the limiting value of Z; j introduced
in Sect.3.4, and Z;f are defined as in (3.4.3). Recall that Zj,,OO/Z;’? =1+ O(A) for
Jj = 1,2. We intend to prove that the difference between (4.1) and (4.2) is bounded as
the remainder term in Theorem 1.1, see (1.6). This will in fact prove Theorem 1.1.
Equation(4.2) can be computed by deriving with respect to A the generating function

wh@U) = 3" w®)AE) =log / P} (D) PL(DE) B4 (43)

xeXA:
X F£)
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with??
BY(p, £, 4) = ) 2= HHHE HY | 5 Ay
xeB A 1
+ B zrin A (4.4)
xe€Bo A

where, letting s;(2) = ZkleDL ; +t*lki:k1 (and Dy, defined as stated after (2.1.2)),

L
HY =y + Y si(@1 = 0 (b0 — @D (.)- (4.5)

y=1

For later reference, we let B?\f be the A-invariant kernel associated with (4.4), Bgf, be its
infinite volume limit, and Bgf, Bgf be its bulk and edge parts, respectively. In order to

compare (4.1) with (4.2), it is convenient to rewrite the kernel wj'\f(x) in (4.3) as a sum
over GN trees, in analogy with the (sum over scales of the) second line of (3.2.5), i.e.,

0 *
>y wiln, (4.6)

h=h*—=1 7M.
’Z}I”CC
My =m

where ’Z}Eee) is the subset of 7" consisting of trees such that: (1) the endpoints are all
either of type M or of type [J and are all associated with a label m, = 1; (2) there are no
endpoints v of type [J on scale #, < 2; (3) the vertices v € Vé(t) have |S,| = |5} > 2.

Moreover, the * on the sum over GN trees in the right side indicates the constraint that

vo = vo(t) is dotted. The definition of wjl\f[t] will be given momentarily. Recalling that
(4.2) is the m-th derivative of (4.3) at the origin, we thus get

0 *
Zl’_ mi ZZ,— mo ]
( Z;"OO> ( z’;oo) <ex1;...;exm>g’tfst;mzz Z Z W e](r (x)).

T ez
Myy=m

4.7)

In (4.6) and (4.7),

o= > > wirwerp, (4.8)

PeP(r): TeS(z,P) DD(r,P)
Pyy=0

with W?\f[t, P, T, D] obtained via the same recursive definition as W [z, P, T, D], see
Sect. 3.2, up to the following differences:

22 The label ‘qf” on the tree values stands for ‘quasi-free’; the ‘quasi’ accounts for the presence of the dressed
parameters ¢}, £; and of the rescaling factors Zj,_oo/Z;.‘.
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o Ifr e TM and E,, = 0, then qu[‘l,' P, T, D] is defined as in (3.2.11), with the

free
function W, in the right side replaced by Woo, the latter is deﬁned as described after

(3.2.11), modulo the fact that K, » should be replaced by kY v.00» With K 3 0o = qu
is hy, = 1, and

Z_ oo - Fo‘g if v € V,(7) is of type Mand h, = h,, + 1,
Kl()],foo = ROOB§£ if v € V,(t) is of type Mand h, = 2,

Wty P,.T,.D,]if v € Vo(1),

otherwise. Here: Z_ - Fo/z = Z1,—00F1,00 + 22,00 F2,00, With F o, the infinite
volume analogue of F g, see (3.1.47) and preceding lines, and ng is defined re-
cursively in a way analogous to W o..
o If Tt € ’];ﬁeg and Ey, = 1, then Wﬁf[r, P, T, D] is defined as in items (2) and (3)
of Sect. 3.2, see (3.2.12) and following paragraphs, modulo the fact that K, must be
qf . .
replaced by K 9 where, if hy, = 1, then K — Bgf %f v e Ve(r) %S of typel’
Bg if v € V,(7) is of type O

while, if h,, < 1, then

Z_o- Fl? ifve Ve(r)isof typeMand hy, = hy, + 1,
K (ReBIg if v € V,(7) is of type Mand h, = 2,
v qu+5'qu if v € V() is of type Jand h, = 2,
qu[zv, P,.T,.D,]ifve Vo).

The proof that the kernel w?\f of W9'(A) can be computed via the GN tree expansion
(4.6), (4.8), is analogous to (and simpler than) the one in “Appendix B”, and left to the
reader.

Remark 4.1. The condition that the trees contributing to (4.6) have no endpoints v of

type OJ on scale h, < 2 is due to the following: the value Dgf; <h”71), which would
be naturally (by mimicking the proof in “Appendix B”) associated with such vertices,
should be defined as

D™ .= Z Z EW ], 4.9)

k=h ‘L’ET(k)

free
Ey, =0, mvo_l
with the * on the sum indicating the constraint that vy = vo(7) is dotted. However, (4.9)
is identically zero, because the constraint m,, = 1 is incompatible with the requirement

that T € ’Tfﬁeg and vy is dotted, as the reader can easily convince herself.

Note that, due to the definitions above, the sum over P in the right side of (4.8) can
be freely restricted to the set Pgee(t) C P(t) for which |P,| = 2 forall v € V/(1):
in fact, whenever |P,| > 4 for some v € V/(1), Wﬁf[r, P, T, D] = 0. In particular
B vanishes when its argument has more than two field labels, whereas BM | which
it replaces in these expresssions, includes terms with four or more Grassmann fields,
which arise from the transformation from spin to Grassmann variables summarized in
Proposition 2.5.
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We now write

Z1 oo\ Z — oo\ M2
. . T > , —00 . . T 2
(leu ""Exrr:)k,r],tz;A < ZT ) ( Z; ) <€X]s ---7€xm)0,tl*,[;;/\ = {wA(”(x))

b

0 *
f
[ X Y X (Wl P I D) - Wil P T, Di(x))
h=h*—1" e, PE€Ppee(r): T€S(x,P) DED(r,P)
mug S Py =9

Yy Y Y wakerDe]) (4.10)

1eT ™. PeP4(v): Te€S(r,P) DeD(z,P)
myy=m Py, =0

where the set P, (t) in the second sum in the last line is defined as

: h
Pue) 1= | PO\ Pie() if v € Ty
P(r) ift & Tpol.

Note thatfor 7 € ’Z}g’g , P*(t) is nonempty because M and (] endpoints on scale 2 include

factors of B](al) or BS) which, unlike B¢, are not restricted to arguments with only two
Grassmann fields.

We denote by Rj(x) and R (x) the contributions from the sums in the second and
third lines, respectively, so that

Z1 —oco\" (22 —oo\ "2
. . T » 00 , . . T _
<€xl LA Exm>)»,t1,l‘2;/\ - < Z>1|< ) ( Z; ) <€xl LA Exm>(),t{k,t;;A -
=3 [waGr) + Ri(r () + Ry (x)) | .11)
T
The contribution from w can be bounded via (2.2.4), which implies
D lwaGr@))] < €™ lale=, (4.12)
T

which is smaller than the right side of (1.6). We are left with the contributions from R
and R;, which are discussed in the following two subsections.

4.1. The remainder term R,. Recall that

0 *
f
Rw= Y Y Y X Y (Walnr T - Wile, P.T, DI)),
h=h*—1 70, PEPpec(r): T€S(r,P) DED(T,P)
mvot:r% Pyy=

For each term in the sum, we write the difference W[z, P, T, D] — Wﬁf[r, P, T, D]as
a telescopic sum of m terms, each of which has one endpoint associated with the value

K,—K f}f or Ky oo — K f,l,foo. These differences can be rewritten and bounded as follows
(we restrict our attention to trees with 4,, < 1 andto K, — K St, the other cases, namely
hyy =1and Ky o0 — K,C,l,foo, being analogous).
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1. If v € V,(7) is of type W and h, < 2, then K,, — K,(,lf = (Zpy-1 —Z-) - F4, s0
that ||(K, — Kﬁf)(x)no;hv_l < CIr]2M, see (3.4.6).

2. Ifv € V,(r)isof typeMand 1, = 2, then K,—KI = (RB(BS)—Bgf)z,o,l)B,where
(B — BI04 = (Z7'Biee — BYY), 0.1+ Z7 1 (Wi, 0.1, see (2.2.6) and following
paragraphs for the definitions of the kernels Bf{ee, Wji\nt and of their bulk counterparts.
By the very definitions of B]‘;ree and Bgf and the factsthat Z — 1 = O(A), 1] — 1] =
O(L), o — t5 = O(A) (see Remark 3.9) and Zj,—oo/Zj — 1 = 0()), we find that
(Z~! Bgee — Bgf)zyo, 1) l2¢p) < CIA], with ¢o the same constant as in Proposition
2.5. Moreover, by using (2.2.8), ||(W]‘3m)2,0,1 (X)l2¢g) < C|A|. Therefore, using also
(3.1.38), we find that, for any ¢’ < 2cy, ||[(Ky — K,(}f)(x)H(c/) < C|r|/QRco — ).

3. If v € V(1) is of type O and h, = 2, then K, — K& = (Bél) - Bgf)z,o,l +
> }D_O (& B(l) - qu)z »,1, where, similarly to the decomposition used in the previous
item, we write (B(l) — qu) 20,1 = (Z—lB]gree — Bgf)z’oyl + Z_I(W]iam)g’o’] and

EB — 5B§f)2,,,,1 = (z71€Bfre — gBY), , 1 + Z71(EWiM),,, 1. By the same
considerations as in the previous item and the bounds (2.2.14), (2.2.15), we find that,
for any ¢’ < 2cy,

1B = BIY2.0.1(0) gy < CliJe™ G060,

Similarly, using also considerations analogous to those of Sect.3.4.2, we find that,
for any ¢’ < 2c,

1EBY — EBINa 1 ey < ClAle™ @150 y(0 — ¢y,

)\

0 ~hy
Ri(x)] < Z Yo e P

=h*—1 reT ™.
mL0—|Ve(f)| =m

x > 2>, >, |(Walt.P.T,D]

PEPree(t): TeS(r,P) DeD(z,P)
Pyy =10

f
e P T, DY) By iy - @.1.1)
where, in view of the previous considerations, of the proof of Proposition 3.19, and
of Proposition 3.23, the norm of the difference W[z, P, T, D] — Wf\f[t, P,T,D]in
the second line is bounded as in (3.3.41) (with the factor in the last line simplifying to

C™23) times an additional factor |A|29hM , which accounts for the bounds on K, — K Sf
discussed in items 1 to 3 above, where hy = hpy(7) := maxyev, ) ho-

By using the definition of the norm || - ||Ev0;h10’ we find, for x,, = x,

23 The reason for this simplification is the following. Consider a tree 7 € Uh* l’Ttl('ee) contributing to the
right side of (4.1.1). By definition, each endpoint v € V,(t) has (| Py|, my) = (2, 1): therefore, in the last factor
in (3.3.41) one can neglect the second case, corresponding to (| Py|, my) # (2, 1). Moreover, looking back at
the definition of Zh,,fl (Ey, | Dyll1, xp) in (3.3.32), and recalling that T has no endpoints of type [Jon scales
smaller than 2, we see that we can neglect the second case in the right side of (3.3.32); this, in light also of the fact
that max j— »{|Z; 4} < C, uniformly in / (see Sect.3.4.1) leads to 2I1Pvl1 Z, _y(E, IDyly, x0) < C
for all the cases of relevance for the current bound.
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Fort e ’]}Eeg and P € Prree(1), all endpoints w € V,(t) are such that |Py,| = 2
and m,, = 1, which implies that |P,| = 2 and m, > 1 for all v € V’(t); therefore,
recalling the definition d(Py, Dy, my, Ey) =2 — |Py|/2 — [|Dyll1 — my — Eydp,,0 for
all such vertices d(Py, Dy, my, Ey) =1 —m, — || Dy]1. Noting also | P,,| = O (so that

d(Pyy, Dy, myy, Eyy) =2 —m), we find

m
h 2/’lv0(2 m) |)\’|29hM
0 IS I!

X( I1 1'z(hrhv/><lfmr||Dv||1>>( [T ¥ |sv|711+hvef%g2hvagv(xv>>.
ev'(v) ISult vev (o)

f
I(Walz, P, T, D] = Wilt, P, T, D))(xy)l

4.1.2)
This equation is analogous to [GGM12, Eq. (4.5)]. If we now plug (4.1.2) into (4.1.1)

and sum over P, T, D (see the proof of [AGG22, Lemma 4.8] for additional details),
we get

_SQohy
RiI<Cm Al Y Y e 22 ()l AlSigl =g

[Ve(T)|=m
( I1 2<hv—hl,/>(1—mv>22<|sv|—1>hve—ﬁzhvagv<xv>)
veV(r)
( I1 2’%’)( I1 e—%("‘EO‘v)), (4.1.3)
veVe(t): veVe(t):
Ey=0, h,=2 Ey=1,h,=2

where the last two products should be interpreted as 1 if they run over an empty set, and
the factors 2 associated with the endpoints v with E, = 0 and &, = 2 come from
the factors 2~ (v =1)1IIDvli i the second line of (4.1.2): recall, in fact, that, due to the
action of the Rp operator, the kernel associated with such endpoints is different from
zero only if || D] = 1.

We now manipulate this expression further. Write the factors 22(5v|=D/v 35 2 (1501~ Do,
2(Sul=Dhy Keep one of these factors on a side, and rewrite the product of the other as

[T 208-0m = [T 208Dk USIED v o)

veVi(r) veVi(t)
By using the identity
D (Sl =D =Ve(m)] -1, (4.1.4)
veVy(t)

which can be easily proved by induction, we can rewrite this product as

2(m_|SvO|)hv0 1_[ 2(mv_1)(hv_hv/)_
veVj(r)
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Plugging this into (4.1.3) and letting, for short, 8, := ég, (x), we find

0
_S0oh
Ri@[<C" Al Y > e 2200 2hlSw g0
h=h*—1 oM

[Ve(t)|=m 4.1.5)
X( 1—[ 2 (ISol=Dhy ,— 122“6”)( l—[ zhv,)( l—[ e—%olsu).
vevi() veVe(): VeV, (7):
E,=0, hy,=2 Ey,=1,hy=2

This is the analogue of [GGM12, Eq. (4.13)]. Let 9 = 0(x) be the minimal pairwise
distance between the points in x. Using the fact that, for any n > 1,

n—1

1
(X1, ..., Xn) > 3 nglrlll(ln) Z 8(X (k) X (k+1))s (4.1.6)

see [BCO04, Lemma 3.4], we can bound from below §, > %(mv - 1o > %(|Sv| —
1)0; we use this estimate in (4.1.5) for all vertices in Vo(t) such that v > v, where
US = vy, if |Sy,| > 1, and v(’)‘ equal to the only element of S,,, otherwise; for v €
{vo, v(’)‘} we use that §, = §(x) > %(8():) + (]Sy| — 1)0). Next, in the sum over 7,
we distinguish two cases: either t has all the endpoints on scales < 2, in which case
20hm — 20(h++1) for some v* € V(;(r), or it has at least one endpoint on scale 2,
in which case, letting 03 = 03(x) be the minimum of §g(x) over the elements x of

=0, hy= 1 h < =
* (Hngeo(’r})lv 22h”/) (HuEéVel(’r})lv e 8”) < 2 4 =30 for some v* € Vi (o).
In view of these considerations, letting v* be the vertex in V(;(r) such that A, =
maxvevo/(r){hv}, (4.1.5) implies that

O ~
g =Ty _L702v05 S* 1 h*S*
|R1(x)] < C™ |7 E E oMo =g ;736 (B(x)+(|Syx|— )3)2 il

=R cert
[Ve(T)|=m “4.1.7)
x (T 208 HR2ASIm00) L e = Ho0) = (1) 4 (1),
veVp(r)
v>ug

where (1) is the term proportional to 2°%v* | while (I7) is the one proportional to e~ Foa,
Term (I) is bounded exactly as described in [GGM 12, Eqs. (4.13)—(4.17)]; by proceeding
as discussed there, we find the analogue of [GGM12, Eq.(4.17)], namely

1)%2“9. (4.1.8)

(N =C™r '(5( )>2<_

Term (/1) is bounded via an analogous strategy. For completeness, let us describe it
explicitly: we split the sum over trees 7 into a sum over the scale labels {/,}yev (1),
and a sum over the remaining structure of the tree, its ‘skeleton’. For fixed skeleton, we
sum over the scale labels &, neglecting all the constraints but i, = h+1 < hv(*). By

summing 2h”07h”3 in the right side of (4.1.7) over hy, = h + 1, for by, < hv;;, we get
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. . 7102“05 s* 1)0) Sl | Syx |
a factor Zj<0 2/ = 2. Next, by summing e O+(S51=D I 1S over hug; we

get a factor

_CQoh ol— "
[Ze %2 0(0+(S,x1=1)0) h|SUO|] - 1 ( (72/co)

1,
2 0 (|Sy] — DI,
~ log2 8(x)+(|Sv6~|—1)0> (ISwl =1

heZ

where we used the fact that, for any o, § > 0,

: % . 2/8)”
Zzahe—“ <2¢ / 2% ™2y = ul"(a). (4.1.9)
heZ - log?2

02M (18, -2

Similarly, by summing 2(I5:|=Dhve=33 over h, we get a factor

[Z2<|Sv| l)he_%zh(lsﬂ_l)a]f ! ( (48/co) )lsu‘_1(|5v|—2)!.
Pyt log2 \ (| Sy| — 1)0

Putting things together, and using the fact that the number of skeletons with m endpoints is
bounded by (const.)”, see [GMO1, Lemma A.1], we find that, up to a further redefinition
of the constant C,

- (IS1 = D! (1S,] = 2)!
(I1) < C™|A] e~ 3 sup p —
[360) + (1,51 = 1] 5 (velv_o[ﬂ [15,1 — 1)o]™ )

*
V>0

< C™ Al e % sup (8(1x)>2<(|[951);3||:11)0>|Sv3—2< I <(|§;)||_—12)D>|SU|—1),

veVp(r)
V>

(4.1.10)

where the sup is over the choices of |S,| compatible with the trees in ngee) with m
endpoints, and in the second inequality we used the fact that |Susl = 2. By using the fact

that Zvevo(z)(|5v| — 1) =m — 1, see (4.1.4), we finally get

(IT) < C" || (5(1 ))Z(I)M_ze—%’%. 4.1.11)

Combining (4.1.8) and (4.1.11), we obtain the desired bound on Rj(x),

R ()] < C™ |2 (%)2(%)'"*2(0—9 redo), 4.1.12)
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4.2. The remainder term R,. Let us now focus on

0 *
Rox)y= Y > > > > Walt,P,I,Dlx), (¢42.1)

h=h*—=1 7™, PePy(r): TeS(r,P) DeD(z,P)
Myy=m PU():Q)

which, letting x,,, = x, we bound as

0 *
_ 0ol
R < > 3 e 2™

h=h*—1 7
Myg=m

o> > IWaAln, P T, DIyl gyyiny, - (422)

PePi(r) TeS(r,P) DeD(z,P)
Py =0

In view of Proposition 3.23, the norm of W[z, P, T, D] is bounded as in (3.3.41), with

Zhv,l (Ey, |Dyll1, xy) bounded as in (3.4.18), so that, after summing over T (using, in
particular, [AGG22, Eq. (4.4.29)])

0 *
_C0rhy
[Ry(x)| < C™ Z Z o~ 22085, (x) Z C vever) [Pulphuy@—m) |

h=h*—1 7 e PEPL(D)
My =m PU():@
DeD(r,P) wveV/(r) veV(r):
my>1
sk skeksk
(T wmestiostrtemaloony(CTT pi@e@n™).  @23)
veVe () veVe(t)

where, in the first product in the second line, d, is a shorthand for d(P,, Dy, my, Ey),
and, in the products in the last line, *x indicates the constraint that (| P,|, m,) # (2, 1),
while #xx indicates the constraint that m, = E, = 1 and h, < 1 (which implies that
| Py| = 2). Note that the restriction to P € P,(t) implies that at least one of the two
products in the last line runs over a non-empty set (and, as usual, whenever one of the
products runs over the empty set, it should be interpreted as 1). Recall also the following
properties of d,: for all the allowed choices of P, D, m,, E, in (4.2.3),d, < —1, with
the following exceptions:

L. if (| Pyl, I Dyll1, my, Ev) = (2,0, 1, 1), then d, = 0;

2. if v is an endpoint such that 4, — h,y = 1, in which case d, may be equal to O (if
(1Pl 1Dyll1,my, Ey)=(4,0,0,0),(2,1,0,0),(2,0,0,1),(2,0,1,0), (2,0, 1, 1)),
orto 1 Gf (|Pyl, [[Dyll1, my, Ey)=(2,0,0,0)).

Note, incidentally, that, from the definition of tree values, the choice (| P,|, |Dy]l1,
my, Ey) = (4, 0,0, 0) (corresponding to a vanishing scaling dimension) is not allowed;
the choices (2, 1,0,0), (2,0,0, 1), (2,0, 1,0), (2,0,0,0) (corresponding to scaling
dimensions equal to O or 1) are allowed, but, as just remarked, they require 4,y = hy, —1;
the only allowed choice for which the scaling dimension is non-negative and %,/ may
be smaller than &, — 1 is (| Py|, || Dyl|l1, mv, Ey) = (2,0, 1, 1).
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The presence of cases for which d,, > 0 means that the sum must be handled differ-
ently than in the otherwise similar sums considered in [AGG22, Proof of Lemma 4.8]
(see Remark 3.24), since the corresponding factors 2% (v=hv) are not exponentially
small in h, — h,. Clearly, the second case listed above is not problematic, because
hy — hy = 1; in that case, if desired, the factors 2dv(hv—=hy) wyith dy = 0, 1 can be freely
replaced by 2~ "= at the cost of a factor smaller than 22V4; here Ny is the number
of endpoints with | P,| < 4, which can be reabsorbed in the factor C Loevew 1Pl in the
right side of (4.2.3), up to a redefinition of C. To summarize, the bound (4.2.3) remains
valid, up to a redefinition of the constant C, even if we replace the factors 2dv(hv=hy) ip
the first product in the second line by the smaller factors 24y (u=hy) | \where

d = min{d,, —1} %f (IPyl, IDyll1, my, Ey) # (2,0,1, 1) (4.2.4)
v 0 it (|Pyl, IDyll1, my, Ey) = (2,0, 1, 1). -

We now further manipulate (4.2.3) (or, better, its rewriting with d,, replaced by d), by
proceeding in a way similar to what it was done in [GGM12] after [GGM12, Eq.(4.20)].
We let VEA(r) = {v € V.(r) : my > 1}, and 7¥(7r) be the minimal subtree of
containing v and all the endpoints in VA (t). Our first step consists in ‘pruning’ the
tree T of the branches that are not in t*(t). For this purpose, we make the following
rearrangement. Let 7;1* hem be the set of labelled trees with endpoints all of type B or [J,

my, = m,no trivial vertices, dotted root vy on scale 2+1, and with the leftmost branching
point, which we denote by vj, on scale hj > h+1 (if A = h+1, then vy = v, otherwise
v is the vertex immediately following v on t*; if * has no branching points, then
hi = 2 and vjj is the only endpoint of 7*); ‘as usual’, the endpoints may be on scale 2 or
smaller; however, if v is an endpoint on scale i, < 2, we do not assume that the vertex
immediately preceding it on * is on scale i, — 1, we allow the case that h,y < hy — 1.
Givent* € Th* hem andv € Vp(t*), we denote by s; the number of vertices immediately

following v on T* (note that, since by definition t* does not have trivial vertices, s;, > 1
for all v € Vj(t¥)),

The idea is to rewrite the sum over t in (4.2.3) as a sum over 7* € ’];‘jhg;m
sum over trees T compatible with 7*, i.e., such that 7*(t) = t*. Having done this, we
will perform the sums in the following order: first we sum over 7 and P at ™ fixed, and
then over 7*.

Fix 0 = 3/4, as above, let € := (1 — 6)/3, and define

times a

1+e—my, my > 1
dy . ={ —0, my=1and E, =0 4.2.5)
0, otherwise.

Using the definition of d), in (4.2.4) and of d, = dy(Py, Dy, m,, Ey) in (3.2.24), it is
easy to check that

~ € .
d,—dy < _§|PU| = 08m,.0, ([P, |Dyll1, my, Ey) # (2,0, 1, 1), (4.2.6)

while d}, = dy = 0,if (|Py], | Dyll1, my, Ey) = (2,0, 1, 1). We now: neglect the factor

— %My . . . . . .
e 2% 0 ™) 4y (4.2.3), since a comparable one is contained in the second product in
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the second line of (4.2.3), and, recalling that h,, = h + 1, we rearrange the result as
follows:

|Ry(x)| < C™ Z Qh(@2—m) Z Z ( 1—[ 22[53—1]+hve—%zhvégv(xv)).

=h*—1 h<h*<2're’];’*h* VeV (t¥)
. skkok *
[T 2@y (T weewn™) > > %
veV/(t*) vEV,(T*) t€7 (t*) PPy (t) DED(z,P)
[Py =0
. ksk
( l_[ 2(d,;—dv)(hv—hu,))( l—[ (Cl)L')max{l,K(\Pu\+mv)}20hu>}, (4.2.7)
veV/(t) veVe (1)

where, given t* € T*h* > I (T7) is the subset of trees in 7™ such that t*(z) = t*.
0’

Equation(4.2.7) is the analogue of the un-numbered equation after [GGM 12, Eq.(4.22)].
We now perform the sums in braces and, in analogy with [GGM12, Eq.(4.23)], we get

*xk *
[T weeen™) > 3 3 (] 2@-@mn).
VeV (t*) t€7 (t*) PePy(t) DeD(r,P) veV'(1)
[Py |=0
skk
( l_[ (Cl)L')max{l,K(lPu\+mv)}29hv) <Cm|)u|(29hM+DB ), (4.2.8)
veV, (1)

where i}, = hy(t*) = max{h, : v € Vo(t9)},0 =60 —¢€/2,and 05 = 05(x) =
minyey,(z*) 0g(xy). The proof of (4.2.8) is given in “Appendix C”, and is one of the
important novelties of the current work, as compared to [GGM12]. Of course, the new
source of difficulty, as compared to the proof of [GGM12, Eq.(4.23)], is the possible

presence of vertices such that d], = d, = 0, for which the factor 2(dy=dv)hy=hy) equals
1, rather then being exponentially small in (h, — h,) and in | P,]|.
Plugging (4.2.8) in (4.2.7) gives, letting again 6, (xy) = 6y:

0

Ryl < Cm Y 2h@mm Nt N a7 +0,7)

h=h*—1 h<h§<2 t 67;1*]1 o

X( I 22[xjflj+h,,ef%2hvév>( I 2dv(hwhv/)>

veV(r*) veV/(t*)
Qs* —m)h _Qohs

SEPY X A S ot R

h=0 h<hj<2 t*eT*

hh*
X( 1—[ 22(sj7l)hvefcl—gﬂ'v3,}2(]+efmv)(hv7hv/)>( l_[ 279(11”41”/))
veVp(t™) veV,(t*):
U>U8 E,=0,m,=1
x( [T e ®)( [T 2mttve ) =+ an+din,
veV,(t*): veV,(t*):

Ey=1,m,=1 my>1
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where in the second inequality we used the definition of d, explicitly, and we distin-
guished the terms in the products associated with v, from those associated with the
vertices in Vo(t™) \ {vj}, from those associated with the endpoints.

In the last identity in (4.2.9), the contributions denoted by (1), (I 1), (I II) are defined
as follows. Consider first the contribution to the right side of (4.2.9) proportional to
29/}’7\4, and let v be the endpoint that realizes the maximum in the definition of 4%,, i.e.,
hyy = hy. We further distinguish two cases: (1) (Ej, m3) = (0, 1) (which means that v is

included in the product Hfg;ﬂﬂ;zl 2-0hu=hy)y. (2) (Ej, m3) # (0, 1) (which means
that v is included in one of the two products in the last line of (4.2.9)). In terms of these
definitions, we denote by (/) (resp. (1)) the contribution to the right side of (4.2.9)
proportional to 29'My and associated with trees realizing case (1) (resp. (2)). Finally, we
denote by (/117) the contribution to the right side of (4.2.9) proportional to 039.

The definition of (/) is completely analogous to [GGM 12, Eq.(4.24)]; by proceeding
as discussed there, we get the analogue of [GGM12, Eq.(4.33)], i.e.,

(I) < C’"|A|(%)m+el(8(°—x))“€. (4.2.10)

Let us now consider (/ 1), which we manipulate as follows. First, we rewrite the product
of the factors 2(+¢=m) (hv=hy) a4

*,2 *,2
[T 20semot—hn) SOl (e, om ] T 2ol (1) (A=) —mytm?]
veVo(t*) veVp(t™)
V> V>0

4.2.11)

where 532 = |S3?], with S32 = S3 N Vo(r*), and m? = 30 _ceomy. Recall the
notation s = |S7¥|, where, since T* has no endpoints with m, = 0, S} is the same thing
as Sy, i.e., it is the set of vertices immediately following v on 7*. For later reference,
we also let s;"l = {number of endpoints with m, = 1 immediately following v on
t*}, s> = {number of endpoints with m, > 1 immediately following v on 7*}, and
my” =my, — stl — mjj*z (note that m*~ is the sum of m,, over the endpoints w with
my, > 1 immediately following v on t*). If we use (4.2.11) in (4.2.9) and we associate
each factor 2"~ 1= in the last product of (4.2.9) with the vertex v’ immediately
preceding the endpoint v with m, > 1, we find:

n
(II) < Cm Z Z 2(/’!—1’!3)(1—6) Z |)\‘| 29%,‘,( 1_[ 2avhve_%2hvav> .
h=0h<hi<2 ‘[*E'];,*h*‘m veVo(t*)
o DE
C hl)
( T1 2oy ([T B (4.2.12)
veVe(t*): veV,(t*):
(Ey,my)=(0,1) (Ey,my)#(0,1)

where the label (/1) on the sum indicates the constraint that the endpoint v such that
hi = maxyey,(r*) hy is such that (Ej, m3) # (0, 1) (in particular, the second product
in the second line is not empty), and

* *, 1 ok
av:{(l—e)sv+esv , v =

(1 —e) (s} — 1) +esi! otherwise. (4.2.13)



470 G. Antinucci, A. Giuliani, R. L. Greenblatt

In order to bound (4.2.12) we proceed in a way similar to the one used to bound term
(I7) in (4.1.7). Recalling that 0 is the minimal pairwise distance between the points in
x and that 03 is the minimum of g (x) over the points x in x, we bound

- €0 Hh - €0 ~hy 8- 0
29%( 1—[ o132 vsv) < 20" p= 542 vav< 1—[ e_?5v>

veV,(t*): veV,(t*):
(Ey,my)#(0,1) my>1
B <Z [1 (4.2.14)
h=<2 veV,(t*):
my>1
—6 _%p _mav
<Cl0,  +e 0 1_[ e %),
veV,(t*):
my>1

Next, we bound §, from below by %(mv —Do> %(sv — 1)0 for all vertices of 7* such
that v > vj; for v = v}, we use 8”3 > %(8 (x)+ (Sug — 1)0). We perform the sum over t*
by first summing over the scale labels, and then over the remaining structure (‘skeleton”)
of the tree. By summing the factor 20h=hp)(1=€) over h < h{; with the other scales fixed,
we get ng—l 2/(-€) By summing the factors 2~"v=") over the scale labels of the
endpoints withm,, = 1 and E,, = 0 with the other scales fixed, we getafactor Y, . ; 27

. . xh¥ _coohg _
for each such endpoint. By summing the factor 25100~ 362 0B () HM=DD yer hy we get

[(const.)/(8(x) + (m — 1)0)]“”3 F(ozv(f;) (see (4.1.9)). Similarly, by summing the factors
Dty g H2"0my =10 yer h, we get [(const.)/((m, — 1)0)]**T'(a,). Finally, using the
fact that the number of skeletons with < m endpoints is smaller than (const.)”, we find
the analogue of (4.1.10), namely

(I1) < C" |,\|(03—9’ + e—%%) sup

-[*

* o !
(53 = 1!
(l—e)sz‘a +6s:(;§1

[3Ge) + (53 = 1]

' ( l—[ (s, —2)! ) . ( 1—[ 67%(%)71)0)
](175)(s3‘71)+es:§’1 ’

veVo(r) [(Sf; —1)d veV, (t*):
v>vg my>1

(4.2.15)

where the sup is over the trees 7™ involved in the sum in (4.2.12) (and, therefore, over the
corresponding choices of 57, s L my). By using the fact that sZ‘* >2,that) , (si—1) =
0

N—1,withN = N(z*) = |Ve(r*)|,andthatzvevo(r) s;f’l =my,withm; = m(z*) =
{number of endpoints of t* with m, = 1}, we get:

e+l QI =)

-[*
veVe(t*):
my>

(4.2.16)
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ﬂzl(mv—l)D

Each of the factors 8_101—76 can be bounded from above by C"**0~""* for some constant

C > 0, so that, in conclusion,

(I1) < C™ 2| ((S(D—x))z_ze(%)m(age/ +em¥0). 4.2.17)

Finally, a repetition of the proof leading to (4.2.17) implies that, similarly,

(I11) < C™ |3 ((S(D—x))z_ze(%)magg. 4.2.18)

Combining (4.2.17) and (4.2.18) with (4.2.10), we find that
|Ry(x)| < C™ [A](0/8(x))> 2 (1/0)" (min{d, 057" (4.2.19)

Finally, plugging this bound, together with the analogous bound on Ry, Egs. (4.1.12),
and (4.12), into (4.11), proves (1.6) and concludes the proof of the main result of this
paper, Theorem 1.1.
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A. Norm Bounds for £ V];h)

In this appendix we prove (3.1.50). We recall that £ Véh) = L3 Véh) — (LB Véh))]g +
Rs Véh) — (Rp Véh))B = (Lp Véh))E + (Rp Véh))E and that (£ Véh)),,,p vanishes unless
(n, p) € {(2,0), (2, 1), (2,2), 4, 1)} (see Remark 3.10). From the definitions of Lg
and Rp in (3.1.15) and (3.1.22) and the definition of EVéh), it follows, in particular,
that: (EVi")2.0 = (AL Vg )2.0)E: (EVE21 = (ALVE 21 + LRV )2 1)E:
(EVy 2.2 = (A(RVE )22+ RRVE"))2.2)E: (EVEan = (A(RVE)a 1) (in
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writing the last two identities, we used the fact that ( (Véh))z,z)E and (( Véh))4, 1)E vanish,
because they are the edge part of the bulk part of a kernel). Therefore,
IEVE20ll @0 < IEVS 2,00 Ese)
HEVE 21 e < IEVE 20BN B + IERVE )2 DE B0
IEVE 220l @0 < IRV )2.2)El w0 + IRRVEY))2.2)El 0
IEVEatll e < IRV DENE0)-

(A.1)

From the previous formulas and the definitions of Z 73, it follows that both the left

and right sides of these inequalities can be written in terms of (Vo(!)1 ) Jn,p» With (n, p) =
2,0), (2, 1), (4,0), which, for & = 3/4 and |A| small enough, satisfies

”(Vo((})l))n,p”(q)zh) S Cw|)\(|maX{1,I(n}2]’1(27"/27}7)29}17 (A2)

see [AGG22, Eq. (4.4.27)] (in our cases of interest, in which n < 4, the factor |A |max{l.xn}
can be simply replaced by |A]).

We start with bounding [|(Z(Vi")2. )kl E:) with p = 0, 1, where

(LVg)2,) @, D, 2) = L(Vy")2 p(@, D, 2) — (L(Vy)2, )@, D, 2)

=82,z [ Z 3y,.21 (Vo(clz))lp(w’ D,yy)
yeAZ:
y+DeA? (A.3)
diam; (y)<L/3

~1@z+DeA) Y 80 (Vi) p@ D, y)].
yeAd,

In order for this expression not to vanish, we must have z; =z € A and z1 + D1 € A,
which we assume to hold. If z; + Dy ¢ A, then the second term in square brackets
vanishes, and z; = z» belongs to the upper boundary of A; if z; + Dy € A, then the
terms in the first sum in square brackets are entirely cancelled by a corresponding set of
terms in the second sum, leaving only those for which diam;(y) > L/3 or y» ¢ A or
v2 + Dy ¢ A;in all these cases, we have §(y) > §g(z). As aresult, for any «, € > 0,

M
) (7 e min{(z1)2—1,M—
Y @ ;gp‘(ﬁ(vém)z’l,)]a(w? D,z)‘ < 3 ememinlena- MG,
D

= (z1)2=1
(z1)1fixed (AD
(p)
L e B0, 0. 5. ),
yEACZX): b
yifixed

which, recalling the norm defined in (3.1.39) and the infinite volume analogue of (3.1.36),
implies

IZVEY 2 el g0 < IOV ol ese)- (A.5)

“1—e€
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Let us consider next |(R(VS"™), »)Ell €.y with (2, p) = (2,2), (4, 1), where, recalling
the definition of R in Eq. (3.1.20),

(RVS 0 pE@, D, 2) = RV ) p(@, D, 2) = (RVS)n, p)g@. D, 2)

= (1] > IN@.D =D y)o (V) po1@.D =D, yoo)
o=%, yeA”", D’e{0,61,6,)":
(0,D’,2)€INT(y) (A.6)
h
—Ir(@. D7) 3 oV, 1@, D= D', y>];

o=+, yeA',, D'€{0,¢1,6,}":
(0,D’,260)€INT(y)

with I the indicator function in (3.1.3), and the interpolation path INT in the second
sum in square brackets the infinite volume analogue of the one defined after (3.1.11) and
after (3.1.19) (see the definitions given after [AGG22, Eq. (4.2.7)] and after [AGG22,
Eq. (4.2.16)]); the construction of INT is such that the first sum in square brackets is
over an empty set whenever /5 (w, D, z) = 0, so again the first sum cancels all terms of
the second sum which do not satisfy §(y) > 8g(z), giving, for any «, € > 0,

(p) ~
3 @ sip | (RVE)p)E@, D, 2)]
D

zeA?
(z1)1fixed
U (p)
< Z o~ 7 max{(z1)2—1.M—(z1)2} Z o K+5)8() Sllip
(z1)2=1 YEAL, b
yifixed
oo In,p—1 s - 5
> V1@, D - D'y
(0,D',2)€INT(y)
4(n —1) (=1
<——— Y D Sup (V) p1(@, D, y) (A7)
e(l—e2) yenr, D
yifixed

(for the last inequality, see [AGG22, Equations (4.2.26) to (4.2.28)]). In conclusion, for
€ smaller than (say) co and a suitable C > 0,

~ C
IRV pEN By < E—2||<v]§h>)n,p71 llere)- (A.8)

Let us now briefly discuss the remaining two cases: consider || (Z (ﬁVéh))z,l)E lE:x)>
with

LRV DE@, D, 2) = LRV, 1(@, D, 2) — (L(RVy)2.1)g @, D, 2)

= 6zz‘m [ Z 8w1,Z1 Z U(Véé’))z,o(w, 0, yoo)
weA? o=, yeA?, D'e{0,61,6,)2:
diam; (y)<L/3 (A.9)
(0,D',w)eINT(y)
1@ z+DeA) Y Sus 3 o (VI), o(@, 0, y)].
weAZ, o=, yeAZ,, D'€{0,é1,2)%:

(0,D’,w)eINT(y)
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A cancellation similar to the one discussed in the previous items leads, for ¢ smaller
than ¢ and a suitable C > 0, to

~ ~ C
IERVE2DENER) < =5 1VE 2.0l gese)- (A.10)
2
Similarly (details left to the reader),
0 C.um
I(R(RVg )2,2)EllE:x) < 6_3”(VB 12,0l (eve) - (A.11)

If we now choose k = 302" and k + € = ¢92", and plug Egs.(A.5), (A.8), (A.10),
(A.11), recalling (A.2), we obtain the desired bound, (3.1.50).

B. Proof of the Validity of the Tree Expansion

Eyy=1 . h
reOT(h> Walr], with Wé ) =

W[(\h) — Ix Wo(g), WI(\h) the solution to the recursive Egs. (3.2.1)—(3.2.2), and Wég) de-
fined by (3.2.6). In view of the fact that, from the definition of Wég) and the fact

E,,=0
that Wéh) = I\ Wéé’), it readily follows that Wéh) = ZTEOTW Walr], the proof of
Evozl

Wéh) ~ ZreTUl) Wa[r] is equivalent to the proof of WI(\h) ~ Y e Walt], which
we now discuss.

In this appendix we prove that, for all 2 < 0, Wéh) ~3

We proceed inductively in 4. For 4 = 0, in the sum of W [t](W, x) over t € T ©,
we distinguish three kinds of contributions:

1. the one from the trees in which vg is not dotted (note that, in this case, these trees
have necessarily only one endpoint), which gives (Vél) + B](sl) + VE(I) + B]E:D)(\I/, X);

2. the one from the trees in which vg is dotted (and is either black or white) and all
the endpoints are black, which, thanks to the definitions in (3.2.11), (3.2.12), and
following lines, gives

00 1 (V,x)
M3 T
Z; > > eV, by
s=1 ;I"ll‘iI:rE/\;/t;lézl\P TeS(, ..., Ty)
if s=1 then s
P A (B.1)

N
1 1
a0 T (vé )(wj,xj)+3g)(wj,xj));
j=1
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3. the one from the trees in which v is dotted and white, and at least one endpoint is
white, which gives

(W,x)

o
Z% > > Wby, ., T)a (W ¥y, .., W)

s=177 Wy WeeMa: TeS(P,...,0,)
if s=1 then W #W,
X1,..,Xs€EXA

N
(B.2)
. [1_[ (Vél)(\lfj, xj) + B](Sl)(\lfj, xj) + VFEI)(\I—’]‘,XJ') + Bél)(\l—’j,x]')>
j=1
N
~TT (v e+ B v xp) |.

j=1

Summing these three contributions up, and using that Vél) + B](gl) + VFEI) + B]E:D =

Wl(\l), we find that Zte’T(O) Walt](¥, x) is equal to the right side (3.2.1), which proves
0

W (W, x) = Y cro WaAlTI(W, x).

Forh < —1,weinductively assumethat, forallz < k <0, Wl(\k)[t] ~ ZreT(") Walrl,
which we equivalently rewrite (distinguishing the contributions from the trees with vy
not dotted from the rest) as

0 *
W@~ w3 3 walr, (B.3)

K=k ;T &)

for all h < k < 0, where, as usual, the * on the sum indicates the constraint that vy
is dotted. Under this inductive assumption, we intend to prove (B.3) with k replaced
by & — 1. From the definition of tree values, noting that we can choose an element of
T™ by first choosing the number of elements of Sy, and then, independently for each,
choosing their type and scale and (if type ® or O at scale <2) the subtree of which they
are the root, we find

(W.x)
b -
Y. Waltl(W.x) = Z > Z & (B, By -
7eT (=D s=1 " WL WUeeMp TeS(,..., Ty)

X1, Xg€XA
S

1
a(W; ¥y, ..., \I’S)<l_[ [Uh - Fg+ (RBV]; ))B +Zp - F]?
j=1
+(Rp B](Bl))B + RECI(Eh) +Rg Vél)

0 *
+ReEVE) + DY + B +eB) + > Y WA[rS]](wj,x,-)) (B.4)
ky=h 1,cT®)

where

(RBWA[T])Bv lf EUO(TS) = 0’

. (B.5)
ReWalrl, if Eyyr,) = 1.

Waltl = {
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The proof of this identity follows from the observation that each term in the square
brackets corresponds to one choice of the type of the corresponding vertex of S,,, and
thus of one of the cases from the definition of K, Egs. (3.2.15) and (3.2.17), except
that ® and O at intermediate scales are combined in a single sum in the last term. Now,
recalling (or noting) that:

Ey
o Uy Fg+Zy - B = (LaW{)p = InLoo W, with Wi = ZTEOT(,,) Weol7] =

Wé(l)) + Z K—h Zt 7% WoolT] (Where the symbol @ on the sum denotes the constraint
that v is dotted and black), we have

0 [ ]
un - Fg+ Zn Ff = (LeWg )+ Y (LeWaltDB: (B.6)
k=h reT®

o RgW ~ W for all kernels;
. Cl(ah) + Dg’) = 22=h Z:GT(k) EWp[r], where, for any T with vy dotted and black,

EW[r] = LgWalr] — (LWalrD)B + ReWalr] — (ReWalz])B

B.7
~ Walr] = (LgWalrDs — (ReWslt])B; ®-7

o v+ EBY = Lewy” — (LeWg)p + ReWy) — (ReWgp ~ Wi —
(LeWi)s — (ReWS)B:

we find that

up - Fg+ (ReVE)p + Zy - By + (ReBY)p + ReC + Re(EVY) + DY + B

0 ° " 0 () (B.8)
+) Y Walnl~Wg'+ Y > Walxl.

ks=h 7,eT® ks=h 7,eT®

Using this equivalence, recalling again that RgW ~ W for all kernels, and noting that
Wél) + W(l) Wj(\l) , we find that the expression in square brackets in the right side

of (B.4) is equivalent to W[(\l) + ZkY —h Zt o7 Walt]. This, in view of the inductive
assumption (B.3) for k = &, of (3.2.2) and of (3.1.52), proves (B.3) fork = h — 1, as
desired.

C. Proof of (4.2.8)

In this section we prove that the left side of (4.2.8), which for the reader’s convenience
we recall is

kkok

( TT meeen™) Z >y (T 2.

VeV, (T*) t€7 (t*) P€Py(xr) DeD(z,P) veV/(z)
[Pyy =0 (C.1)

ok
( 1_[ (C|A|)max{l,K(\Pu|+mv)}20hu)’

veVe(t)
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is bounded from above by Cm|)L|(29/h74 + 059), where t* € Tiih;;m’ hy, = max{h, :

v € Vp(t™)}, and 05 = 05(x) is the minimal distance between the points in x and dA.
We remind the reader that ' = 0 — ¢/2 = 6 — (1 — 0)/6; in this appendix, we let
o :=¢€/2 = (1 —0)/6. As already observed, see (4.2.6), d;, — c?v < —a|Py| —0du,.0,
with the exception of the vertices with m, = 1, |Py| = 2, |[Dy|l1 = 0, E, = 1, for
which d, — d, = 0. These are the only potentially dangerous vertices as far as the sum
over the scale labels is concerned. We will shortly see that, in fact, they do not create any
problem, provided we devise a suitable summation procedure, which is slightly different
from the ‘standard’ one, i.e., the one explained in [GMO1, Appendices A.1 and A.3] and
in [AGG22, Proof of Lemma 4.8]. We denote by N(t) C V() the set of ‘null vertices’
of 7, that is, those that can have d{) — &,, = 0 for some allowed choice of the labels
P, D. Using these definitions, and recalling that the number of allowed choices of D is
smaller than (const.)'V(’”, see Remark 3.14, we find that

sokok *

cn=( T wee@n™) > V@ 3 (] 2-enitnotio).

veV,(t*) e (t%) PePy(t) veV/(v)
[Pyy|=0  vgN(r)

Kk
I1 2(1—@><hu—hv/>)( I1 (Cm)max(l,x(\PU|+mU>129h,,)’
veN(7) veV, (1)

(C2)

where we also used the fact that, if v € N(tr), then necessarily m, = E, = 1 and,
therefore, d; —dy = dy <1 —|Py|/2. Next, if H:ZVe(r) runs over a non-empty set,
we rewrite the factors 2/ in the corresponding product as 2= 2% (note that
6 —a = (79 — 1)/6 is positive for our choice of 9), keep the factors 29 o a side,

and bound (Hveve(r) 20— a)hb)(l—[me,,;,()(r) G(hv—hv/)) by 2 @—a)hy, — 20'hy, (up to a

redefinition of the constant C in the product HtZVe(r))' If ng/e(r*) runs Over a non-
empty set, we bound ([T;cy, (o BE(x0)) ™ %) by Cag‘g. Moreover, we bound the factor
C!V™Iby (const.)™, up to a further redefinition of the constant C in the product [ Tz, (1)

Therefore, recalling that at least one of the two products [,y ;) and [T}y, (=) runs
over a non-empty set, we find

Kk

(C2)<(c)m(29mu+a3 )( H |A|) X*: Z ( 1—[ zfa\Pvl(hvfhv/)>.

VeV (T*) €7 (%) PePy(r) veV/(1)
[Pyyl=0  vgN(7)

*%

( I 20—@)%—%/))( T (C/M|)max{1,x<|Pv|+mu>}2ahv)' (C.3)

veN (1) VeV, (T)

In order to perform the sum over the trees, and in particular over the scale labels, it is
convenient to characterize more precisely the set of null vertices of T € 7 (t*). First of
all, note that the null vertices of t are all contained in the branches of t* connecting an
endpoint of type OJ such that m,, = 1 with the vertex immediately preceding it on 7*.
Consider one such branch, and call it (w’, w), where w is the endpoint with m, = 1
and E, = 1, and w’ the vertex immediately preceding w on t*; note that w’ must be a
branching point, sj}, > 1, and that m,, > 1. Let wo, ... w,, n > 1, be the vertices of T



478 G. Antinucci, A. Giuliani, R. L. Greenblatt

contained in the branch (w’, w), labelled with the convention that wg = w’, wy < w41,
forallk =0,...,n—1,and w, = w. If the sequence (wy, ..., w,) does not contain any
non-trivial vertex, then the reader can easily convince herself that the only null vertex of
7 contained in (w’, w) is wy. If, on the contrary, (wy, ..., wy,) contains the non-trivial
vertices Wy, ..., Wk,, witha > 1 and wy, < --- < wy,, then the null vertices of t
contained in (w’, w) are wi, Wk +1, - . ., Wk,+1. From this explicit construction of the set
of null vertices, it follows, in particular, that their number can be bounded as

IN@O|<m+i' Y|Py, (C4)
veV, ()
my=E,=1
for some «’ > 0. If we erase from 7 the edges (v, v), with v € N(7) and v’ the vertex
immediately preceding v on 7, the tree graph t is disconnected into a certain number
of maximal connected components, some of which may consist of isolated vertices (we
call such connected components ‘trivial’). By construction, any such trivial connected
component either consists of the root v, or of an endpoint with m, = 1 and E, = 1.
On the other hand, any non-trivial connected component consists of a subtree of 7 that
either contains the root vg, or contains a counterterm endpoint (i.e., an endpoint of type
@ or O), or contains an endpoint on scale 2; we denote these connected subtrees by
71, ..., Tny, Which we will think of as being rooted in their vertex with smallest scale
label.
Let us now go back to (C.3). Using the fact that, for all v € V'(z), hy — hy > 1 and
| Pyl = 2(1+1,), where t, is the number of trivial vertices immediately preceding v on t
(i.e., those preceding v, but not preceding any non-trivial vertex w < v), we can bound
the factor 24! PvlCtu—=hy) by 2= 51Pl . g—a(l+t)(hu=hy) Next, note that

( I 2,%|pv|)( I 2(17@)(%7@))5( I1 2—%|m>( I1 2(17@))

veV/(1) veN(t) veV/(t) veN (1)
vEN (1) vEN (1)
< 2IN(D)] 1_[ 2= 51Pul (C.5)
VeV (v)

Thanks to (C.4), the factor 2¢/V ™! can be reabsorbed into a redefinition of the constant
C’ in (C.3). Therefore, up to a redefinition of this constant,

skeksk

(C.3)S(C/)m(29/hz,l+aa—9)( 1—[ |>»|> Z Z ( 1—[ 2—a(1+tv)(hv—hv/)).

veV,(t*) €7 (%) PEPL(t) veV'(1)
[Pyy|=0  vgN(7)

< l_[ 2—%|PU\)( l*_*[ (C/Ml)max{l,l((‘Pv|+mv)}20‘hv>_ (C.6)
veV/(1) veV,(r)

Now, the sum 2267’*(1') (]_[Uev/m 2_%”’"‘) where the  on the sum indicates the

constraints that p, := |P,| is fixed for all v € V,(r), and p,, = 0, can be performed
exactly as in [GMO1, Appendix A.6.1], and gives

> (28 = 1 ()"

PePi(t) wveV/(r) veV, (1)
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Note that this constant can be reabsorbed into a further redefinition of the constant C’
in (C.6). Moreover, HUEV P 2%" can be bounded from above by HveV ) 2 v times

a factor that can be again reabsorbed into a redefinition of C’. Therefore, up to these
additional redefinitions,

kokok

(C'6)§(C/)m(29'h;4+a;9)( l—[ I)»I) X*: ( l—[ 27a(1+tv)(h1,7hvr))( l—[ Zahv>

veVe(t*) €T (t*) veV'(r) veVe(r)
vgN(7) my=0

it *k

Z < 1_[ (C/I)Ll)max{l,f((mv+pu)))’ (C7)
{Polvevem vEVe(T)
where Z{ Poloeven indicates the sum over the labels p, in the positive even integers,

with the constraint that, if T € Tfr(eg then the configuration of labels p, = 2 for all the
endpoints is not allowed (i.e., at least one of the p,’s must be > 4). By performing the

sum in the second line, we find, up to a new redefinition of C’,

(©7) = €)@+ 077 ( ]‘[ a)(TT sty

veV,(t*) veV,(t*)
my>
£
Z ALre f,ee>(c |A|)|v0(f)\( l—[ 2—a(1+tv)(hv—hv/))< 1—[ zahv>’
teT (%) veV/(1) veVO(r)
V€N (T)

(C.8)

where Veo(t) = {v € V,(v) : my, = 0}. In order to perform the sum over t, we shall
think of it as a sum over: the skeleton t of t (by ‘skeleton’ here we mean a rooted tree,
with nodes associated only with the root, the endpoints and the branching points, and
no scale labels associated with the nodes); the insertion of additional, trivial, vertices in
the branches of t; the types of endpoints; the choice of the scale labels of the vertices of
t and of the additional trivial vertices.

We first perform the sum over the scale labels with the skeleton fixed and a given
choice of insertion of trivial vertices. For this purpose, it is convenient to rearrange the
last two products in the second line of (C.8) in a form that is factored over 71, ..., ,,,
which are, as discussed above, the non-trivial maximal connected subtrees obtained from
7 by erasing the edges (v', v), with v € N(t). We rewrite:

( l—[ 2—a(1+t,,)(h‘,—hu/))( l—[ zahv):ﬁ[( l—[ 2—0((1+t,,)(h1,—hur))( H zahl,ﬂ,

veV/(1) veVI(r) veV/(t)) veV(t;)
vgN(7)

(C9)

where V'(t;) is the set of vertices of 7;, with the exception of its root; VEO(‘L' ) is the set
of endpoints of 7; with m, = 0 (by construction, VL,O(T]') is contained in Veo(t)). Not
all the factors in the right side of (C.9) are really needed for summing over the scales;
let us drop the un-necessary ones. For each 7, we define Viyin(7;), the ‘minimal set of
useful vertices” (for the purpose of the sum over scales), as follows: if the root of 7;
is the root v of T, we let Vinin(7;) = V(7)) \ Veo(rj); if the root of 7; is not the root



480 G. Antinucci, A. Giuliani, R. L. Greenblatt

vo of T and 7; contains at least one endpoint on scale 2, we let Viyin(7;) be the union
of V(z;)\ Veo('( ;) and one of its endpoints on scale 2; if the root of z; is not the root
vo of T and 7; does not contain any endpoint on scale 2, we let Vi (t;) be the union
of V(t j)\VL,O(T ;) and one of its endpoints of type 4 or <. [Note that these three cases
exhaust the cases to consider, see above, right before the definition of 7y, ..., 7,,.] We
also let r]/. be the minimal subtree of 7; containing Vinin (7). For the purpose of an upper

bound, in the right side of (C.9) we neglect all the factors 2~¢(+)(hv=hy) a550ciated
with edges (v/, v) that are not in tj’.; moreover, we neglect all the factors 2@hv agsociated

. . . 0 .
with endpoints v € Vfo(tj) that are not in r; (up to a constant 22¢/Ve (D1 That is, we
bound '

no
(C.9) < 22a|V2(D)] l—[ [( l—[ 2—a(1+zv)(hv—hv,)) zah_’/‘.], (C.10)

Jj=1 veV/ ()

where, if the root of 7; does not coincide with vy and 7; does not contain any endpoint
on scale 2, h* is the scale of the endpoint of type 4 or in < 1 j» and is equal to zero
otherwise. The reader can convince herself that the right side of (C.10) is summable over
the scale labels {hv}vevé(f)z“; by performing the sum, we get a constant smaller than

20 Ve 2O g—a(l+ty)
20 VO (2 Ve e
> (1 _2—01) 1_[ [( 1_[ 1 _2—a(1+tv))]’ (C.11)

Jj=1 veV’(r})

where Vft(r) = {v € V(1) : vis of type ® or <}. This concludes the discussion of
the sum over the scale labels.

Next, we sum over the insertions of trivial vertices. This means to sum the products

2« a(l+ty)
of factors ;=—7,; over the number of consecutive trivial vertices that one can insert,

independently, on each branch of the skeleton. This produces a factor smaller than

y—a(l+1) S 7~ §k(k+1)

1+ZH( _ - a(1+t)) = l+m (C.12)

k>0t=0

for each branch of the skeleton. Noting that the number of branches of the skeleton is
smaller than twice the number of its endpoints, we see that the product of the factors in
(C.12) over the branches of the skeleton is smaller than (const.)", with N the number
of endpoints.

Next, we sum over the types of endpoints, and over the skeletons compatible with t*
with N endpoints: recalling that the number of un-labelled rooted trees with N endpoints
is smaller than 4%, see [GMO1, Lemma A.1], these sums produce an additional factor
(const.)™. Finally, we sum over N. Putting things together, we find that the second line
of (C.8) is bounded from above by

h
ym Z (||t T ). N—|Vel)
N=[V, (%)
24
Given {hU}UEVé(T
terms: each factor 2 corresponds to the fact that an endpoint v immediately following a vertex v’ at scale h,
can be either on scale &,/ + 1 or on scale 2.

) the sum over the scales of the endpoints is ‘trivial’, since it contains at most 21Ve (D]



Energy Correlations of Non-Integrable Ising Models. .. 481

for a suitable constant C’. By plugging this into (C.8) gives the desired bound, (4.2.8).

O

References

[AR98]
[Aff95]
[Aiz+19]
[AGG22]
[BAAOG]
[BPZ84]
[BFM09]
[BG90]
[BMOI1]
[Ben+94]
[BEM10]
[BGJ15]
[BCO04]

[Bry86]

[BF78]
[BK87]
[CGN15]
[CGN16]
[Car86]

[Cav20]
[CS09]

[Che]
[Chel8]
[CCK17]
[CHI1S5]
[Che+14]
[DD81a]

[DD81b]

Abdesselam, A., Rivasseau, V.: Explicit fermionic tree expansions. Lett. Math. Phys. 44, 77-88
(1998)

Affleck, I.: Conformal field theory approach to the Kondo effect. Acta Phys. Pol., B 26, 1869-1932
(1995)

Aizenman, M., et al.: Emergent planarity in two-dimensional Ising models with finiterange inter-
actions. Invent. Math. 216, 661-743 (2019)

Antinucci, G., Giuliani, A., Greenblatt, R.L.: Non-integrable Ising models in cylindrical geometry:
Grassmann representation and infinite volume limit. Ann. Henri Poincaré 23, 1061-1139 (2022)
Basko, D.M., Aleiner, I.L., Altshuler, B.L.: Metal-insulator transition in a weakly interacting many-
electron system with localized single-particle states. Ann. Phys. 321, 1126-1205 (2006)

Belavin, A., Polyakov, A., Zamolodchikov, A.: Infinite conformal symmetry in twodimensional
quantum field theory. Nucl. Phys. B 241, 333-380 (1984)

Benfatto, G., Falco, P., Mastropietro, V.: Extended scaling relations for planar lattice models.
Commun. Math. Phys. 292, 569-605 (2009)

Benfatto, G., Gallavotti, G.: Perturbation theory of the Fermi surface in a quantum liquid. A general
quasiparticle formalism and one-dimensional systems. J. Stat. Phys. 59, 541-664 (1990)
Benfatto, G., Mastropietro, V.: Renormalization Group, Hidden Symmetries and Approximate Ward
Identities in the XYZ Model. Rev. Math. Phys. 13, 1323-1435 (2001)

Benfatto, G., et al.: Beta function and Schwinger functions for a many fermions system in one
dimension. Anomaly of the Fermi surface. Commun. Math. Phys. 160, 93—171 (1994)

Benfatto, G., Falco, P., Mastropietro, V.: Universal relations for nonsolvable statistical models.
Phys. Rev. Lett. 104, 075701 (2010)

Benfatto, G., Gallavotti, G., Jauslin, I.: Kondo effect in a fermionic hierarchical model. J. Stat.
Phys. 161, 1203-1230 (2015)

Bertini, L., Cirillo, E.N., Olivieri, E.: A combinatorial proof of tree decay of semiinvariants. J. Stat.
Phys. 115, 395-413 (2004)

Brydges, D.: A short course on cluster expansions. In: Osterwalder, K., Stora, R. (eds.) Phénomenes
critiques, systemes aléatoires, théories de jauge. Les Houches summer school session 43. North-
Holland, pp. 129-183 (1986)

Brydges, D., Federbush, P.: A new form of the Mayer expansion in classical statistical mechanics.
J. Math. Phys. 19, 2064 (1978)

Brydges, D.C., Kennedy, T.: Mayer expansions and the Hamilton-Jacobi equation. J. Stat. Phys.
48, 19-49 (1987)

Camia, F., Garban, C., Newman, C.M.: Planar Ising magnetization field I. Uniqueness of the critical
scaling limit. Ann. Probab. 43, 528-571 (2015)

Camia, F,, Garban, C., Newman, C.M.: Planar Ising magnetization field II. Properties of the critical
and near-critical scaling limits. Ann. Inst. Henri Poincaré Probab. Stat. 52, 146-161 (2016)
Cardy, J.L.: Effect of boundary conditions on the operator content of two-dimensional conformally
invariant theories. Nucl. Phys. B 275, 200-218 (1986)

Cava, G.R.: PhD thesis. Universita degli Studi Roma Tre, (2020)

Chelkak, D., Smirnov, S.: Universality in the 2D Ising model and conformal invariance of fermionic
observables. Invent. Math. 189, 1-66 (2009)

Chelkak, D.: Private communication

Chelkak, D.: 2D Ising model: Correlation functions at criticality via Riemann-type boundary value
problems. In: European Congress of Mathematics: Berlin, July 18-22, 2016. European Mathemat-
ical Society, pp. 235-256 (2018)

Chelkak, D., Cimasoni, D., Kassel, A.: Revisiting the combinatorics of the 2D Ising model. Ann.
Inst. Henri Poincaré D 4, 309-385 (2017)

Chelkak, D., Hongler, C., Izyurov, K.: Conformal invariance of spin correlations in the planar Ising
model. Ann. Math. 181, 1087-1138 (2015)

Chelkak, D., et al.: Convergence of Ising interfaces to Schramm’s SLE curves. C.R. Math. 352,
157-161 (2014)

Diehl, H., Dietrich, S.: Field-theoretical approach to static critical phenomena in semi-infinite
systems. Zeitschrift fiir Physik B Condensed Matter 42, 65-86 (1981)

Dietrich, S., Diehl, H.: Critical behaviour of the energy density in semi-infinite systems. Zeitschrift
fiir Physik B Condensed Matter 43, 315-320 (1981)



482 G. Antinucci, A. Giuliani, R. L. Greenblatt

[Dubl1] Dubédat, J.: Exact bosonization of the Ising model. (2011). arXiv: 1112.4399
[DS12] Duminil-Copin, H., Smirnov, S.: Conformal invariance of lattice models. In: Ellwood, D., et al.
(eds.) Probability and Statistical Physics in Two and More Dimensions, Vol. 15. Clay Mathematics
Proceedings. American Mathematical Society, pp. 213-276 (2012)
[FG95] Fabrizio, M., Gogolin, A.O.: Interacting one-dimensional electron gas with open boundaries. Phys.
Rev. B 51, 17827 (1995)
[Fel+92] Feldman, J., et al.: An infinite volume expansion for many fermions Green functions. Helv. Phys.
Acta 65, 679-721 (1992)
[Gal85] Gallavotti, G.: Renormalization theory and ultraviolet stability for scalar fields via renormalization
group methods. Rev. Mod. Phys. 57, 471-562 (1985)
[GN85] Gallavotti, G., Nicolo, F.: Renormalization theory in four-dimensional scalar fields, part I. Commun.
Math. Phys. 100, 545-590 (1985)
[GK85] Gawedzki, K., Kupiainen, A.: Gross-Neveu model through convergent perturbation expansions.
Commun. Math. Phys. 102, 1-30 (1985)
[GMO1] Gentile, G., Mastropietro, V.: Renormalization group for one-dimensional fermions. A review on
mathematical results. Phys. Rep. 352, 273-438 (2001)
[GiulO] Giuliani, A.: The ground state construction of the two-dimensional Hubbard model on the honey-
comb lattice. In: Frohlich, J., et al. (eds.) Quantum Theory from Small to Large Scales, Lecture
Notes of the Les Houches Summer School, Volume 95. Oxford University Press (2010)
[GMO5] Giuliani, A., Mastropietro, V.: Anomalous universality in the anisotropic Ashkin- Teller model.
Commun. Math. Phys. 256, 681-735 (2005)
[GM10] Giuliani, A., Mastropietro, V.: The two-dimensional Hubbard model on the honeycomb lattice.
Commun. Math. Phys. 293, 301-346 (2010)
[GMO04] Giuliani, A., Mastropietro, V.: Anomalous critical exponents in the anisotropic Ashkin-Teller model.
Phys. Rev. Lett. 93, 190603 (2004)
[GMP21] Giuliani, A., Mastropietro, V., Porta, M.: Anomaly non-renormalization in interacting Weyl
semimetals. Commun. Math. Phys. (2021)
[Giu] Giuliani, A.: Conformal invariance and Renormalization Group. To appear in Markov Processes
and Related Fields
[GGM12] Giuliani, A., Greenblatt, R.L., Mastropietro, V.: The scaling limit of the energy correlations in
non-integrable Ising models. J. Math. Phys. 53, 095214 (2012)
[GM13] Giuliani, A., Mastropietro, V.: Universal Finite Size Corrections and the Central Charge in Non-
solvable Ising Models. Commun. Math. Phys. 324, 179-214 (2013)
[GMP12a] Giuliani, A., Mastropietro, V., Porta, M.: Lattice quantum electrodynamics for graphene. Ann.
Phys. 327, 461-511 (2012)
[GMP12b] Giuliani, A., Mastropietro, V., Porta, M.: Universality of conductivity in interacting graphene.
Commun. Math. Phys. 311, 317-355 (2012)
[GMR21] Giuliani, A., Mastropietro, V., Rychkov, S.: Gentle introduction to rigorous Renormalization
Group: a worked fermionic example. J. High Energy Phys. 2021, 26 (2021)
[GMT17] Giuliani, A., Mastropietro, V., Toninelli, F.L.: Height fluctuations in interacting dimers. Annales
de I’Institut Henri Poincaré - Probabilités et Statistiques 53, 98—168 (2017)
[GMT20] Giuliani, A., Mastropietro, V., Toninelli, FL.: Non-integrable dimers: Universal fluctuations of
tilted height profiles. Commun. Math. Phys. 377, 1883-1959 (2020)
[GMO09] Grap, S., Meden, V.: Renormalization-group study of Luttinger liquids with boundaries. Phys. Rev.
B 80, 193106 (2009)
[HS13] Hongler, C., Smirnov, S.: The energy density in the planar Ising model. Acta Math. 211, 191-225
(2013)
[Hucl7a] Hucht, A.: The square lattice Ising model on the rectangle I: finite systems. J. Phys. A: Math. Theor.
50, 065201 (2017)
[Huc17b] Hucht, A.: The square lattice Ising model on the rectangle II: finite-size scaling limit. J. Phys. A:
Math. Theor. 50, 265205 (2017)
[Hur66] Hurst, C.: New approach to the Ising problem. J. Math. Phys. 7, 305 (1966)
[ID91] Itzykson, C., Drouffe, J.: Statistical Field Theory: From Brownian Motion to Renormalization
and Lattice Gauge Theory. Cambridge University Press, Cambridge Monographs on Mathematical
Physics (1991)
[KW52] Kac, M., Ward, J.C.: A combinatorial solution of the two-dimensional Ising model. Phys. Rev. 88,
1332 (1952)
[KC71] Kadanoff, L.P., Ceva, H.: Determination of an operator algebra for the two-dimensional Ising model.
Phys. Rev. B 3, 3918 (1971)
[KenO1] Kenyon, R.: Dominos and the Gaussian free field. Ann. Probab. 29, 1128-1137 (2001)
[LSWO04] Lawler, G., Schramm, O., Werner, W.: Conformal invariance of planar loop-erased random walks
and uniform spanning trees. Ann. Probab. 32, 939-995 (2004)


http://arxiv.org/abs/1112.4399

Energy Correlations of Non-Integrable Ising Models. .. 483

[Les87]
[Mas04]
[Mas14]
[Mas17]

[MEJ97]

Lesniewski, A.: Effective action for the Yukawa, quantum field theory. Commun. Math. Phys. 108,
437467 (1987)

Mastropietro, V.: Ising models with four spin interaction at criticality. Commun. Math. Phys. 244,
595-642 (2004)

Mastropietro, V.: Weyl semimetallic phase in an interacting lattice system. J. Stat. Phys. 157, 830—
854 (2014)

Mastropietro, V.: Localization in interacting fermionic chains with quasi-random disorder. Com-
mun. Math. Phys. 351, 283-309 (2017)

Mattsson, A.E., Eggert, S., Johannesson, H.: Properties of a Luttinger liquid with boundaries at
finite temperature and size. Phys. Rev. B 56, 15615 (1997)

[MPWS81] McCoy, B., Perk, JH.H., Wu, T.: Ising Field Theory: Quadratic Difference Equations for the

n-Point Green’s Functions on the Lattice. Phys. Rev. Lett. 46, 757-760 (1981)

[Med+00] Meden, V., et al.: Luttinger liquids with boundaries: power-laws and energy scales. Eur. Phys. J.

[NH15]
[Ons44]
[PS]
[Rus20]
[Rus78]
[Sam80]
[SML64]
[SW78]
[SmiO1]
[Smil0]
[Spe00]
[Sym81]
[Wil71a]
[Wil71b]
[Wil75]

[Wu+76]

B Cond. Matter Complex Syst. 16, 631-646 (2000)

Nandkishore, R., Huse, D.A.: Many-body localization and thermalization in quantum statistical
mechanics. Ann. Rev. Conden. Matter Phys. 6, 15-38 (2015)

Onsager, L.: Crystal statistics. I. A two-dimensional model with an order-disorder transition. Phys.
Rev. 65, 117 (1944)

Pinson, H., Spencer, T.: Universality and the two dimensional Ising model. Unpublished preprint
Russkikh, M.: Dominos in hedgehog domains. Ann. Inst. Henri Poincaré D 8, 1-33 (2020)
Russo, L.: A note on percolation. Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebiete
43,3948 (1978)

Samuel, S.: The use of anticommuting variable integrals in statistical mechanics. I. The computation
of partition functions. J. Math. Phys. 21, 2806 (1980)

Schultz, T.D., Mattis, D.C., Lieb, E.H.: Two-Dimensional Ising Model as a Soluble Problem of
Many Fermions. Rev. Mod. Phys. 36, 856-871 (1964)

Seymour, P.D., Welsh, D.: Percolation probabilities on the square lattice. Ann. Discrete Math. 3,
227-245 (1978)

Smirnov, S.: Critical percolation in the plane: conformal invariance, Cardy’s formula, scaling limits.
Comptes Rendus de I’ Académie des Sciences-Series I-Mathematics 333, 239-244 (2001)
Smirnov, S.: Conformal invariance in random cluster models. I. Holmorphic fermions in the Ising
model. Ann. Math. 172, 1435-1467 (2010)

Spencer, T.: A mathematical approach to universality in two dimensions. Physica A 279, 250-259
(2000)

Symanzik, K.: Schrodinger representation and Casimir effect in renormalizable quantum field the-
ory. Nucl. Phys. B 190, 1-44 (1981)

Wilson, K.G.: Renormalization group and critical phenomena. I. Renormalization group and the
Kadanoff scaling picture. Phys. Rev. B 4, 3174 (1971)

Wilson, K.G.: Renormalization group and critical phenomena. II. Phase-space cell analysis of
critical behavior. Phys. Rev. B 4, 3184 (1971)

Wilson, K.G.: The renormalization group: Critical phenomena and the Kondo problem. Rev. Mod.
Phys. 47, 773 (1975)

Wu, T.T,, et al.: Spin-spin correlation functions for the two-dimensional Ising model: Exact theory
in the scaling region. Phys. Rev. B 13, 316 (1976)

Communicated by J. Ding



	Energy Correlations of Non-Integrable Ising Models: The Scaling Limit in the Cylinder
	Abstract:
	1 Introduction
	2 Grassmann Representation of the Generating Function
	2.1 The non-interacting theory in the cylinder
	2.2 The interacting theory in the cylinder

	3 The Renormalized Expansion
	3.1 Localization and renormalization: the operators mathcalL and mathcalR
	3.1.1 Representation of the kernels of the effective potential.
	3.1.2 The bulk- and edge-localization and -renormalization operators.
	3.1.3 Norm bounds on mathcalRB  and mathcalRE .
	3.1.4 The action of mathcalL and mathcalR on mathcalV(h) and the running coupling constants.

	3.2 The tree expansion for the effective potential on the cylinder
	3.3 Bounds on the kernels of the effective potential
	3.4 Beta function equation for Zj,h and bounds on DE (h), mathcalE BB (1)
	3.4.1 Beta function equation for Zj,h.
	3.4.2 Bounds on DE (h) and mathcalE BB (1).


	4 Correlation Functions
	4.1 The remainder term R1
	4.2 The remainder term R2

	Acknowledgements.
	A Norm Bounds for mathcalEVB (h) 
	B Proof of the Validity of the Tree Expansion
	C Proof of (4.2.8)
	References




