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Correct bounds on the Ising lace-expansion coefficients
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Abstract

The lace expansion for the Ising two-point function was successfully derived in
[25, Proposition 1.1]. It is an identity that involves an alternating series of lace-
expansion coefficients. In the same paper, we claimed that the expansion coefficients
obey certain diagrammatic bounds which imply faster z-space decay (as the two-
point function cubed) above the critical dimension d, (= 4 for finite-variance mod-
els) if the spin-spin coupling is ferromagnetic, translation-invariant, summable and
symmetric with respect to the underlying lattice symmetries. However, we recently
found a flaw in the proof of [25, Lemma 4.2], a key lemma to the aforementioned
diagrammatic bounds.

In this paper, we no longer use the problematic [25, Lemma 4.2], and prove
new diagrammatic bounds on the expansion coefficients that are slightly more com-
plicated than those in [25, Proposition 4.1] but nonetheless obey the same fast
decay above the critical dimension d.. Consequently, the lace-expansion results for
the Ising and ¢? models in the literature are all saved. The proof is based on
the random-current representation and its source-switching technique of Griffiths,
Hurst and Sherman, combined with a double expansion: a lace expansion for the
lace-expansion coefficients.

Contents

1 Background 2

2 Definition 4
2.1 Thelsingmodel . . . . . . . . . . .. 4
2.2 The random-current representation . . . . . . . . ... ... L. 4
2.3 The source-switching technique (SST) . . . . . . .. ... ... ... .. .. 6
2.4 The lace expansion . . . . . . . . ... 9
2.5 Problematic bounds on the expansion coefficients . . . . . ... ... ... 11

3 Main results 12
3.1 Results for the 0""-order expansion coefficient . . . . ... ... ... ... 12
3.2 Results for the 1%-order expansion coefficient . . . . . . . . .. ... . ... 13
3.3 Results for the higher-order expansion coefficients . . . . . . . . .. .. .. 16

*Faculty of Science, Hokkaido University, Japan. https://orcid.org/0000-0003-0943-7842


https://orcid.org/0000-0003-0943-7842

4 Proofs of the main results 18

4.1 Proof of Theorem 3.1 . . . . . . . . . . . . . . ... ... 18
4.2 Proof of Theorem 3.2 . . . . . . . . . .. ... 29
4.3 Proof of Theorem 3.3 . . . . . . . . . . . ... ... 31
4.4 Proof of Theorem 3.5 . . . . . . . . . . . ... 33
5 Application to the spread-out model 35
5.1 Bound on the 0*"-order expansion coefficient . . . . . .. ... ... ... . 37
5.2 Bound on the 1%-order expansion coefficient . . . . . .. ... .. ... .. 39
5.3 Bound on the higher-order expansion coefficient . . . . . ... ... .. .. 42

1 Background

The (ferromagnetic) Ising model is a paradigmatic model in statistical physics that ex-
hibits a phase transition and critical behavior. One of the most powerful methods to
investigate those phenomena is to use the random-current representation, which is a so-
phisticated version of the high-temperature expansion and provides a way to translate
spin correlations into connectivity of the corresponding vertices via paths of bonds with
positive current. It was initiated by Griffiths, Hurst and Sherman [13] to prove the GHS
inequality, and then made the most of it by Aizenman et al., in 1980s. Since then, the
random-current representation has given rise to many useful results for the Ising model,
such as the uniqueness of the critical point and mean-field bounds on critical exponents
2, 3], a sufficient condition, known as the bubble condition, for the mean-field behav-
ior [1, 4, 5] and a sufficient condition for the continuity of the spontaneous magnetiza-
tion [3]. Those sufficient conditions hold in dimensions above 4 and 2, respectively, if
the critical two-point function obeys an infrared bound on the underlying short-range
random-walk Green function, which is true for reflection-positive models [11]. However,
the reflection-positivity is too restrictive and may easily be violated by slight modifica-
tion of the spin-spin coupling, such as introducing relatively large next-nearest-neighbor
interaction. Moreover, the reflection-positivity alone does not imply infrared asymptotics
of the critical two-point function, i.e., the anomalous dimension n = 0, even in high di-
mensions; only a one-sided inequality is proved. To prove universal results, it is desirable
to get rid of this strong symmetry condition.

The lace expansion is one of the few mathematically rigorous methods to prove mean-
field critical behavior in high dimensions. Since it does not require reflection-positivity,
we can deal with a wider class of spin-spin couplings. It is also applied to other models,
such as percolation [17], for which it is argued that reflection-positivity does not hold.
The first lace expansion was invented by Brydges and Spencer [8] for weakly self-avoiding
walk. Since then, it has been extended to strictly self-avoiding walk [19], lattice trees and
lattice animals [18], oriented percolation [23], the contact process [24], the Ising model
[25], the |¢]* model [7, 26] and the random-connection model [20]; see also [27] for the
development of the subject until mid 2000s. In general, the lace expansion gives rise
to a recursion equation for the two-point function, which is almost identical to that for
the Green function of the underlying random walk. The difference between the two is



the kernel: an alternating series of the lace-expansion coefficients for the former, and the
1-step distribution for the latter. If the alternating series is absolutely convergent, then
it can be treated as a 1-step distribution (after normalization) and the critical two-point
function exhibits the same infrared asymptotics as the Green function. Therefore, absolute
summability of the expansion coefficients (and existence of their lower-order moments) is
a sufficient condition for the mean-field behavior.

To prove this sufficient condition for all dimensions above the model-dependent upper
critical dimension d., we need correlation inequalities, such as the famous BK inequality
for percolation (see [6] for the ever simplest proof), with which the expansion coefficients
can be bounded by optimal diagrams consisting of two-point functions. For example, the
0*"-order expansion coefficient for bond percolation is the probability that there are at
least two bond-disjoint paths of occupied bonds from o to x, and by the BK inequality,
it is bounded by the two-point function squared: P,(0 = z) < P,(0 — z)?. The higher-
order expansion coefficients for percolation are bounded similarly by diagrams that can
be decomposed into triangles, which implies d. = 6 for percolation.

For the Ising model, there was no equivalent to the BK inequality to control the
expansion coefficients that are defined by using the aforementioned random-current rep-
resentation. Inspired by the so-called Source-Switching Technique (SST) [13], which is
a way to exchange sources between two current configurations, we came up with [25,
Lemma 4.2] that was supposed to provide optimal diagrammatic bounds on the expan-
sion coefficients. However, as explained more in detail in Section 2.5, we found a flaw
in its proof, thanks to an inquiry by Duminil-Copin, and the diagrammatic bounds [25,
Proposition 4.1] became no longer reliable; directly affected are the proof of the bound
on the 0*-order expansion coefficient in [25, pp.306-307] and [25, Lemma 4.4]; the rest of
that paper is secure.

In this paper, we prove new diagrammatic bounds on the Ising lace-expansion coeffi-
cients that are slightly more complicated than those in [25, Proposition 4.1] but nonethe-
less obey the same z-space decay in high dimensions. As an example, we demonstrate how
to derive the wanted z-space decay from the new diagrammatic bounds for sufficiently
spread-out (finite-variance) models in dimensions d > 4; as a byproduct, we obtain better
multiplicative constants in the z-space decay of the lace-expansion coefficients of order
J > 2 (see Corollary 5.13 below). The proof of those diagrammatic bounds is based on the
standard SST and a double expansion, i.e., a lace expansion for the expansion coefficients
along the “earliest” path of odd current joining the two sources. See Section 4.1 for more
details.

The rest of this paper is organized as follows. In Section 2.1, we define the model and
introduce some notation. In Section 2.2, we explain the random-current representation.
In Section 2.3, the aforementioned SST and its implications are summarized; one of them
(Lemma 2.4) is nontrivial and its proof shares the key idea (i.e., the use of the earliest
path of odd current) used in the proof of the aforementioned new diagrammatic bounds
on the expansion coefficients. In Section 2.4, we briefly review the lace expansion and
its results obtained by assuming bounds on the expansion coefficients. In Section 2.5, we
explain why the proof of [25, Lemma 4.2], on which the previous diagrammatic bounds
in [25, Proposition 4.1] rely, does not work. Then, in Section 3, we present the new
diagrammatic bounds on four main building blocks of the expansion coefficients. Those



bounds are proven in Sections 4.1-4.4, respectively. Finally, in Section 5, we demonstrate
how to use the new diagrammatic bounds for the spread-out model in d > 4.

2 Definition

2.1 The Ising model

For simplicity, we consider the d-dimensional integer lattice Z? as space (this assumption is
not essential as long as the concerned graph is transitive, as in [25]). Let J : Z¢ — [0, c0)
be symmetric in such a way that J(z) = J(y) as long as |z| = |y|. Let {J,,} be a
collection of spin-spin couplings that satisfy J,, = J(y —x). We say that a subset A C Z¢
is a connected domain if any pair of distinct vertices x,y € A are connected by a path of
bonds in By = {{z,y} C A: J,, > 0}, ie., there is a sequence {v;}7_; C A such that

vo =, v, =y and {v;_1,v;} € By for all j =1,...,n. We assume J(0) = 0, i.e., there
are no self-bonds. Given a finite A C Z?, we define the Ising Hamiltonian as
HA(‘P) = - Z Jx,y§0x<pya (21)
{z,y}CA

where ¢ = {¢,}zen € {1}* is a spin configuration. Then, we define the finite-volume
two-point function and its infinite-volume limit at the inverse temperature 5 € [0, 00) as

S e @)

pe{+1}A .
{Patpy)pa = S e Golr) = im(popa)sn,  (22)
(&
pe{£1}A

where the limit is nonnegative and unique due to monotonicity in terms of volume-
increasing limits (see Lemma 2.2 below). The summable model (ie., > J(z) < o0)
is known to exhibit a phase transition at the critical point defined by

EC:sup{ﬁzO: ZG(I)<OO}. (2.3)
z€Z
2.2 The random-current representation

Let Z, = {0,1,2,...}. Given a finite A C Z¢ and a current configuration n = {n; }ycg, €
ZI_B;A and a bond set B C By, we define the source set and the weight on B as

on = {x Y my s odd}, wp(n) =[] M (2.4)

Ny -
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Figure 1: Current configurations satisfying the source constraint in (2.5) (left) and that
n (2.6) (right). Bonds with odd current are bold (in red), while those with positive-even
current are thin-solid (in blue).

Then, by simple arithmatic, we obtain the rewrite

Ha(p Joy PPy _ SuyPatpy
S e o ] eene ]S e

pe{E£1}A pe{E1}A {z,y}€BA pe{£1}A {z,y}€BA Na,y €L+
stznb A
= E wBA H E, =2 § wBA(”)? (25>
neZIiA T€A o= neZ]iA;
on=g
2><]1{z¢an}

where 1;...y is the indicator function. By this representation, we can interpret the partition
function (= the denominator in the definition of the two-point function) as the sum of
the weight over the current configurations in which bonds with odd current form loops
(see the left of Figure 1). Similarly, we have

Y wupye O =20 Y T g, (n), (2.6)

Sae{:tl}A nEZ?_A:
on=xAy

where x A y is an abbreviation for the heavier notation of symmetric difference {z}A{y}.
By this representation, we can interpret the numerator in the definition of the two-point
function as the sum of the weight over the current configurations in which there is a path
of bonds with odd current between x and y in the sea of loops with odd current (see
the right of Figure 1). As a result, we obtain the random-current representation for the
two-point function: for any B C B,

wp(n)
<<P$90y>B = Z 7 ) <90x90y>IB%A = <903690y>5,A7 (27>
nEZf: B
on=cAy



where

Zp = Z wp(n). (2.8)
nGZf:
on=g

From now on, we omit the S-dependence if unnecessary, such as G(z) = G(z). Similarly,
we have the random-current representation for the four-point function:

Z wp(n)
<90x90y90u90v>3 = 7 . (29)
nGZE: B

on=zAyAulv

2.3 The source-switching technique (SST)

One of the advantages of the random-current representation (as compared to other similar
representations, such as the high-temperature expansion) is the following source-switching
technique (SST) of Griffiths, Hurst and Sherman [13]. It provides a way to exchange
sources between two current configurations.

Lemma 2.1 (SST, e.g., Lemma 2.3 in [25]). For any finite B C B’ C By, x,y € V(B)
(= the set of end vertices of bonds in B) and N € ZF',

> 11 (ffj) =Ly Y ]| (]T\Z:) (2.10)

nGZE: beB nGZf: beB
on=zAy on=o
where 7Y in B means either x =y or there is a path from x to y consisting of bonds

b € B with positive current Ny > 0.

Using the random-current representation and the SST, we can easily show the following
consequences of Griffiths’ inequalities [12] for Ising ferromagnets.

Lemma 2.2. For every x,y € Z* and B > 0, the two-point function (Yupy) B, Provided
x,y € V(B), is nonnegative and nondecreasing in terms of the bond set B. As a resull,
there is a unique translation-invariant infinite-volume limit G(y — ) = limysz4(@20y)B, -

Proof.  Since J, > 0 for any b € Bya, the weight wg(n) in (2.7) is nonnegative for any
B C Bga, and so are (p,p,)p and its infinite-volume limit as B 1 Bza (if it exists). To



prove monotonicity, we consider B C B’ C Bys. By the random-current representation
(2.7), the difference of the two-point functions on B’ and B is written as

<90$§0y>B’ - <90:c§0y>B = Z ’LUL('ITI,) _ Z UJB(’I’L)

ZB’ ZB
mEZfl: nGZf:
Om=xAry an*wAy
Yoy vptmunn) s s wem) st
B B B
meZB . nGZ meZB . nGZ
om= acAy on= Gm_z on= acAy
> IS IO - S T() en
ZB’ZB g '
NEZE ZB beB ZB beB
ON=zAry 8n @ 8n xAy

However, by (2.10), the last line equals

> ﬁy@3§:11($)( ST

NezB': nezf . beB
ON=xAy on= @

Z Z wB/ n) (1 - l{xmy in B}), (2.12)

meZB . ’nGZB
om= xAy On=

which is nonnegative. This proves monotonicity of (¢,¢,) s in B and the uniqueness of the
infinite-volume limit. To prove translation-invariance of the limit, we take two hypercubes
A(o) € N (o) C Z%, both centered at o, such that By,y C B C By, where A(x) is the
translation of A(o) by z. Then, by the monotonicity, we have

(Popy— x>IB3A(o) <90x90y>lBA(z) < {pa0y)B <90190y>153,\/(w) (Potpy-— :1:>IBA/() (2.13)

Since both ends go to the same limit G(y — «), this proves translation-invariance of the
limit. ]

Other relevant results already proven in the previous work by using the random-current
representation and the SST are summarized as follows:

Lemma 2.3. (i) For any z # o,
G(z) < G(z) = (7 * G)(x), (2.14)
where * represents a convolution in Z%: (1% G)(x) = 3. 4 7(y) Gz —y).

(i) For any finite B C Bga with o,x,y € V(B),

wp\n
> 2( ) Liocsyy < G(y) Gz — ). (2.15)
’nEZf: B
on=oAzx



T(o0,z,y) = + +

Q
S
)
S
o)
S

Figure 2: A schematic representation of T'(o,z,y). The slashed line segments represent

G.

In particular, when x = o,

wp\n
> Z( ) Lioeay < G(2)%. (2.16)
nEZE: B
on=g

(i1i) For any finite B, B' C Bya with o,z,y € V(B),

Z Z wB/ SB)]l{O<_>ymB}<ZG x_v)Z(éz j

mEZB/. neZ’:
8m_® on= oAa:

(2.17)

where (G?)*¥ is the j-fold convolution of G? (recall the definition of G in (2.14)).

Sketch proof. The result (i) is obtained by taking the infinite-volume limit of a finite-

volume version in [9, (2.34)—(2.35)]. The result (ii) is obtained by multiplying the left-

hand side of (2.15) by 1 = 3", . wp(m)/Zp, then using Lo 3 < Lo ,y, and finally
n m+n

applying the SST. The result (iii) is a simple extension of [25, (4.51)—(4.62)]. |

Let (cf., Figure 2)
T(o,z,y) ZG Glr—2)G(z—vy)
X (G(a:) Gz —y) + Gy) Gz — 2) + G(2) Gly — x)). (2.18)

We will later use the following lemma to bound the 1%- and higher-order expansion coef-
ficients (cf., (3.15)—(3.16) and (3.22)—(3.23)).



Lemma 2.4. For any finite B C By with o,x,y € V(B),

wp(T)
ZB

]]-{m—)z}ﬂ{o(—)y} < T(O x y) (219)
nEZf:
on=0o

The proof of (2.19) turns out to require the same idea as in the proof of new diagram-
matic bounds on the expansion coefficients, as well as Lebowitz’ inequality [22], by which
a four-point function is bounded by the three terms in the second line of (2.18). We prove
Lemma 2.4 in Section 4.1.

2.4 The lace expansion

By heavy use of the random-current representation and the SST, we derived in [25, Sec-
tion 2.2] the lace expansion (= the recursion equation (2.21) below) for the two-point
function. To explain it, we first define

7(z) = tanh (8J(z)), (2.20)

which is zero for x = o, as J(0) = 0 (see above (2.1)). Then, for any 5 > 0, there exist lace-
expansion coefficients {WB) }iez,, which are nonnegative functions on A for ferromagnetic
models, such that the following identity holds for every j € Z, [25, Proposition 1.1]:

(Pou)n = 115 (2) + Y (TIg) * 7)(0,0) (uipa)my + (1) RE (@), (2.21)

vEA
where the remainder R is nonnegative for ferromagnetic models, and

H](B{i(a:) = i( l)zw]g/)\(x). (2.22)

=0

In fact, the identity (2.21) holds independently of the signs of the spin-spin couplings.
However, as defined in the beginning of this section, if we restrict our attention to ferro-
magnetic models, then my) () and Ry ™ (x) are proven at the end of [25, Section 2.2.3] to
obey the bounds

W]gi (.1') > (Sj,odo,gm Rfé:rl) < Z I<BSJ * 7’ <90U<px> (2'23)

vEA

We note that the lace expansion (2.21) looks similar to the recursion equation for the
random-walk Green function S, generated by the 1-step distribution D with fugacity p:

Sp(z) = o0 + pD * Sp(x). (2.24)

If D(z) decays faster than |z|~4 for some o > 2 (hence 02 = > |z|>?D(z) < o), then
the critical Green function S;(z) exists in dimensions d > 2 and exhibits the asymptotic

9



behavior ~ %|z|?>~? as |z| 1 co, where ag = 4T'(%2)7~ %2, which is obtained by the time-
integral of the d-dimensional heat kernel defined by the diagonal covariance matrix with
all entries 1/d (see, e.g., [9]).

Suppose that J is the spread-out interaction with parameter L € [1,00) of the form
J(z) = L™ %h(z/L) [z # o], (2.25)

where h : [—1,1]?7 — [0, 00) is a bounded probability distribution, which is piecewise con-
tinuous and symmetric with respect to rotations by m/2 and reflections against cordinate
hyperplanes. It has been shown (the latest reference is [10, Theorem 1.3], where we regard
a = 00) that, if d > 2, then

S8 s
0= #10) (zlv L) 4 O(L™7), (2.26)

where S is generated by the 1-step distribution D = 7/||7||;. It has also been shown (the
latest reference is [9, Section 3.3|, where we regard o = o0) that, if d > 4, § < 1 and

_ 0(93) _
IO () = 0,0 <O(L™H 6y + —t RY 0 2.27
]SEUZI_?_| IB%A( ) ) | = ( ) ) + (|ZL‘| N, L)g(d_z)a IBA(:E) jT—OO> ( )

hold uniformly in z € A C Z? and 3 < ., then the aforementioned similarity to random
walk is justified and that G (z) ~ Aag|z|*~¢ as |z| T oo, where, by denoting the limit
limmgc limATZd liijoo H(ﬁj,)BA by H@C,

) M) \)
mm(z' (P zyﬂmy))) | 229

For the nearest-neighbor model, where J(z) = 1yj4=1}, the same asymptotic behavior
G, (z) ~ Aag|z|>~? as |z| 1 oo has been shown for d > 4 [25, Proposition 3.3(i)] provided
that

> I0g, (@)l =1+ 0(8), > l2P[Ig) (x) = O(6), (2.29)

x T

I, ()] = -1 e RY)(#) —0 (2:30

hold uniformly in j € Z,, x € A C Z% and 3 < 3., where

6= max{”D 57| sup xfsl(x)} —0((d—2)™). (2.31)

The implicit constants in O(f) in (2.29) and in O((d—4)71) in (2.31) are independent of d,
but that in O(1) in (2.30) may be large depending on d. Using the obtained asymptotics
of G (), we can improve the power exponent d + 2 in (2.30) to the same in (2.27), i.e

3(d—2) =d+2+4(d —4), and thanks to this excess power, the correction term to the
leading asymptotics of Gg, (x) can be evaluated (see, e.g., [15, Theorem 1.4]). Due to the

10



extra assumption (2.29), which is to ensure convergence of the lace expansion, the nearest-
neighbor model is more cumbersome than the spread-out model'. But, nonetheless, it is
doable. So far, so good...

2.5 Problematic bounds on the expansion coefficients

To verify the above assumptions in (2.27) and (2.29)—(2.30), we want to bound the lace-
expansion coefficients by diagrams consisting of two-point functions GG. For example, we
claimed in [25] that

Wi, (M (%)
W= 3 By L i, < a6, (231
BA Ba
'nEZJr :
on=olAx

where 0 <= x means either o = z or there are at least two bond-disjoint paths from

otouw congisting of bonds b with positive current n, > 0. The last inequality is due to
the monotonicity in volume mentioned below (2.2). The inequality (x) is the issue to be
discussed in this paper.

We also claimed in [25] that the higher-order expansion coefficients my) (z), j > 1,
were bounded similarly, but by more involved diagrams. There are two key lemmas to
show those diagrammatic bounds: [25, Lemmas 4.3 & 4.4]. The former is affirmatively
obtained by repeated use of the SST. On the other hand, the latter (= [25, Lemma 4.4])
is based on the same idea used in showing the inequality (*) in (2.34). As a result, we
cannot justify the credibility of the diagrammatic bounds in [25, Proposition 4.1].

The common culprit is [25, Lemma 4.2, which was supposed to be an extension of
the SST and to derive a similar inequality to the BK inequality for percolation. As seen
in (2.10), the identity due to the SST holds if and only if o is connected to y via a path
of bonds in B with positive current in the superposition m + n = {my + 1y }pep,. Any

IThe proof for the nearest-neighbor model is slightly different from the spread-out model. It goes
roughly as follows. First, by assuming (2.29) and convergence of the remainder term in (2.30), we can
show that, for d > 4,

max {71 = 1, D+ GFlloe, supaiGa(e)} = 0((d—4)7), (2.32)

uniformly in 8 < .. Applying this to the desired diagrammatic bounds on the expansion coefficients,
which we prove in this paper, we can show that (2.29) and convergence of the remainder term in (2.30)
indeed hold for all d > 4. By the standard continuity argument, the above bounds can be extended all
the way to 8 = .. Since Y |z|"|IIp, (z)| for r = 0,2 is bounded, we can show that G is finite as long
as r < d — 2 and that W is finite as long as r < d — 4 [25, Proposition 3.3(ii)], where

GO = sup |z["Gg, (z), WO =sup_ |y["Gp, (y) Gp.(z — ). (2.33)
xT xT y

Then, by using G® < co and W < oo, we can show that Y |z|""?|IIg, (z)| is bounded [25, Proposi-
tion 3.3(iii)]. Repeat this procedure until r reaches (d+2)/3 (< d — 2), so that Gg,_(z) = O(|z|~(4+2)/3),
Applying this to the desired diagrammatic bounds on the expansion coefficients, we can show the point-
wise bound in (2.30). For those who want to know more, please refer to [25, Section 3.2].

11



Uum( V™ (y, z;x)

Figure 3: Schematic representations of U™(y, z; v/, 2') and V™(y, z;z) for m > 1. The
slashed line segment represents G (as in Figure 2), while the other unslashed ones represent
G = 7 * G. In addition, the small filled discs represent & + 72.

such path can be used to define a bijection® between two sets of pairs (m, n) with m +n
fixed: one with Om = &, On = o A x and the other with Om =0 A y, On =y A x.
To generalize this idea to deal with bond-disjoint connections, such as o <= x, and

exchange sources among more than two current configurations Sirnultaneougly7 in the
proof of [25, Lemma 4.2] we used the “earliest” path from o to  and another disjoint one
to define a bijection between two sets of triples (n,m, my) with n + m; and n + my
fixed: one with the source constraint On = o A x, 0m, = 0my = & and the other with
on = 0my; = Omsy = 0 A x. The ordering used in defining the earliest path was non-local,
so as to ensure existence of another unaffected path after removal of the earliest. It turns
out that this non-local rule disrupts construction of a bijection; for some cases, the image
is empty because the first two earliest paths used to define the bijection are no longer the
first two earliest in the image. Therefore, we have decided to abandon [25, Lemma 4.2]
and to seek alternative diagrammatic bounds on the expansion coefficients.

3 Main results
3.1 Results for the 0**-order expansion coefficient
First we recall (2.14):
G(z) = (7 G)(x). (3.1)

To explain the new diagrammatic bounds on the expansion coefficients, we define (see
Figure 3)

?In fact, what we do is to consider the multigraph Gmin = (A, B7**™), where each bond b € By
is duplicated mj + np times. Choose any path (0 = vg,v1,...,v, = y) of bonds b; = {v;_1,v;} with
my; +np; > 0, let e; = {v;_1,v;} be one of those m;, + ny,; edges, and set w = {e;}7_;. Then, the
aforementioned bijection is defined by taking the symmetric difference between w and F C IB%TJ”L with
the set of odd-degree vertices OF = o A z; the image satisfies the required condition 9(F Aw) =y A x.

12



U™y, zy,2) =G —y) G — )

y {G(y’—z)2 i (m:0)7 (3 2)
((5 +72) % 30 (GP) x (O + 7'2)> (v —2) (m=>1), '
V™ (y, 2 1) = Gz —y) Z(GQ)*j(x - 2), (3.3)

where (G?)*(z) = 6, by convention. Also, we define

Xr=> > U™ w00 005,0) V™ (wi, 035 ), (3.4)

.....

where the empty product H?:l for ©+ = 0 is regarded as 1. To make it short, we abbreviate
this to

o0

Xpo=> ((Umrsvm), (3.5)

1=0

In the following diagrammatic bounds (in Theorems 3.1, 3.2, 3.3 and 3.5), we only use the
two extremes: m = 1 or oo (cf., e.g., (3.11)); U is used only for quantitative estimates

(cf., e.g., (5.9)).

Theorem 3.1. Let © # o. For the ferromagnetic models defined above (2.1),

(o) < 2,

:2(0614_;‘7@ +ilm -|-> (3.6)

1,7=0

We will prove this theorem in Section 4.1.

The bound in (3.6) may look awful, but in fact, it is not so. Presumably a nonzero
bubble G? is small in sufficiently high dimensions or with sufficiently large spread-out
parameter in d > 4, the dominant term is 2 x o@x = 2V (0, 0;2) = 2G(2)® and the
other terms are geometrically small. We will demonstrate this for the spread-out model
in d > 4 in Section 5.1.

3.2 Results for the 15t-order expansion coefficient

/
o0,x;A)

bounds [25, Lemma 4.3] on the higher-order expansion coefficients Wﬁ/)\(x) for 7 > 1 (see

Next we present a diagrammatic bound on the following © which shows up in the

13



Figure 4: Schematic representations of &T(y, 2y, 2') and ‘./Zl(y, z;x) for m > 1.

(3.14) below). Given a vertex set A C A, we denote by B e the set of bonds whose end
vertices are both in A, and define

!/ . wBAC (m) wBA (n) IL A 3 7
ZB c ZB m+n
B gc A B A
mezZ, " neZ
om=yg on=oAx

where 0 <25 r means that 0 <= z and that all paths from o to x with positive current
m+n m+n

in m + n must go through the set A (i.e., every path from o to x consisting of bonds with
positive current in m + mn has at least one bond with an endpoint in A). Then we define
(see Figure 4)

Uy, 21y, %) = (G<a —y)G(Z —a)G(Z —y) + Gz —y) Gla—y) G — a))

- {i(éy + >) S (54  2) E: > [3 9
V. 50) = Gla— ) Gle —0) ) (@) (o =), 39

and let .
X, = i@ (wmeve) + io (Wb e @y eve) o (310)

Theorem 3.2 (cf., Lemma 4.4 of [25]). Let x # o. For the ferromagnetic models defined
above (2.1),

O <2 (X35 bua + X35, (3.11)

acA

14



We will prove this theorem in Section 4.2. As discussed at the end of the prev1ous

subsection, if a nonzero bubble G? is small, then the dominant terms in Xoo and X A o}

(3.11) are V*(o, 0; z) and V}l(o, 0; ), respectively, and the others are geometrlcally small.
We will demonstrate this statement for the spread-out model in d > 4 in Section 5.2.
Next we present a diagrammatic bound on 7y’ ,(), which is a variant of Ty, () and

is defined as

- wg, (1)

ng)i;y(x) = Z ZA—]]-{M?I}Q{MTW}- (312)
nGZBA~ Ea
6n:;rAx

This shows up in the bounds on the higher-order expansion coefficients 7r(”( ) for j > 1.
For example, by using C%(0) = {z € A : 0 +— z in By \ b} (here and in the rest of the

paper, we abbreviate By \ {0} to B, \ b for any b € B,) and substituting [25, (4.33)] to
the first line in [25, (4.37)], we can get

T (a) < Z Z wBA 1{0<:>u}7-( —u) Z (80, + Gy — U))@;,x;éi“*”}(o)' (3.13)

WY pezih: Y

on= oAu

Now, by Theorem 3.2 and ©/, ,. 4 = L{,ea}, We obtain

W<y Y ﬂ{o?u}m{m?a} (7% (54 G))(y — )

au.y nez,’ Pa.
on= oAu

-~

YO

><2<(5 Spa+ X226, +XZOM> (3.14)

In the previous work, we claimed that 7 () obeys the diagrammatic bound [25, (4.16)],
but its proof given around [25, (4.23)— (4 26)] is based on the problematic [25, Lemma 4.2].
We no longer use it and prove the following theorem instead, in which we use for m > 1
(see Figure 5)

Ur(y, 2y, #) =G =) G —y) D (0+7) (=) 6+ 7)Y = u2) dua

U1,u2,u3,
v1,v2,V3

3 m—1

X HZ (G*) (ui = v) T(v1, 03, v3), (3.15)

i=1j;=

V;n(yv Z; l‘) = ]1{27@:} G(Ilf - y) Z (5 + 7—2)(2 - ul) 6ug,:c 5ug,a

Uuy,u2,u3,
V1,V2,V3

3 m-—1

X H Z G2 i (u; — v;) T(v1, v2, v3), (3.16)

=1 ji=

15



b s 2 (£a)
. m—1 Z.O-OAO- Y m—1 % I3 g a
Uiy, 2y, 2') = noop Valy,z;m) = “\Y\
X J2

J1,J2,43=0 J1,32,J3=0
Y 2 Yy—ooo 0%

Figure 5: Schematic representations of U?(y,z;y’,z’) and {}Z‘(y,z;x) for m > 1. The
shaded triangles represent 7'(vy, vq, v3) in (3.15)—(3.16).

and
Koty = >0 (W0 %{}gﬂ)w + 3 (Wmye e vm) (3.17)
i=0 ’ i,j=0 ’

Theorem 3.3. Let © # o. For the ferromagnetic models defined above (2.1),

79 (z) <2 (Xjﬁm Soy+ X1+ %;,z;y). (3.18)

0,3y

We will prove this theorem in Section 4.3. In addition to what we have stated below
1 .
i

Theorem 3.2, we will also demonstrate in Section 5.2 that the dominant term in X, is

{}}z(o, o;u) for the spread-out model in d > 4.
Applying (3.18) and ﬁﬁoi;y(o) < G(y)? (cf.,, (2.16)) to (3.14) yields the following dia-

- (1)
grammatic bound on 7y ().

Corollary 3.4. For the ferromagnetic models defined above (2.1),

T(0) < 43 (GO b+ Xl Kby + K )
a,u,y

x (1% (04 G))(y —u) (5@,@ Sea+ X 0r 0 + X;f) (3.19)

3.3 Results for the higher-order expansion coefficients

I

Finally we present a diagrammatic bound on © which is a variant of ©, ., and is

0,x,y; A’
defined as
2 _ ,l'UBAC (m> wBA (n) :ﬂ_ A 3 20
oz A - {o<=z}n{o+—y}- ( : )
i B ac ZBAC 5 ZBA m-+n m-+n
m€Z+A : n€Z+A:
om=g on=oAx

16



This shows up in the bounds on the higher-order expansion coefficients W]g[)\ for j > 2. For
example, ) (x) is bounded in a similar way to (3.14) as (cf., [25, (4.38)])

71.(2) <2Z Z wBA ﬂ{o(?u}

u neZBA
on= oAu

XZ (v —u) z—v)(G(y—z)(L’a/@ il () —I—(Syz@ " ,c{uu}())
vzy
XZ 7% ( ) (y —u)(Xoo Og 0’ —I—X;Oxa> (3.21)

To show a diagrammatic bound on
of the diagrams: for m > 1,

ozy.4s We introduce the following building blocks

.I.J.va(y,z;y’, ) = ( (a—y)G(Z —a)G(z' =)+ Gz —y) Gla— ) G(¢' — a))
X Z (6 +7)(z —w) (6§ + 7)Y — uz) Suso

Uy,u2,u3,
v1,V2,V3

3 m—1

X H Z (G (u; — v;) T'(v1, 03, v3), (3.22)

i=1 j;=0

V;’fv(y, 2;0) = Lizey Gla —y) é(a: —a) g (6 +7H)(z —w) Ouz.z Ougv
u,u2,u3,
v1,v2,V3

3 m—1

X H Z G2 *JI — ;) T'(v1,v2,v3). (3.23)

=1 j;=

Depending on which of the six terms in xm oy I (3.17) the extra vertex a is added, we
define

Koy = 30 (0 5 470,) 4 3 (s T, 0y vm)

o 0,T
1,j=0

i=0
+i<(Um)*i*&?*(Um)*j*%§$) +Z(Um *Um (Um)*j*‘./zn>

= 0,T
,7=0 1,7=0

+ i ((Um)*i * &Z’ * (U™)% *(.}ZL * (U™ *Vm>

0,x

i,j,k=0
+ 3 ((Um)*i w U (U™ 5 U7 (U vm) . (3.24)
4§, k=0 o

17



Theorem 3.5 (cf., Lemma 4.4 of [25]). Let x # o. For the ferromagnetic models defined
above (2.1),

@Z@,y;A = 2 Z <X§?ﬁf;y5av$ + Xzfz;my + Z (Xz?z;aéy'@ + Xg?r§y”“> Z(éQ)*’(y B y/)> '
Yy i=0

a€A i

(3.25)

We will prove this theorem in Section 4.4 and also demonstrate in Section 5.3 that the

main contribution to X7°,. . comes from V" (0,0; ) for the spread-out model in d > 4.
Applying (3.18) and (3.25) to (3.21) and using O, ., < Lizeay Y oen(G?)* (y) would

yield a diagrammatic bound on Wﬁﬁ(:ﬁ). We refrain from stating it explicitly. The higher-
order expansion coefficients can be bounded in a similar way.

4 Proofs of the main results

In Section 4.1, we first prove Theorem 3.1 in detail, as it provides a common foundation for
the other three theorems. We prove those three theorems in Sections 4.2-4.4, respectively,
only focusing on differences from Theorem 3.1. In the course of the proof of Theorem 3.1
(at the end of Step 1 in Section 4.1), we also prove Lemma 2.4.

4.1 Proof of Theorem 3.1

The proof is progressed along the following five steps.

1. Rewrite my (2) for « # o by identifying the “earliest” path from o to x with odd
current.

2. A double expansion: a sort of lace expansion along the earliest path chosen above.
Let N > 1 be the number of lace edges in the expansion.

3. Proof for the N =1 case.

4. Proof for the N > 2 case, part 1: bounds on the contributions from lace edges.

5. Proof for the N > 2 case, part 2: bound on the contribution from the earliest path.
Step 1. First we note that, due to the source constraint in the definition of WIE;K, there
must be a path from o to x (assumed not to be 0) of bonds with odd current. To identify
a unique one among those paths, we introduce a fixed (e.g., lexicographic) ordering in the
set of bonds incident on each vertex. Given a pair of bonds by = {u,v;} and by = {u, ve}

that are incident on a common vertex u, we write by = by (and v; < vy) if by is earlier
than or equal to by in that ordering. Let (o, z) be the set of nonzero paths from o to

18



a Wo
Ws We w1
B.,(4)
Wy w3 ]

Figure 6: Suppose that A consists of nine vertices as depicted, and that bonds incident on
each vertex x are ordered in a counter-clockwise way as {z,x+e1} < {z,x+ey} < {z,z—
e1} 2 {x, v—ez}, where e; = (1,0) and ey = (0,1). Given w = (wp, w1, . . . ,ws) as depicted,
we have B, (0) = @, Bu(1) = {{wo, w1}, {wo, a}} (in grey), Bu(2) = {{whwz} {wr,wet},

Bu(3) = {umws}}, Bold) = {{un wi}, {wnwo}} (in grey), B(5) = {{wrws}, Bu(6) =
{{ws,ws}}, so that B, is the set of bold bonds (in red) and B, \ B, is the set of thin-solid

bonds (in blue).

x each of which may intersect to itself (except for the terminal ) but does not traverse
any bond more than once:

B B w| > 1, wo =2, W =, wj #a for j < |w,
O R R A S DY e i S

Given an w € Q(o, ), we let B, = {{w;1,w;} : j = 1,..., |w|} and inductively define the
bond set B,, (D B,,) as (cf., Figure 6)

e G=0, - "o
Bw(]) - {{{Wj—hv} ¢ f;é Bw(l) - j Wj} (] Z 1)’ Bw —jLJOBw(j). (42)

Then we can rewrite the random-current representation of ) (x) in (2.34) as

wIB
7T]](3?Z 50 T Z A ]l{o<:>a:} Z ]l{w the earliest odd path}( )
nGZBA weN(o,x)
on= oAac
wIB
= 5ox + Z A IL{0<T>:c} Z H IL{nb odd} H IL{nb/ even}- (43)
nEZBA weQ(o,z) bEB b’EBW\Bw
on= oAa:
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0 o

Figure 7: Current configurations for my) () in (4.3). As in Figure 1, bonds with odd

current are bold (in red), while those with positive-even current are thin-solid (in blue).
On the left, o and = are still connected by a path of bonds with positive current, even
after removal of the path of bonds with odd current, which is not the case on the right.

By splitting the weight as wg, (n) = wg (m)wg,, 5 (k), where m and k are the restric-

tions of n on B, and on B, \ B, repectively, we have the rewrite for = # o:

7TI<BO/)\ z) = Z Z U)BZ Z wBA\B ]1{0(:”3} (4.4)

we(o,z) mEZf“’: kGZBA\Bw
odd on B, 8k: %]
even on B, \By,

Remark. Suppose 1, q) < Lioe ) in (4.4), ie., the double connection implies exis-
m-+tk k

tence of a path from o to z of positive current in the restricted region By \ B, (as on the
left of Figure 7, where we regard the set of bold red bonds as B,). Then, by (2.16), the
sum over k is bounded as

Z wIB%A\Bw( ]l{o<—>x} < G(z)*Z B\ B. G(x)? Z wBA\Bw(k)' (4.5)
kezBn\Be, ke \Be,
k=0 k=0

As a result, we obtain that, for x # o,

Z Z %#lffn) Z wg,\ g, (k) ﬂ{on}

B A
weQ(o,x) mEZf“’: kEZEA\BW

odd on~Bw, 8k—
even on By, \ B

wg, (M) wg,\ 5, (k)
Sy y e

. . A
weN(o,z) mGZE‘*’: kEZEA\Bw:
odd on~Bw7 k=0
even on By, \ By,
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(2.14) _
=G Y wey (1) 20 s (4.6)
nEZ]f_A: Fa
In=oAx
(Potpa)my

However, the above argument is incomplete, due to the possibility of 1(5— 1 > L{oe—ay,
m-+k k

as depicted on the right of Figure 7, i.e., 0 and z may no longer connected after removal
of B,,. To overcome this problem, we will introduce a notion of lace in Step 2.

Proof of Lemma 2.4. First, by multiplying 1 = >, __ wg(m)/Zp, using the mono-
tonicity {0 +— z} C {o “ x} and then the SST, we obtain

wp(n) wp(m) wp(n)

> 7 Nooanforoyy S > 7 7 Hocainfo—ru}

nezB: B m,neZB: B B

871:% 8n£:8n:®

SST Z wB(m) wB(’n) 1 (4 7)
ZB ZB {Omy} :

m,nGZf:
Om=0n=oAx
Now, as explained above in Step 1, we can identify the earliest path w € Q(o, z) of bonds
b € B with odd my. Splitting the weight wp(m) as wg (k) wp, 5, (€), we obtain

Z Z wB Z wB\Bw Z w};il’b) ]—{Okmny} (4.8)

we(o7)  pezl. eczB\Bo, nely:
odd on B, 06— On=orzx
even on By, \By

Notice that, if o <— y, then there must be a z € V(B,)) such that o ez and z Cy
k+l+n +n

in B\ B, (zero length is allowed). Therefore, the above expression is bounded by

> X > wB Z w5, (0) D w;in)ﬂ{zmy in B\B.}

weQ(0,2) eV (By) ker“: geZB\Bw neZy:
odd on By, 3[ o On=olx
even on B, \By,

T wg, (k) wp 5, (£) wp(n
Ty Yy W,y fen v o

ZB\BW

we(o,x) zEV(Bw) ker“: EEZB\B“’ nEZf:
odd on~Bw, 0= sz ?n:oAmAZAy ,
even on B, \Buw (gozga;;B\Bw (Popapzpy)p (2 (2.9))
(4.9)
Furthermore, by Lebowitz’ inequality [22] and Lemma 2.2,
(Popapapy)n < (Povr)B (P=y) B + (Poipy) B (Pepz) B + (Popz) B (Patpy)
< G)G(z—y)+Gly) G(z —x) + G(2) Gy — x). (4.10)
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a wo
2
Ws We &
2
Wy Ws wWo

Figure 8: Consider the same setting as Figure 6 and let m be a current configuration
that assigns odd numbers to the red bonds in B,. If m assigns zeros to the blue bonds in
B, \ B,, (as depicted in the left figure), then V;,(j) = {w;} (in grey) for all j = 0,1,...,6.
On the other hand, if m assigns to the blue bonds positive even numbers (say, 2, as in
the right figure), then Vi, (0) = {wo, a}, Vin(1) = {wi,we} and Vi (3) = {ws, we}.

As a result, we obtain

- (k
(4.9) < Z Z Lizev(Bu) Z wBZWEE ) Zp\ g, G(z—y)

z we(o,x) kczBw.

odd on~Bw,
even on B, \B.y

x (c;(g;) Gz —y) + G(y) G(z — 2) + G(2) Gly — x))

<> > wB IL{on} G(z —y)

z nGZB
on= oAz

J/

<G(2)Gls—2) (- (2.15))

x <G(;c) Gz —y) + G(y) G(z — 2) + G(2) Gly — a:)), (4.11)

as required. ]

Step 2. To overcome the problem explained below (4.6), we use B, as a time line for an
expansion, similar to the lace expansion, of the sum over k in (4.4); we call this a double

expansion. First, we define the vertex set V,,(j) for a current configuration m € ZB“
satisfying the constraint in the second sum on the right-hand side of (4.4) as (cf., Figure 8)

V() = {{wj} U {v {wj, v} € Bu(j + 1), my,, is positive—even} (0<j<|wl|),

{ww (J = |wl).
(4.12)
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............

Figure 9: An example of a lace consisting of three edges s1t1, sata, s3t3. A dashed arc from
s to t represents Vi, (s) = Vin(t).

Given those vertex sets and a k € ZEA\B“ in the third sum on the right-hand side of (4.4),
we uniquely define a lace Ly, = {sjtj}j»v:l as follows (see Figure 9):

e First we define
s1=0, t1 = max {j : Vim(0) > Vin(4) }- (4.13)

where V;,(0) = Vin(4) means either Vp,(0) N Vy(j) # @ or there is a nonzero

path of bonds b with k, > 0 from a vertex in V;,(0) to another in V,,(j). If t; = |w|
(as on the left of Figure 7), then it is done with L, x = {O|w|} and N = 1.

e If t; < |w]|, then, since o =, there must be an syt uniquely defined as
m+

to =max {j: Ji <t s.t. Vi () — f/m(j)}, (4.14)
So = min {7 : Vin () N Vm(h)}. (4.15)
If t5 = |w|, then it is done with Ly, = {01, s3|w|} and N = 2.
e Repeat this procedure until it reaches ty = |w| with L,k = {s;t;}72,.

Let LE(J)V,I)wH be the set of N-edge graphs I' = {s;t;}, satisfying

0281<t1:|W| (Nzl),
0251<82§t1<t2:’w, (NZQ), (416)
0251<82§"'<Sn§tn,1<8n+1§tn<"'§t]\[71<t1\[:|w‘ (NZ3)
Then, we can rewrite the sum over k in (4.4) to obtain that, for = # o,
S wg, (m)
(0) _ B
LIRS D SR SRS DL
N=1 wEQ(O,:E) FG‘C’E(I)\,]\LH mesz:
odd on By,
even on B, \B,,
<> waa s, (B) Ly || Loty (4.17)
ker_A\B“’: stel’
Ok=02
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u . u )
.  7(u)
y ’ G(z)
H x
i—.—.—.—.—.—. % [ . 2 . 4 . 4 . 4 . 4 . ]
0] T (0] T

Figure 10: Explanation of how to decompose (4.18) into two-point functions. The left
figure explains the extraction of G(z —u)? as in (4.20), and then the right figure explains
the extraction of 7(u)? and G(x) after removal of G(z — u)? as in (4.21)-(4.24).

Step 3. As a practice before considering more complicated cases, we first prove that

the N =1 term in (4.17) is bounded by 2V(0, 0;x) = 2G/(x)?, which is 2 x o@x in
(3.6). Since £Eéf|w|] = {{0|w|}}, Vim(|w|) = {x} (cf., (4.12)) and I, =1y < 1,the N =1
term in (4.17) is bounded by

Z Z %}irm) Z wg,\ 5, (k) Z ]1{1“71}. (4.18)
! )

we(or)  mezbe. keZ M u€Vm (0
odd on B, k=90
even on By, \By

We note that
LueVm ()} = %ou T L{uetim (0)\{o}}- (4.19)

By (4.6), the contribution from d,, is bounded by G(x)?, while the contribution from
L {ueWm(0)\{o}} is bounded as (see Figure 10)

> > > %ﬂ{uemw)\{o}} > Wi\ 3, (K) Luc )

U weQ(o,x) mEZf“: kEZ]iA\BW:
odd 0n~Bw, k=g
even on B, \By,

(2.16)

wp, (M) i
< D GE-wt Y, Y, T Zsn LucTaonon
“ A

WEA0a)  mezfe,

odd on B,
even on Bw\Bw
Wp, (T
< ZG(%’ - U)2 Z ZA( ) ]]-{no,u>0, even}) (420>
u BA Ba
n€Z+ :
on=oAx
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where we have used 1iuev,,0)\{0}} < L{mo.>0, even}- Notice that

Z w]BA (n) IL{?’I >0 even} = Z (/BJO7u)no’u Z wBA\{OﬂJ} (n)

|
nEZ]iA: ZBA No,u >0, even Nou: nEZ]iA\{O’“}; ZBA
on=oAzx On=oAzx
= (cosh(BJou) — 1) Z oy ()
neziaMont, e
BJIOAI
Z o, U oY'x o,U
= (cosh(BJpu) — 1) Ba\fo) (P02 )Ba\ (o L (4.21)
Zp,
Since
(ﬂJo,uyLO’u
Zpy 2 ZBy\{ou} Z T = Zp\{ou} cOSh(BT, ), (4.22)
and since
cosh(fBJyy) — 1 < cosh(BJou) — 1 cosh(BJ,.) + 1 _ SinhZ(ﬂJw) 3 (4.23)
cosh(BJou) cosh(B8J,4) cosh(8J,u) cosh”(8J,.4)
>1
we obtain that, for z # o,
(4.20) < G(z) ) Gz —u)’ r(u)* < G(x)”. (4.24)
< (o2
As a result, we arrive at
(4.18) < 2G(x)® = 2V (0, 0; ). (4.25)

Step 4. Next we investigate the contribution to (4.17) from more general N > 2, which
is bounded by

_ N
> > > > % TT Tty Liyetmn

{ujv}fl,  we(ox) {Sjtj}f’:ﬁﬁfév\)w” mGZf“’: 7=
(no intersection) ' odd on By,
even on By, \ By
N
<D a5, (0) Lt | ] T (4.26)
k:GZ]iA\BW: 7=l
Ok=2

where the first sum is over N pairs of vertices that do not intersect: {u;, v;}N{u;,v,;} = @
for i # j. This constraint is due to the compatibility with the condition that L, =
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{st; }jvzl For example, if the lace is given as in Figure 9, then it looks as if the coincidence
vy = ug is possible, but it is not; if vy = ug, then us is directly connected to x by using
bonds b with £k, > 0, which implies that the number of lace edges is two, not three as
suggested in Figure 9. Therefore, the constraint in the first sum in (4.26) is unnecessary
as long as we keep the indicator ]l{Lm,k:{S].t].};v: .}~ However, since we drop this indicator
at some point in the following analysis, we keep this constraint for now.

Let N = 2, for example, and let I' = {st, s't'} = {0t, s'|w|}. Then the sum over k is

(n.b., Ven(lw]) = {z})

D W5 (B) Lm0l L o) Tz (4.27)
kezia\Be,
ak ]

Notice that, under the constraint Ly, = {0t, s'|w|} (recall (4.13)—(4.15), where lace edges
are defined by min/max of connectivity), the clusters Ci(u;) = {y : u; — y} are disjoint,

i.e., Ck(uy) N Cr(uz) = &; otherwise the number N of lace edges is reduced to 1, which is
a contradiction to the present situation: N = 2. Therefore, we can condition on Cg(uy),
say, C(u1) = A (3 v1), split the weight wg 5 (k) as ws (k1) ws,. (k2), where B4 is an
abbreviation for B, \ B, \ B4c (recall that B 4c is the set of bonds whose end vertices are
both in A¢, as defined above (3.7)), and then sum over ks to obtain

@27) < Y > weg(k) Ligy =1y Y e (k2) L{uge )

Adu; k1 GZIiA: kQGZEAC :
Ok1=0 Oko=0
(2.16)
< l'_u2 Z Z wIBA kl Z]BAC]]‘{ck (u1)=A}
e ST
8k1_®
— G(IL’ — u2)2 Z wBA\Bw (ki) l{u“?vl}
keZBA\Bw
(9k
(2?) G(xr —us)?* G(vy —u1)* Zy \ & 4.2
< (x —u2)” G(vr — w1)” Zy,\ .- (4.28)

It is easy to extend the above analysis to more general N > 3. As a result, we obtain
(see Figure 11)

(426)< > HG vi—w)’ Y > 3 “@ETE“’)ZBA\BW

N o
{uj v}, we(o,x) {Sjtj}év:leﬁfoy‘i}” mezl
(no intersection) odd on By,

even on By, \By,

N
X T Ly Luyebmte (4.29)

J=1

Step 5. We complete the proof for N > 2 by first extracting 2N — 1 factors of 6 +72 and
then extracting 2N —1 two-point functions from the sum over w € (o, z) in (4.29), just as
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R o* ~e “~‘ ........
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o" 4" \‘ “ &" \‘s
.
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] ] ] A4
; ; ; .
o Wsy Wy Wty = Wsy T

Figure 11: Explanation of Step 4: extracting the two-point functions []>_, G(v; — u;)? in
(4.29) from (4.26) with three lace edges (cf., Figure 9).

done for N =1 in (4.21)*(4.24). To do so, we first use ]l{uef/m(s)} = 5u7ws + ]l{ueVm(s)\{ws}}
(cf., (4.19)) to rewrite the sum over w € (o, z) in (4.29) as

wg, (M)
)RS DR DR Lo
5 A
we(ow) ;13N L) mezle.

odd on~Bw7
even on B, \By,

N
X H (%,wsj + ﬂ{ujevmwj)\{wsj}}) (5vj,wtj + ﬂ{vjevmm)\{mj}})

Jj=1

SIEED VD Sl (1 LA ) )

weN(o,x) {Sjtj}évzleﬁ(N) I,JC[N]: “iel° jeJe

0wl NeJge©
wg (m) ) )
Xy AN LT 2t teon 1t Luyetme e, 11 (4.30)
mEZB“’: A i.EI’
odd on B, jet

even on Bw\Bw

where [N] = {1,..., N}, and J¢is an abbreviation for [N]\.J. Since {u;,v;};_, are N pairs
of vertices that do not intersect, the bonds in BI,J = {{ws;, ui} {wi;, v} ierjes C Bw\Bw
(depicted as dashed short line segments in Figure 11) are distinct. Then, by the same
analysis as in (4.21)—(4.24), the last line of (4.30) is bounded above by

wp,\B,, (M)
IEE 27 (wy, — ;) S Z\— Zs . (4.31)
i€l Bu\Br.; Ba\Br1,s
jeJ meZ, e
odd on B,,,

even on By, \Br,7\Bu

Therefore, by changing the order of summations, we obtain

4305 3 3 (Tlous [Tt —w?) & (T ue TLrter—07?)

y}: vvaIC [N] “ielc el JC[N]: “Njede j'ed
e NeJe
ZN=X
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N L~
Z H o Wt . Z ’ZUBW\BI,f(m) ZBA\BW.

weN(o,x) N (N)  j=1 Bu\B ZBA\BI,J
) {sit 1 521€L0 )] mez, "7

odd on Bw7
even on BW\BI 7\Bw

(4.32)

The remaining task is to extract 2N — 1 two-point functions one by one from the
second line of (4.32). To do so, we first split the sum over w € Q(o, ) into § € Q(o, 2y_1)
with & Z x and n € Q¢ 1 s(2n_1, ), Where

Q&],J(Z,x) = {7} €Qz,x):Vi=1,....n], {nj-1,1;} ¢ Bg U B],J}, (4.33)

which is the set of nonzero paths from z to x (# z, due to the definition of Q(z,z) in
(4.1)) consisting of bonds that are not yet explored by ¢ or used to extract 72 as in
(4.32.). Then, by splitting the weight wg \p5, ,(m) as ?UBE\BI’J(’C) Wi \(Beusy.,) (M) and
multiplying 1 = Zy \ (5,05, )/ Z8s\(BeuBy.,)» the second line of (4.32) equals

pl Wi\ 5, , (k)
Z Z H 5§sj i 5&]-72;' 5§5N7yN Z Z—~ Z]BA\(BguBLJ)
£eQ(o, ZN 1): {s5t;}] —11€£E(§V‘gﬁ)’ j=1 ke ZBE\BIJ BA\Br,s
SNE(tN—2,tN-1] odd on Be,
even on B¢\Br j\B¢
Wp BB m

X Loy y£a} > > BZn\(BE%BLf)( : Za\(Buby:  (4:34)

n€Qe, 1,5 (2n—1,7) EZBTI\(’%UBI 7, BA\(BgUBr,7)

odd on By,
even on Bn\(BgUBI,J)\Bn

Since

(By\ (BeUBy;)) U (Ba\ (BeUB,)) =B\ (Be U By ), (4.36)

and since 7 is the earliest path of odd current in the restricted region By \ (B¢ U By.j),
the last line of (4.34) is exactly equal to (¢.y_,¢z)s,\5, ,\ 5, Which is further bounded by

G(x — zy_1) for zy_1 # . Repeating the above analysis to extract two-point functions
one by one and using Lyegyy < Lig, 22}, We obtain

N-1 N-1
(4 34 S é y2 H G yi+1 H é y]+1 Zj_l) é(l’ — ZN—I) IL{yN7ém}, (437)
=1 j=2

where we have used (2.14) to gain G instead of G for y, # o and yj 1 # 21 for all
Jj=2,...,N—1, due to the construction (4.16) of lace edges: each G (resp., G) in (4.37)
corresponds to a strict inequality (resp., an inequality) in (4.16). The empty product

28



H?:z is regarded as 1 by convention, as always. As a result, we obtain

432)< H G(zj = Y1) Gy — 21) G@ = 2n1) Lyy o)

Y1,--YN, ] 1
20,- zN
Yi1= ZO

ZN—:J:

« % (0w It~ w?) 3= (TL 0 TLrter— o). (39
IC [N] “iel© i'el JC[N]: “jeJe j'ed
N (6 :g i—Uj > N d
HJ:I( + )(y] J) ;V:zl(é"rTQ)(zj_vj)é’uN,a:
hence
N-1
(420) < > <(5 +72) % G % (8 + 72)> (25 = ¥3) Gz — Yj+1) G(yj1 — 2j-1)

YloeoUNs  j=1 N ~ y

iy SUMN(zj-1,95525,9541) (2 (2.14))

X é(:ﬁ — ZN-1) ((5 + 7'2) * GQ) (z —yn) IL{?JN#@

(.

< 2V1(ZN71:?J;§$) (. (4.25))

<20V (4.39)

0,T

Combining this for N > 2 with (4.25) for N = 1 and recalling the definition (3.5) of X!

0,T?

we complete the proof of Theorem 3.1. [ |

4.2 Proof of Theorem 3.2
Recall the definition (3.7) of © . 4:

wpR We, (T
oA = E AC E —A( ) ]l{oéx}- (440)
Z[Bg ZB n+£
B ac ¢ B A
LeZ AT nez
0l=g on=oAx

Since it is similar to WI(B;OK(QJ), we can follow the same line of proof as explained in the

previous subsection, by taking note of the following two differences:

(i) All paths from o to x with positive current in the superposition of two current
configurations must go through the vertex set A, so that the earliest path w € (o, x)
of odd current also contains a vertex in A.

(ii) A double connection from o to z is achieved by the superposition of two current
. . . . (0)
configurations, not by a single current configuration as in WIBA<£L'), and one of them

is defined in the restricted region B 4c.

Now we begin the proof of Theorem 3.2. First, by identifying the earliest path w €
Q(o,z) of bonds b with odd ny, (as done in Step 1 of the previous subsection) and then
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relaxing the through-A condition to wN A # &, we obtain the following inequality similar
o (4.4):

. (£
D Y R DS e

weN(o,z): By, BA\Bu z2AC.
WNAZD meZ keZ/ : ez >
odd 01’1~Bw7 k=g o=
even on By, \ By,

(4.41)

Then, by using the double expansion with a lace Ly, k+e (as done in Step 2 of the previous
subsection), we obtain the following inequality similar to (4.17):

: S wp, (M) W, (£
a<> X Y TS w2l

N= lweﬁjgo $) Fecfo ol mesz: A keZliA\éw: ZEZBAC:
7o odd 0n~Bw, k=0 =0
even on B, \By

X o=ty |1 L (Vo ()3 Vi (0) in Ba\ B}

stel’
S wa<
<> 02X X X 2. —h D | T ET
N=1 {u,v}N: w€e(o,x): Sits [,( ) m ZBw j=1
(no ilitelzsejctilon) A#o t }] 150 oddilﬁBw7
even on BW\BW

- (k Weae(f) i 1 4.42
x Y wgap(k) Y 7. Wrere=(t o 11 fujigvs mBa\Bu}- (442)

kezPA\Be, eerlac. N i=1

k=2 =2

However, we cannot use (2.16) here to extract Z,\ 5 Hj\;l G(v; — u;)? from the double
sum over k,£ (as done in Step 3 and Step 4 in the previous subsection), due to the
difference (ii) mentioned above. Instead, as described in (2.17), the last line of (4.42) is
bounded by chains of nonzero bubbles Z \ 5 H;VZI 5% (G?)*(v; —u;). Then, we obtain
the following inequality similar to (4.29):

sy Y -y Y Y Y i, ()

= A
N=1 {u.77v.7}]: J=11;=0 w€Q(o,z): {s]t]}] IEEEO \)w\] mEZf“’:
wNA#D odd on B,,,

even on BW\BW

(no intersection)

N
X2\ B, H Lfu; €Vmm(s,)} Loy elim(t)}- (4.43)

J=1

The remaining task is to extract two-point functions and factors of § + 72 from the
above sum over w, as done in Step 5 of the previous subsection. However, since wNA # @,
among 2N — 1 segments {W(o s,), Wis,t1)> Witr,s8)s - - - s Wlsntn 1) Witw_1,w]] }» Where wigyy =
(Wey Wgts - -y wi1) and Wiy wl] = Witn_1.lw) Y {Ww(}, there is always a segment that
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contains a vertex a € A. Therefore, to bound (4.43), we replace the product of 2N — 1
two-point functions in (4.38), i.e

N-1
G(z; — yj1) Gy — 2j1) G(x — 2n_1), where 2y = o, (4.44)

j=1

by

Z (]ﬁ G(zj — Yj+1) G(y]+1 — Zj_ 1)<G(a —2n_1) Gz — a) + Gz — 2y_1) 5a,x>

acA j=1
N ~ ~ ~
+ (G(a — 9) Gz — @) Gy — 2i1) + G2 — yirt) Gla = 2-1) Glyina — a))
=1
N—-1 ~ ~
< T G — o) Clyper — zj_oG(x—zN_l)), (4.45)
=1
(it

which is obtained by applying (2.15) to each segment. Assembling all the above estimates
yields the wanted bound (3.11), just as done in (4.39) for m) (). |

4.3 Proof of Theorem 3.3
Recall the definition (3.12) of ., (2):

Basy
_ wg, (1)
WIEI?Z y(l‘) - Z ZA IL{0<:>ac}ﬁ{o<—>y}- (446)
nGZBA: Ba " "
8n:;_Am

This looks simpler than Oy, ,.,, as we only need to control one current configuration, not
two. It turns out to be a little more involved, due to the extra 1y, ), as explained now.

First, by identifying the earliest path w € Q(o0, x) of bonds b with odd n; (as done in
Step 1 of Section 4.1), we can rewrite g . (@) as (cf., (4.4))

A0 () wa,(m) ~
@ = 2 2 T 2 wnan B leganeey  (447)

weN(o,x) mEZfW: kEZBA\Bw
odd 0n~Bw, Bk:
even on By, \By,

Then, by the double expansion as in Step 2 of Section 4.1, we obtain (see (4.17) for the
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equality below and then (4.26) for the inequality)

am=> Yy oy

A
N=1 WGQ(O 33) FEL[ ‘) H mEZ w
odd on Bw

even on Bw\Bw

x Yy wBA\gw(k)]l{omy}ﬂ{Lm,k:r}Hﬂ{vm(szVm(t)}

kEZ]iA\BW: stel’
k=2
S wp, (m
<> > > > Z s H L €Vm (5} 1wy eVim(t,)}
N=1 {uy, vj} | weQ(ox) {s; t]}] IEEEO \)WH mEZf“’: A J=1
(no mtersectlon) odd on By,
even on BW\BW
x Z Wes\B., () ]l{omy} Ll k=t H IL{WTWJ'}' (4.48)
keZ]BA\Bw stel’
8k—

Next we investigate the effect of the indicator 1, 3. Since {Cx(u;)};_, are disjoint,
mtk
i.e., Cr(uw;) NCr(uj) = @ for i # j, we have the rewrite

N
Lioe—y} = Zl Lus—syy + Lo y\UN, fure v (4.49)

By conditioning on clusters (as done in Steps 3 & 4 in Section 4.1) and using Lemma 2.4,
the contribution to (4.48) from 1y, .,y is bounded by (cf., (4.39))
k

((Ul)*(N_l)*V;)m: Z HU Zj—1s yj,Z],ng)V (2n-1,YN; T), (4.50)

.....

Y1=z0=0

while the contribution from each 1, ., with i < N is bounded by
k

2((U1)*(z>1) e UL s (U V=120 V1> ’ (4.51)

Y 0,x

where i}; and {}; are defined in (3.15)-(3.16).
To bound the contribution to (4.48) from Ty, 1\UY  {u;«—y} 0 (4.49) is not much
m+k J=1U g
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difficult, as we can follow the same line up to (4.32), with its second line replaced by

l wi g, , (M)
Z Z H ‘“f 2 Z Z];—~

N 1 » A\Br,g
weN(o,x) {Sjtj}é'vzlecfo,f I Jj= mGZB \Bp, 7,
odd on B,
even on Bw\BI’J\Bw
2N—-1
X E wBA\Bw (k) E l{wlimy}\uj>i{wljmy}’ (452)
keZ]BA\Bw =1
6k 1%}

where wy = (ws, ..., wi_1) for I = [s,t) (cf., below (4.43)) and
<[17 [27 [37 s 712]\/727 [2N71) = ([07 52)7 [527t1)7 [tla 83)7 R [SNathl)a [thlv |w|]) (453>

Then, by repeated applications of conditioning on clusters to extract two-point func-

tions one by one (as done in showing (4.37)) and using (2.15) to deal with the indicator

L{y, <y}, we can bound (4.52) by (4.45) with A replaced by a singleton {y}. Therefore,
“m+k

the contribution to (4.48) from 1{o<—>y}\UN,l{u-<—>y} in (4.49) obeys the same bound as
m+k = 7

OF 4:yy> With U™, (']207 Ve, ‘./20 replaced by U?, U1 %% Vl, respectively. Combining this
with (4.50)—(4.51), we complete the proof of Theorem 3.3. |

4.4 Proof of Theorem 3.5
Recall the definition (3.20) of ©7

0,T,Y; A
" _ § : WB 4c (z) § : W, (n) 1, .4 (4 54)
0,x,y; A e T .o - Zs, {Oﬁzm}ﬂ{omy}- :
ZEZ+AC : n€Z+A:
=g on=oAzx

First, by identifying the earliest path w € Q(o0,x) of bonds b with odd n; (as done in
Step 1 of Section 4.1; cf., (4.41) and (4.47)), we can rewrite ©”  , as

0,T,Y;

oxyA Z Z u}BZwTSZn) Z w]BA\Bw(k)

weQ(0,x) ez Be. ]BA\BM

keZ
odd 0n~Bw, 8k:—
even on By, \By,
wIBSAc
E ]l{o JEN z}n{o +— y}- (4'55>
B se mtk+L mtkte
]BAC A
07,4

=g
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Then, by the double expansion (as done in Step 2 of Section 4.1), we obtain the following
inequality that is a mixture of (4.42) and (4.48):

CHWES DS >, > > m H1 Lt €Vim ()} L v; €Vim (25}
J

N=1 {UJ:UJ} | we(ox) {s; t]}] 1€£E0 |>w|] mGZE‘”:
(no 1ntersect10n) odd on B,
even on By, \ By,

WpR C(E)
x Y waag(k) . Mo e o m

5 m+k+e m+tk+e
keZBA\B“ IS/
8k 0b=0
N
VALY || IR (4.56)
j=1

Then we rewrite 1y, ., 3, by using (4.49) with k replaced by k + £, as
m-+k+£L

N
Lo ot = Z Loy + Lo yhUY fuiuh (4.57)

+k+2

For the contribution from Z¢:1 1{y,«—yy, weignore 1y, A, ;3 and impose the through-
k+e m+k+L

A condition only on m by replacing the sum over w by >, 4o as done in (4.41).
Then the contribution from ZlNzl Liy;«yy is bounded by the right-hand side of (4.43)
k+2

with vazl ijzo(éz)*iﬂ' (v; — u;) replaced by

N N 00
ST D@ vy —wy) Y (6 +7)(wi—21) (64 7) (0 — 22) 0y
i=1 j=1 t;=0 21/7Z2;,Z3/7
(3#1) 21,2923
3 o™ ~
x [T D2 (G (2 = 2) T(2, 25, 24). (4.58)
k=11x=0

The rest is the same as described in the last paragraph of Section 4.2. Consequently, the
contribution from Zf\il L {y,«—sy) is bounded by
k+e

ZZ(XSOI y5ax + i ((UOO)*i « %VZ??JO@ I i <(Uoo)*7j " UZ?y . (Uoo)*j *V"O)

a€A 1,7=0

+i(U°° U U)Y R VY) +Z<U°° U (U V)

0 1,7=0

0,x

0,x

Z7J
(@) U (U % Ut s (U 5 V)

0,x

((U‘X’)*i w120 (U)7 5 U2 (U)o V”)O’L) . (4.59)
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For the contribution from 1y, . \UY fu, ) in (4.57), on the other hand, we again
m-+tk+L =
ignore the indicator 1, A, s but impose the through A condition on k+ £ by replacing

m-+tk-+.

[T Lfuji—go; in Ba\B.} 10 (4.56) by

=

N
a€A i=1 j
(J

:n-{u]<—>v] in By\Bw} :n-{u <TZWL in B\ B }n{u; <T£>a in BA\Bu}» (46())

o
S, =

)

which yields (4.58) with 0., , replaced by 6., , and summed over a € A. Then the rest is
almost the same as described in the last paragraph of Section 4.3, except for two things:
there are three current configurations involved, instead of two as in (4.52), and one of them
is restricted on B 4c. Taking them into account, we can conclude that the contribution from
Lo e yp\UY, {u ) in (4.57) is bounded by (4.59) with a and y swapped, y replaced by

m+k+£€

y' and then multiplied by "> (G?)*(y — /). This completes the proof of Theorem 3.5.
|

5 Application to the spread-out model

In this section, we demonstrate how to use the diagrammatic bounds proven in the pre-
vious section to derive the wanted z-space decay (see (5.11), (5.37) and (5.43) below) for
the spread-out model with L > 1 in dimensions d > 4. To do so, we repeatedly use
the following convolution bound [9, Lemma 3.2(i)], which is an improved version of [16,
Proposition 1.7].

Lemma 5.1 (Convolution bound for the spread-out model [9]). Let
lzlllz = [z] v L. (5.1)

For any a > b > 0 with a+0b > d, there is an L-independent constant C = C(a,b,d) < oo
such that

> e =ylllz lyllz? < (5.2)

yezZa

Cllzfliz* (a < d).

~—

{CLd—a|||x|||zb (a > d),

Throughout this section, we assume the following bound on ||7{|; and G.
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Assumption 5.2. Let J,, be the spread-out interaction (2.25) and define § = O(L™?) as
in (2.26). We assume

T Vsup ———— < 2. 9.3

As explained earlier, if d > 4, § < 1 and (2.27) holds uniformly in x € A C Z¢ and

3 < Be, then G, (z) ~ A'Sy(x) as x| T oo, where A’ %2 A0 = (1 4+ O(L2))/|I7s.|11 (the
latest reference is [10, (1.41)] with o = 00) and |75 ||y = ||Hg. || = 1 + O(L~%) (due to
(2.27)). As a result, the assumption (5.3) indeed holds at .. In fact, we can show that
(5.3) holds uniformly in Syr < 5 < B, where Syr is the mean-field critical point (i.e.,
|78y |1 = 1), and the result at S, is obtained by the continuity in 8 of the left-hand side
of (5.3). For more details, see, e.g., [9, Theorem 3.3] with a = co.

Now we are left to show the inequality (2.27) for each 5 < 3., under Assumption 5.2.
To do so, we will frequently use the following bound and notation:

Lemma 5.3. Under Assumption 5.2, we have

sup % < 0(0), (5.4)

where the implicit constant in O(0) is independent of L. This means that G obeys the
same x-space bound on G, modulo L-independent constant multiplication. We denote this

by

G(z) < G(a). (5.5)

Notice that, by repeated use of (5.5), we have
(T2 % G)(z) S (T2 % G)(z) = (7% Q) () < (1% G)(z) = G(x). (5.6)

We will use this relation to bound the diagrammatic bounds on the expansion coefficients.

Proof of Lemma 5.5. Since h in (2.25) is bounded and supported on [—1,1]¢,

O(L?
7() = O(L™) Ljaf<ry < (—dfg (5.7)
ey
By (5.2) and (5.3), we obtain
~ O(#
Gla) =) + Yo~ ) O) < -0 5:5)
2 fell?
In particular, G(0) = O(L~%), while G(0) = 1. This implies the relation (5.5). |
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5.1 Bound on the 0"-order expansion coefficient

First we recall Theorem 3.1. The following proposition provides a bound on ng)i(x) for

x # o.

Proposition 5.4. Under Assumption 5.2, if d > 4 and 0 < 1, then, for any m > 1,
U™y, z9,2") SU Ny, %9, 7)), V™ (y, z2) SV(y, 2 2), (5.9)

e., U™ and V™ obey the same x-space bounds on U° and V', respectively, modulo L-
independent constant multiplication. As a result, for x # o and m > 1,

X SVio,0ix) = G(z)3. (5.10)

The following is an immediate consequence of (5.10) and Theorem 3.1.

Corollary 5.5 (cf., (3.3) of [25]). Under Assumption 5.2, if d >4 and 0 < 1, then

0 O(6°)
G0 < T () < G + TeTGE (5.11)

where the implicit constant in O(6) may depend on d, but not on L.

Proof of Proposition 5.4. First we prove (5.9). By the convolution bound (5.2), degree-4
vertices can be eliminated one by one when d > 4, as follows. Since |u — x| V | — u/| >
lu—/|/2 and |v — x| V |z — V| > |v — '] /2, we have

ZGu—x (z —u)G(v—x) Gz — )

<5§4> Z 0(6) 0(0) 0(9) o)

lle = 2z Ml = w172 Mllo = @ lll27 fle — vl

~lle =l o — v llw = 2 lIZlllo — 2z

O(h)* Lju—z|<je—u')} L{jo—z|<|z—o’
() e (Z (lusllo—v) Llo—si<la—ly 13 Others})
L

xT

< Cllu—v|l|z” d<CL4 d (- (5.2) & d>4)
0(0) 0(0)

e =l e =l

S O(°L*9), (5.12)

where [3 others] is the sum of the contributions from 1yj,—j<jz—uw/}L{jv—z|>|e—v'|}; rom
Lju—sf>fa—wly L o—al<loe—vl) and from Lgyof>jo—wLijo—sf>p—v). Since § = O(L™?), this
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may be depicted as

v [ v

>< < x L. (5.13)

U U u u

By taking u = v and v/ = v/, we obtain G? * G*> < L~?G2. By repeated use of this

relation, we obtain

Y CHTSED LT S 6P (5.14)
o =1

which proves the second relation in (5~9) Similarly, (§ + 72) * ZTZO(C?)*J' * (0 + 72) in

(3.2) can be evaluated, by using 7 < G, (5.14) and then (5.5), as

m ~

~ . 17<G ~ moo .
(5_|_7_2)*2 *Z(GZ)*] < (5+G2>*2 * (6+Z(G2)*])
=0 j=1

(5.14) i

5 (5_|_ G2>*3

(5.13) X

< 0+ GP

< (0+G)?

(5-5)

S G (5.15)

This implies that the sum of the bubble chain in Figure 3 (including the black disks at
both ends of the chain) can be replaced by G?, at the cost of L-independent constant
multiplication. This proves the first relation in (5.9).
As a result, we have
XL S (W) V), (5.16)
i=0

7

To prove (5.10), we repeatedly use the convolution bound (5.2) to eliminate all diagram
vertices of degree 4 one by one. For example, if one of the four line segments in (5.13),
say, between u and x, is slashed, then we use (2.14) to replace G(u—x) by 6,.. +G(u—z).
The contribution from G(u — ) is identical to (5.13). The contribution from 4, is equal
to G(u — u') G(v — u) G(u — v'). However, since |v — u| V |u — v'| > |v — /| /2, we have
Gv—u)G(u—v") <L~ G(v—v'). Therefore,

/ /

>< < x L. (5.17)
Similarly, we obtain
>< < x L7, (5.18)
U o y—t—



W S ><13§ ><13L—d5 @xﬁ(yd)?

Figure 12: Reduction of the simplified version of the n = 3 term in (3.5) to even simpler
diagrams, by using (5.20) three times and then using (5.17) twice. Using (5.17) once more
yields V1(o0,0;x) = G(z)3 multiplied by a factor of (L)% .

' RS x 1, (5.19)

>< < x 1, (5.20)
u o U—|—Ul
v v 1’—|—1’,

>< < x 1. (5.21)
o y——f—-/

As a rule of thumb, the factor of L= arises when at least one of those two removed line
segments is unslashed.

To evaluate the i*" term in (5.16), we first use (5.20) with u = v to eliminate all
bubbles (= G?) and then use (5.17) to eliminate all degree-4 vertices (see Figure 12). As
a result, the i term in (5.16) is reduced to the simplest diagram V'(o,0;z) = G(z)?
multiplied by a factor of L=%, which is summable in 7 if L > 1. This completes the proof

of (5.10). m

5.2 Bound on the 1%%-order expansion coefficient

Recall (3.14) and (3.18), where X, X : X are involved. We have already shown that X7 <
V(0,0;2) = G(z)% if d > 4 and § < 1 under Assumption 5.2. It remains to investigate
X and X. . . .

First we investigate X. By the same reason as in Proposition 5.4, U* and V" obey

the same z-space bounds on U? and V!, respectively, modulo L-independent constant
multiplication, if d > 4 and L > 1 under Assumption 5.2. Then, by repeated use

of the convolution bound (5.2) (as in Figure 12), we can show that (U™)* x ‘./Z‘ and

(Um)*"*&gl*(Um)*j*Vm in (3.10) obey the same z-space bound on 1./(11(0, o; x) multiplied
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by factors of L=% and L%+ respectively, which are summable if L > 1. As a result,
we obtain the following:

Proposition 5.6. Under Assumption 5.2, if d > 4 and 0 < 1, then, for any m > 1,

U™ (y, 219/, 7)) S Uy, 29/, 2'), V(y, z7) S VY, 2 7). (5.22)

As a result, for x # o,

X7 S Vi0,0:2) = G(x)2 G(a) G(x — a). (5.23)

Recall (3.11), (5.10) and (5.23). Since, for z # o,

V1(0,0;2)050 = G(2)30, 4
° 2

(5.5) _
~ ~ < G(z)?G(a)G(z — a), 5.24
V(0,0:2) = G(a) G<a>a<x_a>}~ (@G Gl —a),  (524)

and since ©), .4 = Lz}, We obtain the following:

Corollary 5.7. Under Assumption 5.2, if d > 4 and 6 < 1, then

0,a S =Y G(2)’G(a) Gz — a). (5.25)

Next we investigate X. Again, by repeated use of the convolution bound (5.2), we can
show that, if d > 4 and L > 1 under Assumption 5.2, U!" and V' obey the same x-space

bounds on Ul and V!, respectively, where

Uy, =y, 2) = G =y) G = y) Y (6+7)(z =0) (6 +7°)(y =) T (0,0, a),

v,

(5.26)
{}}l(y, 2;0) = Lizg) Gz —y) 2(5 + 7 (z —v)T(v,z,a). (5.27)

Moreover, by using (5.21) once, we have
T(v,z,a) S Gz —v)G(a—v)G(x —a). (5.28)
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z

U0y, 219/, 2') =

Figure 13: Schematic representations of (.]'g(y,z;y’, ') and {}g(y,z;x) in (5.32)-(5.33).

Plugging this back to (5.27) yields

‘.}i(y, z2) S Gz —y) (:H.{Z7gz} G(r—z) Gla—2)G(x —a)

< G(z—2) <2G(a—z) G(z—a)

+ZT(Z—U)2 G(x —v)G(a—v) G(x—a)), (5.29)

where we have used

Gla—z)G(z—a) < (6.0+ Gla— =z ) G(z —a)
= Gz —2)+Gla—2)G(xr—a)
T G2+ Gla-2)Ga—a)
<G
< 2G(a—2z2)G(x —a) (5.30)
Similarly, we can show (cf., (5.15))
Uiy, =9/ #) S G —y) G —y) Gl — 2) Gla— 2) Gy ~a). (5.31)
Let (see Figure 13)
Uy, 219/, #) = G(z = 9) G(' =) Gy — 2) Gla — 2) G(y — a), (5.32)
Vo(y, z:2) = Gla —y) Gla — 2) Gla— 2) Gz — a). (5.33)

Then, X m . in (3.17) obeys the same z-space bound on X Repeated applications of

0,2;Y 0,23y "

the convolution bound (5.2) to ngy (as in Figure 12), we can show that ngy obeys

the same z-space bound on Vg(o, o;x),if d > 4 and L > 1 under Assumption 5.2. As a
result, we obtain the following:
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Proposition 5.8. Under Assumption 5.2, if d > 4 and § < 1, then, for any m > 1,
Um(y, %9/, 2) S Uy, %9/, 2), Vr(y, z;0) S VO(y, 22). (5.34)
As a result, for x # o,

xm < Vo(o 0;x) = G(z)2 Gy) Gz — ). (5.35)

0,T3Yy N~

Recall (3.18), (5.10) and (5.23) (also (5.24)). Since 7y ,(0) < G(y)? (cf., (2.16)), we
readily obtain the following:

Corollary 5.9. Under Assumption 5.2, if d > 4 and 6 < 1, then

Ty (T) S Zl =G(2)’G(y) G(z —y). (5.36)

Substituting this back into (3.14) and using (5.20) and (5.21), we can conclude the

following wanted x-space decay of W]gii

Corollary 5.10 (cf., (3.3) of [25]). Under Assumption 5.2, if d >4 and 6 < 1, then

. _ O(6*
T, (2) S m <O(L™6,, + HMCHTT)_” (5.37)
o t t z L

where the implicit constants in O(L™?) and O(0%) may depend on d, but not on L.

5.3 Bound on the higher-order expansion coefficient

Recall (3.21) and (3.25), where X ).( X, X are involved. The first three obey the bounds
n (5.10), (5.23) and (5.35). It remalns to 1nvest1gate X in (3.24). By Propositions 5.4,5.6
and 5.8, we can reduce U™, V™ U™, V™, U™ and V'™ in (3.24) to simpler U°, V1, 0o,V U0

and Vo, respectively, if d > 4 and L > 1 under Assumption 5.2. Similarly, we can reduce
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eee oo ee0e LX)

U™ and V™ to U° and V', respectively, where

Uy 25y, 2) = (Gla=y) G = a) G — o) + G = y) Gla— ) G(Z' — )
X Gy —2)Gv—2)G(Y —v), (5.38)
.\./.gm(y, z;x) = G(a—y) é(m —a) é(m —2) é(v —2)G(x —v). (5.39)

Moreover, due to the observation below (5.21), the sums over ¢, j, k are convergent if d > 4
and L > 1, and the dominant terms come from the i = j = k = 0 case. Among those six

terms, the largest (modulo L-independent constant multilpication) is Vi (0, 0;2). This
is summarised as follows:

Proposition 5.11. Under Assumption 5.2, if d > 4 and 0 < 1, then, for any m > 1,

Un,(y, 29,2) S UL (y, 259/, 2), Vi (y,z2) SV (Y, 2 ). (5.40)

As a result, for x # o,

X ay S Vo ,(0,0,2) = G(a) G(z — a) G(z) G(y) G(z — y). (5.41)

0,50,y ~
Since 0 , .4 < Lizeay > ; = (G (y) < Lgzeay G(y)?, we readily obtain the following:
Corollary 5.12. Under Assumption 5.2, if d > 4 and 6 < 1, then

SIS — 3 Ga)Gle — a) Gle) Gly) Gla —y).  (5.42)

acA acA

a T

Substituting this back into (3.21), generalizing it to Wﬁi (z) for j > 2, and repeatedly
using the convolution bounds (5.18) and (5.20), we can conclude the following:

Corollary 5.13. Under Assumptian 5.2, z'fd >4 and 0 < 1, then, forj > 2,

(J) §
Y1,--ey yj . I
z1 z] 1

-----

d(j—2) 03
|||:cu|3<d A

< O(L7%) 640 + (5.43)

where the implicit constants in O(L™) and O(L~~2603) may depend on d, but not on
L. This is an improved version of [25, (3.3)] (see also [9, (3.4)] and [10, (3.22)].
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Proof of the last line of (5.43). First we note that, by (5.20),

Yi Zitl Yi + Zitl Yi Zitl Yi Zi+1
d>4 d>4
+ < < . (5.44)
Z Yi+1 Zi Yi+1

Zi = Yit1

d>4 d>4
< x 74 < x (L™%?2,  (5.45)

hence the recurrence formula ) (z) < (L™%)? my (2) for j > 4. However, by repeated
use of (5.20), we obtain 7 (z) < G(2)? G(z) and ) (z) < L4 G(2)? G(x). Therefore,

. o (2.14) . ~ .
mg (2) S (L) G (@) Gla) < (L) (G(0)? 60 + G(2)°), (5.46)
SL‘Qd
as required. ]
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