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The Altshuler—Shklovskii Formulas for
Random Band Matrices II: The General Case

Laszlé Erdos and Antti Knowles

Abstract. The Altshuler—Shklovskii formulas (Altshuler and Shklovskii,
BZh Eksp Teor Fiz 91:200, 1986) predict, for any disordered quantum
system in the diffusive regime, a universal power law behaviour for the
correlation functions of the mesoscopic eigenvalue density. In this paper
and its companion (Erdds and Knowles, The Altshuler—Shklovskii formu-
las for random band matrices I: the unimodular case, 2013), we prove
these formulas for random band matrices. In (Erdés and Knowles, The
Altshuler—Shklovskii formulas for random band matrices I: the unimod-
ular case, 2013) we introduced a diagrammatic approach and presented
robust estimates on general diagrams under certain simplifying assump-
tions. In this paper, we remove these assumptions by giving a general
estimate of the subleading diagrams. We also give a precise analysis of
the leading diagrams which give rise to the Altschuler—Shklovskii power
laws. Moreover, we introduce a family of general random band matrices
which interpolates between real symmetric (8 = 1) and complex Hermit-
ian (8 = 2) models, and track the transition for the mesoscopic density—
density correlation. Finally, we address the higher-order correlation func-
tions by proving that they behave asymptotically according to a Gaussian
process whose covariance is given by the Altshuler—Shklovskii formulas.

1. Introduction

A fundamental observation from physics is that the spectral statistics of dis-
ordered quantum systems exhibit universal patterns. In the delocalized regime
and on the microscopic energy scale of individual eigenvalues, the correla-
tion functions exhibit the celebrated Wigner—-Dyson—Mehta statistics, which
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depend only on the basic symmetry class of the model. Above a certain critical
energy scale 7., called the Thouless energy, the correlations of the spectral
density exhibit a different type of statistics, first predicted by Altshuler and
Shklovskii in [1]. This behaviour is only present in systems possessing a nontriv-
ial spatial structure that gives rise to quantum diffusion. The first Altshuler—
Shklovskii formula states that the variance of the number of eigenvalues N, (E)
in a spectral window of size 17 > 7. about an energy E behaves according to

Var N, (E) ~ (ﬁ/ﬁc)d/2 (d=1,2,3). (1.1)

The second Altshuler—Shklovskii formula states that the correlation function
in the regime Fs — E7 > 1 > 1. behaves according to

(No(B1) i Ny (E2)) ~ (By — E1) 2742 (d=1,2,3). (1.2)

In this work and in its companion paper [3], we prove the Altshuler—Shklovskii
formulas for a specific type of disordered quantum systems: random band
matrices with independent entries. Random band matrices interpolate between
the mean-field Wigner matrices and random Schrédinger operators [8,12].
They have a sufficiently rich spatial structure to be diffusive (for a proof see
[4,5]), and are more amenable to rigorous analysis than random Schrédinger
operators. The detailed physical background of the problem and related math-
ematical works are presented in Section 1 of the companion paper [3], and will
not be repeated here. Here we only explain how this paper is related to its
companion [3].

The main tool in both papers is a diagrammatic expansion technique.
The correlation functions are expressed as a sum of many terms, which can be
conveniently represented using graphs. The resulting expansion is highly oscil-
latory: the sum of the absolute values diverges rapidly, although the sum itself
remains bounded. To handle the oscillations, we apply two different resumma-
tion procedures before the resummed diagrams can be estimated individually
in absolute value. The first resummation is performed using an expansion in
Chebyshev polynomials, and is motivated by the work [7]. In the jargon of
diagrammatic perturbation theory, this resummation step corresponds to the
self-energy (or tadpole) renormalization. A similar resummation was used in
[4,5] to analyse the quantum diffusion of the unitary propagator. The quantity
studied in the current paper—the local density—density correlation—is con-
siderably more difficult to analyse because it arises from higher-order terms
than the quantum diffusion. Hence, not only does the leading term have to be
analysed more precisely, but the error estimates also require a more careful
analysis. Most importantly, even for the error terms we need a second resum-
mation, which bundles specific families of diagrams (so-called ladder graphs)
that are strongly oscillatory. Hence, apart from a few basic algebraic tools on
nonbacktracking powers, the argument of the current paper is entirely different
from the one in [4,5].

In [3] we introduced the necessary diagrammatic representation; for the
convenience of the reader, we give a short summary of it in Sect. 4.1. With
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the diagrams at hand, the proof can be divided into two parts: (i) estimat-
ing all subleading diagrams, and (ii) analysing the asymptotics of the leading
diagrams.

Most diagrams give rise to error terms, in the sense that they do not
contribute in leading order. Estimating them, using the two resummation pro-
cedures sketched above, constitutes part (i)—the first, and most challenging,
part of the proof. This estimate is presented in [3] under some simplifying
assumptions in order to highlight the main ideas. The argument of [3] also
singles out eight distinguished diagrams (after all of the resummations have
been performed) that contribute in leading order. In Sect. 4, we give the com-
plete estimates in part (i) by removing the simplifying assumptions made in
[3]. In addition, the asymptotic analysis of the leading diagrams (called part
(ii) above) takes up most of Sect. 3 of this paper. To ease readability, we strive
to keep this paper self-contained; in particular, when needed we review the
setup and key notations introduced in [3]. We refer back to [3] only for a few
explicit results, whose content we explain here.

Our main theorems on the Altshuler—Shklovskii formulas are stated in
Sect. 2.2. In Sects. 2.3 and 2.4 we give two generalizations of our results,
which are proved in Sect. 5.

In our first generalization, given in Sect. 2.3, we prove that the finite-
dimensional marginals of mesoscopic eigenvalue densities agree asymptotically
with those of a Gaussian process whose covariance is given by the Altshuler—
Shklovskii formulas. Thus, high-order correlation functions factorize into two-
point correlation functions. This may be interpreted as a central limit theorem
for the mesoscopic eigenvalue densities.

In our second generalization, given in Sect. 2.4, we consider a family of
general random band matrices whose entries H,, have arbitrary translation-
invariant variances, i.e. E|H,,|?> = W4 f((x —y)/W) for some profile function
f. We find that density—density correlation depends on the matrix entries
only through f. Moreover, for d = 1, 2 the leading and subleading terms of the
density—density correlation are universal, for d = 3, 4 only the leading terms are
universal, and for d > 5 the density—density correlation is not universal. The
leading terms depend only on the second moments of f, while the subleading
terms depend in addition on the fourth moments of f. In addition, the general
model from Sect. 2.4 interpolates between real symmetric (8 = 1) and complex
Hermitian (8 = 2) models, and hence allows us to track the transition for the
mesoscopic density—density correlation.

The basic algebraic identity used in the first resummation (see (3.2)
below) is much simpler if the matrix entries are constant in absolute value
(unimodular case); the proof in [3] and in Sect. 4 are presented in this case.
The general band matrix model from Sect. 2.4 generates additional terms in
the basic identity (compare (3.2) with (5.6)); they have an ultimately negligi-
ble contribution, but nevertheless give rise to structurally new diagrams. Their
treatment substantially complicates the analysis. In the proof of the quantum
diffusion, these complications were carefully treated in [4], where we extended
the analysis of [5] from the unimodular case to the general case. In Sect. 5.3
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we sketch how to extend the current analysis of the correlation functions from
unimodular case to the general one.

Moreover, in Sect. 2.5 we explain how our analysis can also be applied to
a special one-dimensional band matrix model which exhibits critical behaviour,
in the sense that is supposed to lie at the metal-insulator transition point. We
compute the so-called compressibility of the mesoscopic eigenvalue statistics
for this critical model, and find that it coincides with the prediction from the
physics literature.

Finally, in Sect. 6 we explain how to extend our results to include the
mean-field regime n < 7. in addition to the diffusive regime n > ..

Conventions. We use C' to denote a generic large positive constant, which
may depend on some fixed parameters and whose value may change from one
expression to the next. Similarly, we use ¢ to denote a generic small positive
constant. We use a < b to mean ca < b < Ca. Also, for any finite set A we use
|A] to denote the cardinality of A.

2. Setup and Results

2.1. Definitions and Assumptions

Fix d € N, the physical dimension of the configuration space. For L € N we
define the discrete torus of size L

T=T¢ :=([-L/2,L/2)NZ)*,
and abbreviate
N :=|Ty| = L% (2.1)

Let 1 < W < L denote the band width, and define the deterministic matrix
S = (Szy) through

I<|z—yl<W)

1(
Sy = 1 , M=) 11 < x| < W), (2.2)
z€T
where || denotes the periodic Euclidean norm on T, i.e. |2| := min,cza|z +
Lv|za. Note that
M =W (2.3)

The fundamental parameters of our model are the linear dimension of the
torus, L, and the band width, W. The quantities N and M are introduced
for notational convenience, since most of our estimates depend naturally on
N and M rather than L and W. We regard L as the independent parameter,
and W = W, as a function of L.

Next, let A = A* = (A,,) be a Hermitian random matrix whose upper-
triangular! entries (A4, : © < y) are independent random variables with zero
expectation. We consider two cases.

1 We introduce an arbitrary and immaterial total ordering < on the torus T.
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o The real symmetric case (§ = 1), where A, satisfies P(A,, = 1) = P(A,, =
~1)=1/2.

e The complex Hermitian case (§ = 2), where A, is uniformly distributed
on the unit circle St c C.

Here the index 8 = 1,2 is the customary symmetry index of random matrix
theory.
We define the random band matriz H = (H,) through

Ha:y =y Sxy Azy (24)
Note that H is Hermitian and |H,y|* = Sy, i.e. |Hyy| is deterministic. More-
over, we have for all

M

With this normalization, as N, W — oo the bulk of the spectrum of H/2 lies
in [—1,1] and the eigenvalue density is given by the Wigner semicircle law with
density

v(E) := %\/ 1—-FE?2 for FEe[-1,1]. (2.6)

Let ¢ be a smooth, integrable, real-valued function on R satisfying
[ ¢(E)dE # 0. We call such functions ¢ test functions. We also require that
our test functions ¢ satisfy one of the two following conditions.

(C1) ¢ is the Cauchy kernel
2 2

(C2) For every ¢ > 0 there exists a constant C, such that
C
E)| < — . 2.8
H(E) < T (28)

A typical example of a test function ¢ satisfying (C2) is the Gauss-
ian ¢(E) = 2m e~E’/2. We introduce the rescaled test function o"(E) =
n~1¢(n ' E). We shall be interested in correlations of observables depending
on E € (—1,1) of the form

1 1
7 — NN — F) — — " _

YJ(E) = Nzi:gb (\i = B) =  Tr¢"(H/2 - E), (2.9)
where A1,..., Ay denote the eigenvalues of H/2. (The factor 1/2 is a mere
convenience, chosen because as noted above the asymptotic spectrum of H/2
is the interval [~1,1].) The quantity Y;/(F) is the smoothed local density of
states around the energy F on the scale 7. We always choose

n=M""

for some fixed p € (0,1/3), and we frequently drop the index 7 from our
notation. The strongest results are for large p, so that one should think of
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p ~ 1/3. The restriction p < 1/3 is technical; see Remark 2.6 below for more
details.

We are interested in the correlation function of the local densities of
states, Y, (E1) and Y, (Ez), around two energies Ey < Ep. We shall inves-
tigate two regimes: n < Fs — Fq and E; = FE5. In the former regime, we
prove that the correlation decay in the energy difference F5 — F; is universal
(in particular, independent of 7, ¢, and ¢3), and we compute the correlation
function explicitly. In the latter regime, we prove that the variance has a uni-
versal dependence on 7, and depends on ¢ and ¢2 via their inner product in
a homogeneous Sobolev space.

The case (C2) for the test functions is the more interesting one, since
it corresponds to local densities on a definite scale. The heavy tail of the
Cauchy kernel (C1) introduces unwanted correlations from the overlap of the
test functions. Nevertheless, we give our results for the specific case (C1) as
well since it corresponds to the imaginary part of the resolvent, a quantity often
considered in the physics literature. Moreover, the case (C1) is pedagogically
useful, since in that case the computation of the main term is considerably
simpler.

Definition 2.1. Throughout the following, we use the quantities Fi, Fy €
(=1,1) and

B+ P
- —
interchangeably. Without loss of generality we always assume that w > 0.

E: w:=Fy, — F;

For the following, we choose and fix a positive constant x. We always
assume that

E\, By e[-1+k,1—-K], w<e (2.10)

for some small enough positive constant c, depending on k. These restrictions
are required since the nature of the correlations changes near the spectral edges
+1. Throughout the following, we regard the constants x and c, as fixed and
do not track the dependence of our estimates on them.

2.2. Unimodular Band Matrices

Our first theorem gives the leading behaviour of the density—density correla-
tion function in terms of a function @Zl’ b (E1, E2), which is explicit but has a
complicated form. In the two subsequent theorems we determine the asymptot-
ics of this function in two physically relevant regimes, where its form simplifies
substantially. We remark that Theorems 2.2-2.4 are the same as Theorems
2.2-2.4 in [3]. We use the abbreviations

(X):=EX, (X;Y):=E(XY)-EXEY. (2.11)

Theorem 2.2 (Density—density correlations). Fiz p € (0,1/3) and d € N, and
set p := M~P. Suppose that the test functions ¢1 and ¢o satisfy either both
(C1) or both (C2). Suppose moreover that
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WiHd/6 < L <WC (2.12)

for some constant C.

Then there exist a constant ¢y > 0 and a function 621@2 (E1, E2) —which

is given explicitly in (4.60) and (3.23) below, and whose asymptotic behaviour

is derived in Theorems 2.3 and 2.4 below—such that, for any E1, Ey satisfying
(2.10) for small enough c. > 0, the local density—density correlation satisfies

(Y (E1); Yy (E2)) 1 (

(VgL (E)NY, (E))  (LW)?

O, 4, (B1. E2) + O (M~ Rafwo + 1))

(2.13)
where we defined
Ra(s) =1+ 1(d = 1)s" % 4 1(d = 2)|log 5. (2.14)

Moreover, if ¢1 and ¢2 are analytic in a strip containing the real axis
(e.g. as in the case (C1)), we may replace the upper bound L < W in (2.12)
L < exp(W*€) for some small constant ¢ > 0.

We shall prove that the error term in (2.13) is smaller than the main
term O for all d > 1. The main term © has a simple, and universal, explicit
form only for d < 4. The two following theorems give the leading behaviour
of the function © for d < 4 in the two regimes w = 0 and w > 7. In fact, one
may also compute the subleading corrections to ©. These corrections turn out
to be universal for d < 2 but not for d > 3; see Theorem 2.4 and the remarks
following it.

In order to describe the leading behaviour of the variance, i.e. the case
w = 0, we introduce the Fourier transform

s, o~ ~ 1 .
o(B) = [ate 50, 60 =5 [ BT o).
™
R R
For d < 4 we define the quadratic form V; through

~

wmﬁaz/meWEE@w (d<3)
4 (2.15)

Vi(¢1, 62) = 261(0) $2(0).
Note that Vy(¢1, ¢2) is real since both ¢; and ¢o are.

Theorem 2.3 (The leading term © for w = 0). Suppose that the assumptions in
the first paragraph of Theorem 2.2 hold, and let @Z)h@ (E1, E9) be the function
from Theorem 2.2. Suppose in addition that w = 0. Then there exists a constant
c1 > 0 such that the following holds for E = E1 = Es5 satisfying (2.10).

(i) Ford=1,2,3 we have
@71

d d/2 d/2—-2
b5 ) = e o (ﬂm) (Va(or, 62) + O(M ).

(2.16)
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(ii) For d = 4 we have
36
641.6,(E, B) = s (Valdr, dollog ] +0(1). (2.17)

In order to describe the behaviour of © in the regime w > n, ford = 1,2, 3
we introduce the constants

dx
K;:=2Re | ———; 2.18
s=2me [y 219
Rd
explicitly,
Klz—l KQZO, K3:\/§7T2.

\/§a
Theorem 2.4 (The leading term O in the regime w > 7). Suppose that the
assumptions in the first paragraph of Theorem 2.2 hold, and let @glm (Fy, Es)
be the function from Theorem 2.2. Suppose in addition that
n< M "w (2.19)
for some arbitrary but fired T > 0. Then there exists a constant ¢; > 0 such
that the following holds for Ey, Es satisfying (2.10) for small enough ¢, > 0.
(i) Ford=1,2,3 we have

O35, ¢, (E1, E2)
d 4 2)d/2 L\ 422 3
- 2575%35”2’/(]5)4 (V(E)) (Ka+0 (Vw+M™)). (2.20)

(ii) For d = 2 (2.20) does not identify the leading term since Ko = 0. The
leading nonzero correction to the vanishing leading term is

8 U log w|
fi = —
®¢1,¢2(E1’E2) ~ Brov(E)? (WV(E) W + 42 3 +0(1) ] (2.21)
in the case (C1) and
8 llog w|

"7 = —

in the case (C2).
(iii) For d = 4 we have
36
921,¢2(E1, E,) = W (logw| + O(1)) . (2.23)

Note that the leading non-zero terms in the expressions (2.16), (2.17),
(2.20)—(2.23) are much larger than the additive error term in (2.13). Hence,
Theorems 2.2 and 2.3 give a proof of the first Altshuler—Shklovskii formula
(1.1). Similarly, Theorems 2.2 and 2.4 give a proof of the second Altshuler—
Shklovskii formula, (1.2).

The additional term in (2.21) as compared to (2.22) originates from the
heavy Cauchy tail in the test functions ¢1, @2 at large distances. In Theorem
2.4 (ii) we give the leading correction, of order |logw|, to the vanishing main
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term for d = 2. For d = 1 the leading correction (to the nonzero main term of
order w=3/2) is of order w=/?; we omit the details.

Remark 2.5. As explained in the introduction, a phase transition in the meso-
scopic statistics occurs at a specific energy scale, the Thouless energy 7.. For
random band matrices the Thouless energy is given by

ne = W?/L? (2.24)

(see [3]). The Altshuler—Shklovskii formulas are expected to hold in the entire
diffusive regime n > n.. In the complementary mean-field regime, n < 7., the
mesoscopic statistics are no longer given by the Altshuler—Shklovskii formulas.
We emphasize that this phase transition in the mesoscopic statistics does not
coincide with the celebrated metal-insulator transition between the Poisson
and the Wigner—-Dyson—-Mehta (WDM) behaviour for the microscopic eigen-
value statistics. It may be tempting to extrapolate the formulas obtained for
the microscopic statistics to mesoscopic scales, but this yields a wrong answer
in some regimes. The relation between the microscopic and mesoscopic statis-
tics is in fact more intricate. We sketch it in the two following paragraphs.

In the diffusive regime the mesoscopic linear statistics are governed by
the Altshuler—Shklovskii formulas irrespective of the microscopic statistics.
For instance, if d = 1 the microscopic eigenvalue statistics are expected to be
Poisson for L > W?2 and WDM for L <« W?2. The condition 1 > 7. may
be satisfied in both regimes, and Theorems 2.2-2.4 show that, in the diffusive
regime, the mesoscopic linear statistics are the same for L > W? and L <« W?2.

In the mean-field regime, n < 7., on the other hand, we expect the
mesoscopic statistics to be governed by the microscopic statistics. Let d = 1
for definiteness. Then for n < 7, and L < W? the behaviour of NV, is governed
WDM statistics, and the formulas (1.1) and (1.2) hold with d = 0 (see [3,
Section 2.3] for more details and a proof). On the other hand, for n < 7. and
L > W? the behaviour of N, is governed by Poisson statistics, so that (1.1)
is replaced with

Var Ny (E) = (N (E)) ~ L,

and the right-hand side of (1.2) is replaced with 0. Summarizing, in the mean-
field regime we expect the extrapolation of the microscopic statistics to meso-
scopic scales to be valid.

We expect this behaviour to be representative of general d-dimensional
disordered Hamiltonians, and in particular to hold also for the Anderson
model.

Remark 2.6. Our results hold under the two assumptions
L > Witd/s (2.25)
and

n> W3, (2.26)



718 L. Erdés and A. Knowles Ann. Henri Poincaré

(The upper bound on L in (2.12) is purely technical and may be relaxed, as
explained in the last sentence of Theorem 2.2.) As mentioned in Remark 2.5,
we expect our results to hold under the sole assumption

1> e (2.27)

Recalling (2.24), this condition is equivalent to L > Wn~'/2. We therefore
find that (2.25) and (2.26) imply (2.27).

In fact, the assumption (2.25) is not essential; it is just a simple way to
guarantee that we are in the diffusive regime, L > Wn~1/2, for all 5 satisfying
(2.26). Our results and our proofs (including those in companion paper [3])
remain valid verbatim if we replace the assumptions (2.25) and (2.26) with the
weaker assumptions (2.26) and (2.27).

Finally, we comment on the two essential assumptions, (2.26) and (2.27).
The assumption (2.26) is technical but important for our proof; it guarantees
that only a few terms in our diagrammatic expansion contribute in leading
order. It is used crucially in the proof of Proposition 4.5; see [3, Section 4.4]
for more a detailed explanation. Relaxing this assumption will be the subject
of future work.

The assumption (2.27) is physically important as it characterizes the
diffusive regime. This condition is used when we evaluate the leading order
diagrams, which give rise to the Altshuler—Shklovskii formulas. We stress, how-
ever, that the essence of our method remains valid even if (2.27) is not satisfied
(i.e. we leave the diffusive regime), under the sole assumption (2.26). In that
case our expansion technique can still be used to identify the leading behav-
iour of the density—density correlation, but the asymptotic behaviour of the
leading terms is different. See Sect. 6 below for more details.

2.3. Higher-Order Correlations

The following result extends Theorem 2.2 to arbitrary correlation functions
of the mesoscopic densities. It may be interpreted as a Wick theorem, stating
that the joint law of the densities is asymptotically Gaussian with covariance
matrix (GZH(% (Ei, Ej))i,j'

Theorem 2.7 (The joint law is asymptotically Gaussian). Fiz p € (0,1/3),
d €N, and k € N. Set n := M~". Let ¢1,...,¢r be test functions satisfying
either all (C1) or all (C2). Fiz k > 0, let Eq,...,E € [-1+ k,1 — K], and
suppose that (2.12) holds. Abbreviate

o Y, (E;) — EY, (E:)
i EY] (Er)

Then for small enough c. in (2.10) the k-point correlation function satisfies

k W d/2 Ra(wo + 1) k/2>
E X, = IE(X,;Xj)+O< — _— ,
Mx- > 10 (1) (")

(2.28)
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where M(k) denotes the set of pairings of {1,...,k} and we abbreviated
Ry(s) :=1+1(d < 3)s¥?>72 + 1(d = 4) |log 5| (2.29)

as well as wo := min;»;|E; — E;|. (Note that if k is odd then the leading term
of (2.28) is zero by convention.)

We remark that the error bound in (2.28) is not optimal and may be
easily improved. We chose this form to obtain a simple expression that covers
all cases of interest. Since the error term carries an extra power of (W/L)%/?
as compared to the main term (see Theorems 2.3 and 2.4), it is easy to see
that in all regimes studied in Theorems 2.3 and 2.4 the error term in (2.28)
is subleading provided L > W for some large enough K. We also note that
some of the energies F; in the theorem may coincide, in which case wy = 0.

A concrete corollary of Theorems 2.7 and 2.3 is the following result. It
says that at a fixed energy the rescaled finite-dimensional marginals of the
process (Y;'(E))s converge to those of a Gaussian process with covariance

Va(-, ).
Corollary 2.8 (Convergence to a Gaussian process at a fixed energy). Suppose
that the assumptions of Theorem 2.7 hold, and that in addition Ei = --- =

Ey = E for some fized k. Let d < 3. For i = 1,...,k define the random
variable

o e (_@r272 (n T (vaE) Y (B)
Ko=) <zﬂw2+du<E>4 () ) “BIm )

Then, as W — oo, the random vector ()?1, . 7)?k) converges in distribution
to a mean-zero Gaussian vector with covariance matric (Vd((bi,(bj))ﬁj:l. A
similar result holds for d = 4, whose details we omit.

2.4. General Band Matrices

The results of Sects. 2.2 and 2.3 were stated for the unimodular band matrices
defined in Sect. 2.1. In this section, we extend these results to a general class
of band matrices. Roughly, we generalize the unimodular band matrices of
Sect. 2.1 in two ways: the variances S,, may be given by an arbitrary profile
on the scale W (instead of the uniform profile of (2.2)), and the law of A,
may be an arbitrary symmetric law with sufficient decay.

Definition of model. As in Sect. 2.1, we assume that the upper-triangular
entries of H = H* are independent random variables with mean zero. We
set

Say i=E|Hyy|?, Ty :=EH2,. (2.30)

We assume that the law of H,, is symmetric, i.e. that H,, and —H,, have
the same law. Moreover, we assume that (for nonzero S;,) the entries A, :=
(Szy)_l/ %2H,, have uniform subexponential decay, in the sense that

P(|Ayy| > €) < Ce™" (2.31)

for some constants ¢, C' > 0 and for any £ > 0.
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The remaining assumptions are on the deterministic profile matrices S
and T; roughly, we assume that S and 7T are translation invariant (in the
sense of (2.37) below) and live on the scale W, but allow them to be otherwise
arbitrary (up to the trivial constraint |Ty,| < Sz,). We shall describe such a
general profile using three fixed functions f,g,h : R* — R. We require that
the profile S be given in terms of f according to

Sey = M1_1f<[$;vyh>, M::;rf(;/)’ (2.32)

where [z]7, denotes the canonical representative of x € Z¢ in the torus T. Sim-
ilarly, we require that the profile T' be given in terms of f, g, and h according
to

1 ixg(2) _— [iL’ - y]L
T 1f(z) [1—ph(z)]e o EE (2.33)
Here ¢, A € [0, 1] are parameters that may depend on L. Note that (2.32) and
(2.33) are the most general matrices S and T that are translation invariant,

are given by a fixed profile on the scale W, and satisfy the trivial constraint

Ty =

|Toy| < Say-
We say that a function f : R — R is piecewise C" if there exists a finite
collection of disjoint open sets Uy, . .., U, with piecewise C'! boundaries, whose

closures cover R?, such that f is C' on each U;. We also say that a function f is
piecewise C' with bounded derivatives if it is piecewise C' and V f is bounded
on each U;. We always make the following assumptions on the functions f, g,
and h.

(Af) We assume that f : R? — R is an even, bounded, nonnegative, piecewise
C! function, such that f and |V f| are integrable. We also assume that

/dm f(2) |z < 0o (2.34)
]Rd

for some ¢ > 0.
Moreover, we introduce the covariance matrix of f,

1
(Dy)ij = > /xmjf(:z:) dx, (2.35)
]Rd
and assume that
c<Dy<C (2.36)

in the sense of quadratic forms, for some positive constants ¢ and C.
(Ag) We assume that g : R? — R is an odd, bounded, piecewise C! function
with bounded derivatives. We also assume that g is not equal to a linear
function on the support of f.
(Ah) We assume that h : R — R is an even, piecewise O function with
bounded derivatives, satisfying 0 < h < 1. We also assume that & is not
identically zero on the support of f.
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Definition 2.9 (General band matriz). We call the matrix H a general band
matriz if it satisfies (2.30)—(2.33) for f, g, and h satisfying (Af), (Ag), and
(Ah), respectively.

Note that under these assumptions we have (2.3). Throughout the fol-
lowing we regard f, g, and h as fixed, and do not track the dependence of the
errors on them. The smoothness assumptions on f, g, and h are technical and
made for convenience. All other assumptions are natural: that f and h are even
and ¢ is odd is clearly necessary since H is Hermitian. The condition (2.36)
guarantees that the system exhibits a non-degenerate diffusion. The condition
(2.34) is necessary only for d = 2; in other dimensions, the finiteness of (2+c¢)th
moment would be sufficient. (For d = 2 the leading contribution arises from a
fourth order Taylor expansion; hence the higher order moment assumption.)
All of these assumptions on the decay of f are made for convenience. Indeed,
our method may easily also handle heavy-tailed f, in which case the behaviour
of © is different. (See Sect. 2.5 below for more details.)

Finally, the assumption that ¢ is not a linear function on the support of
f essentially amounts to excluding a trivial gauge transformation. Indeed, if g
were linear on the support of f, then (neglecting unimportant boundary issues
on T) the effect of the phase in (2.33) simply amounts to a conjugation of H
with a unitary matrix. Hence, the final sentences of (Ag) and (Ah) are not
restrictive; they simply fix an ambiguity in the definition of the general band
matrices. Note that for ¢ = 0 (respectively, A = 0) the choice of h (respectively,
g) is immaterial.

Note that by definition .S and T are translation invariant, S is real sym-
metric, and T is Hermitian:

S:cy = SzfyO = Sy:z: = %7 Twy = dz—y0 = m (237)
Definition 2.9 encompasses several important examples:
(a) The complex Hermitian case (8 = 2), where T' = 0.
(b) The real symmetric case (6 = 1), where T = S.
(¢) The rotated real symmetric case, where h = 0.
In addition, by varying the parameters ¢ and A we may interpolate between

these, and other, models; in particular, we may investigate the transition from
B8 =1to B =2 in the behaviour of the mesoscopic density statistics.

Results for general band matrices. In the general band matrix model of Defi-
nition 2.9, for technical reasons outlined in Sect. 5.3 below, we cannot control
the errors in (2.13) for arbitrary p < 1/3. Instead, we require the condition
p < c for some positive universal constant ¢ > 0.

Theorem 2.10. If H is the general band matriz model from Definition 2.9, The-
orems 2.2 and 2.7 are valid provided one replaces the assumption p € (0,1/3)
with p € (0,¢) for some universal constant ¢ > 0. (One can take ¢ = 1/7.)

The rest of this subsection is devoted to the asymptotics of the leading
term O, which has a more complicated behaviour than in Sect. 2.2 since it
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depends on the parameters f, g, h, ¢, and A. This dependence on the functions
f, g, and h is encoded by the two fixed coeflicients

Ag := inf 1/(9c~q—g(an))2 f(z)dz

g€eR 2
2

= %/g(x)zf(:z:) dx — %/Do_l/zxg(z)f(x)dx (2.38)
R4 Rd

and

Ty e /h(x)f(z) dz. (2.39)
Rd

By assumption on g and h, we have Ag > 0 and Ty > 0. The dependence of
© on all of the quantities f, g, h, ¢, and A takes place via the single quantity

o= Ao\ + Yoo, (2.40)

which may depend on L through A\ and .
For d < 3 we generalize the definition of the quadratic form Vy from
(2.15) by defining

Va(é1, dosa) i= / At [t142 0= G, (1) (1) (2.41)
R

for a > 0. Note that Vy(¢1, ¢2;0) = Vy(b1, ¢2) and lim,—,o Va(d1, ¢d2;a) = 0.
The following result generalizes Theorem 2.3 to the general band matrix model.

Theorem 2.11 (The leading term O for w = 0). Suppose that H satisfies Defi-
nition 2.9. Suppose in addition that w = 0. Then there exists a constant ¢; > 0
such that the following holds for E = E1 = Ey satisfying (2.10).

(i) Ford=1,2,3 we have

) d/2—2
921@2 (E’ E) - 22+d/2772+d1/(E)4\/m (V(E)>
x (Vd(¢la¢2) +Vy <¢17¢2§ 7r1/?]05)77> + O(MCI)) :
(2.42)
(ii) For d = 4 we have
1
n —
@¢17¢>2 (E’E) o 167T6V(E)4\/m
x (Va(¢1,62) ([log n| + min{[log |, [log o[}) + O(1)).
(2.43)

In particular, for ¢ < 1 we recover the results of Theorem 2.3 for 3 =1,
and for o > 7 the results of Theorem 2.3 for # = 2. Here we used that in the
case (2.2) we have the explicit expression
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1

=T (2.44)

In order to describe the behaviour of © in the regime w > n, ford = 1,2, 3
we introduce the constants

1

B, := de —— 2.45

d /””<1+|x\2>2’ (2.45)
]Rd

so that Ky = 2B4 Rei%/?2~2; explicitly,
32 =T, B3 = 7T2.

In addition, for d = 2 we also introduce the quantity
1 B 4
Qo = D) / ‘Do 1/295’ f(z)dz, (2.46)
R2

which depends on the fourth moments f.
The following result generalizes Theorem 2.4 to the general band matrix
model of Definition 2.9.

Theorem 2.12 (The leading term O in the regime w > 7). Suppose that H
satisfies Definition 2.9, and that (2.19) holds for some 7 > 0. Then there
exists a constant ¢; > 0 such that the following holds for Ei, Fo satisfying
(2.10) for some small enough c, > 0.

(i) Ford=1,2,3 we have

1 d/2—2
22+d/27r2+3d/2,/(E)4 /det D, (V(E))

/ —
wuéf)a)d ’ 2+O(@+M—cl)) . (247)

Or.0 (B, B2) =

X <Kd—|—2BdRe (i+

where the fractional power is taken to be holomorphic in the right half-
plane.

(ii) For d = 2 and small o, (2.47) does not identify the leading term since
K5 = 0. The leading nonzero correction to the vanishing leading term s

1
2m5v(E)*y/det Dy
(ZElintrimi | e
dw? + (dn+ mv(E)o)?  w? + 4n?

e’

1,02 (En, B2) =

+(Qo—1)

X (logw| + min{|log w|, |log o|} + O(l))) (2.48)
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in the case (C1) and
1
2m5v(E)*y/det Dy

©2v(E)%o
X <4¢u2 + (mv(E)o)? +(@o—1)

@77

1,02 (El’ E2> -

x (|logw| 4+ min{|log w|, [log o|}) —|—O(1)> (2.49)

in the case (C2). (Note that (2.49) is obtained from (2.48) by replacing
n with 0.)
(iii) For d = 4 we have

1
80y (E)*y/det Dy
X ([log w| + min{|logw], |loga|} + O(1)).  (2.50)

n
9051,(252(

E13E2) =

Similarly to the case w = 0, we note that in the case w > nand d =1, 3,4
we have a transition from the case § = 1 to the case § = 2 depending on
whether o < w or o > w. For d = 4 this follows easily from (2.50), and for
d = 1,3 from (2.47) combined with K; = 2B4Rei%/?~2. Here we used that in
the case (2.2) we have the explicit expression

2

Qo= 3. (2.51)

Owing to K5 = 0, the case d = 2 is special; the correlation is determined
by higher-order corrections to the algebraic cancellation in the integral (2.18)
for d = 2. Similarly to the results in (ii) of Theorem 2.4, the first nonvanishing
terms have a different structure. For definiteness, we focus on the case (C2),
i.e. (2.49). The transition from 3 = 1 (for 0 < w?|logwl|) to B = 2 (for
o > [logw|~1) passes through a region of much stronger correlations, since in
the regime w?|logw| < 0 < [logw|~! the first term in (2.49) dominates over
the logarithmic terms.

Interestingly, since all of the results in Theorems 2.11 and 2.12 depend on
the parameters ¢ and A only through their combination o, we find that, for the
purposes of mesoscopic statistics, decreasing the magnitude of IEAE,y is equiv-
alent to rotating EAiy in the complex plane. In particular, either procedure
may be used to probe the transition from g =1 to § = 2.

2.5. A Remark on Heavy-Tailed Band Profiles

The moment assumption (2.34) on f is not fundamental for our method. We
imposed it to simplify the presentation of our results, since the behaviour of
O for heavy-tailed f is different. To illustrate this difference, we consider the
case d =1 and f(z) = %3321—&-1‘ Then (2.13) holds, whereby the leading term ©
is given for w = 0 by

(B,E)=—+ 1

o3 priv(E)3 n

b1, (Va(¢1,d2) + O(M™)), (2.52)
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and for w > 7 in the case (C2) by

1
@glm (B4, Eq) = W (—|logw| + O(1)). (2.53)
We omit the proofs, which are identical to those of Theorems 2.11 and 2.12, up
to the explicit calculation of the leading term. Similar results hold for higher
dimensions and for different heavy-tailed profiles f.

We remark that the one-dimensional band matrix model with a variance
profile decaying as f(z) ~ 272 is conjectured in the physics literature [9,10]
to be critical in the sense that it describes a disordered quantum system at
the Anderson (metal-insulator) transition. The other conjectured critical band
matrix model is obtained by setting d = 2 and choosing f with rapid decay
(i.e. with light tail); this model was extensively studied in Sects. 2.2-2.4.

Comparing (2.52) and (2.16) for d = 2, as well as (2.53) and (2.22), we
note that both the one- and two-dimensional critical band matrix models have
the same mesoscopic density fluctuations. Defining N (I) as the (smoothed)
number of eigenvalues in the mesoscopic interval I, we find in both cases that

Var(N(I)) ~ C,W A E(N (1)) (2.54)

for some constants C; and Cy, assuming |I| > W~%/3. (See (2.13), (2.16),
(2.52), and (4.59).) In particular, the variance of A(I) is proportional to the
length of I. This suggests weak correlations of N (1) and N (I2) for disjoint
I and Iy, which was indeed established in (2.53) and (2.22) for the one- and
two-dimensional critical band matrices, respectively.

The behaviour (2.54) had been previously established in the physics liter-
ature; see e.g. [2]. Moreover, it was conjectured in [2] that the proportionality
in (2.54) is equivalent to the multifractality of the eigenvectors of H, and the
proportionality constant CyW ¢ (called the compressibility) is directly related
to the multifractal exponent. See [9] for a review.

3. Path Expansion and Computation of the Leading Term

We now begin the proof of Theorems 2.2-2.4. For simplicity, we assume
throughout the proof that 8 = 2; the case 8 = 1 is similar and the minor
modifications are sketched in Sect. 5.2 below.

In this section we review the renormalized path expansion from [3] that
underlies our proof, and compute the leading term. We first observe that, since
the left-hand side of (2.13) is invariant under the scaling ¢ — A¢ for A # 0,
we assume without loss of generality that [dE ¢;(E) = 2m for i = 1,2. We
shall make this assumption throughout the proof without further mention.

3.1. Expansion in Nonbacktracking Powers
We expand ¢ (H/2— E) in nonbacktracking powers H(™ of H, defined through

n—2
HT = > Hygey o Hopoyo, [ 1@ # 2is2). (3.1)
=0

L1y Tn—1
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From [5, Section 5], we find that

H™ = U, (H/2) — ———Up,_o(H/2 3.2
(H/2) ~ 57— Un2(H/2), (32)
where U, is the nth Chebyshev polynomial of the second kind, defined through
sin(n + 1)0
n )= ————. .
U, (cosf) g (3.3)
Note that (3.2) requires the deterministic condition |A,,| = 1 on the entries

of H. As stated in Sect. 2.4, this condition is not necessary for our proof, but
does simplify it considerably. How to relax it is explained in Sect. 5.3.

From [5, Lemmas 5.3 and 7.9], we recall the expansion in nonbacktracking
powers of H.

Lemma 3.1. Fort > 0 we have

e 2 =N " a, () H™, (3.4)
n=0
where
onlt) = 3 G ()= 2 ) (39)

k>0

and J, denotes the vth Bessel function of the first kind.
Moreover, we have

Slan(®)? = 140047, Jan(0)] < O4. (36)

n=0

Throughout the following we denote by arcsin the analytic branch of
arcsin extended to the real axis by continuity from the upper half-plane. The
following coefficients will play a key role in the expansion. For n € N and
E € R define

() = / dteB g, (b).
0

In [3, Lemma 3.2] we proved that
2(_i)nei(n+1) arcsin £

= 1— (M _ 1)71621arcsinE : (37)

n(E)

Define

E) 4, (E1, Ey) = F1(Ey, Ey) i= (Tr ¢ (H/2 — E1); Tr ¢35 (H/2 — Ea)), (3.8)

where we used the notation (2.11). Note that the left-hand side of (2.13) may
be written as
(Y] (E1); Y] (B) 1 F"(Ey, Es)

T ENY(E) - N EY] (B EY] (B

®

(3.9)
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The expectations in the denominator are easy to compute using the local
semicircle law for band matrices; see Lemma 4.17 below. Our main goal is to
compute F"(Ey, Es).

Throughout the following we use the abbreviation

Y(E) = ¢(—E), (3.10)

and define 1", v;, and 1] similarly in terms of ¢", ¢;, and ¢.. We also use the
notation

(0 0(E) = 5 [ AB o(E - EYX(E) (311)

to denote convolution. The normalizing factor (27r) ™! is chosen so that @ * y =
@ X- Observe that

oo

(7 % 1) (E) = / At & F(t) an(t). (3.12)

0

We note that in the case where ¢(E) = EZL-H’ we have $(t) = e I!l. Hence
(3.12) implies in the case (C1)

(@7 5 ) (B) = / dt e/ EHt g, (1) = 7, (E + i). (3.13)

We now return to the case of a general real ¢. Since ¢ is real, we have $(t) =
¢(—t). We may therefore use Lemma 3.1 and Fourier transformation to get
¢"(H/2 — E) =2Re »_ H™ / At p(nt) e Fay, (t)
n=0 0

oo

Z H™ 2Re(¢p" % v,)(E), (3.14)

where Re denotes the Hermitian part of a matrix, i.e. Re A := (A + A*%)/2,
and in the last step we used (3.12) and the fact that H(™ is Hermitian. We
conclude that

F'(Ey,Ey) = Y 2Re (W] *7n,)(E1))

n1,n220

x2Re (V] % Yny ) (E2)) <TrH<“1> ;TrH(”2)> . (3.15)

Because the combinatorial estimates of Sect. 4 deteriorate rapidly for
n > 1L, it is essential to cut off the terms n > M* in the expansion (3.15),
where p < p < 1/3. Thus, we choose a cutoff exponent p satisfying p < p <
1/3. All of the estimates in this paper depend on p, 1, and ¢; we do not track
this dependence. The following result gives the truncated version of (3.15),
whereby the truncation is done in n; and in the support of qASZ
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Proposition 3.2 (Path expansion with truncation). Choose pp < 1/3 and 6 >0
satisfying 26 < p— p < 39. Define

MP+5
n(E, / dt e (1yt) an (1) (3.16)
and
F(By, By) = Z 2Re (Yn, (E1, ¢1))
ni+na<MH

%2 Re (3, (Ea, ¢2)) <ﬂ HmW ;TrH<”2>> . (3.17)

Let ¢ > 0 be arbitrary. Then for any n € N and recalling (3.10) we have the
estimates
(W7 * ) (Bs) — Fn(Ei, ¢i)| < CgM™ (i =1,2) (3.18)
and
F(Ey, Ey) — ﬁ”(El,EQ)‘ < C,N2M1. (3.19)
Moreover, for all ¢ > 0 we have
A (Biy ¢i)| 4+ (0] % 72) (Bi)| < min {C, Cy(nn) ™} . (3.20)

If o1 and ¢o are analytic in a strip containing the real axis, the factors
CyM™1 on the right-hand sides of (3.18) and (3.19) may be replaced with
exp(—M?€) for some ¢ > 0, and the factor Cy(nn)~9 on the right-hand side of

(3.20) by exp(—(nm)°).

The proof of Proposition 3.2 is given in Appendix A.

3.2. The Behaviour of F"(E;, E3)

Our main goal is to compute F"(Ey, Ey) from (3.17). In order to clarify the
argument, it is actually helpful to generalize the assumptions on the matrix
of variances S. (This more general setup is also used in the generalization of
Sect. 2.4.) We suppose that Sy, is given by (2.32) for some f satisfying the
assumption (Af) from Sect. 2.4. We introduce the covariance matrices of Sy
and f, defined through

:IJET R

(Recall also (2.35).) It is easy to see that D = Do+ O(W~1). Note, that since
(2.36) holds for Dy, it also holds for D for large enough W. In addition, for
d = 2 we also introduce the quantities

L 1 71/2 X 4
@ = 32%5“) ‘D W

/ ’D‘”Q (z)dz. (3.22)

(Recall also (2.46).) As above, it is easy to see that Q = Qo + O(W~1).
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The main result of this section is summarized in the following Proposi-
tion 3.3, which establishes the leading asymptotics of F "(Ey, Ey), defined in
(3.17), for small w = E5— E;. The basic strategy is an expansion of the expecta-
tion on the right-hand side of (3.17) in terms of graphs, as explained in Sect. 4.1
below. As it turns out, the leading contribution arises from eight skeleton
graphs, called the dumbbell skeletons in Sect. 4.4 below, whose combined con-
tribution is denoted by Viyain = (Vmain)gh ¢2(E1, Es). It is given explicitly by

Vmain: Z Z 1(b1—|—b2—|—b3+b4<M“/2)
b1,b2=0 (b3,bs)€.A

%2 Re (Yavy +bs+bs (B1, 1)) 2Re (Favytbs-+bs (B2, d2)) T2 Ty Sha+0a,

(3.23)
where we defined
A:=({1,2,...} x{0,1,... )\ {(2,0), (1, 1)}. (3.24)
and
7= Z]u = % (325)

(The choice of the symbol Z suggests that for most purposes Z should be
thought of as 1.)

Proposition 3.3. Suppose that the assumptions of the first paragraph of The-
orem 2.2 hold. Suppose moreover that S is given by (2.32) with a function f
satisfying (Af) and (2.36). Then there is a constant co > 0 such that, for any
E1, Ey satisfying (2.10) for small enough ¢, > 0, we have

N
Fn(Eh EQ) = Vmain + MO (MiCORQ(w + 77)) ) (326)

where the leading contribution Vimam from (3.23) satisfies the following esti-
mates.

(i) Suppose that (2.19) holds. Then for d =1,2,3 we have

Yy = /) < L >d ( )d/“
v(E)2Vdet D \ 20W v(E)
x (Kd +0 (w1/2 + M‘T/2>> (3.27)
where K4 was defined in (2.18). Moreover, for d = 4 we have

8 L\’
Vo = s () Qg +00). (329)

(ii) Suppose that (2.19) holds and that d = 2. If ¢1 and ¢o satisfy (C1) then

o = o (577
P aup(E)2V/det D \ 20W

mnv(E)
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and if o1 and ¢y satisfy (C2) then

8 L\’

Viain = — Dllogw|+ O(1)). 3.30

— i () (@ Dloesl o). (30

(iil) Suppose that w = 0. Then the exponent p from Proposition 3.2 may be
chosen so that there exists an exponent c; > 0 such that for d = 1,2,3
we have

2(1/2 I d d/2—2
Viain =
v(E)2y/det D <2er) (V(E))

X (Va(r, ¢2) + O(M ™)) (3.31)

and for d =4 we have
Vinain = ! LYy V. 1 o(1 3.32
main == V(E)Q\/m <27TW) ( 4(¢1;¢2)| 0g77| + ( )) ( . )

The proof consists of two independent parts.

(a) The asymptotic analysis of the right-hand side of (3.23), which yields
(3.27)-(3.32).
(b) The estimate of the error terms, which yields (3.26).

Of these two, (b) represents the main work and is done in Sect. 4. The rest of
this section is devoted to (a).

We note that Proposition 3.3 is stated as Proposition 4.1 in [3]. The
asymptotics of the leading term, stated in (3.27)—(3.32), are established in the
current paper. The key result (3.26) was proved in [3, Section 4], but only
under several simplifying assumptions, called (S1)—(S3) there. Section 4 of the
current paper gives the general proof of (3.26) by showing that the errors
arising from the simplifications (S1)—(S3) in [3] are negligible.

3.3. Computation of the Leading Term in the Case (C1)

We now perform part (a) of the proof of Proposition 3.3, i.e. we compute Viain-
As it turns out, the computation of the contribution of the dumbbell skeletons
in the case where ¢; and ¢9 satisfy (C1) is different, and somewhat simpler,
than in the case where they satisfy (C2). Hence, in this subsection we focus
on the case (C1), and devote the next one to the case (C2).

Proposition 3.4 (Dumbbell skeletons in the case (C1)). Suppose that ¢1 and
o2 satisfy (C1), that (2.12) holds, and that (2.10) holds for some small enough
ce > 0.

(i) Suppose that (2.19) holds. Then Vimain satisfies (3.27) for d =1,2,3 and
(3.28) for d = 4.
(ii) Suppose that (2.19) holds. Then Viain satisfies (3.29) for d = 2.
(iii) Suppose that w = 0. Then Vimain satisfies (3.31) ford =1,2,3 and (3.32)
ford=4.
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The rest of this subsection is devoted to the proof of Proposition 3.4. We
begin by introducing some notation that we shall use throughout this and the
following subsection. For s > 0 and k € N define

Rie(s):==1+1(d < k—1)sM/2 £ 1(d = k) [log s], (3.33)

which generalizes Ra(s) defined in (2.14) and R4(s) defined in (2.29). The
parameter Ry (s) will be used in estimates of the form

/dm(m < e)W < CRi—i([¢)), (3.34)

Rd

where ( satisfies Re¢ > 0 and |¢| < 3, and 0 < [ < k are nonnegative integers.
The computation of the main term will rely on the following asymptotic
results on the resolvent of the matrix S. Its proof is given in Appendix B.

Proposition 3.5. Let S be as in (2.32) and o € C satisfy |a| <1 and |1 — | >
4/M + (W/L)%

(i) There exists a constant C > 0, depending only on d and the profile func-
tion f, such that

1 Clog N
< —. 3.35
Hl—aS ospe 2= |1+l (3:35)
Under the same assumptions we have, for each k =1,2,...,
S C
—_— < —Ro(]1 — af), 3.36
s | (e )| < s e (3.36)

where the constant C' depends only on d, f, and k.

(i) Suppose that o in addition satisfies Reaw 2 0 and || > 1/2. Abbreviate
u = |1 —al and let { € S* be defined through 1 — o = ul. Then for
d=1,2,3 we have

S u/?=2 L \* d cLyv/u
_ j2—2 _
e = vaws () (70610 (o0 (57)

1
Mu

+ +u+ 1(d = 2)u|log u| +1(d:3)u1/2>> )

(3.37)

where By was defined in (2.45). Here the power C42=2 of ¢ is taken to
be analytic in the right half-plane; note that by assumption on o we have
Re{ > 0. Moreover, under the same assumptions we have for d = 4

2 d
B (1 —iS)z - \/;Teﬁ (27TLW) (llogu[ + O(1)) . (3.38)



732 L. Erdés and A. Knowles Ann. Henri Poincaré

(iil) For d = 2, under the assumptions of (ii), we have the more precise two-
term asymptotics

w8 1 L\’
(1—-aS)2  /detD \27W

X (;TC +7(Q — 1)|logu| + O (1 + M1u2 + %exp (—%))) ,
(3.39)

where @ was defined in (3.22).

In order to apply Proposition 3.5 to the proof of Proposition 3.4, we
introduce the abbreviations

A; :=arcsin E;, A} := arcsin(E; + in), (3.40)
which we shall tacitly use throughout the following.

Proof of Proposition 3.4. We begin by rewriting (3.23) as

Vmain = Z Z 2Re (72b1+b3+b4 * 1/)717) (El)

b1,b2=0 (b3,bs)EA

X 2Re (Yaby 1bs by * 7) (Ba) I0702 Ty §b3+04 1 O (NM™9), (3.41)
which follows easily using (3.20) to get rid of the condition on the summation
variables by, ..., by, as well as (3.18) to replace 7, (E;, ¢;) with (v, * ) (E;).

Now we make use of the special form (2.7) of ¢1 and ¢2 from Assumption
(C1): using (3.13) we find

Vaain = > Y 2ReYan, 1hy 16, (Fr +1n)
b1,b2=0 (b3,bs)€A

X 2ReYab, +b5-+5, (B2 + 1) T2 Tr S04 - Oy (NM9).

We may now plug in the expression (3.7) and sum over b; and be. Abbreviating

2
T(Z) = 1_ (M _ 1)—1e2iarcsin(z)’

(3.42)

and recalling the definition (3.40), we get
oAl

Vmain == Z 2 Re <T(E1 + 177) m

(ielA¥)b3+b4>
(bg,b4)€A

eiA;’

X 2 Re (T(EQ +IT]) m

(—ie“‘g)bS“M) Tr SPT4 + Oy (NM ™).

(3.43)

We now prove part (i) of Proposition 3.4. Thus, we assume that (2.19)
holds. Writing out

(2Rex1)(2Rexs) = 2Re(x172 + z122) (3.44)
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yields
Vimain = 2Re(V in + V0,

main main

)+ Oy(NM™9) (3.45)

the analysis of V// . is similar.
In the summation over bs and by in the definition of V} ;. , we replace the set

A with ({1,2,...} x {0,1,...}) and subtract the terms (b3, bs) = (2,0), (1, 1).

in self-explanatory notation. We focus on V!

main 7

This gives Vr'ndm = Vinain.0 — Vinain,1» Where
1AW
- iAT\bs+bs
main,o : ZZ B — g (i)
b3=0bs—1 1 +esHT
e i i \bs+b bs+b
XT(E2)HG_W (ie—l 2) 3+bs Ty Gba+ba
— T(E)T(E) s T s (3.46)
1 1+621A11 1+e™ 21AZI (1 el(A o )S 2 .
and
A7 By .
Viaina = 2T(Ey +in) T(Bz + i) — ¢ A Ty,

1+62iA;’I 1+e*21A5'I

(Note that the two exceptional terms (bs,bs) = (2,0),(1,1) actually give the
same contribution; this gives rise to the prefactor 2, since the summands on the
right-hand side of (3.43) depend on bs and b4 only through their sum b3 + by.)
We first focus on the easier term, Re Vr/nain,h which we shall simply estimate

in absolute value. An elementary estimate yields
eiA? elAi

L+ oBAIT 1+ e2iAs

el 1 1
+0(n) = O(1), = =—,

L+eddi 9 N1 —E2 vy

where we abbreviated v; = v(E;). Using T(E; + in) = 2+ O(M~!) and
Tr S? < ON/M by (B.4), we find

CN

’ main 1| W (348)

Next, we compute Re Vi, o- Writing a := = el(A7=43) and v = v(E), and
using (3.47), we find
4 oS 4 oS

Ilnain = Tr 1 + O = Tr
O 2, (1—as)’ ( ) ™2 (1 - aS)

2 (1 + O(w)) 9

(3.49)

where we used that M~! < 1 < w. In order to estimate the trace, we invoke
(3.36). Expanding « the variable E; +in — E yields

AT AN )

o = el =1+ %(w+2in)+0(w2). (3.50)
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We write 1 — a in polar form: 1 — a = u¢ with u := |1 — a| and ¢ € S!. This
yields

2w

u (14+0(n/w+w)), ¢=-i+0(n/w+uw).

T
We may plug this into the formula (3.37) for the case d < 3. By assumption
on n and w, we have u < w and @ = 1 + O(w). Thus we get from (3.37) for
d < 3 that

;e L d(W)d/“
main,0 V2 /7detD oMW v

1/2
X (Bd(—i)d/22 +0 (Z + w2 +exp (— CL;/ >)> . (3.51)

where we used that n > M ~!. Similarly, if d = 4 we get from (3.38) that

. 4 L \*
tino = 25 (557 ) (ol + (1) (14 0)

= 4 < L )d|10 w| [1—1—0(1 )} (3.52)
T u2/det D \27W s llogwl| ) | '

/
main*

This concludes the analysis of

3 3 3 1! _ 1/ 1!
By a similar analysis, we find Vi, = Viain 0 — Viain,1» Where
CN
1!
‘VmainJ’ < M (353)

and
el(AT+AD) g
(1 +ei(A;'+Ag)S)2

We shall estimate the trace using (3.36). To that end, we use the elementary
estimate

|V1{II1ain,O| < C|Tr . (354)

‘1 +elAi+ad| 5 ¢ (3.55)

which follows from (2.10). We conclude that

CN
"ol =, 3.56
|Vma1n,0| M ( )
In particular, for d < 3 we have the weaker bound
d
1 L WA 4/2—2
V;r/min < C ( ) (f) w1/2 . 3.57
Vo <€\ qep 2o ) (357
Similarly, for d = 4 we have the weaker bound
d
1 L w 1
ool <C log () 3.58
Wianol < €| == (5777 ) 108 (2) o (3.55)

In order to conclude the proof of part (i), we observe that

Kgq = 2By Re(—1)4/?2 (3.59)



Vol. 16 (2015) Altshuler—Shklovskii Formulas 735

for d = 1,2, 3. Plugging (3.48), (3.51), (3.52), (3.53), (3.57), and (3.58) into
Vmain =2Re ( r/nain,O - Vr/nain,l + Vrlyllain,O - I/'IllaiILl) + OQ(NMiq) (360)

from (3.45) completes the proof of part (i) of Proposition 3.4.
The proof of part (ii) is similar. We find, exactly as in the proof of part
(i), that

N
Vinain = 2Re Vim0 + O <)

M
4 S N
= 2Re 5 Tr 1 as)? (14+0(w))+0 <M)

with o = /(47 =42) | Plugging (3.50) into (3.39) yields

41 L \*(«
o = mar 7 (5 ) (7@ Dllogal +00))

Using (3.50) on u¢ = 1 — a we therefore easily get (3.29). This concludes the
proof of (3.29) and hence of part (ii).

What remains is the proof of part (iii) of Proposition 3.4. Thus, set w = 0
so that Ey = Eo = E. The details are similar to the above proof of part (i).
The estimates (3.48), (3.53), and (3.56) may be taken over verbatim. The only

difference is the computation of the main contribution, Vrlnain,O‘ From (3.49)
we get
4 aS . )
fnain0 = ~33 I e (1+0(n), a:=|earesinE+n)2,

71'
A simple expansion yields a = 1 — % + O(n?). Hence (3.37) yields, for d =
1,2,3,

/
main,0

2o/m)2 /L N\ fon\ Y32 cLn/?
- y(z,//dltD (%W) (:) [Bd+0 <eXp <_ v ) MWH '

1/2

Here we used the inequality ﬁn < 12 to absorb the error term 1\/%, into the

last error term. Similarly, for d = 4 we get from (3.38)

4 L \* 1
. logn| |1+ 0 :
main,0 v2y/det D (271—W> | Og?ﬂ l: + (|10g '17|>:|

Now (3.31) and (3.32) in the case (C1) follow from (3.60) and a simple com-
putation of Vy(¢1, ¢2) from (2.15) for ¢; = ¢o given by (2.7). O

We conclude this subsection with a remark about the assumption on w in
the case (i) of Proposition 3.4. The result of Proposition 3.4 is only meaningful
in the regime w — 0, which is not imposed by our assumptions (2.10) and (2.19)
on F, w, and n. If w is of order one, the contribution of the dumbbell skeletons
no longer has a simple universal form as in Proposition 3.4. However, our
results remain valid even if w =< 1. In that case, we need to replace Proposition
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3.4 with the following result, which follows from a tedious and unenlightening
calculation.

Proposition 3.6. Suppose that ¢1 and ¢ satisfy (C1), and that (2.10) holds
for some small enough c, > 0. Then

1 [D"(El,Eg) 1o (R4(w)]\1\; (;4 4 n))} (3.61)

T2 19
with v; = v(E;) and where

Vmain =

_ 2
(1 — ei(AT*Ag)S)
ei(A?JrA;’)S

(14 l(AT+43) G)

Dn(El,Eg) = 2ReTr

—2ReTr —8(1 —2E})(1 — 2E3) Tr S2.

2

(3.62)

In the regime w < 1, the first summand in D"(E;, F3) dominates; its
leading asymptotics may be explicitly computed, which leads to the formulas
in Proposition 3.4. If w < 1, all three terms typically are of the same order,
and cannot be brought into a simpler form. In this case, barring a coincidental
cancellation in D"(Ey, Es), these terms are all of order M/N. Hence, the error
term in (3.61) is of subleading order. In the regime w =< 1, we may compute
the traces in (3.62) using a Riemann sum approximation provided that f is
piecewise C'*° or that, for some k € N, all derivatives of order k of ]/C\ are
integrable. The result is

D"(En, Es)
( L >d2R / ) el(A1+42) 7 (g) 1
= € PO 2| Y
2rW (1 _ ei(Al_AQ)f*(qD (1 + ei(A1+42) £, (q))

d
-8 <‘§/) (1-2E})(1— 2E§)/f*(x)2 dz + o, ((L/W)h), (3.63)

where fi(z) := f(z)/ [ f(y)dy is the probability density associated with f.
This formula immediately shows that the critical dimension for the universality

of the correlation decay is d = 4. Noting that f*(q) ~1—(q,Dq) + O(q*) and
Ay — Ay ~ w, the first integral is approximately

/LNL dg
wz(q-Dq)2 D) q4'

For d < 4 the main contribution comes from the very small ¢ regime and the
details of ﬁ are irrelevant: only the covariance matrix D matters (which is
essentially a constant in the case of (2.2)). For d > 4, however, the integral is
not concentrated on the infrared regime ¢ ~ 0 and the specific form of ﬁ, in
particular its decay properties, is essential and influences the asymptotics of

Vmain .
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3.4. Computation of the Leading Term in the Case (C2)

We now prove the analogue of Proposition 3.4 for the case that ¢; and ¢o
satisfy (C2) instead of (C1). The calculation reveals that in the regime (2.19)
the explicit form of ¢; is not important, and only its integral | ¢; = 27 mat-
ters. On the other hand, in the regime w = 0 the answer depends on ¢; via
the quadratic form Vy defined in (2.15). Throughout this section we use the
notation of Sect. 3.3, and in particular (3.33) and (3.40).

Proposition 3.7 (Dumbbell skeletons in the case (C2)). Suppose that ¢1 and
@2 satisfy (C2), that (2.12) holds, and that (2.10) holds for some small enough
¢ > 0.

(i) Suppose that (2.19) holds. Then Vimain satisfies (3.27) for d =1,2,3 and
(3.28) for d =4.
(ii) Suppose that (2.19) holds. Then Vimain satisfies (3.30) for d = 2.
(iii) Suppose that w = 0. Then the exponent p in Proposition 3.2 may be
chosen so that Viain satisfies (3.31) for d < 3 and (3.32) for d =4.

Proof of Proposition 3.7 (i). Similarly to (3.41), we get

[M*]-1

Vmain = Z Z 2Re (72b1+b3+b4 * 7/1?) (El)

b1,b2=0 (b3,bs)€A,
X 2Re (Yaby 4 by by * U5) (Ez) T2 Ty §¥2F04 4 O (NM ™),  (3.64)

where we defined
A, = ({1,2,...,[M*]} x{0,1,...,[M*] —1})\{(2,0),(1,1)}.

The only difference between (3.41) and (3.64) is that in (3.64) we use the index
set A,, instead of A, thus dropping any terms with a summation index larger
than [M*] (or [M*] —1).

Next, we split the integration domain of each convolution using a smooth,
nonnegative, symmetric function x satisfying x(F) = 1 for |[E| < 1 and x(E) =
0 for |E| > 2. We split ¢; = wf + )7, where

US(B) = i B)X(M~*?E), w7 (B) = y(E) (1 - x(M~"E)), (3.65)

for some positive constant 6 > 0. Here we take 0 := 7, where 7 is the constant
from (2.19).

This yields the splitting ¢! = S + 17" of the rescaled test function
Y"(E) = n~'4(n~'E). This splitting is done on the scale nM?/2, and we have

supp ¢S < [—2nMO72, 2nM 07 (3.66)

Moreover, recalling (2.8) and using the trivial bound |y, (E)| < C we find

(" % ) (E:)

<O, |7 ) (Bi)| < CuM ™1 (3.67)
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for any ¢ > 0. Plugging the splitting v} = wf’" + ;7" into (3.64) and using
(3.67) yields

[M*]-1

maln = Z Z 2Re (72b1+b3+b4 * ¢1<7n) (El)

b1,b2=0 (b3,bs)€EA,
x 2Re (mﬁbﬁm . zp;”') (Bp) T01+b2 Ty §ba+bs 4 O (NM9).
(3.68)

We use the same splitting (3.44) as in (3.45), and focus only on the term V!

As after (3.45), we split V) .. =V hain,1 and focus only on leadmg
term V),

main,0 Vm
main,0- Using the same method as the one leading to (3.48), one can
easily show that

 _o(XN
main,1 — ) (M . (369)

Thus, we have to compute

[MH]-1[M"][M*]-1

main,0 — Z Z Z (72b1+b3+b4 * wlgw)

b1,bo=0bz=1 by=0
X (Br) (Faaroov, # 5" (Bp) T 02 T 5P+t
eiAl e—iAz rI\r ei(Al_A2)S
1 4+ 21T 1 4 21427 (1 B ei(AlfAQ)S)Q

% (1 -~ (_e2iA1I)[M“]) (1 _ (_e—2iA2:Z)[M“]>

. i 2
X (1 — (e‘(Al’A”S)[M ]) )] * ¢1<7U(E1) * 2<’n(E2)-

T(E)T(E2)

Next, we get rid of all terms with an exponent [M*]. The basic idea is that
any such term oscillates in its energy variable on a much smaller scale than
the scale 7 of the convolution with wf" More precisely, we multiply out the
three parentheses on the second line, and prove that any of the seven terms
that is not 1 yields a negligible contribution. All of these terms are treated in
the same way. For definiteness, we focus on the term (—e?417) [M*] " Thus, we
have to estimate

eide o—id2 ) . ci(A1—42) g
T(E)T(E : : —e2A M

(BT (Ey) 14 e2iaT 1+e—21A22( ¢ ) : (1 _ ei(AlfAz)S)z
S (Ey) #p5" (Ba). (3.70)

In order to estimate this, we observe that, since § = 7, we get from (3.66) and
(2.19) that

supp " C [~2M 020 202y, (3.71)
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We denote the argument of wf’" in the convolution integral by wv;, and the
corresponding argument in the bracket in (3.70) by EY := E; — v;. By (3.71),
on the domain of integration we have |v;| < 2M —0/24. Therefore, we may
estimate the first two denominators of (3.70), for the integration variable v;

in the support of wf’", as
=4/1—-(EY)?>c (3.72)

for small enough ¢, in (2.10). Hence we may write (3.70) in the form

1 —9iarcsin EV 1 o aresin BV
‘1_’_1' le 21arcsmEi’> *‘1+€ 2iarcsin E}')

<n 2i arcsin B} (M7]
doy 7" (v1) (—e 1) Tr h(v1),
where h is a smooth matrix-valued function on R with derivatives satisfying
1R (0)]| < Crn ™"

for all & € N. Since the phase factor ¢(v1) := 2arcsin(E; — vy1) is regular
and |¢'| =< 1 on the support of 1/1?’77, a standard stationary phase argu-
ment using a k-fold integration by parts implies that (3.70) is bounded by
NCunp=F=1M~F+ < CNM~', where the second bound follows by choosing k
large enough.

We conclude that

) eiA1 o—idz ei(A1—42) g

TEIT(B) T aimg T3 o 2deg (1 - cithi—42)5)?

main,0 —

N
* U (Br) * 95" (B) + O (M) (3.73)
for all dimensions d. We have the elementary estimate T(E?) = 2+ O(M 1)
and, using (3.72),

elarcsin E}
14+ T —1g2iarcsin £

(o) - S evole). vonn

In order to compute the trace in (3.73), we proceed exactly as in the proof of
Proposition 3.4; here we have q := el(aresin By —aresin B3)) — 1 _ ¢ where (on
the domain of integration)

2
u=" (1 +O(M? +w)> . (=—i+0(M 2 1w).
TV
Notice that after replacing F; — v; with E, at the cost of a negligible error,
and thus removing the v-dependence in the first factor of the convolutions,
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the precise form of 1; becomes irrelevant and only f ¥;(E) dE = 27 matters.
Hence we get, for d < 3,

g = T (L e
main,0 v2+/det D 2w v
L
X (Bd(—i)d/2_2 +0 (eXp (—CV[\//E> + w24 M—"/?)) , (3.74)
and, for d = 4,

d
main,0 = - < L ) |log w| <1+O< ! +M‘9/2+w>>.
7 v2/det D \27W |log w|
(3.75)

For V! ..., we perform a similar estimate, using (3.55) with n = 0 and the fact

that V. contains Tr = as)2 with |1 —af > ¢ (see (3.54)—(3.55)), which may

main

be estimated by (3.36). This gives
CN

/!
< —. .
‘Vma1n| = M (3 76)
The estimates (3.69) and (3.74)—(3.76) conclude the analysis of Vipain, and
hence the proof of Proposition 3.7 (i). O

Proof of Proposition 3.4 (ii). The argument is similar to the proof of part (i),
and we only focus on what is different. We start from (3.73) for d = 2, which
we write as

, 4+ O(w) S <n <n
no = T ST(EL) * by (B
main,0 22 r (1 _ ei(Al—Az)S)2 * ?/’1 ( 1) * 1/)2 ( 2)
N
+0 (M) : (3.77)

Invoking (3.39) with u = w(1+ O(M 7)) yields

, 4 L\’
main0 T 2 /det D\ 20W
T
X [(1_ei(Al—Az)> * S (Er) 5 (By)+m(Q—1) log w|+0(1)
N
ol—).
)
We compute the convolution integral using (3.50):

(1ot ) o) i (B

2y dvy dvs 1 <
: 1 O M <n
T (14 0) [ G2 G2 e (01 U5 (02)

2
2
i%l/ <1 + n % % (v — v2)1/)<(111)1/1<('u2) + O(l)) .

w o w? o 27
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Here we used that, by (3.71), we always have |w+wv; —v2| > w/2 on the support
of the function ¢S (v1 )5 (vy). Taking the real part of this expression yields
simply O(1). Hence we conclude that

N
. — / . -
Vanain = 2Re Vain o + O ( M>

4 L \?
N m2v2y/det D (27TW) (2m(Q = Dflogw| + O(1)).

This concludes the proof of part (ii) of Proposition 3.7. O

In order to prove part (iii) of Proposition 3.7, we shall need the following
local decay bound.

Lemma 3.8. For all b € N we have
C C
_|_

—1 b v
@75 < 3 ¥ N
for some constant C depending only on f.

Proof. This follows from a standard local central limit theorem; see for instance
the proof in [11]. O

In particular, for 1 < b < (L/W)? we have

(3.78)

Proof of Proposition 3.7 (iii). We assume that the exponent p from Proposi-
tion 3.2 has been chosen so that

1p < 12p, Bp <1+ 2p. (3.79)

(Recall that the most critical case is when both p and p are just slightly below

1/3.) We use the truncated functions d)f’" from (3.65), where 0 is an exponent
that satisfies

61 —6p <6 <2p— p. (3.80)
We start from (3.68) with Fy = Ey = E, from which we get

[M#]—1 [MH] [M*]—1

mam - Z Z Z 2Re (’72b1+b3+b4 * 1;[}\’77) ( )

bl,bz 0b3 1 b4 0
N
x 2Re (fygb2+b3+b4 % wiﬂ) (B)Zbr b2 Ty §%F0s 1 O (M> . (3.81)

here we estimated the contribution of the two terms (b3, bs) = (2,0),(1,1)
excluded from A, by CN/M. For the following we need the bound

(7] (M) (7] (7] CN
bs+b _
> Y mshth<onN D § b3+b4 T oaE S g M), (3.82)

by=1by=0 by=1by=
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where in the first step we used (3.78). Inserting the splitting 1 = Z~2(b1+b2) 4
(1 — Z~2(14b2)) into the right-hand side of (3.81) and using (3.67) as well as
(3.82) to estimate the second resulting term yields

0o [MH"] [M*]—

Vmain = Z Z Z 2Re (72b1+b3+b4 xS )( )

b1,b0=0b3=1 bs=0

x 2Re (7252+b3+b4 * 1/,\"7) (E) 7~ (b1+b2) . gbs+ba
N
+0 (MM3“1R4(M“)> . (3.83)

Here we also used (3.67) to extend the by, by-summation to co.
Next, we split

N
Viin = 2R Vi + Vi) + 0 (FIROI™) 350

using (3.44) as in (3.45). The error term V/

main
the proof of Proposition 3.7 (i), using the fact that qbf’” has compact support;
see (3.76). The result is

may be estimated exactly as in

CN
17
‘Vmain| = M .

What remains is the computation of

(3.85)

oo [MM][MM]-1

Vien= >, >, > (V2b1+b3+b4*¢\’n) (E)

b1,b2=00b3=1 by=0

X (Taarraro, # 05" (B) T~ 040 Ty gho s,

We begin by enforcing exponential convergence with a sufficient rate in the
summation over bs and by. To that end, let £ be a constant satisfying

6 —6p <36 <min{2p—p— 06, u/2} (3.86)
(see (3.79) and (3.80)), and set
Ji=1-M"*+¢

We introduce the splitting 1 = J¥+b4 4 (1 — J¥%+b4) into the summation in
V! In line with the abuse of notation (¢ * x)(E) = ¢(E) * x(F), in the

main*
following we use the notation

E,=FE—v;, A;=arcsinFE;, (3.87)
and abbreviate
¢ (Er, Bs) x ¢7"(E) * 5" (E)
= /dvldvg O(E —v1, E — 02) " (015" (vg). (3.88)
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Now the error term, resulting from the term 1 — J%%% in the above splitting,
is

[MF] [MH]—

eiAl e*iAg )
> S (reTE @y )
—1a2iA1 —1n—2iAs
b1 a0 1+7Z-1e 1+7Z-1e
(M)
s (B) x5 1(B)(1— Jo ) Tr Shtbs <OM™E Y~ T ghsths
b3,b4=0
_CN

13 Iz
S 5 M7 RAM™H);

here we obtained the first expression by using (3.7) and summing up the geo-
metric series in the indices by, bo; the first inequality follows from the estimate

1A1
= MO/
1+I—1e21A1 2 /1_E2 < +77
1

=@ ¢ < * "M9/2) (359

valid on the support of the convolution integral (see (3.71)), and from
|1 — Jbstbe| < CM~¢; the second inequality follows from (3.82). We there-
fore conclude that

et e i(A1—Az)\bs+b
1 1—A2 3 4
Vinain Z Z < )1 T 12iA1 | 4 T 1o 2iAs (e ) )
by=1bs=0

Y S(E) % 3" (B) Te(JS) 0 4 O (AZZM‘ER4(M“‘>) » o (3.90)

where we used (3.7) as well as the definitions (3.42) and (3.87) followed by an
explicit summation over b; and bs. In order to simplify the right-hand side of
(3.90), we use (3.89) and T(E—wv;) = 24+0O(M~1) to replace e'4i /(1+Z~1e?44)
and T'(E;) with 1/(2¢/1 — E?) and 2, respectively. The contribution of the error
terms in both replacements can be estimated by using the following general
estimate for any fixed k& € N (here we use it for k = 2):

N
L Z Z Tr(Jg)hat+de < Ok X R (M), (3.91)
di1=1ds,...,dr=0

which plays a role similar to that of (3.82) in providing a robust a priori bound
which does not make use of oscillations. The estimate in (3.91) follows from
(3.36) together with (3.86). We find

mam = 7'('21/2 Z Z ( 1(A1 Az) b3+b4) " be’n(E) % 1/)2<’W(E) Tr(JS)b3+b4

bz=1b4=0

+0 (A]\;R4(M“5) <A14 - nM9/2> + J\]\/;R4(M“)M5) . (3.92)
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Next, we sum up the geometric series on the right-hand side of (3.92). We use
the estimate, valid on the support of the convolution integral,

i(A1—A2)
T e . JS i
(1 — e‘(AI*A2)JS)
=Tr 5 5+ 0 (NR4(M“5)M”§)
(e—i(Al—Ag) _ JS) M
=Tr S

(14i(1 = E2)=1/2(v; — vy) — JS)
N N
Ol =Ry (M P M H €+ _R(M M2 -
+0 (RIS 1 TR0 )
here the last step follows from (3.50) and a short argument using a resolvent
expansion together with (3.91) and the bound
MOn* < M~H=S M3, (3.93)

as follows from (3.86). We omit further details. Plugging this into the right-
hand side of (3.92) and recalling (3.86) as well as the definition (3.33) of Ry,
we get

4 1
V;nain = w22 W /dvl dvg T/’?(vl)wg(%)
x Tr s 5+ 0 (NR4(M_“)M_5) .
(1+i(1 — E2)=1/2(v; — vy) — JS) M

(3.94)

Recalling (3.86) and
by & Ry(M~*)M~¢
(3.84) and recalling (

n = MP?, we find that the error term may be estimated
< Ru(n ) —“ for some constant ¢; > 0. Going back to
3.85) as well as the second inequality of (3.79), we find

ui * S
Vimain = / (61 % 93)(v) Tr (1+i(1 — E2)~1/2p — JS)2
T Ran)M >>

for some constant ¢; > 0 (recall from (3.10) that ¢7(E) = ¢{(—FE)). Using
Proposition 3.9 below, with e := 91 * ¢, b = (1—E?)~/2_ and the observation
that

+O<M<

(o]

2Re/dtt1*d/2@: /dt|t|1’d/2$17(t)$2(t) = Va(o1, d2),

0

R
22(0) = 261(0) $2(0) = Va(1, ¢2),
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we find for d < 3 that

4 I d /o /22
Vinain = m212+/det D (2ﬁW) (W)
xvd<¢1,¢2>+o(N<1+R4<> >)

and for d = 4 that

4|log 1| L \* N
Vmain = \% s o|—].
n2v2y/det D \ 2/7W a(91,02) + M
This concludes the proof of Proposition 3.7 (iii). O

The proof of the following result is given in Appendix B.

Proposition 3.9. Suppose that (2.12) holds. Let b > 0 be fixred and J =1 —
M~y for some cy > 0. Fix a smooth real function e € L*(R) satisfying the
condition (C2) (see (2.8)), and recall the notation e"(v) = n~te(n~tv). Then
for d < 3 we have

S
- n(
/dve 1+1bvij)

) ( L )do/dttl 4/2 ()+O< (n)M_CO) (3.95)

VdetD \2y7W

for some constant ¢y > 0, and for d = 4 we have

dvel(v) Tr (1+lb’US—jS) ﬁ%(wL%W)%(HOGD'

2

4. Extraction of the Leading Term and Estimate of the Error
Terms

In this section we give the core of the proof: the estimate of the error in (3.26),
hence completing the proof of Proposition 3.3. Once Proposition 3.3 is proved,
Theorems 2.2-2.4 will follow easily (see Sect. 4.8 below). We recall that, as in
Sect. 3, we set 0 = 2 throughout this section. How to modify the arguments
for B =1 is sketched in Sect. 5.2 below.

The basic strategy is to compute the expectation in (3.17) by plugging
(3.1) into it and classifying all possible label configurations (x;) according to
the partition induced by coincidences among the labels. After an appropriate
resummation, we shall be able to identify the leading terms which give rise
t0 Vimain and the error terms, which are to be estimated. In [3], this strategy
was carried out under various simplifying assumptions, denoted by (S1)—(S3)
there. Roughly, these simplifications stated that among all possible partitions
only the pairings matter, that coincidences of labels that are not imposed by
the pairings may be neglected, and that the nonbacktracking condition from
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(3.1) may be neglected beyond some fundamental restrictions it imposes on
the class of admissible partitions.

In the following, we deal with all scenarios that were ignored under
these simplifications. In particular, we deal with blocks of partitions that are
larger than two. This requires to introduce more involved structures, which
are accompanied by heavier notation. In addition, unlike the pairings from [3],
partitions with larger blocks do not have an intuitive graphical representation
in terms of bridges joining edges. Our analysis builds on that developed in [3];
for the convenience of the reader, we summarize some concepts from Sections
4.1 and 4.2 of [3] in the beginnings of Sects. 4.1 and 4.3, respectively.

Although the contributions of all exceptional scenarios are ultimately
negligible, they cannot be estimated brutally by absolute value. The reason
is the strongly oscillatory character of the expressions we have to estimate.
Even if two summation labels coincide, and hence result in a gain in the form
of a small prefactor, we cannot afford to estimate all remaining summations
by the sum of absolute values of summands. Instead, we have to introduce a
more involved, local, bookkeeping of various index coincidences, in which some
parts of the summation are estimated by taking the absolute value inside while
others are estimated by exploiting oscillations among the summands. Thus, the
contribution of any ladder that is not affected by the simplifications of [3] still
has to be summed up explicitly (i.e. exploiting oscillations).

4.1. Graphs and Partitions of Edges

We have to compute F(E;, Ey) defined in (3.17). In order to express the
nonbacktracking powers of H in terms of the entries of H, it is convenient
to index the two multiple summations arising from (3.1) (when plugged into
(3.17)) using a graph. This graphical language was introduced in [3, Section
4.1], and we summarize it here for the convenience of the reader. We introduce
a directed graph C(ny,nz) := C1(n1) U Ca(ng) defined as the disjoint union of
a directed chain C;(n;1) with ny edges and a directed chain Cy(ng) with ng
edges. Throughout the following, to simplify notation we shall often omit the
arguments n; and ng from the graphs C, C;, and Cs. For an edge e € E(C),
we denote by a(e) and b(e) the initial and final vertices of e. Similarly, we
denote by a(C;) and b(C;) the initial and final vertices of the chain C;. We call
vertices of degree two black and vertices of degree one white. See Fig. 1 for an
illustration of C and for the convention of the orientation.

We assign a label z; € T to each vertex i € V(C), and write x =
(7i)iev(c)- For an edge e € E(C) we define the associated pairs of ordered
and unordered labels

Te = (‘ra(e)a ‘rb(e))7 [xe} = {ma(e)vxb(e)}~

Using the graph C = C(n1, n2) we may now write the covariance

(e e D)) <R [ (Ter™) (Te )]

_E (Tr H("1>) E (TrH<”2>) = Y Ix)AR), (41)

x€TV(©)
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a(Cl) oO—r—————0 >0 —>—0——0——0 b(Cl)
Ci

b(CQ) O @ <+ @ <4 @ <+ @0 < 0O a(CQ)
Co

FiGURE 1. The graph C = C; U Cy. Here we chose n; = 6
and no = 5. We indicate the orientation of the chains C; and
Cy using arrows. In subsequent pictures, we systematically
drop the arrows to avoid clutter, but we consistently use this
orientation when drawing graphs

where we introduced

Ax):=E| ] Ho. | -E| ] Heo |E| [] H..|. (42

e€cE(C) e€cE(Cy) e€E(C2)

and the indicator function

I(x) = Ip(x) H 1(x; # z5),

iJEV(C):

digce(xj'()z)z (4.3)
Io(x) == L(za(cy) = Toiey))L(Ta(e,) = To(cy))-

The indicator function Ip(x) implements the fact that the final and initial
vertices of each chain have the same label, while I(x) in addition implements
the nonbacktracking condition. When drawing C as in Fig. 1, we draw vertices
of C with degree two using black dots, and vertices of C with degree one using
white dots. The use of two different colours also reminds us that each black
vertex ¢ gives rise to a nonbacktracking condition in I(x), constraining the
labels of the two neighbours of ¢ to be distinct.

In order to compute the expectation in (4.2), we decompose the label
configurations x according to partitions of E(C). The following definition was
given, in a reduced form, in [3, Definition 4.2].

Definition 4.1. (i) We denote by PB(U) for the set of partitions of a set U
and by M(U) C P(U) the set of pairings (or matchings) of U. (In the
applications below the set U will be either E(C) or V(C).) We call blocks
of a pairing bridges.

(ii) We introduce the usual partial order < on B(E(C)), where IT < I' means
that II is a refinement of I'.

(iii) For a label configuration x € TV() we define the partition P(x) €
PB(E(C)) as the partition of E(C) generated by the equivalence relation
e ~ ¢ if and only if [z.] = [z/]. Similarly, P,(x) € B(E(C)) is the par-
tition of F(C) generated by the equivalence relation e ~ ¢’ if and only if
ze = xo. (Here the subscript “o” stands for “ordered”).
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Here ends the summary of the material from [3, Section 4.1]. Next, we
introduce the new concept of a halving partition. For a partition = € P(E(C))
and a subset v C E(C) we define the restriction

Ely={{ny:§£€E Ny #0}.
Moreover, for v C E(C) and = € P(E(C)) we define
1~ (Z) := 1 (E|, consists of two blocks of equal size) . (4.4)
We also set pg(Z) := 1. For a partition I' € P(E(C)) we define the subset
HI):={ET: py(E) =1for each vy €T'}. (4.5)

Thus, H(T") is the subset of partitions = that refine each block of I' into two
pieces of equal size. We call any = € H(I") a halving partition of I'. If T" is a
pairing, Z € $(T') is simply the atomic partition.

Armed with these definitions, we return to the computation of (4.2) to
be plugged into (4.1). We first focus on the first term of (4.2). The idea is to
partition all edges e € E(C) first using the unordered labels [z.], yielding a
partition I', and second using the ordered labels x., yielding a finer partition
E € 9(T). In other words, the blocks of T' collect those edges that have the
same unordered labels, while each such block is further subdivided into two
smaller blocks according to the two possible orderings of the same unordered
label. We express this constraint on x using the indicator function

Br=(x) = 1(P(x) = 1) 1(By(x) = ). (4.6)

Notice that the partitions I' and = yield a nonzero contribution only if each
block of T is subdivided by Z into two blocks of equal size, because EA’;yAéx =

0 unless k = [ (recall from (2.4) that H,, = /S3yAsy). This justifies the
restriction = € $H(T'). Thus, we write

E [ He.= >, 1Px=D)][E]]H..

e€E(C) rep(E(C)) Yer  eey
= > 3 B=]] (uw(E)H \/§> . (47)
reP(E(C) Z€n(T) Jer oEr

Here in the first step we used that H,, and H, , are independent if [x.] # [z./],
and in the second step that E][ .., H;, vanishes unless the partition Pp(x)l,
consists of two blocks of equal size.

Similarly, we find for the second term of (4.2) that

E{ [[ #..|E| [ E-

e€E(Cy) e€E(C2)
= Z Z BF,E(X) H (M'yﬁE(Cl)(E).u”yﬁE(Cz)(E) H SIe) :
reP(E(C)) 2en(T) yel’ ecy

(4.8)
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In order to express A(x) (see (4.2)) we subtract (4.8) from (4.7) which yields

II vs.. > > Brs ), (4.9)

e€E(C) PePc(B(C)) 2eH(T)

where we defined

=[] 1= = T (1nec) Eianees) (E)) (4.10)

yel yel

as well as the set of connected partitions

Pe(E(C)) :={T € P(E(C)) :
there is ay € I' such that y N E(C) # 0 and yN E(C2) # 0}.  (4.11)

The restriction of the summation in (4.9) from I' € P(E(C)) to T € P(E(C))
follows from the observation that if I" is such that each v € T' satisfies v C
E(Cy) or v C E(Cq), then D(I',Z) = 0 for all = € H(T"). We also record
that D(T',Z) is either 0 or 1. In analogy to (4.11), we also define the subset
M(E(C)) :=PAE(C)) NIM(E(C)) of connected pairings.

4.2. The Refining Pairing of a Partition

Next, we break up larger blocks of the partition I" € P(E(C)) into pairings. The
blocks of I' were defined by the label coincidences, which remain unchanged
by the breaking up of I'; hence this breaking up of I' may seem artificial. It
is however a very convenient technical device, since it allows us to reduce the
estimates on partitions with arbitrarily large blocks to estimates on pairings.
In particular, it allows us to use the machinery developed in [3] to control the
oscillations.

Thus, given a partition I' € P(E(C)) and one of its halving partitions
=2 € H(T'), we introduce a rule for breaking up I' into a refining pairing I1 =
(I, =) € M(E(C)). Although there is much arbitrariness in the choice of
such a pairing, we define it precisely so as to ensure that, apart from the
obvious condition II < T, it fulfils the three following properties which will be
important for the rest of the argument.

(a) The two edges of each bridge of II belong to different blocks of =.

(b) T € P.(E(C)) is a connected partition and = € H(T') then ®(T,E) €
M.(E(C)) is a connected pairing. In other words, connectedness is main-
tained after the refinement.

(¢) How a block v € T' is broken up into pairings does not depend on the
other blocks of T'.

The refinement operation ® can be easily defined using a greedy algorithm
that successively breaks up large blocks of I' into bridges, such that these
three properties are satisfied at each step. In particular, when constructing IT
from I" and =, we always break up blocks of I into smaller blocks in such a way
that the restriction of = to these smaller blocks is again a halving partition.
The precise definition of the operation ® is the following. We introduce
a total order on the edges E(C) as follows. The edges of C; are increasing from
left to right (see Fig. 1); the edges of Cs are increasing from right to left; any
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edge of C; is smaller than any edge of Co. Now suppose that = € H(I"). We
construct IT = ®(T", Z) recursively as follows. Set I'g :=T" and & := 0.

(i) If T'y is a pairing then set IT := I'y, and stop the recursion. Otherwise let
v € Ty, satisfy |y| > 2.

(ii) Let e be the first edge of v and €’ the last edge of  that does not belong
to the same block of = as e. Set I'y41 to be I'y in which the block v has
been split into the pieces {e, e’} and v\{e,e'}.

(iii) Increment k by one and go to step (i).

It is immediate that this algorithm terminates after a finite number of steps
and that I = ®(I', E) is a pairing. In fact, ®(I',II) € M (E(C)) is a connected
pairing. To see this, note that there exists a v € T such that v N E(Cy) # 0
and v N FE(Cy) # 0. It is not hard to see that in at least one step (ii) of the
algorithm operating on v we have e € E(Cy) and €’ € E(Cs), so that the bridge
{e, e’} € (T, E) connects the two components of C.

Hence we may plug the trivial identity 1 =3 ycon_(p(c)) 1 (2(I',E) = II)
into (4.9) and use (4.1) to get

Tr H™) ; Tr H") ) = =1I) D(T, =)
2. 2 2.1

eMm.(E(C)) T2 ZehH ()

x Y Ix)Brz(x) ][] S (4.12)

x€TV(C) {e,e’}ell

(Recall that here C = C(n1,n2).) It is convenient to introduce the set of all
connected pairings,

M= || WM(EC(n,n2))),

ni,n2>0:
ni1+n2 even

with which we associate the following definitions.

Definition 4.2. With each pairing I' € 9. we associate its underlying graph
C(T), and regard ny and ns as functions on M. in self-explanatory notation. We
also frequently abbreviate V(I') = V(C(I")), and refer to V(') as the vertices
of I'.

Next, suppose that Z € H(I") and IT = ®(I', Z). Then Br =(x) = 1 implies
[l e J=(x) = 1, where we defined the 1ndlcator function

J{e,e'}(x) = 1([3:6] = [a:e/])l(xe #+ Jje/) = 1(33@(@) = xb(e/))l(a:a(e/) = xb(e)).
(4.13)

To understand this implication, we first recall, from the definition of B in (4.6),
that Bp=(x) = 1 ensures that the edges receive the same unordered labels
within each block of I' and the halving partition Z divides each block in two
according to whether the labels are the same as ordered labels. In particular, if
T is a pairing, i.e. if E is atomic and I' = II, then J(x) = 1 directly follows for
each pair m € I'. If I" has larger blocks, then the definition of ® guarantees that
every bridge in IT = ®(T", E) is halved by E, i.e. their labels, under Br z(x) = 1,
are the same as unordered but not as ordered labels.
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Therefore, we may restrict the summation over II in (4.12) to the set

R= {H € M, : there is an x € TV such that I(x) H JIr(x) # 0} .
mell

This set of pairings was also given in [3, Equation (4.26)], using a more combi-
natorial definition which we shall not need here. To interpret the set R, observe
that the right-hand side of (4.13) induces a series of constraints among the
labels x; in R we simply require that these constraints hold and be compatible
with the nonbacktracking condition from (4.3), which requires certain labels to
be distinct. As explained in [3, Sections 4.1 and 4.2], the restriction from 1.
to fR is significant, and plays an essential role in estimating the contribution
of pairings.
Thus we write (4.12) as

(Tr B T HO) ) = 37 1 (1) = 1) L(na (1) = o)
IIen

x Y Y 1(@T,E)=mDI,E) Y Ix)Brzx) ][] S

>l =zen(T) x€TV(€) {e,e’}ell
(4.14)

This is the appropriate decomposition of the left-hand side in terms of pairings
IT of all possible graphs C. It is the correct analogue of [3, Equation (4.27)]
without making any simplifications.

4.3. Skeletons

The summation in (3.17) is highly oscillatory, which requires a careful resum-
mation of graphs of different order. We perform a local resummation procedure
of the so-called ladder subdiagrams, which are subdiagrams with a pairing
structure that consists only of parallel bridges. This is the second resumma-
tion procedure mentioned in the introduction. Concretely, we regroup pairings
IT into families that have a similar structure, differing only in the number of
parallel bridges per ladder subdiagram. Their common structure is represented
by the simplest element of the family, the skeleton, whose ladders consist of
a single bridge. The concept of skeleton pairing was introduced in [3, Section
4.2]. Here, we merely recall the main ideas for the convenience of the reader,
and refer to [3, Section 4.2] for full details.

The basic idea is to construct the skeleton X of a pairing IT € 9. by
collapsing parallel bridges of II. By definition, the bridges {e1,€}} and {ea, €5}
are parallel if b(e1) = a(ez) and b(ey) = a(e}). With each II € 9. we associate
a couple (3, b), where ¥ € 9, has no parallel bridges, and b = (b, ),ex € N=.
The pairing ¥ is obtained from II by successively collapsing parallel bridges
until no parallel bridges remain. The integer b, denotes the number of parallel
bridges of II that were collapsed into the bridge o. Conversely, for any given
couple (3, b), where ¥ € 9. has no parallel bridges and b € N*, we define
IT1 = G(X,b) as the pairing obtained from 3 by replacing, for each o € X, the
bridge o with b, parallel bridges. Thus we have a one-to-one correspondence
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IR

2

FIGURE 2. A pairing II (left) and its skeleton (X, b) (right).
As in [3, Section 4.1], we draw a pairing II by drawing a line
connecting the edges e and e’ for each bridge {e, e’} € II. Next
to each skeleton bridge o € ¥ we indicate the multiplicity b,
describing how many bridges of II were collapsed into 0. We
draw the ladder vertices V;(II) in grey and the vertices V(II)
are drawn in black or white (see Definition 4.3)

between pairings IT and couples (X, b). Instead of burdening the reader with
formal definitions of this correspondence, we refer to Fig. 2 for an illustration.
When no confusion is possible, in order to streamline notation we shall identify
IT with (3, b).

Definition 4.3. Fix ¥ € M, and b € N*. As above, abbreviate II := G(3, b).

(i) For o € X we introduce the ladder encoded by o, denoted by L, (X, b) C I
and defined as the set of bridges of II that are collapsed into the skeleton
bridge o. Note that L, (X, b) consists of | L, (X, b)| = b, parallel bridges.

(ii) We say that a vertex ¢ € V(II) touches the bridge {e,e'} € II if i is
incident to e or ¢/. We call a vertex i a ladder vertex of L,(3,b) if it
touches two bridges of L, (2, b). Note that a ladder consisting of b parallel
bridges gives rise to 2(b — 1) ladder vertices.

(iii) We say that ¢ € V(II) is a ladder vertex of II if it is a ladder vertex of
L,(%,b) for some o € . We decompose the vertices V(II) = V;(II) U
Vi (IT), where V;(II) denotes the set of ladder vertices of II.

See Fig. 2 for an illustration of Definition 4.3.
Next, for a pairing > € 9. we define the set of admissible multiplicities

B(Y):={beN”:G(Z,b) € R}. (4.15)
We define the set of admissible skeletons as
S:={2eM. :B(X) 0}

Due to the nonbacktracking condition and the requirement that parallel
bridges are collapsed, not every pairing is an admissible skeleton, and not
every family of multiplicities b of a skeleton 3 € & is admissible. A combina-
torial characterization of & is given in [3, Lemma 4.6], which we shall however
not need here. All that we shall need about B(X) is the following simple result,
proved in [3, Lemma 4.6].
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Lemma 4.4. For any ¥ € & the set N*\B(Y) is finite.

Here ends the summary of the material from [3, Section 4.2]. We may

now obtain the desired decomposition of ﬁ"(El, E,) as a sum over skeletons.
Plugging (4.14) into (3.17) yields

F(Ey, By) = > 1(2[T1] < M*) 2Re (F, () (E1, 61)) 2Re (T, () (B2, ¢2))

IIeRr
xy Y 1 =1I) D(I,B)
I>IEchH(T)
X Z X 1"75 X H S;Ee
x€TV{an {e,e’}ell
= > V), (4.16)
»e6

where we defined the value of the skeleton ¥ € G as

V(D) = Z 1 <2 Z by < M“) 2Re (Y, (2,b) (B, 61))
)

bEB(S =
X 2Re (Yny (1) (B2, ¢2))

x Yoy 1 =G(3,b)) D(I',E)
I'>g(X,b) Een ()
x > Ix)Brz(x)  []  Se- (4.17)

x€TV(E,b) {e,e’}€G(2,b)

This definition is the correct generalization of V(X) in [3, Equation (4.31)]
without assuming any simplifications. In particular, V(X) and V(X) differ by
a term £ in the terminology of [3].

4.4. Classification of Skeletons

In this short subsection we recall the splitting, introduced in [3, Section 4.4], of
the skeletons ¥ € G into three classes: the dumbbell skeletons, the small error
skeletons, and the large error skeletons. The dumbbell skeletons are the eight
simplest skeletons, denoted by D, ..., Dg, whose contribution is of leading
order and yields Viain from (3.23). They are defined in Fig. 3.

The contributions of the other skeletons has to be estimated and shown
to be much smaller. As pointed out in [3, Section 4.4], it turns out that when
estimating \7(2) we are faced with two independent difficulties. First, strong
oscillations in the b-summations in the definition of V(X) (4.17) give rise to
cancellations which have to be exploited carefully. Second, due to the combi-
natorial complexity of the skeletons, the size of & grows exponentially with M,
which means that we have to deal with combinatorial estimates. It turns out
that these two difficulties may be effectively decoupled: if || is small then only
the first difficulty matters, and if |¥] is large then only the second one matters.
(As usual, |X| denotes the cardinality of ¥, i.e. the number of bridges in X.)
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D, I D, Ds Dy

Ds E Dg E D+ % Ds E
F1GURE 3. The eight dumbbell skeletons Dy, ..., Dg

Hence we split the set G in the dumbbell skeletons, the small error skeletons,

and the large error skeletons. The splitting into small and large skeletons is
done using a fixed large cutoff K € N. In other words, we write

6 =6pU65%LUGT,
where we abbreviated &p := {D;,..., Dg} for the set of dumbbell skeletons,
and defined the set of small skeletons G == {¥ € 6\G&p : |Z| < K} as well

as the set of large skeletons 67, := {¥ € 8\Gp : |¥| > K}. The constant K
will be chosen large enough in Proposition 4.5 below.

4.5. Large Skeletons

We first estimate the contribution of the large skeletons G7.. As in [3, Section
4.4], the estimate of the large skeletons is rather simple, since for large enough
K their contribution is small even if we estimate them by taking the absolute
value inside the summations in (4.17). Hence, the oscillatory effects present in
the prefactors 7 are not exploited. The precise estimate is the following, which
is analogous to [3, Proposition 4.8].

Proposition 4.5. For large enough K, depending on u, we have

> V(E) < CxkNM—2, (4.18)
DIICE

Proof. Recall the definition (4.13) of J(x) for a bridge m = {e, €'}, which
encodes the constraints of coincidences of the labels associated with the vertices
a(e), b(e), a(e’), and b(e’). The basic estimate is

Y 1(@@E) =6(3b) Bra(x) < [[ J-x) (419

Ir>g(x,b) Zen(I) Te€G(X,b)

for any ¥ € &, b € N*, and x € TV®*»P), In order to prove (4.19), we make
the two following observations: (i) each side of (4.19) is either zero or one,
and (ii) if the right-hand side of (4.19) is zero then so is its left-hand side.
Observation (i) follows from the trivial fact that for any x there are unique
partitions I', 2 € P(E(C)) such that Br z(x) = 1. Observation (ii) follows from
the fact that if # € ®(T', E) then Br =(x) = Brz(x)J(x), since, by definition
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of @, the event Jr(x) = 1 is a consequence of the event Bp=(x) = 1. This
concludes the proof of (4.19)

For the following we may drop the nonbacktracking condition encoded
by I (see (4.3) for the definition), but we still keep the condition on the labels
imposed by two traces and implemented by Ip. From (4.17) and (4.19) we
therefore get, using (3.20) and the trivial bound D(T',Z) < 1, that

vE)l<e 1 (22@, < M“) Y Lhx) I Jeey®)Sa.

beN= oex xETV(E,b) {e,e’}€G(X,b)
Next, we may perform the summation over all labels of x indexed by the
ladder vertices of G(X,b) (see Definition 4.3). After this summation, each
ladder L, (X,b) of G(3,b) is replaced with a single bridge that encodes an
entry of S instead of S. Thus we get the bound

|9(E)|<O Z 1 (22 bggM“) Z IO(X) H J{E,e’}(x) (Sb{e)d})we .

beN> oEX x€TV () {e,e’'}ex
(4.20)

See [3, Section 4.2] for the full details of the summation over the labels of the
ladder vertices. The right-hand side of (4.20) is equal to [3, Equation (4.42)],
which was estimated in [3, Section 4.4]. The result from [3, Section 4.4] is
(4.18). This concludes the proof of Proposition 4.5. O

4.6. Small Skeletons

For the following we fix K to be the constant from Proposition 4.5. In order
to handle the small skeletons in 6§ U &p, we have to exploit carefully the
oscillations in (4.17). Since the set of small skeletons 6§( U &p is finite and
independent of M, it suffices to compute (in the case of Gp) or estimate (in
the case of Gf() the contribution of each such skeleton individually. The details
of the following estimates will be somewhat different for the two cases (C1)
and (C2); for definiteness, we focus on the (harder) case (C2), i.e. we assume
that ¢ and ¢2 both satisfy (2.8). The case (C1) is handled using a similar
argument whose details we omit.

Before proceeding further, we want to replace the summation over b €
B(X) with b € N¥ (recall that B(X) from (4.15) encodes a restriction on the
ladder multiplicities imposed by the nonbacktracking condition). To this end,
we split V(X) = Vo(X) — V1 (%) arising from the splitting 1(b € B(X)) =
1—1(b ¢ B(X)) plugged into (4.17). The goal of this subsection is to prove
the following result.

Proposition 4.6. Suppose that ¢1 and ¢o satisfy (2.8). Suppose moreover that
(2.10) holds for some small enough ¢, > 0. Then for any fited K € N and
small enough 6 > 0 in Proposition 3.2 there exists a constant co > 0 such that

PO < Po®) + ) € SN Ry rmM—=. (@21)

for all ¥ € &5.



756 L. Erdés and A. Knowles Ann. Henri Poincaré

This bound is much smaller than the true size of the leading term,

N
|Vmain| = MRZL(W + 77)7

which is obtained from the dumbbell skeletons computed in Sect. 3.4 (see
Proposition 3.3).

The rest of this subsection is devoted to the proof of Proposition 4.6.
We focus on the main term, Vy(X). The estimate of V;(X) is much easier and
is sketched at the end of this subsection. To guide the reader, we split the
somewhat lengthy argument into eight steps.

Step 1. Conditioning on ladders. A key idea behind the estimate of V(%) is
that the ladders in G(X, b) that remain ladders in I' > G(X,b) (see the sum-
mation over I' in (4.17)) will be summed up explicitly. (Recall that L, (X, b)
denotes the ladder in G(X, b) encoded by the skeleton bridge o € ¥ and con-
sisting of b, parallel bridges.) To make this classification of ladders precise, we
say that a partition I’ (with T' > G(X, b)) disrupts the ladder L, (%, b) if there
isame Ly(X,b) such that 7 ¢ T, i.e. a bridge of the ladder is contained in a
strictly larger block of I'. We shall classify all partitions T' > G(X, b) according
to the set ¢ C X of skeleton bridges whose ladders {L,(3,b) : o € (} the par-
tition I" disrupts. The other ladders L, (3, b), where o lies the complementary
set ¢ := X\(, are not disrupted by T, i.e. for ¢ € ( and m € L, (2, b) we have
m € I'. We denote the set of partitions I' that disrupt precisely the ladders
encoded by the skeleton bridges ¢ by §¢ (X, b); explicitly,

Fe(E,b) :={T' > G(%,b) : T disrupts L, (X, b) for o € ¢
and does not disrupt L, (X, b) for o € C_}

We shall sometimes refer to ( as the set of disrupted skeleton bridges and to
the ¢ as the set of not disrupted skeleton bridges.

Our strategy will be to sum carefully, by making use of oscillations, the
labels associated with ladders that are not disrupted by I', while using a more
brutal approach for the ladders that are disrupted by I'. The latter summation
will be estimated by taking the absolute value inside the summation. The
resulting loss is compensated by the fact that the summation variables are
subject to additional constraints owing to their being disrupted by I'. As it
turns out, these constraints lead to a reduction in summation that is sufficient
to compensate the loss resulting from ignoring the phases of the summands.
We note that an even more refined strategy could be applied, in which we
would subdivide ladders disrupted by I' into subladders that are not disrupted
by I'. We would then sum these not disrupted subladders explicitly (making
use of oscillations), and sum the remaining labels of the ladder more brutally,
again making use of constraints imposed by the disrupting by I'. As it turns
out, however, such a refined approach is mercifully not needed, and we choose
to characterize a ladder as “disrupted by I'” and to sum its labels brutally as
soon as even one of its bridges is not contained in I.
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For any given skeleton ¥ € &, we split the summation over I' and = in
(4.17) according to the set ¢ of disrupted skeleton bridges:

D)= V(D) (4.22)
¢Cx

where we defined

= Z 1<22ba<M“>

beN= gED
% 2Re (Yo, (z.b) (E1, ¢1)) 2Re (%2(2 by (E2, $2))

X Z Z =G(%,b)) D(I,E)
X Z I(X)BFE(X) II S (4.23)

x€TV(E,b) {e,e’}€G(X2,b)
(To unburden notation, we omit a tilde in the definition of V.)

Next, in (4.23) we first replace 3,,(s,p)(Es, ¢i) with (] * v, (2.1)) (Ei)
using (3.18), and then introduce a cutoff in the tail of 9] by replacing 1]
with ¢S from (3.65) where 6 := § (here we used the estimate (3.67)), and by
replacing the indicator function 1 (23", .y by < M*) with [ .5 1(b, < M*)
using (3.67). We omit the details of these brutal estimates, which are similar
to those used to obtain (3.68) from (3.64) and (3.23); the only additional com-
plication is the summation over I' and =, which may be easily dealt with using
(4.19). Using the splitting (3.44) (with x; = 73,,,(x,p) (Ei, ¢:)) we therefore get

Ve(E) =2Re (VUE) + V(X)) + Ogn(NM™7), (4.24)
where we defined
VIE) = Y (e o) (B) (Famm 05" (F2)

x Y > 1(®(I,E) =G(T,b)) D(I',E)

Fedc(2,b) 2en(T)

x Y Ix)Bre(x)  [[ S (4.25)

x€TV (2,b) {e,e’}€G(X,b)

and Vé’ (X) is defined similarly but without the complex conjugation on
Yna(2,b)- We give the details of the estimate for the (harder) term Vé(Z). Thus,
throughout the following, we only consider V(X); the estimates for V(X) are
almost identical, up to minor differences that are explained in Step 8 at the
end of this subsection.

Next, we use (3.7) to rewrite the factors v. To that end, we have to classify
the bridges of ¥ into three classes according to the following definition, which
is the same as Definition 4.13 in [3].

Definition 4.7. For i = 1,2 we define
Y, :={oceX:0CFEC)},
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the set of bridges consisting only of edges of C;. We abbreviate ¥4 := ¥ U X,
(the set of “domestic bridges”). We also define . := ¥\, the set of bridges
connecting the two components of C.

Since each o € ¥, contains one edge of C; and one edge of Co, and each
o € ¥; contains two edges of C;, we find that the number of edges in the ith
chain C;(n;) of the graph C(ny,ns) with pairing G(X,b) is

=Y bot+2 ) by

e ASPIPS oEeY;

Recalling the notation (3.40), we therefore get

Ve = 3 ( ng>w\’" (E1) * 05" ()
1}®

be{l,...,[M~ ocED

x Y > 1 =g(2,b)) D(I,E)
reg¢(2,b) 2€H(T)

x Y Ix)Bre(x)  J[ S (4.26)

XETV (Z:b) {e,e’}EG(Z,b)
where we defined the shorthand
s = s(Ey, By) = T(E1)T(By) (1 =42)
and the phases

—e2idn if o € 34
Xo = Xo(E1, B2) = —e7242 if g € 5, (4.27)
eltdi—42) it 5y e 3 .

(On the first line of the right-hand side of (4.26), the stars denote the convolu-
tions with respect to the variables £y and Fs on which s and y, depend.) The
precise form of the function s is irrelevant; we only need the bound |s| < 5.
From now on we drop the explicit mention of the domain {1,...,[M*]}* of
the b-summation in our expressions.

Step 2. Decoupling of the - and C-variables. We fix ¥ € Gf{ and ¢ C X%,
where ( is the set of the disrupted skeleton bridges. In order to perform the
ladder summations for the complementary set ¢, we shall have to split the
x and b variables according to the splitting ¥ = ¢ LI {. Recalling Definition
4.3, we split the labels according to x = (xs,%;), where x; = (2)icv,(,b)
and x; = (24)icv,(n,p)- We further split x; = (X,)sex, Where x, contains
the labels z; indexed by ladder vertices ¢ of L, (2, b) (see Definition 4.3). We
also introduce the set L¢(23,b) := [, ¢, Lo (2, b), which yields the splitting
x; = (X¢,%¢g). Finally, we split the multiplicities b = (b, ),ex: = (b¢, bg), where
b( = (ba)aeC'

Our next goal is to fix the multiplicities bs and the labels x,,x¢, and
to sum over by and x¢. In order to perform the summation over by and x¢,
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we shall first have to decouple them from the other summation variables,
i.e. remove the constraints on the summation variables that involve the fixed
variables. The key idea behind the decoupling is to parametrize a partition
I' € 3¢ (2, be, bg) using a partition Te Fc(X, be, 1) combined with the missing
multiplicities bg. Here be = 1 denotes the trivial multiplicities (b,),e¢ Where
by = 1 for all o € (. Informally, we collapse all ladders encoded by the set of
not disrupted skeleton bridges ¢ into single bridges.

To make this idea precise, we first observe that there is a canoni-
cal bijection between the skeleton vertices Vi of I' € §¢(¥,b¢,bg) and of
Ie Fc(X,be, 1) (since the length of each ladder can be varied independently
without changing the skeleton structure). Similarly, for each o € ¢ there is
a canonical bijection between the ladders L, in I’ and ' (since the length of
each ladder encoded by a disrupted skeleton bridge in ( is the same in I' and
f) Instead of a cumbersome formal definition, we refer to Fig. 2, where the
skeleton vertices V; are drawn in black or white. We shall use these bijections
tacitly throughout the following, in particular identifying the sets Vs of " and
T as well as the labels x¢ of I' and r.

Next, given a I' € F¢(2,b¢,be), the above bijection uniquely defines
I e S¢(X,be, 1). Moreover, we may recover the partition I' € §¢ (3, b, be)
from I € F¢(X, b, 1) and bg. To that end, we note that I' coincides with
T on the set of edges |J{r: 7 € L:(X,b)} (which is common to both I' and
f), and that on the complementary set | J {71' imE LE(E,b)} the partition T’
coincides with the pairing G(X,b). We have an analogous parametrization of
Z € H(I) using Z € H(I): on the set of edges | J {7 : 7 € L:(X,b)} the partition
Z coincides with Z, and that on the complementary set | {77 € Le(%, b)}
the partition Z is atomic. We shall sometimes use the notations I' = T'(T, be)

and E = £(Z, b;) to denote these parametrizations.

The following lemma says roughly that the operation ® (introduced in
Sect. 4.2) for refining partitions into pairings commutes with the parametriza-
tion (I',Z) — (I, Z), and that the indicator function D (see (4.10)) is invari-
ant under this parametrization. Note that it was precisely because of this first
property that the algorithm ® had to be defined carefully in Sect. 4.2, so that
how it breaks up a block of I is independent of the other blocks of T'.

Lemma 4.8. Let T € Fc(2,be, 1) and =€ ﬁ(f) Let bg be arbitrary, and let
I =T(T,b¢) and E = E(E,bg). Then the following hold.

(i) D(T,E) = D(I',E).
(ii) ®(I',Z) = G(¥,b¢, 1) if and only if ®(T',Z) = G(X, b¢, be).

Proof. To prove (i), we note that D = 1 if and only if the first term on the
right-hand side of (4.10) is one and the second term is zero. It is easy to check

that each term remains invariant under the change (I', Z) — (T, Z). The claim
(ii) is an easy consequence of the definition of the algorithm ®. O
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Using Lemma 4.8 and the parametrization defined above, we may rewrite
(4.26) as

v =Y Y3 1(¢(f,é)zg(z,b<,1)) D(T,

b¢ TeF (8,be,1) Een(T)

DB II s

Xs  X¢ {e,e’}E€L:(E,be,1)

X ZZI(X) Br( by zE by (%) (S H Xﬁ")
bz Xz

oex

[

# S (Er) x5 (Bs) I s.]- (4.28)

{e.e’}ele(2,b)

In (4.28) we separated the summations over bg and x¢ from their coun-
terparts without bars, but the variables bz and x¢ are still coupled to the
variables b¢, x,, and x¢ through the indicator functions I and B. We there-
fore have to rewrite these indicator functions in a more amenable form. Define
the set of unordered edge labels

By (xs,%¢) = {[ze] : {e, €'} € Le(S, b, 1)}

which collects all unordered edge labels associated with edges belonging to the
(-bridges. As the notation implies, this set does not depend on the labels x¢.
Moreover, we have the trivial bound

|E‘b< (XS,X4)| < CE MH.

We also recall the indicator function Jr(x) from (4.13), which enforces the
unordered edge labels to coincide within a bridge 7. Introduce the indicator
function

Jieey qer ey (%) = 1([2e] = [ze] = [2e] = [22])

associated with the event that two bridges, 7 = {e,é} and 7’ = {e’, &'}, have
the same unordered edge labels. Notice that this is a very atypical situation;
the leading contribution comes from the case when all bridges have distinct
edge labels.

Using these notations, we may rewrite the above indicator function B as

BF(f,bE),E(é,bé)(x)
= BIN‘E(X&XC) H J{e7e’}(XSaX§)1 ([$e} ¢ By, (XSaXC))
{e,e’}ELf(Eﬂ)g,bE)
X (1 — Jrt (XS,X{-)) . (4.29)
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The first factor implements all constraints among the ¢-bridges of L¢(X, be,
bs) ~ L¢(¥,b¢,1). The remaining factors provide an explicit form of the
constraints among the remaining ¢-bridges, which will be needed for the sub-
sequent summation over the (-variables: the second factor implements the
condition that edges of LE(E, be, bg) belonging to the same bridge have com-
patible labels (as defined by Ji. .}) and that their labels be distinct from the
labels associated with the (-bridges; the final factor implements the condition
that distinct (-bridges have distinct unordered labels.
Plugging (4.29) into (4.28) yields

=>. > X1 = G(S.b.1))

b TEF(2,be,1) Z€n(D)

E) ZZBF»E(XS7XC) H SIE

Xs X¢ {e,e’}eL¢(X,be,1)

X Z ZI(X) H J{e,e’}(xsaxf)l ([gje] ¢ Ebg (stxﬁ)) Sfe
b x¢

{676,}61’5(2"3(7}35)

X H (1 Jrr7r Xsaxg ( HXJ>*¢ ) 2<’U(E2)7

r#n €L:(S,be.bg) ocex
(4.30)

where we dropped the tildes from the partitions T and Z to unclutter notation.

Step 3. Resolution of coincidences among the C-labels. Our current goal is to
estimate the last two lines of (4.30) by making use of the oscillations in the
phases x, for ¢ € (. To unclutter notation, in the following we frequently
omit the arguments >, b = (bC,bé), and x, unless they are needed to avoid
confusion. We have to factorize the right-hand side of (4.30) into a product
over o. The main obstacle is the profusion of indicator functions introducing
constraints among the (-labels x¢. We split

[T (= dnwlxx)

m#ET €L

- H (1 - Uo(xsaxa)) H (1 - UG,U’(XsaXa'aXa")) 5

oel o#o'el
where we defined the indicator functions
1-U, := H (1= Jrm), Uy or := H H Jear).  (4.31)
w#T €L, w€Ly mEL L/

The first expression excludes that two different bridges within the same ladder
o have the same labels, while the second excludes that two bridges from dif-
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ferent ladders have the same labels. We adopt the convention that U, , := 0.
We also introduce the indicator function

1-Uy:= J[ (1-=1(z]€EBs)), (4.32)
{e,e’}eL,
which excludes that any label in a (-ladder o coincide with a (-label. (Note

that the right-hand side depends on the choice of ordering of the pair {e, e’}; it
may be chosen arbitrarily, since we shall always use 1-U, - within an expression
in which [z.] = [x/] for {e, e’} € L,.)

The idea behind these definitions is that the term 1 is typical (and hence
yields a leading contribution); the error terms Uy, U, o/, and U, yield smaller
contributions resulting from coinciding bummatlon labels. We expand

J=[[a-U.)0-0.) IT a-u. = > > Tapo

ol o,0'€C a,BCCyC¢?
(4.33)

where we defined

Jopr = [[U) [1=U0) T] (~Uso) (4.34)

gEQ oep {o,0'}ey
Thus we have the splitting J = .z J¢, where
Jei= > > 1U=aUBUN]) Jusy (4.35)
,BCCyCC?

and we defined [v] := J{{o,0'} : {0,0'} € v}. The interpretation of J¢ is that
it imposes constraints precisely on the ladders L, indexed by ¢ € £. Hence,
the set £ consists of all o € ¢ such that Je¢ introduces a constraint among the
labels of L,. Abbreviate the complementary set by ¢ := (\¢; these are the
(-ladders whose labels are not subject to restrictions. We split the variables
bz = (bg, bg) and xz = (x¢,Xg) in self-explanatory notation. Thus, we have
Je(xs,%¢) = Je(xs,%¢), so that Je does not depend on the {-labels x¢.
Hence we may write the two last lines of (4.30) as > R¢, where

Rf = ZZ H J{e,e’}S:Ce,

Xz {e,e'}ELE

x 1(x) Je(xs, %) < 11 Xg> "(Ey) x5 (By).  (4.36)
cEX

We first fix the &-variables and sum over the &-variables, using the fact
that J¢ does not depend on the &-variables. Before we may do this summation,
we have to deal with a final complication arising from the indicator function
I(x) implementing the nonbacktracking condition. Since I(x) couples labels
associated with vertices at distance two from each other, I(x) does not fac-
torize over the ladders o € &. However, provided we treat the first and last
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T1 21 Y1 Y2 Y3 Y4 Ys zZ2 X2

! !
Ty Z1 Y1 Y2 Y3 Y4 Y5 Z2 Ty

FIGURE 4. A ladder L, with its labels. The skeleton x,-labels
are denoted by x1, xo, 2, and 2, the edge labels by z; and 25
and the inner labels by y1,...,y5. We display each label next
to the vertex it is associated with and omit the argument o.
The choice of names associated with the ordering of the ver-
tices is immaterial. Since the omnipresent indicator functions
Jie,ery force two labels on the same side of a bridge to coin-
cide, we use the same letter for them. For later purposes, we
distinguish the labels z1 and 2} as well as 25 and %, although
the same indicator functions always impose that x; = 2 and
X9 = xh

summation label of each ladder separately, such a factorization is possible. For
each o € € we split x, = (y,,2,) into its inner labels y, and its edge labels
Z,. By definition, z, consists of the labels associated with all ladder vertices of
L, (X2, b) that are adjacent to a vertex that is not a ladder vertex of L, (%, b);
note that for b, = 1 there are no such vertices, for b, = 2 there are two such
vertices, and for b, > 3 there are four such vertices. See Fig. 4 for an illus-
tration of this splitting. We also abbreviate yg = (y,),e¢ and zg = (2o) yee-
Thus we get the factorization

I(x) = N(XS7X<,X5,Z£) H (1 — Wg(xs,x<7z§,yg)) ,
O'EE

where the first factor I includes all terms in the product on the right-hand
side of (4.3) that do not depend on the inner labels y, of any o € &; the
remaining terms on the right-hand side of (4.3) depend on precisely one y ., so
that they may be factorized over o € € and written in the form 1 — W,. The
interpretation of W, = 0 is that, given (x,,x¢,X¢, Zg), the summation over y
is unrestricted. A glance at Fig. 4 should clarify this splitting. Plugging this
into (4.36) yields

Re = ZZJE(X&XE) H J{e,e’}Sace

be X¢ {e,e’}eLe
XZZT(XS,XQXE,ZE)Z H(I*Wa(xwxc;zfayo—))
bs zg Y \oeé

<| JI Viee)Sa (sHxl;”>*wf’"(E1)*¢§’”(E2). (4.37)

{e.e’}eLlg oex
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Similarly to the above splitting of ( = £ U &, we perform a final splitting
Re = Zﬁcé Re¢ 9, obtained by applying to the right-hand side of (4.37) the
splitting

[Ta-wo) =] -w,) (1(bs >3) +1(b, => Keo, (4.38)
oeé oeé 9CE
where ¢y collects all terms containing a factor W, or 1(b, < 2) for some
o € 9. The leading contribution is the term Ky ¢, corresponding to 1 = (). Note
that K¢ » does not depend on y,, for all o € ¥ := £\J. Moreover, note that for
each o € ¥ we have b, > 3 for nonzero summands in Rey.

Step 4. Summing over the -variables using oscillations. We now explicitly
perform the y_-summations for each o € 9J. To that end, for o € 3 we introduce
the labels @y, @9, 2}, a%, 21, and z5 associated with the vertices at the ends of
the ladder L,, as defined in Fig. 4.

We may sum up the y,-labels for o € 9. The result is

Rey = Z Z Te H Jie,e'}Sa.

be x¢ {e,e’}EL¢
x ZZ 1Y Keo| I JreenSe <S (H xi")
zg Yo {e,e’}ELy cED

by —2
| TI Sa1012100) (5% 7)., (0 2a(0) Se2(0)22(0) 021 ()24 (0) Oza()at ()
=

<
* wl\JI(El) * \177(E'2)

We may now explicitly sum up the geometric series arising from the
summation over b, = 3,4,...,[M*] for each ¢ € ¥. This summation exploits
the required cancellations, and, having done it, we may take the absolute value
inside the summation. Estimating I < I (recall (4.3)), we get

[Reol <CY Y | Tello [ I JiewrySe

be X¢ {e,e’}€L;

XZZ (H (Wa+1(ba < 2))) H J{e,e/}Smc
by Xv e=tss {e,e’}eLy

% I (Zes(0102)(@) bisiopat (0)0e201050)) (4.39)
o€l

where we defined
O') = ZSIU sup { |<Z(X0'<El — U1, E2 - UQ)S))uw| : "U]_|,

U, W

o] < 27 M/ 2} Suy (4.40)
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and

(MH] -2 MH]—2
o ‘“—[]). (4.41)
b=1 -t
Note that the condition on v; and vy in (4.40) amounts to constraining them
to lie in the support of " (v1)¥s " (vs) in the convolution integral; see (3.66)
and recall that § = 6.
Bearing later applications in mind, we introduce a general class of matri-
ces Z(0), parametrized by the bridges o of ¥, which satisfy a set of simple
bounds that are sufficient to conclude the proof.

Definition 4.9. Recall the splitting ¥ = 3 U X5 L X, from Definition 4.7. We
call the family of matrices Z(o, F1, E3, L) = Z(0) parametrized by o € ¥
admissible if

C
2oy (O)] < 37 Y |Zuy(0)| < Clog N (4.42)
Y

for o € ¥1 UX5 and

1Zay(0)| < M Rofio ), Szl <o

for o € X..

As advertised, the matrix Z from (4.40) satisfies the estimates in Defini-
tion 4.9.

Lemma 4.10. For small enough § the matrices A from (4.40) are admissible in
the sense of Definition 4.9.

Proof. The claim is a trivial corollary of [3, Lemma 4.16]. We remark that the
proof of [3, Lemma 4.16] relies on the estimates (3.35) and (3.36). It makes
essential use of the oscillations in the sum (4.41). See [3] for the full details. O

In this step we have achieved the main goal: to exploit the oscillations
from an appropriate subset of the ladders. In the remainder of the argument
we have to perform the remaining summations. We shall not use oscillations
any longer: only the size of the terms and their combinatorics will matter.

Step 5. Summing over the &-variables without oscillations. We now sum over
the remaining &-variables, i.e. the ¥-variables by and xy in (4.39). This is a
straightforward estimate, since the right-hand side of (4.39) factorizes over all
ladders encoded by o € 9. The contribution to the right-hand side (4.39) of
an individual ladder o € ¥ incident to skeleton vertices with labels 21 =
and o = z, from x; (see Fig. 4) is estimated by
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[(M*]

E E leylsyly2 "'Syb—2yb—1syb—1xz

b=1 Y1,.-,¥b—1

b—4
(1 [ 1w # yi+2)> +1(b<2)

i=1

< 24,2, (0), (4.44)

where Z satisfies Definition 4.9 (in fact, it satisfies the stronger bound (4.42)
for all o). To prove (4.44), we note that the estimate of the term proportional
to 1(b < 2) is trivial. We deal with the other term by writing 1(y; # yit2) =
1 —1(y; = yi+2) and using the elementary bound

0<1—ﬁ (1—a;) Zal 0,1]) (4.45)

(with a; = 1(y; = yi+2) and n = b — 4 in this case). This yields b — 4 < M*
terms, each of which is bounded by M~1(S*),,,, for some k € N. The factor
M~ comes from the

C
Z S iYit1 y7+1y1 = (SQ)ylyl < M (446)
Yi+1
summations in the event a; = 1(y; = y;42); the rest of the S-factors are
summed up freely. This concludes the proof of (4.44). Recall that Re =
> oce Rew and [€] < |X]. Plugging (4.44) into (4.39) therefore yields

|Re| < Cs Io(xs ZZ|j§ X, X¢ )|

be x¢

X H J{e’e/}sgje H J{e’e/}Zwe({e,el}) s

{e,el}GLE(E,b(,bg,l) {8,6/}€L§’(2,b<,b£,1)
(4.47)

where we split b = (b¢, be, bg) and abbreviated bg = 1 to denote b, = 1 for
all 0 € €.

Remark 4.11. For future purposes we observe that if 9 # () then the estimate
(4.47) is in fact valid with an extra factor M?*~1 on the right-hand side. (In
(4.47) we simply estimated this factor by one.) This factor arises from the
preceding argument for o € 9: for each indicator function a; in (4.45) we get
a factor M1, there are M* such terms, and the by-summation yields another
factor M*H.

Step 6. Summing over the &-variables. Fix & C ¥. We may now sum over
be and x¢ on the right-hand side of (4.47). The summation over be will be
performed trivially, yielding a factor M!¢/#. Hence it suffices to regard all b
as fixed. Since for any fixed £ the sum on the right-hand side of (4.35) contains
Osx (1) terms, it suffices to estimate the contribution of a single term J, 3.4
to the right-hand side of (4.47). Thus, for the following we fix a, 3 C ¢ and
v C ¢? satisfying ¢ = a U B U [y]. Define 3 := 3\a. Moreover, let v be a



Vol. 16 (2015) Altshuler—Shklovskii Formulas 767

minimal subset of v such that £ = a U 3 U [¢/]. Since 8/ C 8 and v/ C v, we

may estimate
\Tasr <[ U [T U ]| Uowor- (4.48)

el te oep’ {o,0’}ey!

We therefore need to estimate

Cs: Ip(x \ﬁluz HU H U, H Uy

e <te ocp’ {o,0"}ey’

X H J{e,e/}S$a H J{e,e’}ZIe ({676/})

{e,e’}€Le(3,be,be,1) {e,e’}ELg(E,bc,bg,l)
(4.49)
For each factor U in (4.49) we shall use the estimates

Uo’ < Z Jﬂ',fr’a
n#T €Ly

Us< Y. 1([ze] € By,) (4.50)
{e,e’}EL,

a o’ Z Z J7r ,
n€Ly w' €L 1

which follow by applying the estimate (4.45) to the definitions (4.31) and
(4.32).

Next, we sum over x¢, by summing over the labels of the ladder vertices
X, for o € £. The basic intuition behind this summation is that, thanks to
the coincidences imposed by the factors in the first line of (4.49), the ladder
associated with o may be estimated by an admissible factor Z (see Definition
4.9) times a small factor M ~! as in (4.46). This factor will compensate the
factors of M* arising from summations over b,, over w € o, and possibly over
7' € 0. (Recall that ;1 < 1/3, so that three factors of M* are affordable for
each factor of M~!. In fact, the estimates presented here only produce at most
two factors of M* for each factor M ~!, and in particular work up to p < 1/2.)
Some care is needed in accounting for the coincidences in U, ,/, since here
two b,-summations need to be compensated. Together with the summations
over 7, 7', the combinatorics give a factor M**, which would not be affordable
against the gain of M !, but it turns out that in the generic situation the
gain is in fact M 2. In order to observe this gain, we need to perform this
summation in an appropriate order. To that end, it is convenient to introduce
a graph § = (V(S), E(S)) := (&,7'), whose vertices are identified with the
ladders in &, and which encodes which distinct ladders are connected by a
factor Jr r-. Note that S is a forest graph by the minimality assumption on
~'. We say that {o,0'} € 7/ is a twig of S if ¢ and ¢’ both have degree one
and do not belong to U 3. The twigs represent the problematic factors of
I, from which M~2 needs to be gained.
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The summation proceeds as follows. First, we sum recursively over all x,,
for o ¢ aUB'. We do this by starting at the leaves of S, at each step removing
the leaf o after the summation over x, has been completed. If we encounter a
leaf that belongs to a twig {0, 0’}, we sum x, and X, simultaneously. Finally,
after only vertices in o U 8’ remain, we sum up the associated labels x, one
by one.

Now we give more details about each step of the summation. Suppose
that o ¢ aU ' is a leaf of S that does not belong to a twig (e.g. o3 in Fig. 4).
Let ¢’ be the vertex of S adjacent to o (continuing with the example o = o3
from Fig. 4, we have ¢/ = 04). We now estimate

Z Uo,g’(X57 Xo, XU/) H J{e’e/}s$e < CMQH_lzII(U):w(U) (0’)7 (451)
Xo {e,e’}eL,

where z1(0) and z5(0) are skeleton labels incident to L, (see Fig. 4). The
proof of (4.51) follows by estimating U, . as in (4.50), and by noting that the
sum contains O(M?) terms, and in each term the number of free summation
labels is reduced by at least one, leading to a factor M ~!'Z; we omit further
details. (In fact, it is not hard to check that the factor M?*~1 on the right-
hand side of (4.51) may be improved to M*~1, by the simple observation that
the generic case leads to a reduction of M ~2, while a weaker reduction of M !
is obtained only for O(M*) terms and not the generic O(M?*) terms.) Having
summed over x,, we strike the vertex o and the edge {0, 0’} from the tree and
repeat this process until S has no more leaves in £\ (aU ') that do not belong
to twigs.

Next, we estimate the x-summation associated with twigs. Let {0, 0’} be
a twig of S (e.g. {o1,02} in Fig. 4). Similarly to above, we claim that

Z Ua,a’ (XS7X0'7XO") H J{e,e’}sze

Xo X/ {e,e’}eL,UL .,
< CM‘lle(g)m(g) (0’) le(a’)z2(a’)(al)- (452)

To see this, we estimate U, . using (4.50) and note that the coincidence Jy -
typically reduces the number of free summation labels by two. Here “typically”
means that at least one of 7 and 7’ is only incident to ladder vertices (or, more
informally, is away from its skeleton vertices, i.e. the ends of the ladder). This
yields a gain M~2 and there are O(M?>*) such terms, so the total gain is
bounded by M?*~2 < M~!. In the non-typical situation (i.e. where both 7
and 7 are incident to skeleton vertices), we only gain a factor M ~! from the
coincidences, since in this case one of the two labels incident to a bridge is a
skeleton label, which is fixed so that J; - forces only one instead of two ladder
labels to coincide. But this may happen only if 7 and 7’ are both at an end
of their ladders, so the number of such terms is only O(1). This concludes the
proof of (4.52). We repeat this process for each twig of S, after which we strike
the twig from S.

This leaves us with the summation over x, for ¢ € a U ' (e.g. 05 in
Fig. 5). These summations factorize over o € U ', and may be estimated
individually (again by using the bound from (4.50)). For o € a we get
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g2

FIGURE 5. The forest S. Vertices in o U 3’ are inside the
shaded region. The leftmost connected component of S is its
only twig

Z Us(Xs,%o) H Jie.ery Sz, < CMM712331(0)3)2(U) (o), (4.53)
{e,e’}€L,

and a similar estimate applies for the case o € ', where U,(Xs,X,) in (4.53)
is replaced with (70 (XssX¢, X0 ).

We may now conclude the summation over the labels x¢ in (4.49) by
noting that on the right-hand sides of (4.51), (4.52), and (4.53) each factor
Z carries a factor that is bounded by CM~#. (This follows from p < 1/3; in
fact, p < 1/2 would be enough here.) Going back to (4.47), we have therefore
proved that

|R§| Cx IO(Xg)Z H M”‘J{e7€/}2xe({e,e’})

b {676/}€L5(E7bC)1)

X H J{e,e’}ZIe({eael})

{e,e’}€Lg(E,b¢,1)
< OE IO(XS) H J{e,e’}zxe({e7€/})a
{e,e’}eLg(Z,bc,l)

where the multiplicities 1 refer to bg.
Recalling (4.30) and the definition of R given before (4.36), we therefore
conclude that

Vi) <ced > o1 G(%,be, 1) ZIO Xs)

b TE€F(2,be,1) Z€n(T)

X ZBI‘,E(XsaX() H SIE H Zze({(f’e/}) ’

{e,e’}€L¢(E,be,1) {e.e’}eLs(E,1)
(4.54)

where we used the bounds D(T', Z), Ji. .} < 1 as well as the canonical bijection
Le(3,b¢, 1) > Lg(%,1) described in Step 2 at the beginning of this subsection.

Remark 4.12. Similarly to Remark 4.11, we note that if £ # () then the estimate
(4.54) is in fact valid with an extra factor M?*~! on the right-hand side. More
precisely, from each o € aU3’ we gain a factor M?*~. Moreover, from each o €
['] we also get a factor M2#~! except if o belongs to a twig {o, o'}, in which
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case the whole twig {o,0’} gives rise to a single factor M?#~1. All of these
observations follow easily from the preceding argument, as in Remark 4.11.

Step 7. Summing over the (-variables. Our next goal is to sum over the vari-
ables by and x¢ in (4.54). The basic philosophy is similar to that of Step 6:
the restrictions in the summation arising from the constraint I' € (X2, b, 1)
yield powers of M, which will compensate the factor M*I¢| arising from the
b -summation.

The key observation behind estimating the right-hand side of (4.54) is
that, by definition of §¢ (X, be, 1), if I' € F¢ (X, be, 1) then each ladder L, with
o € ( contains a bridge m € L, that is contained in a block of T" of size greater
than two. Thus, for any x,, x¢, and I' for which the corresponding summand
on the right-hand side of (4.54) is nonzero, we have

1<y Y 1¢=aup) [0 ] Uso- (4.55)
aC(~yC(? oca {o,0'}ev
The interpretation of the right-hand side of (4.55) is that each ladder L, must
contain a bridge that is either (i) in the same block as another bridge of L,
(implemented by the factor U,) or (ii) in the same block as a bridge of a
different ladder L, (implemented by the factor U, . ). Plugging (4.55) into
the right-hand side of (4.54) and using (4.19) yields

VEE) < Cslo(x) Y D 1 =aUh))

aC{~yC¢?
XYy () ( 1 v
xs be x¢ \o€a {o,0'}ey

X 11 Jie.e}Se. II  Jeer2e.(eed)

{e,e’}eL¢(X,be,1) {e.e’}eLs(2,1)
(4.56)

We may now estimate the sum over x¢ exactly as in Step 6, by estimating
the indicator functions U, and U, . as in (4.50) and using the facts that the
sums over « and 7 contain Ox(1) terms and that for each o and v we have
¢ = aU[y]. The result is

ViI< oY o) [ T M e e e e

b¢ {e,e’}ELC(E,l)

X H J{eye/}zze({€,€/}>

{e,e’}ELs(E,1)

<Co) Iox) | [I JeerZe.(eed) ], (4.57)

{e,e’}ex

where in the last step we used that G(¥,1) = X.
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Remark 4.13. Exactly as in Remark 4.12, we note that if ¢ # () the estimate
(4.57) is valid with an additional factor M?*~1 on the right-hand side.

Step 8. Summing over X5 and conclusion of the proof of Proposition 4.6. To
conclude the estimate of Vé(E), we use the following estimate on skeleton
pairings from [3, Lemma 4.22].

Lemma 4.14. Suppose that ¥ ¢ Sp and that Z satisfies Definition 4.9. Then
for small enough § there exists a cg > 0 such that

N
> 00| II JreerZeeeh) | < EX R,
xeTV(Z) {e,e’}ex
Now (4.57) and Lemma 4.14 yield
CsN
VS < =57 Ralw + )M~ (4.58)

for all ¢ C . An identical argument yields the same bound for [V (X)] for all
¢ C %, where V' (X) we defined after (4.25). The only difference is that x, in
(4.27) is replaced with

—e2id1 ifoe¥;
Xo = —e2iA2 ifoe Yo
el(Aitd2) if 5 e ¥,

The estimates are otherwise the same, since the resulting factors (4.40) again
satisfy Definition 4.9. (In fact, they satisfy even better bounds, since in (4.43)
the argument w + 7 is replaced with the larger constant x). This concludes the
estimate of Vo(¥) in (4.21).

What remains is the estimate of ﬁl(Z). This is straightforward, since the
set N¥\ B(X) is finite by Lemma 4.4, so that the b-summation in the definition
of V1(%) ranges over a set of size O(1). Hence we do not need to make use
of oscillations, and may perform a brutal estimate by immediately taking the
absolute value inside the summation. The result is that |V;(X)| is bounded
by the right-hand side of (4.57) for some admissible matrices Z; we omit the
details. Lemma 4.14 then completes the estimate of )71(2). This concludes the
proof of Proposition 4.6.

4.7. Computation of V() for & € &p
In this section, we compute 17(2) for 3 being one of the eight skeletons of &p,
depicted in Fig. 3.

Proposition 4.15. For small enough § in Proposition 3.2 there exists a constant
co > 0 such that

> V(E) = Vinain + O <J\]\;MCORQ(W + 77)) ,

Y¥e6Gp
where Vipain was defined in (3.23).
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The rest of this subsection is devoted to the proof of Proposition 4.15.
The argument is very similar to that of Sect. 4.6, and we shall therefore only
highlight the differences. As before, we split the right-hand side of (4.17) using
(3.44), which gives V(X) = 2Re(V'(2)+V"(2)). We focus on the leading order
term, V'(2); the term V”(X) may be dealt with in exactly the same way, and
yields a smaller-order contribution. Exactly as in Step 3 of Sect. 4.6, we split
V/(2) using ¢ C X (see (4.22)), € C ¢ (see (4.35)) and ¥ C & (see (4.38)); this

gives
VI(E) =) > Vies®)
éccocé

in self-explanatory notation. First, we observe that for the leading terms
Vio.0(2) we have

Z Vé,@,@(z) =2 Re Vr/nain + Oq(NM_q)7
$e6p
where V! . was introduced in (3.45). Indeed, if ( =0, £ = 0, and ¥ = () then
it is not hard to see that the x-summations of Vi . 4(¥) within all ladders
of G(3,b) are unconstrained. This yields precisely 2ReV/ ... (see (3.23) and
(3.45)).

What remains is to estimate the error terms, i.e. V(.  4(2) for (UEUY # 0.
The strategy is very similar to that of Sect. 4.6: a nonempty ¢ U & U ¢ induces
coincidences among the x-labels, which yields a subleading contribution even
after taking absolute value inside summation. Here, however, the bounds (4.42)
and (4.43) are not quite good enough: as observed in [3, Equation (4.58)],
applying them to a dumbbell skeleton yields an error bound that is larger
than the main term. For { = & = 9 = () the arguments of Sect. 4.6 yield the
bound [V 4 4(Di)| < (N/M)Rz(w +n)M* for any skeleton D; (see [3, Section
4.5] for more details); this bound cannot be improved using the methods of
Sect. 4.6. However, if (U UY # () then the estimates of Sect. 4.6 get an
additional factor M?2#~! on the right-hand side. This fact was observed in
Remarks 4.11-4.13.

In order to derive the precise estimate, we consider only the most com-
plicated dumbbell skeleton, 3 = Dg, and we use the labelling from Fig. 6 to
analyse Véﬁg’ﬂ(Dg). In particular, we identify the bridges of ¥ with the set
{1,2,3,4}. The key estimate is the following.

Lemma 4.16. Suppose that (UE U # (). Then we have
Vee oD <M 3 124000 (D] 22y (| Zyays (3] sy (4

Y1,Y2,Y3,Y4
where Z(1) and Z(2) satisfy (4.42), and Z(3) and Z(4) satisfy (4.43).

Proof. The proof follows the argument of Sect. 4.6 to the letter, except that
we need the squeeze out an extra factor M?2#~1. This extra factor is however
already present in the estimates of Sect. 4.6, as observed in Remarks 4.11—
4.13. O
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F1GURE 6. The skeleton Dg. We indicate the four indepen-

dent labels y1, . .., y4 next to the vertices that carry them, and
the multiplicities by, ...,bs next to their associated bridges
of Ds

Using Lemma 4.16, it is easy to conclude the proof of Proposition 4.15.
Combining Lemma 4.16 with (4.42) and (4.43) yields, for U U ¥ # (),

M?20 CN
2WR2(w +n) < YA M™% Ry(w + 1),

for small enough ¢ > 0 in Proposition 3.2, since 3u — 1 < 0. Similar estimates
hold for ¥ = Dy, ..., D7. This concludes the proof of Proposition 4.15.

Vi.e.9(Ds)| < CNM**~M*(log N)

4.8. Conclusion of the Proof of Proposition 3.3 and Theorems 2.2-2.4

The estimate (3.26) follows from Propositions 4.5, 4.6, and 4.15. Recalling
Propositions 3.4 and 3.7, we have therefore proved Proposition 3.3.

The rest of the proof is the same as in [3, Section 4.7], and we summa-
rize the argument. Using Proposition 3.3 and (3.19), we have computed the
numerator of (3.9). The denominator is easily computed from the following
result, proved in [3, Lemma 4.24].

Lemma 4.17. For E € [-1+ k,1 — k] we have

EY](E) = 4V/1 - E? + O(n) = 21v(E) + O(1). (4.59)
Now Theorems 2.2-2.4 follow immediately with (2.44), (2.51) and
Lw)d Vinai
O (Bn,By) = main_ . (4.60)
162\ 2 N2 EY (E\)EY, (E)

5. Extensions

5.1. Higher-Order Correlations

In this section we prove Theorem 2.7. Since the proof is almost identical to
that of Theorem 2.2, we only outline the differences. In this section we use the
notation MX := X —EX. As in (3.8), it suffices to compute
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k
FE,,...,E) :=E (HM(T&«qu(Hm - EZ-))>

i=1
= F(Ey,..., E) + Og(NPM~9)

for all ¢ > 0, where we defined

FU(Ey, ..., Ey)

k k
= Z <H 2Re (%ng (EQ, ¢2))> E (H M(Tr H(m))) ]

nit+-+npg<MH \i=1 i=1

(See (3.19).) In order to evaluate the expectation on the right-hand side, we
use a trivial extension of the graphical technology introduced in Sect. 4. Here,
the graph C = C(n1,...,n;) = Ci(n1) U --- U Cx(ny) consists of k disjoint
oriented chains, whereby the ith chain C; has n; edges. Plugging in (3.1), we
get a sum over the labels x = (z;);ev (c)-

We now proceed as in Sect. 4, introducing the partitions I' € PB(E(C)).
The only novel ingredient is a classifications of such partitions I' according
to their induced partitions on the chains of C, indexed by the set {1,...,k}.
More precisely, for each I' € B(E(C)) we define the induced partition P(T") €
PB(k) := P({1,...,k}) as the finest partition on {1,...,k} such that i and j
belong to the same block of P(T") if there exists a v € T" such that i,j € 7.
The interpretation of P(T") is that components of C that are linked by a block
of T belong to the same block of P(T"). Previously, when computing the two-
point correlation function we considered only partitions that linked the two
chains of C, so that P(I") was always trivial. Now we have several chains and
their connectivity structure, described by P(T'), is more complicated. We note
that P(T') would have remained trivial if we had considered the kth order
cumulants instead of the correlation functions of X; in Theorem 2.7. In our
case, the subtraction of the expectation value in the definition of X; guarantees
only that P(I') has no atoms.

We write

k k
E(HM(TrHW)):ZI(x) II VSe |E(I]M| ] 4. |-

i=1 x ecE(C) =1 e€E(Cy)

and decompose the expectation according to

k
E HM H A,
=1

e€E(Cy)
- Y Y wem=p ¥ BreDTE) (1)
pEP* (k) TEP(E(C)) Een(l)

(compare with (4.9)). Here P*(k) C P(k) is the set of partitions with no
atoms, H(I') is the set of halving partitions of I'; and
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k

p,5) = [ @I {1~ [T pareen @ . (5.2)

el i=1 ver

which generalizes the indicator function (4.10) to the case & > 3. In order to
see this, we note (recalling that any monomial of in the entries of A is either
equal to one or has zero expectation) that the expectation on the left-hand
side of (5.1) is equal to one if and only if E]].cp,) Az. = 0 for all i and
Ellcep(c) Az. = 1. These two conditions easily yield (5.2). Note that the
restriction p € P*(k) imposes that T' has to be a connected partition in the
sense that for any chain C; there is another chain C; such that some block
of I' has a nontrivial intersection with both C; and C;. For the purposes of
this proof, this is the appropriate generalization of the concept of connected
partition (4.11) to a k-component graph. Note also that, for P(T') = p and
E € H(T), the indicator function D(T',Z) factorizes over the blocks of p.

Note that summation over p on the right-hand side of (5.1) yields the
decomposition

F'(Ey,....Ey)= > F)(E,... Ey) (5.3)
pEP* (k)

in self-explanatory notation. Now we split the right-hand side of (5.3) into the
terms p € M(k) (i.e. the pairings) and p € P*(k)\M (k). The former terms will
yield the leading term of (2.28) and the latter terms the error term of (2.28).

Let us consider an error term arising from a p € PB*(k)\M(k). We may
repeat the estimates of Sect. 4 and [3, Section 4] with merely cosmetic changes.
Omitting the details, we get the following bounds. Each block b of p of size |b]
yields a contribution bounded by

MR 4 ) by (54)

to F"(E1,...,Ey). (Recall wy defined in the statement of Theorem 2.7.) The
bound (5.4) may be seen from the power counting estimate [3, Equation (4.57)],
and we omit the details. Note that (5.4) generalizes [3, Equation (4.58)] to the
case |b| > 3. In addition to (5.4), we have the stronger bound

%Rdwo +7) (5.5)

for blocks b of size |b] = 2, as follows by the explicit computation from Propo-
sition 3.3. Again, we omit the details of the uninteresting modifications to the
argument of Sect. 4 and [3, Section 4].

Using (5.4) and (5.5), it is easy to conclude the proof. To illustrate the
procedure, we give the details for the worst-case scenario: k is odd, p consists

of one block of size three and (k — 3)/2 blocks have size two. In that case we
get from (5.4) and (5.5) the bound
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N (k=3)/2
FJ(By,c o, )| < M7 (Ra(wo +m)MY)? (MR4(wo + n))

7 /N k)2
< N<MR4(°U0+77)) ;

where in the first step we used that 3 < 1 and Ra(wo+n)? < MH. Essentially,
a block of size greater than two yields an additional small factor bounded by
(M/N)/2. This concludes the estimate of the error terms.

The main terms arise from the pairings p € M(k) for even k. If p is a
pairing, the quantity ﬁ;(El, ..., E}) is equal to a product over the blocks of
p, up to some constraints among the summation labels imposed by Br z(x).
These constraints may be removed exactly as in Sect. 4 at the expense of the
error in (2.28), and the result is a pure product over k/2 independent two-point
functions. This concludes the proof of Theorem 2.7.

5.2. The Real Symmetric Case, 3 = 1

In this section, we explain the changes needed to the arguments of Sect. 4 to
prove Theorems 2.2, 2.3, and 2.4 for § = 1 instead of 8 = 2. The necessary
changes under the simplifications (S1)—(S3) of [3] were explained in [3, Section
5.1]. Here we describe the changes required for the full proof, as presented in
Sect. 4.

The origin of the difference between the cases § = 1 and § = 2 is that
for 3 = 1 we have EH?, = S,,, while for 3 = 2 we have EH?, = 0 (in
addition to EH,,Hy, = E|H.y|* = Sy, which is valid in both cases). This
leads to additional terms for 3 = 1, which may be included in the argument
of Sect. 4 as follows. Recall that the main idea of the partitions I' and =
introduced in Sect. 4.1 is that blocks of I" correspond to edges that have the
same unordered labels, and blocks of = to edges that have the same ordered
labels. Since EA® Al ' is now nonzero if and only if k + [ is even, we find that

the indicator function p, (=) defined in (4.4) has to be replaced with

L~ (Z) := 1(|y| is even) 1(E|, has at most two blocks).

This definition ensures that for Brz(x) = 1 (recall (4.6)) we have E]] .,

A, = 1if and only if i,(2) = 1. For a given I', we let = range over $(I'),
defined as $(I') in (4.5) except that ., (Z) is replaced with [, (Z). With these
definitions, the construction of Sect. 4.1 remains the same. In defining the
refining pairing IT of (T, E) as in Sect. 4.2, we forgo the condition (a) of Sect. 4.2
by choosing the edge ¢’ in Step (ii) of ® to be simply the largest edge of ;
otherwise the algorithm is unchanged.

This leads to pairings IT whose two edges may either have different or
coinciding ordered labels. We call the former twisted bridges and the latter
straight bridges; these concepts were first introduced in Section 9 of [5], and
were discussed in more detail in the current context in [3, Section 5.1]. For-
mally, we assign to each bridge of II a binary tag, which indicates whether
the bridge is straight or twisted. The constraint imposed by a straight bridge
{e, e’} is given by the indicator function J. .y (x) defined in (4.13). Similarly,
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a b a b
a b b a

FIGURE 7. Left picture: a straight bridge (left) and a twisted
bridge (right); labels with the same name are forced to coin-
cide by the bridge. Right picture: two antiparallel twisted
bridges, which form an antiladder of size two

the constraint imposed by a twisted bridge {e, e’} is given by the indicator
function

J{e,e/}(x) = 1(ze = .’Iﬁe/) = 1(56(1(6) = xa(e’))]-(xb(e’) = mb(e))~
By augmenting the pairings II to tagged pairings, the argument of Sect. 4
carries over easily.

The graphical representation and construction of the tagged skeleton
(2, b) from the tagged pairing IT is covered in detail in [3, Section 5.1]. Here
we give a short summary. Recall that the key observation behind the defin-
ition of a skeleton was that parallel straight bridges yield a large contribu-
tion but a small combinatorial complexity. Now antiparallel twisted bridges
behave analogously, whereby two bridges {e1, €]} and {es, €5} are antiparallel
ifb(e1) = a(ez) and b(e}) = a(eh). (Recall that they are parallel if b(e;) = a(es)
and b(eh) = a(e}).) See Fig. 7 for an illustration. An antiladder is a sequence
of bridges such that two consecutive bridges are antiparallel. We represent
straight bridges (as before) by solid lines and twisted bridges by dashed lines.

As in Sect. 4.3, to each tagged pairing I' we assign a tagged skeleton X
with associated multiplicities b. The skeleton ¥ is obtained from I' by succes-
sively collapsing parallel straight bridges and antiparallel twisted bridges until
none remains. We take over all notions from Sect. 4.3, such as ]N)(), with the
appropriate straightforward modifications for tagged skeletons.

As it turns out, allowing twisted bridges results in eight new dumbbell
skeletons, called Dy, ..., Dg below, each of which has the same value V(-) as
its counterpart without a tilde. They are defined in Fig. 8.

Hence, for 8§ = 1 the leading term is simply twice the leading term of
(3 = 2, which accounts for the trivial prefatory 2/ in the final formulas. Any
other skeleton may be estimated by a trivial modification of the argument
from Sect. 4; we omit further details.

5.3. General Band Matrices

In this subsection, we outline how to prove the results of Sect. 2.4 for gen-
eral band matrices satisfying Definition 2.9. The main difference is that, since
H is not unimodular as in Sect. 2.1, the key identity (3.2) does not hold.
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D 3 Dy 3 Ds 1 D

Ds i Dg | Dy D

4@
NG

FIiGURE 8. The eight dumbbell skeletons 51,...,58 with
twisted bridges

Instead, we have to correct the identity (3.2) with some error terms, thus effec-
tively perturbing around (3.2). This generalization was explained in detail in
[4, Section 6.1], and we summarize it here.

The error terms entering the general recursion relation are the random
matrices ®o and ®3, defined through

(P2)ay = 0y Z (|sz|2 - sz) s (®3)ay = —|Hyy|*Hyy.

We also introduce the notations

n—1
((I)3H(n))$oxn+1 = Z [H 1(zi 7é mi+2)] ((1)3)960961[{961962 e H:Cnxn,+17
1=0

Tl %n

O H™ = oo, /™),

Then (3.2) is replaced with
Un(H/2) =Y > > H© o, HO ..o, HE  (5.6)

k>0 a€{2,3}% Lo+-+Lx=n—]a]

where the sum ranges over ¢; > 0 for ¢ = 0,..., k. Here we use the abbre-
viation a = (ay,...,a;) as well as |a| := Zle a;. For a proof of (5.6), see
[4, Proposition 6.2]. Note that in the unimodular case of Sect. 2.1 we have
PH™ = &,H™ = 0 and ®3H™ = —L-H"=2) 5o that (5.6) reduces
to (3.2).

The leading term of (5.6) is the term k = 0, which gives U, (H/2) =
H™) 4... The error termsin ... contain the matrices ®, and ®3. The presence
of either one of these factors leads to a subleading contribution. The basic
idea why ®3 is small is that it carries an extra factor |H,,|> < M~'. The
reason why ®5 is small is that it has zero expectation. Proving that the terms
k > 1in (5.6) yield a subleading contribution is a nontrivial extension of the
analysis in the unimodular case, and requires in particular the introduction
of more complicated graphs and a more intricate analysis of the partitions
induced on the edges of these graphs. The details for the case of quantum
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diffusion were carefully worked out in [4]. The argument of [4] may be taken
over to the current setup. Owing to the increased complexity of the error
terms, the oscillations cannot be exploited as effectively as in Sect. 4, but,
following carefully the arguments of Sect. 4 combined with [4, Sections 6-
9], one finds that the error estimates in Theorem 2.2 remain valid for any
sufficiently small positive p. The only new ingredient needed in the proof is the
observation that in addition to entries of S arising from rungs Sy = EHyy Hys
of straight ladders, we get entries of 71" arising from rungs 1%, = EHgy of
twisted antiladders (see Sects. 5.2 and [3, Sections 5.1]). It is not hard to see
that the estimates of Proposition 3.5 on the matrix S remain true for the
matrix 7. (See Proposition 5.2 below.)

Having described the estimate of the error terms, we devote the rest of
this subsection to the analysis of the main term O, resulting from the dumb-
bell skeletons D, .. .,Dg,ﬁl, .. ,58. The contribution Vyain of the dumb-
bells Dy, ..., Dg was obtained in Sect. 4.7, and was found to equal Viyain from
(3.41) up to negligible error terms. Similarly, the contribution of the skeletons
51, e ,158 is given by

]7main = Z Z 2Re (72b1+b3+b4 * 1/’;7) (El)

b1,b2=0 (b3,bs)€A
X 2Re (Yaby by tby * V) (o) IO T02 Te TP %0 L O (NM ™), (5.7)

Note that the only difference between (5.7) and (3.41) is that the factor
Tr S¥3+b4 of (3.41) was replaced with Tr7%%% in (5.7). Indeed, as explained
in Sect. 5.2 and [3, Sections 5.1], each twisted bridge gives rise to an entry
of T just as each straight bridge gives rise to an entry of S. As in (4.60), the
leading term O is given by

(WL)d Vrnain + i}main

o .
N* EY] (E\)EY] (E»)

¢1,P2

(E1, Ep) = (5.8)

The asymptotics of Viain were worked out in Proposition 3.3 (i)—(iii).
What therefore remains is an asymptotic analysis of Viyain from (5.7). In
order to give it, we introduce the quantities

1 z\2 —1/2, 12 1 x x
A=33g(5r) Seo— DTV we=3 Y g (o) Swr (59)
€T zeT
as well as
x
T:=3h (W) Sro- (5.10)
€T

Recalling the definitions (2.38) and (2.39), it is not hard to see that

A=N+OW™H, YT="o+OW™). (5.11)

In particular, A and T are bounded from below by some positive constant
since Ag and T are. Moreover, we set

7= AN+ Yo, (5.12)
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which is analogous to o from (2.40). Using Ay > 0 and Y > 0, we therefore
have

g=oc(1+0W™h). (5.13)

The following result gives the asymptotic behaviour of 17main, in analogy
to (1)—(iii) for Vimain from Proposition 3.3.

Proposition 5.1 (Asymptotics of lN/main). The quantity ]N/main from (5.7) satisfies
the following estimates.

(i) Suppose that (2.19) holds. Then for d =1,2,3 we have

_ d/2 d ~ d/2—2
Vmain: (2/7T) Bd < L ) <2Re <m+lw)

v(E)2Vdet D \ 27W 2 y(E)
+0 (w+a"22 (Vs +M77/?)) ) (5.14)
Moreover, for d = 4 we have
Vinain = ——— ( L )d (min{[log |, [log &} + O(1)). (5.15)
J(E)aeiD \ 2z

(ii) Suppose that (2.19) holds and that d = 2. If ¢1 and ¢o satisfy (C1) then

o = e (27
T qu(E)2y/det D \ 20W
( dm(E) + m*v(E)°o + (Q — 1) min{|logw|, |log o |} + O(l)) ,

dw? + (dn + 7v(E)o)?

(5.16)
and if ¢1 and ¢y satisfy (C2) then
P = s (547
main = WV(E)Z\/M 2w
©v(E)*c . B
8 (4w2 ¥ (rv(E)5)? +(Q — 1) min{[logwl, [log 7|} + O(1)> .
(5.17)

(iii) Suppose that w = 0. Then the exponent p from Proposition 3.2 may be
chosen so that there exists an exponent c; > 0 such that for d = 1,2,3
we have

_ 2d/2 I d d/2—2
Vmain =
v(E)2y/det D (27TW> (V(E)>

y (vd <¢1,¢2; mj;ﬂ) + O(M‘Cl)) (5.18)
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(recall the definition (2.41)) and for d = 4 we have

)
mE T (B)2V/det D \ 20W
x (Va(¢1, ¢2) min{[logn|, [log 7|} + O(1)) . (5.19)

Once Proposition 5.1 is proved, Theorems 2.11 and 2.12 easily follow
using (5.8), (5.11), (5.12), (5.13), Lemma 4.17, and Proposition 3.3 (i)—(iii).

The rest of this subsection is devoted to the proof of Proposition 5.1. The
argument is similar to the computation of Vi in the proof of Proposition
3.3. It relies on the following result, which is the generalization of Proposition
3.5 to the case o > 0.

Proposition 5.2. Let T be as in (2.33) and o € C satisfy |a] <1 and |1 —«| >
4/M + (W/L)2. Then all estimates of Proposition 3.5 remain valid provided
we replace S with T and o with o — &. (In particular, uw > 0 and ¢ € St are
the polar coordinates of 1 — a+ o = u(.) All constants depend in addition on
g and h.

Proof. See Appendix C. O

The following result is the generalization of Proposition 3.9 to the case
o > 0.

Proposition 5.3. Suppose that (2.12) holds. Let b > 0 be fized and J := 1 —
M= for some co > 0. Fiz a smooth real function e € L*(R) satisfying the
condition (C2) (see (2.8)), and recall the notation €"(v) = n~te(n~tv). Then
for d < 3 we have

T
J— 7]
/dve 1+1bvij)
br)d/2—2 I d B .
¢ ’73etD (2ﬁw> /dte /) (1=d/2 ()+o( Ry(n)M )
0

(5.20)

for some constant co > 0, and for d = 4 we have

1 T
_ n - -
2w/dve O G =7

_ min{|1;ivc%|)log5|} <2\/f%w)4 20+ 0 <N) , (5.21)

Proof. See Appendix C. O

Armed with Propositions 5.2 and 5.3, we may complete the proof of
Proposition 5.1 by following the arguments of Sects. 3.3 and 3.4 almost to the
letter; we omit the uninteresting details.
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6. Beyond the Diffusive Regime

Throughout this paper we made the assumption (2.27) that we are in the
diffusive regime; see Remark 2.5 for a more detailed discussion. While (2.27)
is physically important and necessary for computing the asymptotics of the
leading terms (Theorems 2.3 and 2.4), it is not fundamental for the proof of
Theorem 2.2. We now restate this theorem without the lower bound in (2.12)
(which implied (2.27)) and explain the proof.

Theorem 6.1. Fiz p € (0,1/3) and d € N, and set n := M~". Suppose that
the test functions ¢1 and ¢ satisfy either both (C1) or both (C2). Suppose
moreover that

W< LW (6.1)

for some constant C.
Then there exists a constant ¢y > 0 such that, for any Ey, Eo satisfying
(2.10) for small enough c. > 0, the local density—density correlation satisfies

(V7 (Bx); Y] (Ep))
W] (BN, (B))
1 —co M
= Ty (921,@ (E1, Ey) + M™0 (RQ(M +n)+ M)) , (6.2)
where © is defined in (4.60) with Viaim defined in (3.23).

Proof. The proof follows that of Theorem 2.2 to the letter. Recall that the

key input for the proof of Theorem 2.2 is Proposition 3.5 (i). (The other

parts of Proposition 3.5 are only needed for Theorems 2.3 and 2.4.) With the

assumption [1—a| > 4/M+(W/L)? of Proposition 3.5 relaxed to [1—a| > 4/M,

the estimate (3.35) remains true, and the estimate (3.36) is replaced with
sup

( S ) C C
x,Y (1 - aS)k Ty

< qpfen(l —af) + Ni—alF’
The proof of (6.3) follows that of (3.36) up to (B.13). Since the lattice spacing
of the Riemann sum is no longer smaller than one, the bound of the right-
hand side of (B.13) requires, in addition to the integral approximation, the
contribution of the origin = 0. This yields (6.3).
Using (6.3) instead of (3.36), it is easy to conclude the proof of Theo-
rem 6.1. U

(6.3)

Having established Theorem 6.1, what remains is the asymptotic analysis
of ©, i.e. of (3.23). This was done in the diffusive regime (2.27) in Sect. 3, using
Proposition 3.5 (i) and (iii) as input; the result was given in Theorems 2.3
and 2.4. If (2.27) does not hold, this analysis, along with (3.37)-(3.39), has to
be modified. We omit the details.

We conclude this section by noting that, instead of correlation functions
of real linear statistics of the form (2.9), we may also consider correlation
functions of Green functions and even at spectral parameters with different
imaginary parts. The estimate of the subleading graphs is unchanged. In order
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to compute the contribution of the leading dumbbell graphs, instead of the
right-hand side of (3.44), we have to compute x1T2 or z1z5 (in the notation of
(3.44)) for the case (C1). Thus we get, for instance, for n;,7p > W—*/3 with
p € (0,1/3), that

<TY (H/2— By —iny) " ;T (H/2 — By + ing)‘1>

~

= Vimain + O (AZRQ(@) + é) (6.4)
and
(T2~ By i) T (2 - B - i) ) = 0 (37a@) 4 3 ).
(6.5)
where we defined & := w 4+ min{ny, 72}, and the leading term is given by
iAT o—iAY (AT -AT) g

. o Tr ,
1+ AT 1 4 e 2i4°T (1 — ei(a? —222)5)2

]/}main = T(El)T(E2)

(6.6)

We again omit the asymptotic analysis of ]7main.
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Appendix A. Proof of Proposition 3.2
Using the identity

¢"(H/2 - E) =2Re / dt p(nt) e Fe1HH/2

0
(recall that ¢ is real), we get from (3.8)
F"(E, Es)

oo (oo}
= <2 ReTr / Aty (nt)eH/DHEE 9 Re Ty / At (nt)e ™ H/ 2>t+iE2t> .
0 0

We now truncate in the norm of H. Fix § satisfying 0 < 2§ < p— p. From
[4], Proposition 5.4, we find that there exists an ¢ > 0 and an event = (both
depending on §) such that

L(E) [|H| < M°, P(E7) < MM (A1)
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Using fooo dt ggi(nt) = 0(7771) = O(MP) for i = 1,2, we get
F'(Ey, E;) = <1(E)2 ReTr/dt(gl(nt)e—i(H/Z)t+iE1t;
1(2)2Re Tr / dt$2<nt>ei<H/2>t+iE2t> L ON? M),
0

Next, we truncate in t. Since ¢; and ¢ are smooth, for any g > 0 there
is a Cy such that |¢;(t)] < Cyt~? for ¢ = 1,2. We conclude that

MP+5
F'(Ey, Ey) = <1(E) 2ReTr / dt cgl(nt) e IH/2)tHEL
0
MPTS
1(Z)2ReTr / dt go(nt) e~/ 2>”iE2t> +0, <N2M2P*5(q*1))
0

for all ¢ > 0. Recalling (3.16), we therefore get using (3.4)

F(Ey, Ey) = Z 2Re (Yn, (E1, ¢1)) 2Re (Y, (B2, ¢2))

ni,na2= =0
x (1(8) TrH™ 3 1(E) Te ) + 0, (N2M2 =0 D).
(A.2)

Next, we truncate in ny and ng. From (3.6) and |$Z(t)\ < 1 we find that

Yy (E1, $1)Yn, (B2, 2)|

M (p+8)(na+1) pr(p+6)(n2+1) (2Mﬂ+5)ﬂ1+"2+2
<C

X

< A.
nq! na! (TL1 +n2)' ( 3)

In order to estimate the contribution of the terms n; +no > M* in (A.2),

we need the following rough bound on Chebyshev polynomials, proved in [4,
Lemma 5.5]:

Un(E/2)] < C™(1+ |E])" (A4)
Using (3.2) we therefore get

LE|H™ | < (oM)".
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Recalling (A.3), we have the bound

> 2Re (G (Br, 61)) 2 Re (s (B2, 62)) (1) Tr H™;1(2) T H ) )
ni+ng>MH

p+8\ N1tne
< N2 Z (CM ) (CMO)mtne
e YR L

+
SN 3 (M) < NP e -M¥),
ni+ng>MH

Summarizing, we have proved that

FU(EyEs) = Y 2Re(Fn,(E1,¢1)) 2Re (T, (B, 62))

n1+na<KMH

X <1(E) T H™)  1() TrH("2)> + 0, (N2M2ﬂ—5<q—1>) .

Next, we remove the indicator function 1(Z). We use (A.4) with the determin-
istic bound

1H || < max " |Hay| < 2VM
)

to get

> 2Re(Fu, (B1, 1)) 2Re (o (B2, 62)) (1(E) Tr HOW 5 Tr HO))
ni+ne<KMH

MF‘
< N2 (C\/M) P(=¢) < N2 exp(—M°),

where we used the trivial bound |3, (E, ¢)| < CM* and (A.1). This (together
with analogous estimates for the other error terms) proves (3.19), after a
renaming of ¢g. The claim about the improved bound in (3.19) in the case
¢ is analytic follows in exactly the same way.

Moreover, (3.18) follows easily from (3.16), (3.12), and the estimate
| (£)] < Cyt~7, which yield

G+ W) = Fn(Er )| < [ Cyftm)™r < Cudaoaa—S1o,

Mep+3S

What remains is the proof of (3.20). We use the bound (3.6) and the
identity (3.12) to get, for large enough K|
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n/K 00

@Bl < [ dt[dneno] + [ at [
e
< /dt (?) + / dt ‘(g(nt)‘ée_”—i—cq(nn)_q,
0 n/K

by the decay of . Moreover, the bound [(¥" % v,)(E)| < C follows from (3.7).
The estimate of J(E, ¢) is similar, using (3.18). This concludes the proof of
Proposition 3.2.

Appendix B. Proofs of Propositions 3.5 and 3.9

In this appendix we establish resolvent estimates and asymptotics for the
matrix S, and give the proof of Propositions 3.5 and 3.9. We use the discrete
Fourier transform. To that end, we define the lattice

d
2 21
T := %T = ([—W,TF) N W)
dual to T, so that
Suy = ~ Z P E=G(p), §(p) = Ze—ip.xszo.

peT* zeT

Note that S(p) is naturally defined for all p € [—m,7)?. For q € [—xW, nW)4,
define
~ ~ . 1 x
— _ —igq-z/W il
Swa) 1= Sla/W) = 3 e /()
1 —igq-v
=71 Z e ' f(v), (B.1)

veW 1T

where in the second equality we used that [z];, = x for z € T. For the following
we recall the definition (3.25) of 7.

Lemma B.1. The function Sy is real and symmetric, and satisfies |Syw (q)| <
T. Moreover, for any € > 0 there is a d. > 0 such that

’§w(q)‘ <1-0. if lgl>e¢ (B.2)
for large enough W (depending on €). Finally, we have the expansion

Sw(q) =T — q- Dq+ Q(q) + O(|q|***), (B.3)

where ¢ is the constant from (2.34). Here D s the covariance matriz defined
in (3.21) and

Q) = 3 Y a4/ W)*Seo.

T zeT
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An immediate consequence of Lemma B.1 is the bound, valid for n > 2,

Trs" =Y S <172y ‘§(p)’2 =I" Ny 8%, < CT'N/M,
peT* peT* zeT
(B.4)

where in the third step we used Parseval’s identity.

Proof of Lemma B.1. The bound |Sw (q)| < Z is trivial and that Sy is real
and symmetric follows immediately from the fact that f is real and symmetric.
Next, (B.2) follows from the identity

LS (1 cosq- ) flw)s

T - Swlq) = M1
ueW-1T

we omit the details. Finally, (B.3) follows by applying Taylor’s theorem with a
fourth order remainder, combined with the estimates (2.34) and |e'! —1| < 2|¢|¢
for any ¢ € (0,1). O

Proof of Proposition 3.5. The proof of (3.35) is almost identical to the proof
of [6, Proposition A.2 (ii)], using [6, Proposition A.3 (ii)]. We omit the details.
In order to prove (3.36), by translation invariance of S we may set y = 0.
To begin with, we note that the case |a] < 1/2 is trivial by the identity
ﬁ =S, a"S™)* combined with Sy, < I"M~!'. Throughout the
following we therefore assume that |a| > 1/2.
The proofs of (3.36), (3.37), and (3.38) rely on the Fourier space repre-

sentation
(), % S s

peT*
1 - Sw(q)
= — glae/W___ R (B.5)
N qgv:w (1 —aSw(q))k

Before giving the full proofs, we give a short overview of the argument.
Approximating the summation in (B.5) with a integral, we get

S ~ 1 igx/W S\W(Q)
((1 - aS)’“)m T (2w / dae (1 - aSw(q)*

[—mW,mW]d

Next, we approximate Sw (q) = 1 —q- Dq (see (B.3)); this approximation is
only valid for small ¢, but for d < 4 the main contribution to the integral
comes precisely from small values of ¢q. This yields, for a =~ 1,

S 1 / do i/ W 1
=8/~ ey S ! (1-a(l—q-Dg))F

1 : 1
N dgelr=/W .
W)t W/ . 1 U—a+q Dy
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By assumption on «, we have Re(1 — «) > 0. Now (3.36) will follow using
D > c and (3.34). In order to prove (3.37) and (3.38), we write

<<1 —i5>2>00 ~ <27$V)d / dqm

[—7nW,mW]e
ud/2—2 1

— dg— -
(2rW)? 1C+q D’
[—ru—t2W,mru—1/2W]d

from which (3.37) and (3.38) will easily follow using the elementary identity

1
J o e = e (B.6)
Rd

Now we give the full proof of (3.36), (3.37), and (3.38). Let £ > 0 to be
chosen later, and split the summation on the right-hand side of (B.5) according

to
L 1q-z/WSW—(q)
<<1—a5>k),0 N 2, <o e o

qeWT* w
+i Z 1(lq| > ¢) eiq'””/W%. (B.7)
N qEWT* (1 -« W(Q))k

Using (B.2), we write the second term of (B.7) as

+ 3 1al> o) <ei”/W§W<q>+0<'SVV5§,""2>>. B3)

qeEWT*
We write the first term of (B.8) as
1

¥ 2 1(lg| > €) €7V Sy (q)
qeWT*
1 : ~ 1 . ~
_ igx/W - ig-z/W
=N > WSy (g) N > 1(gl <)V Sy (q)
qEWT* qEWT*
1 M _
=Sz +0 YN 1(lgl <e) | =0(MH).
qeWT*

Moreover, we estimate the second term of (B.8) by

5kN Z|SW 5kz <

gEWT* € 2eT

where in the first step we used Parseval’s identity. We conclude that the second
term of (B.7) is bounded by C6-*M 1.
In order to estimate the first term of (B.7), we use (B.3) and (2.36) to

choose & > 0 such that Sy (¢9) =7 — a(q) with
clg* <a(g) <Clg? <1 for gl <e
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for some ¢ > 0. Thus we get

l Z 1(‘q|<5)eiq'z/WM < 2 Z 1(|Q|<5)

N S (1—aSw(@)F| N G 1—a —a@)*
(B.9)

=|

Consider first the case Rea < 0. In that case the right-hand side of (B.9) is
bounded by

C
_—— < < —.

For the following we therefore assume that Rea > 0, as well as |a| > 1/2.
Defining the polar variables

_1—a

t:= , &=

‘1 i (B.10)

(0%

ta

and writing ¢ = t'/?r, we may estimate the right-hand side of (B.9) by

2 1(|r| <et™1/2
RETDY e B
a rewiieme |E+ (A =I)t71 + t*la(t1/2r)]
An elementary estimate shows that
{a €D:Rea >0}
—1- _ 1— 1—
C{aeD:Re a}O}U{aED:‘Ima>’Rea}, (B.12)
a ! e’

where D denotes the closed unit disc (the first set is the disc |a — 1/2] < 1/2,
while the second one contains the union of the two discs |a—(1/24i/2)| < 1/v/2
in the complementary regime | —1/2| > 1/2, which together clearly cover the
left-hand side). Using that |¢| = 1, we conclude that for each a € D with
Rea > 0 we have [Im¢| > 1/2 or Re& > 1/2. Since —1/4 < (1 —-Z)t~1 <0 by
assumption on «, we find that (B.11) is bounded by

2 Z 1(|'f‘| < 6t_1/2)
Nlafbth =, |1/8 4+t~ la(tV/?r)

Cti/2=k M 1(|r| < et=1/?)
< > A nEE

= d/2 2\k
M Nt oW (14 r?)

| k

(B.13)

Now (3.36) follows easily using a Riemann sum estimate, (3.34), and the fact
that ¢(W/L)? <t < 4.
In order to prove (3.37) and (3.38), we write

5 Sw(q)
b (1-aS)? qe%;r* (1- 0<§W(Q))2. (B0
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Exactly as in the proof of (3.36) (see (B.7) and the rest of its paragraph), we
find that

S Swle N
: (1= as)* qe%;?r* (1- 04§W((J))21(|Q| ST (5§M> - (BID)

Writing Sw (q) = Z — a(q) as above and recalling the notation u = |1 — |, we
find, repeating the estimates from the proof of (3.36) and using a(q) < C|q|?,

Sw(q) _ 1(lql < o) N
S (gl <o) =T > ))2+0<MRQ(U)>.

qEWT* (1 - agW(Q))Q gEWT* (1 - agW(q
(B.16)

Using (B.3) we get
L—aSw(q)=1—-a+q Dg+OM " +ulgf +]ql").

A simple estimate using Riemann sums, as in the previous paragraph, therefore
yields

> M: 27 Lg < e) +NO(R2(u)+Ud/2_2).

= ' :
qEWT* (1 —aSw(q) qEWT* l—av+q-Dq)* M Mu

(B.17)

At this point we differentiate between the cases d < 3 and d = 4. Suppose
first that d < 3. We define

v(r) == !

where 1 — o = ul. Writing ¢ = u'/?r, we get

1(lq] < L ~1/2
D s S DI R

qeEWT* reWu—1/2T*
1
== > w(r)+0(), (B.18)
reN*
where we introduced the infinite lattice A* := 27w~ Y/2WL-1Z% which is

the dual lattice of A = u'/2LW /274 In the last step we used a Riemann
sum estimate using the fact that the spacing of A* is bounded from above
by some positive constant (since |1 — «| > (W/L)?). We denote by 0(y) :=
Jga e "Yy(r)dr the Fourier transform of v. Using the Poisson summation
formula we therefore find

1(lg| < ¢) 1/ Lut/2\ % — _
2 (1—a+q~Dq)2:uQ<27rW> 2 9y +0()

qeWT* yEA

1 [/ Lul/? d _
=— <2uVV> /v(r) dr+ O (1 +e W 1“1/2) ,
U T

Rd
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for some positive constant ¢ depending only on D. Here we used that v is
analytic in a neighbourhood of the real axis that is uniform in ¢ by assumption
on «a. Therefore, ¥(y) is exponentially small in the lattice constant of A for all
y € A\{0}. We may now get rid of the constraint |¢| < & to get
3 1(lgl <)

(1—a+gq-Dg)?

qeWT*

1 (Lul/2

d

- v —cLW ~tyl/2 2-d/2
wa> /(C+T~Dr)2dr+0(e +uil?)
Rd

Recalling (B.6), (B.15), (B.16), and (B.17), we therefore find

S d/2—2 L
Tr = [Bal/22
(I1-aS)?2  /detD \2aW
-1, 1/2 1
+0 (ecLW Wy 7t W2 4 1d=Du+1(d= 2)u|logu|>] .

This concludes the proof of (3.37).
Suppose now that d = 4. Writing ¢ = u'/?r, we get

1(lq| <€) 1 1(|r| < eu=1/?)
Z (1—a+q-Dg?  u? Z (C+r-Dr)?

qEWT* reWit—1/2T*

(%W) / ar CTLjEE:)/Z)jLO(l),

Using that WL~ 'u~/2 < C by assumption on o, we get

(g <e) (L 1(1<r| <u™'?)
Z (1—a+q-Dqg)? <27rW) /dr (C+r-Dr)? +0(1)

qeEWT*
- () [t o),

where in the second step we used that |(| = 1 together with Re¢ > 0. The
change of variables = D~'/2p and the estimate

(1< pl) — 1<) <L (IDTHTY2 <l < IDIM2) (BA9)

(together with a similar estimate to translate the upper bound |r| < u='/?
into |p| < u~'/?) yield, after a short calculation,

v Mds<o ( L )4 /dp1(1<|p|<u*”2)+o(1) .
e I—a+q-Dg)*  /det D \27W p[*
R4

Recalling (B.15), (B.16), and (B.17), we find that (3.38) follows.
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What remains is the proof of (3.39). Let therefore d = 2. The proof is very
similar to that of (3.37) given above, except that we have to keep one more
term from the expansion (B.3). In order to convey its ideas more clearly, we
unburden the notation by explaining the computation in terms of the integral

(2:W)2H¥dq%

instead of the Riemann sum (B.14); the Riemann sum approximation may be
controlled using Poisson summation, exactly as after (B.18) above. Throughout
the argument we tacitly use (B.3), in which we replace the factor Z with 1;
the resulting error is a distraction of order (Mwu)~! and may be controlled as
above. For small enough ¢ we get

Sw(q) Sw(q)
gmqa—a&wwv ui "asw@r

B 1—q-Dgq
_’/(mu—a&wmﬁ+00)

lg|<e
We write
1—aSw(g)=1—a+q-Dg—Qg) + O (|1 —al|g]* + [q**¢),
which yields
1 B 1

(1-aSw(g)? (1—a+q Dg—Qq)?
O((l—MmF+M“%1—M+qW )

(1 - aSw(q))?(1 — a+q- Dq— Q(q))?

A routine estimate similar to the one yielding (B.17) above therefore gives

M_ 1—q-Dgq
/dq (1—aSw(q)? /dq(l—a+q-Dq—Q(q))2+O(1)

R2 lq|<e
1 q-Dq
= [d — [ 4
/q<1—a+q-Dq)2 / 1= a+q Dqg?
R2 lq|<e
29(q)
+ d + O(1). B.20
/ 1o e O (B.20)

lg|<e

The first term of (B.20) is

/d 1 B 1 E
TwC+q-Dg)? ~ VaetD uC’

R2
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To compute the second term of (B.20), we introduce the variable p through
q=u'2D~1/?p. Using (B.19), we get

*/dq q-Dq
(I -a+q-Dq)?

lgl<e
1 pf2 rllog ]
=~ JaeD / / b ez YOV = g TOW:
|p|<eu—1/2

Finally, the third term of (B.20) is

29(q) 1 (z-q)*
/dq(l—a+q-Dq)3_12W4ZS’”0/dq(1—a+q~Dq)3

T
lql<e ve lql<e

1
— %5
12W4\/detD§T "

1<|p|l<u—1/2
(D~ - p)*
|p|®

_ il Z
32W4\/det D 4=,

This concludes the proof of (3.39). O

x dp +0(1)

SmO\Dil/zx\ﬂlog u| + O(1).

Proof of Proposition 3.9. The proof relies on the Fourier space representation
(B.5). Before giving the full proof, we sketch the calculation for d < 3. Approx-
imating the Riemann sum from (B.5) with an integral and noting that, as in
the proof of Proposition 3.5, the leading contribution to the integral comes
from the singularity at ¢ = 0, we find

S L \* 1
Tr - 5 R dq - 5-
(1+ibw — JS) 2w ) (1—J +ibv+q- Dq)

Using the identity

dve(v) _ /dte_“té\(nt) (B.21)
(z +iv)? ’

R 0

1

valid for x > 0, we therefore get

S
- n(
/dve 1—|—1bv—JS)

1
R~ d —/dve”v
(277W) [ QQwR ()(1—j+ibv+q.Dq)2
R
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_b2< > / /dte (1— Jt/b —tq- Dq/bte(nt)
7w/ 2pd/2-2 s
(k) Jouev
VdetD \27W )

where in the third step we used that 1 — 7 < 7. The claim will now follow by
the change of variables nt +— t.
Now we give the full proof of Proposition 3.9. Similarly to (B.5) we get

- # B §W(Q)
: — R 2
(1+ibv — J8S)2 JeW T (1 + ibv — jSW(Q))
s SW(Q)A 1(/q| \5”0(55\;\4)

qEWT* (1 +ibv — JS’W(q))

where the last step holds for all € > 0, exactly as in (B.7) and (B.15) above.
Next, following the argument from (B.15) to (B.17) almost to the letter, we
get, in analogy to (B.17),

S
T i — 797
§W(Q)
—~ 2
qEWT* (1 + ibv — jSW(q)>

= 1(lg| <€) E »
_qe;w (1+ibv — J(T — q- Dq))* +0 <MR2<7]M )) (B.22)

for some ¢ which we fix in the following. Plugging (B.22) into (B.21) and
changing variables v — v/b yields

S N e
— /dv e(v Axiv—757 =U+0 (MRg(nM )) , (B.23)

where we defined

U:= bi? Z 1(lq| < 5)/dt exp (—1 — j(Ib—q~Dq) t) te(nt)
0

qeWT*
1 o0
= e / dsse(s)e”(IDON T K q(jg] < e)em DT De (B.24)
(bn)* ) e
Introducing the variable r := sl/z(bn)’l/zq, we find by Riemann sum

approximation
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37 1(|gl < g)e BT Da (B.25)
qeWT*

=Y U< e
TEsl/z(bn)*l/QWT*

o
[ (p)'/2L e .
—@mmw dri(ir] < e/ (en) 73 e+ 0 (S
L Rd
(B.26)

o) /2L \ [ w2 2y L
= (77) ™ —|—O 87—‘,—6_67’ 1y , (B27)

2ms!/2W ) | V/det D 2L

where c is some positive constant depending on € and b. This estimate will be
used where s > 7. On the other hand, we have the trivial bound

- CN
> Lgl < e)em ) Pr < =2, (B.28)
qeWT*
which will be used for small s.
Next, let § be an exponent satisfying

0 <25 <min{l/3 — p, co, p}.

We split the integration over s € [0, 00) in (B.24) into the interval [, M°] and
its complement. Using (B.28) and the rapid decay of €(s) for large s to estimate
the integrand for s ¢ [n, M?], together with the bound e~(1=JD)(Em)~"s —
1+ O(M~°) for s < M?, we therefore get

MO

d
1 —_— 1 1 (bn)1/2L
U = 1=JI)(bn)" s
(bn)Q /dsse(s)e (2 S127]

n

e 0 Gz )] +o (3)
X + +e " ) +0(
det D nt/2L M

M(S
d/2—2 I d 1/2 -
_ (b?’]) ( ) /d881 d/257 ) ( ) |:1+O (81 2W +e—Cn ls>:|
VdetD \2/7TW nl/2L
n

+0 (ﬁ) . (B.29)

At this point we distinguish the cases d < 3 and d = 4. Let us start with d < 3

Observing that by (2.12) we have 2 1//2 T <M~ % for s < M?, we find
(bry)¥/2=2 ( L )‘70 Va2 (N s >
U= dss +O | — (14 Ra(n)M .
Vdet D \2vaW éls) ar (L Ra() M)

0

Now (3.95) follows from (B.23) and the fact that Ro(nM =) < CR4(n)M~°.
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Finally, let d = 4. From (B.29) we get

o= ke () [0 (3

_ |log 7| L ! =N
~ Vaao \avaw ) 0O '
Now (3.96) follows from (B.23). O

==

Appendix C. Proofs of Propositions 5.2 and 5.3

The arguments of this appendix are similar to those of Appendix B. We take
over the notations from Appendix B without further comment, and only give
the proofs when they differ significantly from those of Appendix B.
For g € [—-nW,7W)? we define (in analogy to Sy (q) from (B.1))
<3l o 1 —ig-r ixg(r)
Tw(e) = grmg O €7 S0)[1 - oh(r)) e
reW-1T
= > cos(q- /W = Ag(x/W)) [1 = ph(z/W)] Sa0.  (C.1)

z€eT

We remark that for all practical purposes fw(q) should be thought of as its
limit as W — oo, i.e. the integral

i Tur(e) = [ dr costg-r =g 1= ph(r)] S0). (C2)
Rd

The following result generalizes Lemma B.1 to the case ¢, A # 0.

Lemma C.1. (i) For each fized ¢ > 0 there exists a . > 0 such that if
max{\, ¢, |q|} = e then |Tw(q)| <1 — 0. for large enough W (depending
one).

(ii) We have the expansion
Tw(a) =T~ — (¢~ AD"'w)- D(q — AD™"w) + Q(q)
+0 (lg* + laPA+lal*e + ¢ +2%) | (C3)
where ¢ is the constant from (2.34).
Proof. For € € (0,1) and K > 0 define the compact domain
Dy = {()\,Lp,q) €1[0,1] x [0,1] x RY : lg| < K, max{\,p,|q|} > 5}.

Then for each fixed triple (A, ¢, q) € D it is not hard to see from (C.2) that

limy —o0|Tw (¢)] < 1, by assumption on g and h. Since Dy is compact and the

map (A, @, q) — limw . |Tw(q)| is continuous, we conclude that there exists

a 6. > 0 such that limy 0|7 (q)| < 1 — 6. for all (A, ¢,q) € Dk. Since the
convergence of Ty is uniform in (X, ¢, q) € Dk, we conclude (after renaming

dc) that |1A“W(q)| <1 -0, for (A, ¢,q) € D and large enough W.
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What remains in the proof of (i) is to prove |Tjy ()| < 1 — 4. in the case
lg| > K and ¢ € [-7W,7W)? for some large enough K > 0. To that end, we
use summation by parts. Let |¢| > K. Without loss of generality, suppose that
lq1| = |qi| for all i = 1,....d, so that |q1| > Kd~'/2. To simplify notation,
we assume that f, g, and h are C! and not just piecewise C''. The piecewise
C" case may be handled similarly by restriction to individual pieces combined
with a simple estimate of the boundary terms arising from the summation
by parts. Define the discrete derivative (D;f)(r) := W (f(r + W—te;) — f(r))
where e; is the standard unit vector in the i-direction. Then we have

~ jelar/(2W) )
T (q) jeldL Z Dl —ig- r ( ) [1 _ Qﬁh(r)} el)\g(’r’).
2Wsin(q1 /(2W)) M —1 e

Since |g1| < W, the first fraction is bounded in absolute value by C/|q1| <
C/|q|. The rest may be estimated using summation by parts by a constant,
using the assumptions on f, g, and h; we omit the details. The result is
|Tw (q)| < C/|q|, where the constant C' does not depend on A or ¢. Choosing
K large enough that C'/K < 1/2 completes the proof of part (i).

In order to prove (ii), we expand cos in (C.1) to fourth order and use
(2.34) to get

Tw(q) =T — Aw(q) —¢ > _ h(w/W)Sao
z€eT

+Q(q) + O (gl +[al’A + lal*0 + ©A* +A%)

where we introduced the quadratic term

Aw(q) = % S (q- 2/W = Agle/ W)’ S

z€T
= (¢— AD"'w) - D(q — AD"'w) + A2A. (C.4)
This concludes the proof of (ii). O

Proof of Proposition 5.2. The proof of Proposition 3.5 may be taken over with
minor modifications, using Lemma C.1 as input. The bound (3.35) for T is
proved similarly to (3.35) for S. All of the remaining claims rely on Fourier
space analysis. We use the expansion (C.3) instead of (B.3). In the summation
over ¢ in (B.5) we shift the origin by introducing the new variable ¢ := g —
AD~1w. Using it we may write (C.3) as

Tw(q) =7 -5 — - D7+ Q@) + O (|g* +1a°A + @20 + ¥* + A% .
(C.5)

Then all the Fourier space arguments from the proof of Proposition 3.5 carry
over provided one replaces 1 — a with 1 — a4+ 7. O

Proof of Proposition 5.3. The proof follows along the same lines as that of
Proposition 3.9, using (C.3) instead of (B.3). We use the same shift in Fourier
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space as in the proof of Proposition 5.2, and work with (C.5). The only change
to the proof of Proposition 3.9 is that in (B.29) we get the additional factor

e sV A+eT)/(MY) | For the case d = 4 we use the elementary estimate

S

1
1 _ 5 ~
/ —e 57/ s = min{[log 7|, [log 7|} + O(1).
7
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