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RANDOM MATRICES WITH SLOW CORRELATION DECAY

LASZLO ERDOST AND TORBEN KRUGER" AND DOMINIK SCHRODER*

IST Austria, Am Campus 1, A-3400 Klosterneuburg, Austria

Abstract. We consider large random matrices with a general slowly decaying correlation among its entries. We prove universality of
the local eigenvalue statistics and optimal local laws for the resolvent away from the spectral edges, generalizing the recent result of [1]
to allow slow correlation decay and arbitrary expectation. The main novel tool is a systematic diagrammatic control of a multivariate
cumulant expansion.
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1. Introduction

Inrecentyears it has been proven for increasingly general random matrix ensembles that their spectral measure converges to a
deterministic measure up to the scale of individual eigenvalues as the size of the matrix tends to infinity, and that the fluctuation
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of the individual eigenvalues follows a universal distribution, independent of the specifics of the random matrix itself. The
former is commonly called a local law, whereas the latter is known as the Wigner-Dyson-Mehta (WDM) universality conjecture,
first envisioned by Wigner in the 1950’s and formalized later by Dyson and Mehta in the 1960’s [36]. In fact, the conjecture
extends beyond the customary random matrix ensembles in probability theory and is believed to hold for any random operator
in the delocalization regime of the Anderson metal-insulator phase transition. Given this profound universality conjecture for
general disordered quantum systems, the ultimate goal of local spectral analysis of large random matrices is to prove the WDM
conjecture for the largest possible class of matrix ensembles. In the current paper we complete this program for random matrices
with a general, slow correlation decay among its matrix elements. Previous works covered only correlations with such a fast
decay that, in a certain sense, they could be treated as a perturbation of the independent model. Here we present a new method
that goes well beyond the perturbative regime. It relies on a novel multi-scale version of the cumulant expansion and its rigorous
Feynman diagrammatic representation that can be useful for other problems as well. To put our work in context, we now explain
the previous results.

In the last ten years a powerful new approach, the three-step strategy has been developed to resolve WDM universality prob-
lems, see [19] for a summary. In particular, the WDM conjecture in its classical form, stated for Wigner matrices with a general
distribution of the entries, has been proven with this strategy in [14, 15, 21]; an independent proof for the Hermitian symmetry
class was given in [42]. Recent advances have crystallized that the only model dependent step in this strategy is the first one,
the local law. The other two steps, the fast relaxation to equilibrium of the Dyson Brownian motion and the approximation by
Gaussian divisible ensembles, have been formulated as very general “black-box” tools whose only input is the local law [17, 31,
32]. Thus the proof of the WDM universality, at least for mean field ensembles, is automatically reduced to obtaining a local law.

Bothlocal law and universality have first been established for Wigner matrices, which are real symmetric or complex Hermitian
N x N matrices with mean-zero entries which are independent and identically distributed (i.i.d.) up to symmetry [15, 16]. For
Wigner matrices it has long been known that the limiting, or self-consistent density is the Wigner semicircle law. In subsequent work
the condition on the i.i.d. entries has been relaxed in several steps. First, it was proven in [21], that for generalized Wigner ensembles,
i.e., for matrices with stochastic variance profile and uniform upper and lower bound on the variance of the matrix entries, the
local law and universality also hold, with the self-consistent density still given by the semicircle law. Next, the condition of
stochasticity was removed by introducing the Wigner-type ensemble [3], in which case the self-consistent density is, generally,
not semicircular any more. Finally, the independence condition was dropped and in [1] both a local law on the optimal local
scale and bulk universality were obtained for matrices with correlated entries with fast decaying general correlations. Special
correlation structures were also considered before in [2, 11] on a local scale. We also mention that there exists an extensive
literature on the global law for random matrices with correlated entries [6, 8, 9, 25, 26, 39, 40]. These results, however, either
concern Gaussian random matrices or more specific correlation structures than considered in the present work. In a parallel
development the zero-mean condition on the matrix elements has also been relaxed. First this was achieved for the deformed
Wigner ensembles that have diagonal deterministic shifts in [34, 37] and more recently for i.i.d. Wigner matrices shifted by an
arbitrary deterministic matrix in [28].

In this paper we prove a local law and bulk universality for random matrices with a slowly decaying correlation structure and
arbitrary expectation, generalizing both [1, 28]. The main point is to considerably relax the condition on the decay of correlations
compared to [1]: We allow for a polynomial decay of order two in a neighbourhood of size < /N around every entry and we
only have to assume a polynomial decay of a certain finite order outside these neighbourhoods. Another novelty is that our new
concept of neighbourhoods is completely general, it is not induced by the product structure of the index set labelling the matrix
elements. In particular, the improved correlation condition also includes many other matrix models of interest, for example,
general block matrix type models, that have not been covered by [1].

Regarding strategy of proving the local law, the starting point is to find the deterministic approximation of the resolvent
G(z) = (H — 2)~" of the random matrix H with a complex spectral parameter z in the upper half plane H = {2z € C | Sz > 0}.
This approximation is given as the solution M = M(z) to the Matrix Dyson Equation (MDE)

1+ (z—A+SM)M =0,

where the expectation matrix A := E H and the linear map S[V] := E(H — A)V (H — A) on the space of matrices R encode the
first two moments of the random matrix. The resolvent approximately satisfies the MDE with an additive perturbation term

D= (H — A)G + S[G]G.

The smallness of D and stability of the MDE against small perturbations imply that G is indeed close to M. The necessary
stability properties of the MDE have already been established in [1], so the main focus in this paper is to bound D in appropriate
norms that can then be fed into the stability analysis. Most proofs of the previous local laws loosely follow a strategy of first
reducing the problem to a smaller number of relevant variables, such as the diagonal entries of G. Instead, correlated ensembles
require to carry out the analysis genuinely on the matrix level since G is not even approximately diagonal. This key feature
distinguishes the current paper as well as [1] from all previous works, where the Dyson equation was only a scalar equation for
the trace of the resolvent or a vector equation for its diagonal elements. Although adding a general expectation matrix A to a
Wigner matrix already induces a non-diagonal resolvent, diagonalization of A reduced the analysis to the scalar level in [28]. A
similar algebraic reduction is not possible for general correlations even if they decay as fast as in [1]. However, in [1] every matrix
quantity, such as G or M, still had a very fast off-diagonal decay and thus it was sufficient to focus only on matrix elements very
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close to the diagonal; the rest was treated as an irrelevant error. For the slow correlation decay considered in this paper such
direct perturbative treatment for the off-diagonal elements is not possible. In fact, with our new method we can even handle the
essentially optimal integrable correlation decay on a scale /N near the diagonal.

To obtain a probabilistic bound on D, essentially two approaches are available. When G is approximately diagonal and when
the columns of H are independent, one may use resolvent expansion formulas involving minors that lead to standard linear and
quadratic large deviation bounds — a natural idea that first arose in the works of Girko and Pastur [24, 38], as well as in the
works of Bai et. al., e.g. [7]. For correlated models the natural extension of this method requires a somewhat involved successive
expansion of minors; this was the main technical tool in [1]. This approach is thus restricted to very fast correlation decay
since it is essentially a perturbation around nearly diagonal matrices. The alternative method relies on the cumulant expansion
of the form Ehf(h) = 3, (krt1/k!) E f*), where ry, is the k-th order cumulant of the random variable h. The power of
this expansion in studying resolvents of random matrices was first recognized in [30] and it has been revived in several recent
papers, e.g. [18, 27, 33]. It gives more flexibility than the minor expansion on two accounts. First, it can handle the stochastic
effect of individual matrix elements instead of treating an entire column at the same time. This observation was essential in
[28] to handle deformations of Wigner matrices with an arbitrary expectation matrix. Single entry expansions, as opposed to
expansion by entire columns, also appeared in the proof of a version of the fluctuation averaging theorem [22], but in this context
it did not have any major advantage over the row expansions. Secondly, a multivariate version of the cumulant expansion is
inherently well suited to correlated models; it automatically keeps track of the correlation structure without artificial cut-offs
and strong restrictions on the off-diagonal decay. This is the method we use to bound D in the current work to handle the slow
correlation decay effectively.

After presenting our main results in Section 2, in Section 3 we first give a multivariate cumulant expansion formula with
an explicit error term that is especially well suited for mean field random matrix models. The main ingredient is a novel pre-
cumulant decoupling identity, Lemma 3.1. We were not able to find these formulas in the literature; related formulas, however,
have probably been known. They are reminiscent to the Wick polynomials, their relationship is explained in Appendix B. Some
consequences are collected in Section 3.3 via a toy model. When applying it to our problem, in order to bookkeep the numerous
terms, we develop a graphical language which allows us to actually compute E |A(D)|? up to a tiny error for arbitrary linear
functionals A. The structure of D contains an essential cancellation: the term (H — A)G is compensated by S[G]G that acts
as a counter term or self-energy renormalization in the physics terminology. Our cumulant expansion automatically exploits
this cancellation to all orders and the diagrammatic representation in Sections 4.1-4.4 conveniently visualizes this mechanism.
Section 4 contains the main novel part of this paper, in Section 5 we combine the bounds on D with the stability argument for
the MDE to prove the local law. Section 6 is devoted to the short proofs of bulk universality and other natural corollaries of the
local law.

Acknowledgements. T.K. gratefully acknowledges private communications with Antti Knowles on the preliminary version of
[28]. D.S. would like to thank Nikolaos Zygouras for raising the question how our novel pre-cumulants are related to Wick
polynomials.

2. Main results

For a Hermitian N x N random matrix H = H"Y) we denote its resolvent by
G(z) =G™M () = (H -2,
where the spectral parameter z is assumed to be in the upper half plane H. The first two moments of H determine the limiting
behaviour of G(z) in the large N limit. More specifically, let
1 1
A=EH, H=A+—=W, S[V]=—=EWVW,
VN VI=wn

where S is a linear map on the space of N x N matrices and W is a random matrix with zero expectation. Then the unique,
deterministic solution M = M(z) to the matrix Dyson equation (MDE)

1+(z—A+SM))M =0 under the constraint SM = %[M - M*] >0, (2.1)
1

approximates the random matrix G(z) increasingly well as NV tends to co. Here SM > 0 indicates that the matrix S M is positive
definite. The properties of (2.1) and its solution have been comprehensively studied in [1]. In particular, it has been shown that

%TTM(Z) = /R - i —du(w) 22)

is the Stieltjes transform of a measure 1 on R, which we call the self-consistent density of states, and whose support supp u we call
the self-consistent spectrum. Under an additional flatness Assumption (see Assumption (E) later) it has also been shown that p is
absolutely continuous with compactly supported Holder continuous probability density

du(z) = p(@)de  andthat  p(z) = WLNC“\ Te M(2) 2.3)
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is the harmonic extension of p: R — [0, co). Moreover, (2.1) is stable with respect to small additive perturbations and therefore
it is sufficient to show that the error matrix D = D(z) defined by
w

D=1+ (: = A+ S[G)G = (H — A+ S[G)G =

G + S[G)G (2.4
is small.

Choosing the correct norm to measure smallness of the error terms is a key technical ingredient. Similarly to the resolvent G,
the error matrix D is very large in the usual induced ¢” — ¢¢ matrix norms, but its quadratic form (x, Dy) is under control with
very high probability for any fixed deterministic vectors x, y. Furthermore, to improve precision, we will distinguish two differ-
ent concepts of measuring the size of D. We will show that D can be bounded in isotropic sense as |(x, Dy)| < [|x]| |yl /V NSz
for fixed deterministic vectors x,y as well as in an averaged sense as N~ ' |Tr BD| < ||B|| /NSz for fixed deterministic ma-
trices B. Here ||x|,|ly|,|/B]|| denote the standard (Euclidean) vector norm ||x||> = 3, |z.|* and (matrix) operator norm
Bl = supx yj<1 |(X, By)|- The second step of the proof will be to show that because D is small, and (2.1) is stable under
small additive perturbations, also G — M is small in an appropriate sense.

2.1. Notations and conventions

An inequality with a subscript indicates that we allow for a constant in the bound depending only on the quantities in the
subscript. For example, A(N, €) <. B(N, €) means that there exists a constant C = C(¢), independent of N, such that A(N, ¢) <
C(e)B(N, ¢) holds for all N and e > 0. In many statements we will implicitly assume that N is sufficiently large, depending on
any other parameters of the model. Moreover, we will write f ~ gif f = O (g) and g = O (f), if it is clear from the context in
which regime we claim this comparability and how the implicit constant may depend on parameters.

An abstract index set .J of size N labels the rows and columns of our matrix (generally one can think of J = [N]:= {1,..., N}
but there is no need for having a (partial) order or a notion of distance on J). The elements of J will be denoted by letters a, b, . . .
and i, j, . .. from the beginning of the alphabet. We will use boldfaced letters x,y, u, v, . . . from the end of the alphabet to denote
J-vectors with entries x = (zq)acs. We will denote the set of ordered pairs of indices by I := J x J and will often call the
elements of I labels to avoid confusion with other types of indices, and will denote them by Greek letters « = (a,b) € I. The
matrix element w,; will thus often be denoted by w,. Summations of the form )~ and ) are always understood to sum over
alla € Janda € I.

For indices a, b € J and vectors x,y € C’ we shall use the notations

Axy = <X7 AY> s Axa = <X7 Aeﬂ) ’ Aax = <6’1’ AX> ’

where e, is the a-th standard basis vector. We will frequently write A®® = ¢, ¢! for the matrix of all zeros except a one in the
(a,b) entry. The normalized trace of an N x N matrix is denoted by (A) :== N~' Tr A. Sometimes we will also use the notation
(z) =1+ |z| for the complex number z, but this should not create confusions as it will only be used for z. We will furthermore
use the maximum norm and the normalized Hilbert-Schmidt norm

1 5 71/2
Al e = max [ sl Al = [ 3 14wl
’ a,b
foran N x N matrix A.

2.2. Assumptions
We now formulate our main assumptions on W and A.
Assumption (A) (Bounded expectation). There exists some constant C such that ||A|| < C for all N.
Assumption (B) (Finite moments). For all ¢ € N there exists a constant i, such that E |we|? < pq for all a.

Next, we formulate our conditions on the correlation decay conveniently phrased in terms of the multivariate cumulants x of
random variables of { w, | @ € I }. In Appendix A we recall the definition and some basic properties of multivariate cumulants.
First we present a simple condition in terms of a tree type p-mixing decay of the cumulants with respect to the standard Euclidean
metric on [N]?. Later, in Section 2.5, we formulate weaker and more general conditions which we actually use for the proof of
our results but their formulation is quite involved, so for the sake of clarity we first rather state simpler but more restrictive
assumptions.

Consider J = [N], I = [N]? equipped with the standard Euclidean distance modulo the Hermitian symmetry, i.e., fora, 8 € I
we set d(a, 8) := min{|a — 8], |a* — [5”} where o' == (b, a) for a = (a, b). This distance naturally extends to subsets of I, i.e.,
d(A,B) =min{d(a,8) |a € A,f € B}forany A,B C I.

Assumption (CD) (Polynomially decaying metric correlation structure). For the k = 2 point correlation we assume a decay of the
type
C
| <
1+ d(supp f1,supp f2)

[K(f1(W), f2(W)) 5 Il 172l (2.52)



RANDOM MATRICES WITH SLOW CORRELATION DECAY 5

for some s > 12 and all square integrable functions fi, fo on N x N matrices. For k > 3 we assume a decay condition of the form

EEAUSRSS UM | GO (2.5b)
e€E(Tyin)
where T, is the minimal spanning tree in the complete graph on the vertices 1,.. .,k with respect to the edge length d({i,j}) =

d(supp fi,supp f;), i.e., the tree for which the sum of the lengths d(e) is minimal, and x({¢, j}) = &(fs, f5)-

A correlation decay of type (2.5b) is typical for various statistical physics models, see, e.g. [12]. Besides the assumptions on
the decay of correlations we also impose a flatness condition to guarantee the stability of the Dyson equation:

Assumption (E) (Flatness). There exist constants 0 < ¢ < C such that
c(T) < S[T] < C(T)
for any positive semi-definite matrix T.

Flatness is a certain mean field condition on the random matrix W. In particular, choosing 7" to be the diagonal matrix with a
single nonzero entry in the (i, i) element, flatness implies that the variances of the matrix elements E |w;;| are comparable for
alli,j=1,...,N.

2.3. Local law

We now formulate our main theorem on the isotropic and averaged local laws. They compare the resolvent G with the
(unique) solution to the MDE in (2.1) away from the spectral edges. To specify the range of spectral parameters z we define two
spectral domains specified via any given parameters d,y > 0. Outside of the self-consistent spectrum we will work on

Dgut::{zeH

2] < N, dist(z,supp p) > N ~° }

for some arbitrary fixed Cy > 100. Under Assumption (E), which guarantees the existence of a density p, we consider the spectral
domains
DS = { zeH ‘ |2] S N0, Sz > N7 p(Rz) + dist(Rz, supp ) > N~° }

that will be used away from the edges of the self-consistent spectrum.
Theorem 2.1 (Local law outside of the spectrum and global law). Under Assumptions (A), (B) and (CD), the following statements
hold: For any € > 0 there exists 6 > 0 such that for all D > 0 we have the isotropic law away from the spectrum,

N€
(=)* VN

for all deterministic vectors x,y € CY and we have the averaged law away from the spectrum,

P (\<x, (@~ M) < Il Iyl in Dfm) S1-CNP (2.62)

P (IBG -2l < B oy in DL)z1-CN? (2.6b)
(2)" N
for all deterministic matrices B € CN*N. In fact, for small ¢, § can be chosen such that § = ce for some absolute constant ¢ > 0. Here
G = G(z), M = M(z) and C = C(D, €) is some constant, depending only on its arguments and the constants in Assumptions (A)-(CD).
Moreover, instead of Assumption (CD) it is sufficient to assume the more general Assumptions (C) (or (C)’ for complex Hermitian matrices)
and (D), as stated in Section 2.5,

If we additionally assume flatness in the form of Assumption (E), then we also obtain an optimal local law away from the
spectral edges, especially in the bulk,

Theorem 2.2 (Local law in the bulk of the spectrum). Under Assumptions (A), (B), (CD) and (E), the following statements hold: For
any -y, e > 0 there exists 6 > 0 such that for all D > 0 we have the isotropic law in the bulk,

N¢ . 6) -D
P((x,(G—-M < ||x —— in D) >1—-CN 2.7a
for all deterministic vectors x,y € C~ and we have the averaged law in the bulk,
N°© . 5 -D
— < >1-— .
P <|<B(G M) < ||B]| NS, ]D)W) >1-CN (2.7b)

for all deterministic matrices B € CN*N, In fact, § can be chosen such that § = cmin{e, v} for some absolute constant ¢ > 0. Here
C = C(D, ¢, ~) is some constant, depending only on its arguments and the constants in Assumptions (A)-(E). Moreover, as in the previous
theorem, instead of Assumption (CD) it is sufficient to assume the more general Assumptions (C) (or (C)’ for complex Hermitian matrices)
and (D), as stated in Section 2.5.

Note that both theorems cover the regime where z is far away from the spectrum; in this case the estimates in Theorem 2.1
are stronger and require less conditions. Theorem 2.2 is really relevant when Rz is inside the bulk of the spectrum and Sz is
very small; this is why we called it local law in the bulk. In the literature this regime is typically characterized by p(Rz) > § for
some § > 0, but in Theorem 2.2 it is extended to p(Rz) > N ~° for some sufficiently small § > 0.



RANDOM MATRICES WITH SLOW CORRELATION DECAY 6

2.4. Delocalization, rigidity and universality

The local law is the main input for eigenvector delocalization, eigenvalue rigidity and universality, as stated below. We for-
mulate them as corollaries since they follow from a general theory that has been developed recently. We explain how to adapt
the general arguments to prove these corollaries in Sections 5.4 and 6.

Corollary 2.3 (No eigenvalues outside the support of the self-consistent density). Under the assumptions of Theorem 2.1 there
exists a 6 > O such that for any D > 0,

P (SpecH ¢ (-N7°,N7°) + supp /L) <p N7,
where supp . C R is the support of the self-consistent density of states p.

Corollary 2.4 (Bulk delocalization). Under the assumptions of Theorem 2.2 it holds for an £*-normalized eigenvector u corresponding
to a bulk eigenvalue X\ of H that

Ne 7D
> — = > <
p (rggflual Z N Hu = Au, p(A) > 5) <esp N

forany €,0,D > 0.

Corollary 2.5 (Bulk rigidity). Under the assumptions of Theorem 2.2 the following holds. Let A\1 < - - - < Ay be the ordered eigenvalues
of H and denote the classical position of the eigenvalue close to energy E € R by

k(E) = [N/ p(m)dx—‘,

where [ -] denotes the ceiling function. It then holds that

€

N -D
< N
") <

P (sup{ ey — | | E€R, p(B)> 5} >
forany e,6,D > 0.
For proving the bulk universality we replace the lower bound from Assumption (E) by the following, stronger, assumption:
Assumption (F) (Fullness). There exists a constant A > 0 such that
E|Tr BW|® > \Tr B®
for any deterministic matrix B of the same symmetry class as H.

Fullness is a technical condition which ensures that the covariance matrix of W is bounded from below by that of a full GUE
or GOE matrix with variance . Note this is the only condition that induces the difference between the complex Hermitian and
real symmetric symmetry classes in the following universality statement.

Corollary 2.6 (Bulk universality). Under the assumptions of Theorem 2.2 and additionally Assumption (F) the following holds: Let
k€N, §>0,E € Rwith p(E) > 6 and let : R* — R be a compactly supported smooth test function. Denote the k-point correlation
function of the eigenvalues of H by pi, and denote the corresponding k-point correlation function of the GOE/GUE-point process by Y.
Then there exists a positive constant ¢ = ¢(6, k) > 0 such that

1 t _
- _ v ) _ < e
L2 | e (21 ) Tk“ﬂ‘“'*@&kN ’
% k —e
’E@((Np()\k(E))[)\k(E)H - Ak(E)])jzl) - EGOE/GUE@((Npsc(o)[)\[N/2'\+j - )\[N/ﬂ])j:l)‘ Sask N,

where 1is the vector of k ones, 1 = (1, ..., 1), the expectation Egog/cug is taken with respect to the Gaussian matrix ensemble in the same
symmetry class as H, and ps. denotes the semicircular density.

Remark 2.7. We chose the standard Euclidean distance on J in the formulation of Assumption (CD) merely for convenience. In the
context of [1] a similar key assumption was formulated in terms of a pseudometric § on J which has sub- P dimensional volume, i.e.,

max |{b e J | 8(a,b) <7}| < 7"
forall T > 1 and some P > 0. This pseudometric naturally extends to I as a product metric modulo the symmetry,
d2((a,b), (¢,d)) := min{max{d(a, c),d(b,d)}, max{d(a,d),s(b,c)}}

and to any two subsets A, B of I as 62(A, B) := min{ d2(a, 8) | « € A, 8 € B }. All our results hold in this more general setup as well
if d is replaced by &2 in Assumption (CD) and we require that s > 12P. We do not pursue the pseudometric formulation further in the
present work since the relaxed decay conditions formulated in Section 2.5 are more general as they allow for further symmetries in the
matrix, for which (CD) is not satisfied irrespective of the pseudometric. A typical example for such an additional symmetry is the fourfold
model (see [4]).
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2.5. Relaxed assumption on correlation decay

We now state the more general conditions on the correlation structure which are actually used in the proof of Theorem
2.2 and its corollaries, and are implied by Assumption (CD). For the more general conditions we split the correlation into two
regimes. In the short range regime we express the correlation decay as a condition on cumulants, while in the long range regime,
beyond neighbourhoods of size v/ N, we impose a mixing condition.

In the short range regime we assume the boundedness of certain norms on cumulants x(a, . .., ax) = K(Wa,, . . . , Way ) of
matrix entries w,, which are modifications of the usual ¢*-summability condition

1
e Z |k(ai, ..., ax)| < oco.

ALy O

Cumulant norms. In order to formulate the conditions on the cumulants concisely, we from now on assume that W is real
symmetric. We refer the reader to Appendix C for the necessary modifications for the complex Hermitian case. In Appendix A
we will recall the equivalent analytical and combinatorial definitions of  for the reader’s convenience (see also [41]). We note
that « is invariant under any permutation of its arguments. Here we recall one central property of cumulants (which is also
proved in the appendix): If wa, , ..., wa,; are independent from wa;,;, ..., Wa, forsome 1 < j < k — 1, then x(a1, ..., ax)
vanishes. Intuitively, the k-th order cumulant (a1, . . . , ax) measures the part of the correlation of wg,, . . . , Wa,, Which is truly
of k-body type. For our results, cumulants of order four and higher require simple £*-type bounds, while the second and third
order cumulants are controlled in specific, somewhat stronger norms. Finiteness of these norms imply a decay of correlation in
a certain combinatorial sense even without a distance on the index set I. The isotropic and the averaged bound on D require
slightly different norms, so we define two sets of norms distinguished by appropriate superscripts and we also define their sums
without superscript.

We first introduce some custom notations which keep the definition of the cumulant norms relatively compact. If, in place
of an index a € J, we write a dot (-) in a scalar quantity then we consider the quantity as a vector indexed by the coordinate
at the place of the dot. For example x(a1-, azb2) is a J-vector, the i-th entry of which is (a1, azbz), and ||x(a1-, a2b2)]| is its
(Euclidean) vector norm. Similarly, || A(x, x)|| refers to the operator norm of the matrix with matrix elements A(s, j). We also
define a combination of these conventions, in particular H || (x5, )| H will denote the operator norm || A|| of the matrix A with
matrix elements A(%, j) = ||k(xi, )| = Hza ma/s(ai,j)H. Since || Al| = HAtH this does not introduce ambiguities with respect
of the order of 4, j. Notice that we use dot (-) for the dummy variable related to the inner norm and star («) for the outer norm.

For k-th order cumulants we set

sl = WAl + sl sl = sl 2 = 2SKSR sl (2.8)

where the averaged norms are given by

el = ([ Gl ] el = N2 3 o an)ls k24,
QY ey A (28b)
lelly = || > 1w, w0l |+ i (Iaallaa + Wiacllae + Wrcallea + leellec
o =kddtRdctredtree

and the infimum is taken over all decompositions of « in four symmetric functions k44, fcq, €tc. The letters d and c refer to
“direct” and “cross’, see Remark 2.8 below. The corresponding norms are given by

2
Il =Mllgg = N0 | (Z mehazbmbgn) ,

ba,az “agz,bz ai

llog =N | S (szwlbl,az,%bgn)z, llye = N7* | 3 (22|m<a1b1,azb2,a3>|)2.

b3,a1 “az,bp a2 bi,az “ai,by ag

For the isotropic bound we define

llslls” == —inf  (llcalla+ llxelle) llsllly = sup || [lxGex, )]l || llll, = sup || x|,
=ratre lIxl<1 lIxl<1
(2.8¢)

sl =] 2 Itens oz w9l k>3,

QLyeens Q)2

where the inner norms in (2.8¢) indicate vector norms and the outer norms operator norms, and the infimum is taken over all
decomposition of « into the sum of symmetric k. and xg4.

iso

Remark 2.8. We remark that the particular form of the norms ||| |5 and ||&[||3 on x is chosen to conform with the Hermitian symmetry.
For example, in the case of Wigner matrices we have
K(a1b1, a2b2) = 0ay,a50b;,b5 + Oay,b90b1,a0 = Kd(a1b1,a2b2) + Ke(aibi, azbz), (2.9

i.e., the cumulant naturally splits into a direct and a cross part kq and k.. In general, the splitting k = k. + kq may not be unique but for
the sharpest bound we can consider the most optimal splitting; this is reflected in the infimum in the definition of |||x|||,’. Note that in the
example (2.9) ||kall|q and ||kc||c are bounded, but ||| .|| ¢ would not be. A similar rationale stands behind the definition of ||| x||)5 .
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We also remark that only the conditions on ||| and ||x||5 use the product structure I = J x J. All other decay conditions are
inherently conditions on index pairs o € I.

Assumption (C) (k-correlation decay). There exists a constant C such that for all R € Nand € > 0

llslly” < €, sl = lisll<p = max sl <er N°
where the norms ||-||,, and ||-||5’ on k-th order cumulants were defined in (2.8). If the matrix W is complex Hermitian we use Assumption
(C); as stated in Appendix C instead of Assumption (C).

Furthermore, in the long range regime beyond certain neighbourhoods of size < v/ N we assume a finite polynomial decay of
correlations that is reminiscent of the standard p-mixing condition in statistical physics (see, e.g. [10] for an overview of various
mixing conditions). We will need this decay in a certain iterated sense that we now formulate precisely.

Assumption (D) (Higher order correlation decay). There exists y1 > 0 such that the following holds: For every o € I and ¢, R € N
there exists a sequence of nested sets Nj, = Nj,(a) such that« € Ny C N C --- CNr =N C I, |IN| < NY* " and

q
-3
K(f(WI\Uj Nnj+1(0¢j))7gl (Wan(al)\Uj;ﬂ N(a]‘))v s 7gq(Wqu(aq)\U_j¢q N(aj))) <Rgu N ! ||qu+1 H ng||q+l
=1

foranyni,...,ng < R, a1,...,aq € I and functions f,g1,...,gq. We will refer to these sets as “neighbourhoods” of «, although we
do not assume any topological structure on I. For any N C I, here W denotes the set of wq, indexed by o € N.

Remark 2.9. For the proof of Theorem 2.2 we need Assumptions (B), (C) and (D) only for finitely many values of q, R up to some threshold,
depending only on the parameters D, ~y, € in the statement and p from Assumption (D). This follows from the fact that the high moment
bound from Theorem 4.1 is only needed for a finite value of p which relates to certain threshold on g, R.

2.6. Some examples

We end this section by providing examples of correlated matrix models satisfying Assumptions (C)-(D). Our main example
is the one already advertised in Assumption (CD). In Example 2.10 we check that Assumption (CD) indeed implies (C)-(D).

Example 2.10 (Polynomially decaying model). Recall the metric setting of Assumption (CD). Simple calculations show that Assumption
(C) is satisfied even if we only request s > 2 in (2.5), independent of the chosen neighbourhood systems. As for Assumption (D), we define
the neighbourhoods Ny (o) = {8 € I | d(c, B) < k NY/*~# } 50 that d(Ny (), N1 ()¢) = NY4=H, To ensure that

|5 (FrWanry@)s oW s () | < %,

we thus have to choose s > 12/(1 — 4p). The tree decay structure (2.5b) then ensures that Assumption (D) is satisfied for all g.

Example 2.11 (Block matrix). For n, M, N € Nwith nM = N we set J = [N] and consider an n x n-block matrix with identical
copies of an M x M Wigner matrix in each block. We introduce an equivalence relation on I = J x J in such a way that we first
identify a ~ b € Jif a = b(mod M), and then (a,b) ~ (c,d) € Iif (a,b) = (c,d) or (a,b) = (d, ¢) according to the Hermitian
symmetry. Then the correlation structure is such that (a1, ..., ar) = O (1) if o, . . ., oy all belong to the same equivalence class and
k(a1,...,ar) = 0 otherwise. Since every entry is correlated with at most O (n*) other entries, Assumptions (C), (D) are clearly satisfied
as long as n is bounded.

The same correlation structure is obtained if the blocks contain possibly different random matrices with independent entries (respecting
only the overall Hermitian symmetry, but possibly without symmetry within each block), see e.g. the ensemble discussed in [5]. Furthermore,
one may combine the block matrix model with a polynomially decaying model from Example 2.10 to construct yet another example for
which Theorem 2.2 is applicable. In this general model the matrices in each block should merely exhibit a polynomially decaying correlation
instead of strictly independent elements.

Example 2.12 (Correlated Gaussian matrix models). Since all higher order cumulants for Gaussian random variables vanish, our
method allows to prove the local law (and its corollaries) for correlated Gaussian random matrix models under even weaker conditions. In
fact, besides Assumptions (A) and (E) (or (F) for universality) we only have to assume that

sll5 + s ]l5 <e N°

for all € > 0. In particular, this includes the polynomially decaying model from Example 2.10 for s > 2. These statements can be directly
proved by following our general proof, setting all higher order cumulants to zero and using neighbourhoods N'(a) = T for all . The
details are left to the reader.

Example 2.13 (Fourfold symmetry). A Wigner matrix W with fourfold symmetry is a matrix of independent entries wq, of unit variance
up to the symmetries Wo,p = Wh,q = W—_q,—b = W—p,—q for all a,b € Z/NZ. From the explicit formula

K(ab, Cd) = ,‘id(ab, Cd) + Kc(ab, Cd) = (5%061)@ + 6a,—c5b,7d) + (5a,d5b,c + 5a,7d6b,7c)7

and a similar one for the third order cumulants, Assumption (C) is straightforward to verify. By choosing the neighbourhoods N () to
contain the three other companions of « from the symmetry, it is obvious that also Assumption (D) is fulfilled. Strictly speaking, the flatness
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condition (E) is violated by the fourfold symmetry, but as the resulting M is diagonal, there is an easy replacement for the flatness. For
more details on the random matrix model with a fourfold symmetry we refer the reader to [4].

A similar argument shows that Assumptions (C)-(D) are also satisfied for other symmetries which naturally split in such a way that
Wa,p 1S identified with wy, (q), 1, (b) ANd Wy, (b), g, (a) fOT a finite collection of functions f;, g;. The appropriate replacement for the flatness
condition (E), however, has to be checked on a case-by-case basis.

3. General multivariate cumulant expansion

The goal of this section is the derivation of a finite-order multivariate cumulant expansion with a precise control on the
approximation error.

3.1. Precumulants: Definition and relation to cumulants

We begin by introducing the concept of pre-cumulants and establishing some of their important properties. For any collection
of random variables X, Y1, ..., Y, we define the quantities

K(X) =X
Kyt (XY ) =Kty (X5 Y1, Vi) = Yo (L <ty — E)Yica(Le,, <ty 0 — E)Yin2. . . Yi(1y, <1 — E)X
for m > 1, that depend on real parameters ¢1,...,t, € [0,1]. We will call them time ordered pre-cumulants. We moreover

introduce the integrated symmetrized pre-cumulants

where S|y is the group of permutations on a |Y'|-element set and d¢ = dt; ... dt,, indicates integration over [0, 1] ¥l Note that
the first variable X of K (X;Y) plays a special role. Moreover, K (X;Y') is invariant under permutations of the components of
the vector Y. These pre-cumulants are — other than the actual cumulants — random variables, but their expectations turn out to
produce the traditional cumulants, justifying their name. While they appear to be very natural objects in the study of cumulants,
we are not aware whether the pre-cumulants K have been previously studied, and whether the result of the following lemma is
already known.

Lemma 3.1 (Pre-cumulant Lemma). Let X be a random variable and let Y, Z be random vectors. Then we have
EK(X;Y)=k(X,Y), (3.1a)
K(X;Y) =s(X,Y)+XAY) - Y (Y )s(X, Y \Y'), (3.1b)

Y'CY

and the pre-cumulant decoupling identity

K(X;YUZ)-s(X,YUZ)=Z)[K(X;Y)-s(X,Y)] - > WY)WZ)(X,(Y\Y)U(Z\Z)), Gl

where Y' C Y indicates that Y is a sub-vector of Y (withY' = Qand Y' =Y allowed) and Y \ 'Y is the vector of the remaining
entries. By Z' C Z we denote all proper sub-vectors of Z, i.e., not including Z. By T1Z we mean the product of all entries of the vector Z,
while by Z UY we mean the concatenation of the two vectors Z,Y . The order of the vector is of no importance as K (X;Y") is symmetric
with respect to the vector Y and k is overall symmetric.

We note that (3.1¢) is intentionally not symmetric in Y, Z, although an analogous formula holds with Y and Z interchanged.
The relation (3.1¢) should be interpreted as a refined version of the fact that centred precumulants factor independent random
variables. Indeed, if Z was independent of X, Y, then the sum in (3.1c) would vanish by independence properties of the cumulant
and (3.1¢) would simplify to

K(X;Y UZ)—r(X,Y UZ)=MZ)[K(X;Y) - s(X,Y)].
In our applications Z will depend only very weakly on X and Y, hence the sum in (3.1c) will be a small error term.

Proof. By the definition of the pre-cumulants, we have for Y = (Y1,...,Y,)

1
K(X§ Y) = Z JI[ Ya(m)(]ltmitm—l - E)Yd(m—l)(]ltm—lﬁtm—z - E) s (]ltZStl - E)YU(l)(]lhﬁl - E)X dt. (3.2)

o€Sm 0

Multiplying out the brackets and pulling the characteristic functions involving the ¢-variables out of the expectations, each term
is a product of moments of (X, Y )-monomials. We rearrange the sum according to the number of moments in the form that
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K(X;Y) =", ¢v, where ¢, contains exactly b moments. These terms are given by

1
=1 % > Hf Doy, Loy sty - Lipy <oty Loy, <oy dt

1<j1 < <jp<mo€Sy, 0
X Yg(m>...Yg<]~b)(EYU(jb,1> ...Yg(jbil))...(EYU(jQ,l) ~~~Yo(j1))(EYo(]’171) ...Yg(l)X), b>1 (33)
and the integral in (3.3) can be computed to give

1

1 1 1 1
W0 g = G =Y

0

Here we introduced an additional variable t; = 1 for notational convenience and follow the convention that the last factor in
(3.3) for j1 = 1 reads E X. For b = 0 the analogue of (3.3) is given by

bo = ( > jjlj Ty, <<t dt>Y1 oYX =Y. VX,
0

oESm

Let the summation indices 1 < j; < --- < jp < m be fixed and fix a labelled partition of [m] = m; U --- U mp41 into
subsets of sizes |m1| = j1 — 1, |m2| = j2 — j1, .-+, |76] = jb — Jo—1 and |mp11] = m — j» + 1. Those permutations ¢ in (3.3) for
which o([1,51 — 1]) = m1,0([j1,J2 — 1]) = 72, ..., 0([jo—-1,J6 — 1]) = 7 and o([j», m]) = mm+1 all produce the same term
(=1)°VIIYx, ., ... (EIIY;,)(E XTIY,, ), where Y, = (Yi | k € 7). We note that m; plays a special role since it is explicitly
allowed to be the empty set, in which the last factor is just X. The combinatorial factor V' is precisely cancelled by the number

of such permutations, i.e., 1/V. Thus (3.3) can be rewritten as

op = (—1)° 3 Yy, (ENY;,) ... (ENY;,)(E XIIY;,), (3.4a)
U Uy g =[m]
|75 |>1for j>2

and therefore

KEX;Y)=Y =) (-1) > Y, ,(ENYy,)... (ENY,,)(EXTTY,,),  b>1 (3.4b)
b=0 b=0 7T1U“‘U7Tb+1:[m]
|7rj|21forj22

We recognize the expectation of (3.4a) as the sum over all unlabelled partitions P + (X,Y’) with |P| = b + 1 blocks, under-
counting by a factor of b! as the first b factors on the rhs. of(3.4a) after taking the expectation are interchangeable (the last factor
is special due to X). We can thus conclude that E K (X;Y') reads

EK(X;Y)=> (-1)% >  J]EIX,Y)a=k(X,Y), (3.5)
b=0 PH(X,Y) AEP
|P|=b+1

where we used (A.4) in the ultimate step, an identity that is equivalent to the analytical definition of the cumulant, see Appendix A
for more details. This completes the proof of (3.1a). Now (3.1b) follows from first separating b = 0 to produce the X (IIY") term
and then separating the 7, ; summation in (3.4b) so that Yz, , plays the role of Y’ for Y’ # (). The sum over the remaining
moments is exactly the cumulant x(X,Y \ Y’), see (3.5). Finally, the term Y’ = () in (3.1b) cancels the first x(X,Y") term,
completing the proof of (3.1b). The identity (3.1c) follows from (3.1b) where Y plays the role of Y U Z. The Z’ = Z term is
considered separately, and then the identity (3.1b) is used again, this time for X and Y. ]

3.2. Precumulant expansion formula

We consider a random vector w € RZ, indexed by an abstract set Z, and a sufficiently often differentiable function f: RT -
C. The goal is to derive an expansion for E w;, f (w) in the variables indexed by a fixed subset V' C Z that contains a distinguished
element ig € N. The expansion will be in terms of cumulants x(w;,,...,w;,, ) and expectations E 9; f of derivatives 9; f :=
0, ... 0, f, where we identify 9; = 0., and ¢ = {i1,...,im}. To state the expansion formula compactly we first introduce
some notations and definitions. We recall that a multiset is an unordered set with possible multiple appearances of the same
element. For a given tuple ¢ = (41, ...,4m) € N™ we define the multisets

w; = {wi,,...,w;, } andtheaugmented multiset W, ;= {wio } Uw,, (3.6)

(2

where we consider L as a disjoint union in the sense that w; ; has m + 1 elements (counting repetitions), regardless of whether
io = i) for some k € [m]. Similarly, we write w, C w to indicate that w, is a sub-multiset of a multiset w. As cumulants
are invariant under permutations of their entries we will write x(w) for multisets w of random variables. We will also write
IMw = []7~, ws; for the product of elements of a multiset w = { w;; | j € [m] }.

Equipped with Lemma 3.1 we can now state and prove the version of the multivariate cumulant expansion with a remainder
that is best suitable for our application. Recall from (3.1a) that E K (w;,; w,;) = r(w; ;)-

Wing
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Proposition 3.2 (Multivariate cumulant expansion). Let f: RT — C be R times differentiable with bounded derivatives and let
w € R be a random vector with finite moments up to order R. Fix a subset N' C Z and an element io € N, then it holds that

= K(w;, ;) K(wig;w;) — wlw; ;) .
E wi, f(w) :;iezjvm {E 7771!0 O:if + E - 0 aif‘wN:0:| + Q(f,i0,N), where (3.7a)
1
Qf i N)= > Eﬂj Kiprooin (Wi, wig) b . ..dtR_l/ 0if)(trw’, w") dtg, (3.7b)
ieNER 0

where for m = 0 the derivative should be considered as the 0-th derivative, i.e. as the function itself. Here we introduced a decomposition
w = (w',w") of all random variables w = wz such that w' = wx = (w; |i € N) and w" = wye = (w; | i € T\ N') and we write
f(w) = f(w',w"). Moreover, if E |w;|*" < pag forall i € T, then

1/2
Q(f,i0, )| <l 30 / E |(0:f)(trw', w")|” ) dtr. (3.8)
ieNE
Proof. For functions f = f(w), g = g(w) a Taylor expansion yields, for any s > 0,
E g(w) (sw',w") = (Bg)(E (0.w") + Cov (5. /0.w")) + 3 [ Eglw)uwi(0.f) (' w")at

iEN

and after another Taylor expansion to restore f(w’, w”) in the first term we find
By (sw' w) (BB )+ Cov (5. £0.0") + 3 [ Builticus ~ B0 w)at. 69)

iEN

Here we follow the convention that if no argument is written, then E g = E g(w). Starting with g(w) = w;,, the last term in
(3.9) requires to compute E Ky (w;,; w;)(9; f) (tw’, w") with ¢t = ¢1,4 = 41. So this has the structure E g f (tw’, w”) withg = K,
and f = 9;, f and we can use (3.9) again. Iterating this procedure with

(g(w),5,5,t) = (K1, sty 1 (Wig3 Wiy -y Wiy 1)y tm—1, Gm, tim)
form =1,..., R, we arrive at

Ewiofzi > <Ej0f Koyt )Eaf +Z Z E(joj Koy tmdt—EfoffKtl ,,,,, tmdt)(f)if)(mw”)

m=0141,...,im €N

1 1
+ Y E Hf Kiyootpdty ... dtg / (3: ) (trw', w") dtr, (3.10)
i1, iR €N 0 0
where Kt ,....t,, = Kiq,... 60 (Wi, - - -, Wi, ) and dt = dt1 ... d¢m. We note that (3.10) does not include the sum over permuta-
tions, but since the summation over all i1, . . ., i, is taken we can artificially insert the permutation as in
Z ¢(7/177Z’m - Z Z ¢/Lo'(l),"'77;d(m))~
U1 yeeey Tm e, im OESm

Now (3.7a) follows from combining (3.10) with (3.1a). Finally, (3.8) follows directly from a simple application of the Holder
inequality. |

3.3. Toy model

Proposition 3.2 will be the main ingredient for the probabilistic part of the proofs of Theorems 2.1 and 2.2. For pedago-
cial reasons we first demonstrate the multiplicative cancellation effect of self-energy renormalization through iterated cumulant
expansion in a toy model.

Let f and w be as in Proposition 3.2 and let us suppose that Z is equipped with a metric d. We furthermore assume that
E w = 0 and that the multivariate cumulants of w follow a tree-like mixing decay structure as in Example 2.10, i.e.,

1
K({J1 3ty S 311
(i) e = {i,j}!;[(Tmin) 1 + d(supp fi,supp f;)* .

for some s > 0, where T, is the tree such that the sum of d(supp fi, supp f;) along its edges {7, j} € E(Twmn) is minimal. Fix
now a finite positive integer parameter R and a large length scale [ > 0. Around every ¢ € Z we use the metric d to define
neighbourhoods NV (¢) .= {j € Z | d(i,j) <IR} and Ny (2) := {j € I | d(i,j) <k}, as in Assumption (D). For definiteness
we furthermore assume that Z has dimension two in the sense that |A/| ~ I R? as for the standard labelling of a matrix where
T = [N]?. We now assume that f does not depend strongly on any single w;, more specifically, for an multi-index 4 we assume

0if] SN =, d), i = (3.12)

This bound ensures that the size of the derivative in the Taylor expansion in the neighbourhood A compensates for the combi-
natorics.
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3.3.1. Expansion of a weakly dependent function. For this setup we want to study the size of the expression
Ew;, ... w;, f(w)

where i1,. .., 1p are in general position in the sense that their NV(ix) neighbourhoods do not intersect. If f were constant we
could use the following lemma:

Lemma 3.3. Assume that w has a tree-like correlation decay as in (3.11) and assume that the random variables go(w), . . ., gp(w) have
mutually l-separated supports, i.e., that d(supp gi, supp g;) = 1l for all i # j. If furthermore E g, = 0 for k = 1, ..., p, then it holds
that

[Ego...gp| S 17720
Proof. Due to a basic identity on cumulants, see (A.2), we have that
Ego...gp = > K(g9a,) - - K(gay),
AjU--UAL=[0,p]
where the sum goes over all partitions [0, p] and ga = { gx | k € A }. From (3.11) it follows that
[(gay )| S 1A=

and due to the assumption of zero mean E g, = 0 for k € [p] we have that k(ga) = 0 whenever A = {k} for some k € [p]. It
follows that the worst case is given by pair partitions with |Ax| = 2 for all A; not containing 0 which completes the proof. []

From this lemma with go = 1 and g = w;, for k = 1,..., p we conclude that for constant f we have the asymptotic bound
’f Ew;, ... w;, ’ < 17°IP/21 by the zero mean assumption x(w;) = Ew; = 0. We now want to argue that for weakly dependent
f asin (3.12) a similar bound still holds true although f depends on all variables. Note that the weak dependence renders the
minimal spanning tree distance trivial and a direct application of (3.11) would not give any decay. For brevity, we introduce the
notations
K(4, 3) = k(wi, wy), K (i;3) = K(wi; wy),
i.e. we identify cumulants and precumulants as functions of indices rather than random variables. We begin by expanding the
first w;, to obtain from (3.7a)
N(i1) .. L .
k(i1, K (i — E K (1
Ewi, ...wi, f= Z E (l;lﬁl) + (i Jl)|j1|' (i2:1)

N
}wm w05 f+ O (z—QGR), (3.13)

a WA (i1) =0

where we set Z;\[ = 0<m<r 2_jenm and the parameter R, the maximal order of the expansion, is omitted for brevity. The

notation |,;,.—o means that in all expressions to the right, the argument w is set to zero in the set V, i.e. wa- = 0. This effect

includes expectation values and cumulants. Note that |, —olwy,=0 = —o, Le. the effects of multiple |~ operators

accumulate. For example,

|7j.'\/‘1u./\/‘2

flwr, w2) [y =0 g(wr, w2) =0 h(wi, w2) = f(wi,w2)g(0, w2)h(0,0). (3.14)
However, the order of |, o and |,,,—o matters as long as there is a nontrivial function in between, clearly
g(w1,w2) w0 f(wi, w2)[i), =0 h(wr, w2) = g(w1, w2) f(0,w2)h(0,0),

which is different from (3.14). Finally, the error term in (3.13) was estimated using (3.8), and by comparing the combinatorics
INV|® of the summation to the size of the R-th derivative, |3;, ... 8: f| < |N|~"T9%. We will choose R = ps/4e large, so that
the error term is negligible.

Iterating this procedure, we find

N (ig) . . . . —
_ iks Jk) K(%;Jk) — E K (ix; jr) _ ) —sp/2
Ewi, ... w;, [ _<k|| E:) || { o o o 8,1...8,pf+(’)(l ) (3.15)
€lp] Jk [p] N (ig)

where H:E[p] ay, indicates that the order of the factors ay is taken to be increasing in k, i.e., as a1 . . . ap. This is important due
to the noncommutativity of the effect of the | operation on subsequent factors. We now open the bracket in (3.15) and first
consider the extreme case, where we take the product all the first terms from each bracket, i.e., the product of p factors with .
In this case the summation is of order 1 as the cumulant assumption (3.11) implies that 3~ « |1(4, j)| < 1 for any fixed iy if
s > 2. Therefore the worst case is when the least total number of derivatives is taken, i.e., when |7:] = 1 for all [, in which case
|05, - 95, f] S V|~ (9P < =2 Now we consider the other extreme case where all the (K — E K) = (K — ) factors are
multiplied. There we a priori do not see the smallness as the summation size |A/|\71 ot roughly cancels the derivative size
|V |~ Fe I+-+130]). The desired smallness thus has to come from the correlation decay (3.11). We can, however not directly
apply the tree-like decay structure since there does not have to be a “security distance” between the supports of wj, and f. For
those k with such a security we can apply the tree-like decay immediately, and for those k where there is no such security distance
we instead use (3.1¢) to write K — x approximately as the product of two functions whose supports are separated by a security
distance of scale I. Indeed, if j is not separated from supp f at least by /, then by the pigeon hole principle of placing less than
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R labels into R nested layers, it splits into two groups j, i) and j ,(CO) of “inside” and “outside” indices such that dist (g, i 4 ,(Co)) > 1.
Now by (3.1¢c) we have that

K (i3 i) — sins i) = (WG [K (i3 3570) = wlin, )] = >0 D0 (In)@In{)s(ix, 57 \ ng”, 5 \ ni?),
ECD)QJJ(CO) }v)cjli)
(3.16)

where IIj := ITw;. When multiplying (3.16) for all &, in the product of the second terms we (multiplicatively) collect p decay
factors [~°, resulting in {~*”. For the product of the first terms we have to estimate a term of the type E ¢ . .. g, f with gi being
zero mean random variables such that all factors have mutually [-separated support. Here we set g, := K (zk i J ,E >) — k(ik, J ,E”)

and absorbed the ITj ,io) factors into f. It follows that
[Egi...gpf] S 1722, (3.17)

from Lemma 3.3. In this argument we only considered the two extreme cases when we opened the bracket in (3.15) and even in
the product II(K — k), after using (3.16) for each factor we only considered the two extreme cases. There are many mixed terms
in both steps but they can be estimated similarly and altogether we have

|Ewi, ...wi, f| ST +17°7/2,
i.e, a power law decay whose exponent is proportional to the number of factors.
3.3.2. Expansion of a product of weakly dependent functions and self-energy renormalization. Now we generalize the

expansion from Section 3.3.1 and consider another simple example: the iterated expansion of multipole weakly dependent
functions. In particular, we will introduce the concept of self-energy renormalization.

Let f1,..., f, be some functions of w which also depend weakly on each single w; in such a way that |9; f| < ||~
and let iy, ..., i, be in general position as in the previous example. We want to study
E H wik fk:7
kelp]

which, by (3.15) with f replaced by [] f%, can be expanded to

N (ig) — .. R .. —
B[] witi = [] ( D )E I {m(u?,]k) n K (ix; x) —.EK(ka) I @ fu)+0 (l—sp/z)_

| |
ke[p) ke[p] Ik (G ierp =ik kelp] |7x|! |7 ! wN(ik)0:| n€lp)

Here the second sum is the sum over all partitions jj LI - - - Ll 57 = j of the multi-index 5, the multi-index j™ is given by the
disjoint union 5" = 51 U - -- U 5/, and we choose R ~ ps/4e, as in the previous example (recall that R is the maximal order of
expansion, i.e. |jx| < R). Thus j;; encodes those derivatives hitting f,, which originate from the expansion according to w;, . By
expanding the product we can rewrite this expression as

B[l X BIT[3 A }

!
k€[p] LiULg=[p] k€L1i - Jx 9t (G Inep1 =ik
— N (ig) .. LN =
K(ig; gr) — E K (ig; Ik _
T [ 30 FO R [T @) +0 (7).
k€La - gk Ik’ WN (1) =0 (57 nep) =ik~ nElp]
It turns out that in many relevant cases, in particular after the summation over 41, . .., ik, the leading contribution comes from

those k € Ly for which |jx| = 1 and |j§| = 1. To counteract these leading terms we subtract this contribution from each factor
wy,, fr and instead compute

BI1 fousi— 3 sooal= Y BTS00 5 s —oi i -0

7|

k€(p)] FEN (i) LyiULy=[p] k€L, Jk (G5 ) nelp)=dk
— N (ig) . . . —
K (ix; gi) — B K (ix; Jx) _sp/2
<TI 1 > : [] a-nn+o(z ) (3.18)
i [ o] w0 2| L1 @)
€Lz - Ji NGR) TP (G ) ne(p)=dk ~ nElp]

We note that this substraction or self-energy renormalization does not affect the power counting bound of I =27 + [~*P/2 because
it does not change the order of the terms but only excludes certain allocations of derivatives. However, beyond power counting,
this exclusion can still reduce the effective size of the term considerably, see Section 4 where f is the resolvent of a random
matrix.
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4. Bound on the error matrix D through a multivariate cumulant expansion

In this section we prove an isotropic and averaged bound on the error matrix D defined in (2.4), in the form of high-moment
estimates using the multivariate cumulant expansion. To formalize the bounds, we define the high-moment norms for random

variables X and random matrices A by
p\1/p PP
X1, = ®IX)F (Al = sup[(x, Ay)l|, = [ sup  E|(x, Ay)| ]

lIxIL Iyl <1 Il [yl <1

where the supremum is taken over deterministic vectors x, y.

Theorem 4.1 (Bound on the Error). Under Assumptions (A), (B) and (D), there exist a constant C, such that foranyp > 1,¢ > 0, z
with Sz > N7, B € CV*N and x,y € C it holds that

[, >||p |ISG || Cx 1G] C;P
< iso M q .
S Ser (LHISI+ ez N T (1 e, ) * (14 7 ) (4.12)
(BD)]|,, ISG|l c. 1G] S
R A av € ~>>llq m q .
B[ - Sew (LH IS+ ISIZ RN () "5 (1 + DG, ) ( Nﬂ) , (4.1b)

where ¢ = C..p*/(1%€), R = 4p/p, and for convenience we separately defined
ISH= Nl - (4.2)

Remark 4.2. We remark that the size of S can be effectively controlled by ||xl|5’, justifying the definition of ||S||. To see this we note
that due to

S[V]= Z k(on, az) AT VA2 (4.3)

1,02

L
N
an arbitrary partition of k = kc + Kq naturally induces a partition S = Sc + Sa. Furthermore, it is easy to see that ||Sc[V]T||, <
el 11V 1l 1T 1|, and [SalVITIl, < lllxalllg 1V[l5, 1715, ¢.f- Lemma D.2 thus

ISVITH, < Ml IVl 171, -

Here we recall that the double-index « stands for a pair a = (a, b) of single indices, and that the matrix A® is a matrix of 0’s
except for a 1 in the (a, b)-entry.

Remark 4.3. We point out an additional feature of the estimates (4.12)~(4.1b): they not only provide the optimal power of |G|, /(N S2),
but the power of ||G||, without an extra smallness factor N™*, is independent of p. This will be essential in the second part of the proof
of the local law, see (5.12) later.

The main tool for proving Theorem 4.1 is the multivariate cumulant expansion from Proposition 3.2. To connect to the
toy model considered in Section 3.3, we note that the self-energy renormalization of N~'/?W @G is —S[G]G, up to an irrelevant
contribution from indices 7 ¢ N(ix) in (3.18). In this sense the error term D = N -12waG + 8 [G]G is the difference of
N~'2W @ and its self-energy renormalization. As already noted in the context of the toy model we recall that this substraction
does not change the power counting of the resulting terms. It does, however, exclude certain allocations of derivatives which in
the case of N™/21W G means that the main contributions coming from the diagonal elements of the form G, are absent. Off-
diagonal elements G, are smaller on average, in fact the main gain comes from the key formula about resolvents of Hermitian

Z (G |? = \Ybe

where 7 = Sz. This identity follows directly from the spectral theorem. In the physics literature it is often called Ward identity
and we will refer to it with this name. Notice that a sum of order N is reduced to a 1/7 factor, so the Ward identity effectively
gains a factor of 1/(NNn) over the naive power counting. However, this effect is available only if off-diagonal elements of the
resolvent are summed up, the same reduction would not take place in the sum 3" |Gaa|” which remains of order N. So the
precise index structure is important. The next calculation shows this effect in the simplest case.

matrices

Exemplary gain through self-energy renormalization. We now give a short calculation to demonstrate the role of self-
energy renormalization term S[G]G while computing E (D)?. Notice that

N Z Z Wab Gba [ aa N Z wab Gba - Z W@chba] (44)

c,d

is the sum of terms of the form w; f plus their self-energy renormalization — N ~* >c.q f(ab, cd)0caGra where i = (a,b) and
f = Gab. We note that (4.4) is the direct analogue of the self-energy renormalization in the toy-model discussed in Section
3.3, see (3.18). In (4.4) we expanded S[V] = >°_ , N~'k(a, B)A*V AP and used the fact that the resolvent derivative reads
A,G = —GA“G. Thus one should think of S[G]G as being the matrix self-energy renormalization of N~/ G. To present
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this example in the simplest form, we assume that IV is a Gaussian random matrix which automatically makes all higher order
cumulants vanish. We find

E(D)?=N"Y" ka1, B)E(AMG) (AMG) + N2 Y ka1, 81) D klaz, f2) E(AY GAPG) (A2 GAG),
a1,/ a1,81 az,B2
the first term of which can be further bounded by

Nt Z ’ Oq,ﬂl) <AQ1G> (AﬂlG ‘ |H’€|”2 Zl Aa 2 _ H|/€|”2 Z|G a‘ |||Ii||| < >

ai,B81 K

For the second term we instead compute

PO I

ahﬁl 0427[32) <Ao<1GAﬁ2G> <AQ2GA61G>‘ < (|Hf€|\|dv Z | AOQGAQIGH

a1,p1 a2,B82 a1,as
(l=l3)? 2 5 w2 (SG)?

= S G Gl = (I

ai,b1,a2,b2 n

and we conclude that

E|(D)]* <

I

llslly (SG) (\Hmmgv <<3G>>2
n U]

which is small if > 1/N. Without self-energy renormalization, however, i.e., for E (N =/ 2WG)2 we, for example, also en-
counter a term of the type

N2

N2 Klan, B1) Y k(az, B2) B (A GATIG) (A*2GA™2G),

or,81 og,82

which is of order 1 because it lacks the gain from the Ward identity.

4.1. Computation of high moments of D through cancellation identities

Before going into the proof of Theorem 4.1, we sketch the strategy. For simplicity, we first present the proof for the case of
bounded spectral parameter (z) < C and we will comment on the trivial modification for the general case at the end of Section 4.
We will also temporarily assume that || H|| < C with some large constant C. For arbitrary linear (or conjugate linear in the sense
that A(X\-) = AA(:) for X € C) functionals A, ..., A*®) we derive an explicit expansion for

EAY(D)...A® (D) (4.5)
in terms of joint cumulants x(axq, . .., ax) of the entries of W and expectations of products of factors of the form
AAMGAG ... GA™G).

In other words, we express (4.5) solely in terms of matrix elements of G, which allows for a very systematic estimate. For the
main part of the expansion we will then specialize to A*)(D) = (BD), A*¥)(D) = (x, Dy) or their complex conjugates, and
develop a graphical representation of the expansion. In this framework both the averaged and the isotropic bound on D reduce
to a sophisticated power counting argument which — with the help of Ward estimates — directly gives the desired size of the
averaged and isotropic error.

Equipped with the cumulant expansion from Proposition 3.2, we now aim at expressing E A" (D) ... A®”) (D) for linear and
conjugate linear functions A", purely in terms of the expectation of products of G’s in the form

AAMG .. A%G) if Aisli
Aah_“,ak — 7(71)kN7k/2 ( s . ) 1 1S linear (46)
A(A*1G... A“cG) if A is conjugate linear
for double indices a,...,ar € I = J x J, where we recall that for a = (a, b) the transpose o' denotes o' = (b, a). The sign

choice will make the subsequent expansion sign-free. The reason for the N ~¥/2 pre-factor is that the A, .. o, terms appear
through k derivatives of G’s each of which carries a N~'/2 from the scaling H = A + N~'/2W. Since the derivatives of G
naturally come with many permutations from the Leibniz rule, we will also use the notations

A{a1,~-~7am} = Z Aaa(n ----- Qg(m)? Aa,{m,m,am} = Z Aa;au(n ----- Qg (m)? Aﬂvé = ZAQQUE\{G} (4.7)
TESm gESm aca

for multisets {1, ..., am}, @, . We will follow the convention that underlined Greek letters denote multisets of labels from
I, while non-underlined Greek letters still denote single labels from I. By convention we set Ag = Ag g = 0. The last two
definitions in (4.7) reflect the fact that the first index of A will often play a special role since derivatives of Aq, ..., Will all keep

a as their first index. With these notations, we note that
Ao = —1(la] > 0)A(G™'9.G), Aap = 0sMa

hold for arbitrary multisets o, where |a| denotes the number of elements (counting multiplicity) in the multiset.
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Expansion of a single factor of D. We now use Proposition 3.2 to compute E A(D) f for any random variable f (later f will
be the product of the other A’s). In the remainder of Section 4 the neighbourhoods N' = A/ («) are those from Assumption (D).

The analogue of the length scale [ from Section 3.3 is thus N*/4~#/2 while the parameter R is still a large integer, depending
only on p and p. We expand

AD)f = E \/% S waA(AG)f + EASIGIC) S = B wahaf + BASIGIG) f

and from (3.7a) we obtain

f Z Z Z E OZB K(Q;Q)T);H'(O‘:ﬁ)

a 0<m<RBEN™

'ﬁ ]agAaf+EA(8[G]G)f+ZQ(Aaf,a,N). (4.8)

War=0

Here we follow the convention that 3 is the tuple with elements (f1,. .., 8») and § is the multiset obtained from the entries
B =A{p1,...,Pm}, and we recall that for T = I we denote x(wa,, ..., Wa,) and K(wWa;; Way, - - -, Way,) by w(aa, ..., ax) and
K(ag;az,...,ay) (in contrast to the general setting of Section 3 where x was viewed as a function of the random variables). For
m = 0 the first term in the first bracket of (4.8) vanishes due to x(a) = Ew, = 0; for m = 1 its contribution is given by

> k(@B)dsAaf) = Y. KlaB)Aasf+ Y. wla,B)Aadsf,

a€cl,BeN a€l,BEN a€cl,BeEN

where we observe that the first term almost cancels the EA(S[G]G)f = —>_, 5c; (o, B)Aa,sf term except for the small
contribution from 8 € N. We thus rewrite (4.8) in the form

D)f=E Y k(a,f)Adsf+ED D Z[ *L»ﬁw‘ }%(Aaf)

m!

a€l,BEN acl m<RBEN™ Wpr=0
+E ( =D w@B)+ D e, 5))Aa,ﬁf +Y Aok, 0, N). (4.9a)
a,Bel acl,BEN o

In the above derivation of (4.9) we used directly that A is linear. In the case of conjugate linear we replace A(D) by A(D*) which
is linear again. This replacement is remedied by the fact that in the definition of Aa, ....,q, in (4.6) we consider transposed double
indices. More generally, following the same computation, we have

,,,,,

K B - ) -
AOD)f =EAS+E Y w(,B)handsf+EY Y > [ k) m>2+WI }aé(/\a,lf)
acl,BeEN a€l m<RPBEN™ ' Wxr=0
+E ( - Z k(o B) + Z n(a,5)>Aa,{B}ulf + ZQ(Aa,lf,a,/\/), (4.9b)
o,Bel acl,BeN a

We think of the first two terms and the first term of the square bracket in the third term (4.9b) as the leading order terms. The
second summand in the third term will be small due to the structure of the pre-cumulants and the fact that the subsequent
function A f has the N'-randomness removed. The fourth term is small because the two sums in the parenthesis almost cancel;
and finally the fifth term will be small by choosing R sufficiently large. We call (4.9) (approximate) cancellation identities as they
exhibit the cancellation of second order statistics due to the definition of S and D.

Iterated expansion of multiple factors of D. We now use (4.9b) repeatedly to compute E ], €] A® (D). As a first step we

expand the D in the A® factor, for which the special case (4.9a) is sufficient and we find

EAYD) [[A® D) = > Q<A(1)HA("> ), a1, N (o 1)>

k>2 ar€el k>2

+E > k(on, B)AL) 05, ( 11 A““)(D)) +E ( = > wlen, B+ Y k(o Bl))Agj s [1A® (D)
a1 €l k>2 ay,B1el a1l k>2
B1EN (a1) B1EN (a1)
H(alvél) K(OHQEI)_“(O‘l»él) - (1) (k)
TEY D X {77”! L2 + — ] 5, (A IIA ) (4.10)
a1€l m<RB1eN (o)™ WJ\/((yl)zo k>2

We now distribute the 3 -derivatives in the last term among the AE}Q and A® (D) factors according to the Leibniz rule. We
handle the 93, derivative in the second term similarly but observe that this is slightly different in the sense that the 9, derivative
does not hit the A((lll) factor. In other words, terms involving second order cumulants (m = 1) come with the restriction that
93, AL) derivative is absent. This is precisely the effect we already encountered in Section 3.3; the self-energy normalization
does not cancel all second order terms, it merely puts a restriction on the index-allocations in such a way that gains through
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Ward estimates are guaranteed in all remaining terms. In order to write (4.10) more concisely we introduce the notations

W@ K’(al?Bl)

— f— l_ 1 p—
=2 X Y o X a(gl=oifigl=1),
ar,B a €l 1<m<R BeEN ()™ ﬁllu...uéf’:él
o K(ou; B)) — r(au, )

(]

> X > > ol — (4.11)

By €I 0Sm<RBreN (o)™ glu---upl=g,

#

Z::|:— Z RS Oél,ﬂl +Z Z alaﬁl:|
o, ap,Blerl €l gle N (ay)

where ks(a1,...,0x) = K(Way, - . ., Wa, ) and where W = (Wa)acs is an identical copy of W. The reason for introducing this
identical copy will become apparent in the next step. We furthermore follow the convention that éf =0 if @;‘ does not appear
in the summation (which is the case for all ¥ # [ in Z#l 51 in (4.12)). Using these notations we can write (4.10) as

APy

~(1) # »
E [[ A®® ( S+ Z + >Aa1,a} [14%(@s:0) +9, (“12)
k€(p] a1,81 1,81 "Wa(ap)=0 ay,pi k=2 B

where the error term 2 collects all other terms and is defined in (4.13) below. We point out that the notations introduced in
(4.11) implicitly depend on the parameter R determining the order of expansion.

Estimate of error term ). It remains to estimate the error term Q which is bounded by

Q=3 Q(A(l) [T A®(D), a1, N (a 1)) <k Y 05, (Am 1A% D )’

ar€l k>2 a1,B1EN (1) R k>2

(4.13)

2

for some ¢ € [0, 1], where W, = /I/IZ(D”) = tWi(a1) + War(ay)e, Where we recall the definition of Q(A, , f) in (3.7a) and its
bound in (3.8). To further estimate this expression, we first distribute the ds derivative to the p factors involving AD AP
following the Leibniz rule, and then separate those factors by a simple application of Holder inequality into p factors of ||-[|,,

norms. Each of these factors can be written as a sum of terms of the type HA("') (81G|Wt) or HA("') (81D‘Wt ) ||2p for some

H2p
derivative operator d-. We can then estimate these norms using

IAR)I, < AR, and  [[0:G ] [, + 102Dl 1, Sm N 7220+ WSIDA + 1Gllegpy ) X%, @14)

where the second inequality follows from Lemma D.3, and we note that Cp|y| < CRp®. We now count the total number of

1/2

derivatives: There are 12 + 1 derivatives from |3 | and a1, each providing a factor of N™"/=. It remains to account for the

a1, B1-sums which is at most of size 3, |V (an)[ < N>T#/27#% We now choose R large enough so that
N2—(R+1)/2+R/2—/,LR < NP

which is satisfied if we choose R > 3p/p. Combining these rough bounds we have shown that, up to irrelevant combinatorial
factors,

I P Cp/p?
Q <p N p[HHAm” (1 181)" (141G leps e )" (4.15)
k=1

Main expansion formula for multiple factors of D. Formula (4.12) with the bound (4.15) on the error term is the first step
where the cumulant expansion was used in the AV (D) factor. Now we iterate this procedure for the A® (D), A®® (D), ...
inductively. We arrive at the following proposition modulo the claimed bound on the overall error which we will prove after an
extensive explanation.

Proposition 4.4. Let AV ... A®) be linear (or conjugate linear) functionals and let p € N be given. Then we have
— ~(1) # A if °
(k) _ apUiep) BF Ok
E[[AYD)=©e]] 1+Z+Z + 3 TT ] Gt 2 P (4.16)
k€[p] le(p] B el Wy (a))=0  a;,8!) kElp] i<k BF Lis ik BF

where “if 3 7 means cases where after multiplying out the first product [], the summation over the index v, is performed. Under
Assumptions (A) (B) and (D), the error term € is bounded by

2
o [T %0 lIGI,\
1920 S N7 (77| TN @+ SO (1 + 60, ) = (14 552 ) (4.17)
k=1

if we choose R = 4p/yu to be order of expansion in the summations, see (4.11). Furthermore, we set ¢ == Cp®/u? for some constant C,
and ||A™)|| denotes the operator norm of the linear functional A,
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For (4.16) we recall the convention that gf = () whenever éf is not summed, i.e., for the contribution from the 1 in the [-th
factor, or the contribution from $"# in the I-th factor for k # I. Moreover, we remind the reader that the custom notation |7;- =0

was introduced right after (3.15). We also note that the terms with a 1 from the first factor vanish as they contain Aéllbl 51 =0.
’ 2

Moreover, we can now explain why we introduced the identical copy W of W in the definition of ks in (4.11). The cumulants
in the representation of the term S[G]G = —>_  ;c; ks(a, )Aq,s should not be affected by the restriction imposed by the
operation |77, —o. Changing W to W within the definition of ks protects it from the action of |y =0 that turns all subsequent
W variables zero. This non-restriction of the particular sum is formally achieved by writing S in terms of ks instead of «. This
is only a notational pedantry, in the next step where we multiply (4.16) out, it will disappear. We remark that because of the
effect of |17, o the order in which the product in (36) is performed matters. It starts with | = 1 and ends with [ = p

We point out that the estimate (4.17) not only provides the necessary N ~? factor, but it also involves at most O(p) power of
|G|, without an extra smallness factor N™*, see Remark 4.3. While from the perspective of an N-power counting, any factor
|G|, is neutral, of order one, we need to track that its power is not too big. Factors of ||G||, that come with a factor N™* can
be handled much easier and are not subject to the restriction of their power.

Reformulation of the main expansion formula. We now derive an alternative, less compact formula (4.18) for (4.16) which
avoids the provisional |ﬁ notation. By expanding the first product in (4.16) we can rearrange (4.16) according to partitions
[p] = L1 U--- U Ly, where L; contains those indices ! for which the {-th factor in the product contributes with its ¢-th term.
In particular L := L, U Ls U Ly C [p] contains those indices [, for which «;, 3; are summed. We shall use the nomenclature
that labels o and the elements of 3, are type—l labels. These labels have been generated in the [-th application of the cancellation
identities (4.9). The partition ,B u- Bp =4 B, encodes how these labels have been distributed among the p factors via the
Leibniz rule. Thus labels B have been generated on A at the [-th application of (4.9). Thus L encodes the types of labels
present in the different parts of the expansion. To specify the number of type—I labels we introduce the notations

My =B, M =|B|.

Thus the number of labels of type [ is M; 4 1 and the number of type [-labels in A*) is M} + §,,. We observe that in all non-zero
terms of (4.16) the labels oy, ﬁl for I € L are distributed to the A ... A® in such a way that

(a) there are p factors A, ... A®),

(b) every A carries at least one label (that is for all k, ZleL(Mlk + k) > 1),

(c) for everyl € L, there exist at least two and at most R — 1 type-[ labels (that is for all I € L, M; > 1), for | € L4 there exist
exactly two type- labels in such a way that M; = M} =1,

(d) if for some ! € Lo there are exactly two type-I labels, then these two labels must occur in distinct A’s (that is, if I € L, and
M; =1, then M} = 0).

(e) forevery! € L, the first index of A®) is .

We now reformulate (4.16) in such a way that we first sum up over the partitions L1 U Lo LI Ls LI Ly = [p], the collection of

multiplicities M = (MF | 1 € L,k € [p]) and the permutations of indices, and only then perform the actual summation over

the labels from 1. As the first three sums carry no N, they are irrelevant for the N-power counting. From (4.16) we find

~(L ~(M M,l
B[[A%0)=s 3 doud |[[ 3o Moot o, v
M |,Bl|' pp ’ :
kElp] ULi=lr] M 7 |'€3amENT

M’==H<—Z+ R o

leLy apBlel o€ \NFL BleN (a)\W )

(M, 1)

I3 S () (000,

leLy 017,516/\/'5; kel Nrg =0

where Z;[(L) is the sum over all arrays M fulfilling (a)—(e) above and C)s are purely combinatorial constants bounded by a
function of p, R; Cx < C(p, R), in which we also absorbed the (—1)’s from the L4 terms. Moreover, Z:(M) is the sum over all

permutations o1,..., o, in the permutation groups Sy1, . . ., Sav (Where M* =37, M, F)such that for k ¢ L the first element
of o1 (B%) is from ( BF | I € LN [k]). Furthermore, for any N C I we set
(M, 1)

PSS S | DS

ap,BLgN a;eI\N kelp ]B;CE(N(QL)\N)NI;C

Finally, we introduced the notations = Uisrer, N(ak),and Ny = U, N (o). Here the B are actual (ordered) tuples
and not multisets, which is why we denote them by boldfaced Greek letters to avoid possible confusion with the previously used
gf In (4.18) we furthermore used the short-hand notation 3* = (8f);cr for the tuple (ordered according to the natural order
on L C [p] C N) of BF. We note that the artificial xs from (4.16) has been removed in (4.18) since we “pushed” the |~ -operator
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all the way to the end. In the following we will establish bounds on (4.18) for fixed L and M and fixed permutations o1, .. ., 0.
Since the number of possible choices for M, L and permutations is finite, depending on R and p only, this will be sufficient for
bounding E ] A (D). We also stress that the (multi)labels 3F themselves are not important, but only their type L.

Proof of the error bound in Proposition 4.4. We now turn to the proof of the claimed error bound (4.17). So far this was
only done for the error from the first cumulant expansion in (4.15).

Proof of the error bound in Proposition 4.4. The error € in (4.16) is a sum over p terms, where the j-th term is the error from the
expansion of A (D). Recalling the definition of Q(f, 4, \') from (3.7b), this j-th expansion error is given by

A(k) =i k A
~(1) * # P apUiep) BF 1 Jor ( <7 Zak )
— k . .
Q=50 ||(1+ >+ +Z)H APy, seD) k> La;, N(ay) |,
@ I<j B B IWpr (o)) =0 ap,8l7 k=1 | 4 (k) else

Ur<r BF:Uisr BF
where “if (k < 5,3, )" means “if k < j and oy is summed”. This j-th error ; can be estimated through (3.8) and Assumption
(B) by the sum of

nsjns]s v

leLaUL3 oy, leLy al,B%EI aj BieN(a;)B

., (4.19)
2

(k) A
(T12% 00 ) ( TT 2% ) (T @y 2] )
k>j w

kel ke[I\L

over partitions L = Lol L3 ULy C [j — 1], arrays M fulfilling (a)-(e) above and partitions o. In all terms W is a modification of
W which differs from W in at most Cv/N entries. The previously studied error from (4.13) for example corresponds to j = 1,
Ly = L3 = Ly = (. The combinatorics of all these summations are independent of N, hence can be neglected. So we can focus
on a single term of the form (4.19). The norm in (4.19) will first be estimated by Hélder and then by (4.14) to reduce it to many
factor of ||G||,. We now have to count the size of the sums, the number of N ~1/2 factors from the derivatives, and the number
of ||G||,’s we collect in the bound. We start with the sums which are at most of size

N2|L2uL3\(N1/2—,u)]ML2uL3 (N2 .N2)|L4|N2(N1/2—;L)R — N2IL2ULs|+(Mpyupg +R)(1/2=p)+4|La|+2 (4.20)

Here the first factor comes from the «; summations for ! € L, L L3, while the second term comes from the corresponding 3,
summations. The third factor comes from the o, 8} -summations for [ € L4, and finally the fifth and sixth factor correspond to
the a; and 3; summations. Next, we count the total number of derivatives. Every index a; and 8 accounts for a derivative, and
each derivative contributes a factor of N~/2. So we have

(N*1/2)|L2UL3|+ML2uL3+2|L4\+(R+1) _ N*|L2UL3\/2*ML2uL3/2*|L4\*(R+1)/2’ 4.21)

so that altogether from (4.20) and (4.21) we have an N-power of

N3/2(L2ULs|+1)+3|La|=Ru pnr—puMryurg < NPN—HMryurs
It remains to count the number of ||G||g,2 = [|G||, coming from the application of (4.14), which in total provides

STa+IB 45+ S (18" +5) + > (I8 +5) = 5p+ [La U Ls| + Mryuz, +2|Lal + R+ 1< Cp/u+ Mr,ur,
keL ke[j]\L k>j
(4.22)

factors of [|G||,,. The claim (4.17) now follows from the trivial estimate M,ur, < Rp < Cp*/pu. ]

Subsequently we establish a bound on the rhs. of (4.18), by first estimating it in terms of || M|, then estimating ||M’|| ) in
terms of || M|| , and finally bounding the leading contribution M. We consider the first two steps in this procedure as errors
stemming from the neighbourhood structure of the expansion, while the third step is concerned with the leading order con-
tribution from the expansions. In Section 4.2 we consider the errors stemming from the neighbourhood structure, while in
Sections 4.3 and 4.4 we derive bounds on || M|, for the averaged and isotropic case, separately. For simplicity we first carry
out the technically most involved argument from Sections 4.3-4.4 in the extreme case L3 = L4 = () where the neighbourhood
errors are absent. Finally, we explain the necessary modifications for the general case in Section 4.5.

4.2. Bound on neighbourhood errors

We start with the bound on the Ls-factors in (4.18). Neglecting the irrelevant combinatorial factors |3;|! and the summations
over L;, M and o, we have to estimate

=[S Jeensn-[1 ¥

leLs Otzﬁzif\/fé leLs oy, 31€N<3l

EM H (au; B1) —H(Oéz,ﬂl)] (4.23)

leLs

By the pigeon hole-principle we find that for every I € L3 and any assignment of ay, 3; there exist some n; < R such that we
have a partition 3, = 6< )uﬁ("> into inside and outside elements with ﬁ( D C Ny, (oq) and 6<°) C Naj41(ow)since |B| = Mi < R
(see rule (c)). We recall the nested structure of the neighbourhoods as stated in Assumptlon (D), and provide an 1llustrat10n of
the “security layers” in Figure 1. According to (3.1c) we can then write (L3 collects those indices where we took the middle term
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supp M’

Nn2+1 (042)
NR(OéQ)

Noy+1(ar)

Nr(a1)

Figure 1. Illustration for the bound on & (4.23). Gray dots e denote the 3, 8, labels. Since thereare |3.| < R
labels and R rings, there is always one empty ring by the pigeon-hole principle.

of (3.1¢) in the [ factor)

Elar,.Bry)= > COIEITI T X 3 s \1@ 5\

Lz=L{uLy teLy Ly g () cp@

Ef [[ [K(e87) - r(a, 8],

leLy

where

f=a T (@) TT [m) ()]

leL} leLy

is a random variable supported in ﬂleLg Nay+1(aq)€, ie., well separated from the variables K (ay; g;z)) forl € L5. It remains to
estimate a quantity of the type E fg¢i1 ... gr, where f, g1, ..., gr are random variables whose supports are pairwise separated by
“security layers” and where each g; is of the form K — x with Eg; = 0. Here k = |L5| and from Lemma 3.3 and Assumption
(D) it follows that E fg1 ... gk <k ||fll4,, N°T*/?1. According to Lemma A.1 the /@(al,gl(i) \ 1, gl \11(0)) factors are also at
least N =3 small and we can conclude that

€@z, Bra)| <p.r N7PHEVZT M. (4.24)
Next, we use the triangle inequality to pull the L4 summation out of || M'[|  to achieve a bound in terms of || M| . We have

sz 5 Jesls(T ST S 4T S e

apBlel  aen\NF} BleN (o) w€N\NTLBleNT!  agen\WEL Blen\N(a1)  ayeN) Blel

(T T4 T AT Y 4T T 4T T easizon

BlENTLaeN(B])  BleNT i€ \N(B]) €T BLeNN(a1)  ayeNFBIEN(a1)  ayeNT! BIENN (1)

where we estimated the first and the fourth term with two small summations purely by size (CN*/27#)? < C'N and the other
terms using the fact that |x(«a, 8)] < N 73 for 8 € T \ N'(). Summarizing, we thus have that

~(L) NILal ~ (M) (M,1)
}EHAW(D' W NP+ Z Z NEIPYEl {H Z }[H max ] M, , (4.25)
M o

L L;=[p] leLg alaﬁlngé leLy ®

and it only remains to estimate the leading order term M, as defined in (4.18). This has to be done separately for averaged and
isotropic bound and should be considered as the main part of the proof. To simplify notations we will first prove the bound on
M for the case that Ly = Ls = () and N'(a) = I. In particular Ly = @ implies that N, = () and therefore in the next two
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Sections 4.3 and 4.4 we now aim at deriving a bound on |}M((A<k))ke[p]; L,M,o) ||p, where

(M, 1) (M,1)

,B1)
MO e L M0) = | T D0 F %l“z <I€1_[LAka£,ak(ﬁk)> kgl_[LAfxi)(ﬁh =2 I X - @
€

lEL a;,B; ap,By arel kelp] 4
By erM l

The definition of M in (4.26) agrees with the one in (4.18) in the special case L3 = L4 = (), except for a tiny contribution from
Bi ¢ N(cu). The reason for extending the sum here to the whole index set is twofold: First, we do not have to keep track of
the summation ranges of individual indices, and, second, we demonstrate that for the main terms separating the contribution
outside of the neighbourhoods A is not necessary, all estimates on M would also hold for the unrestricted sum. In particular,
the neighbourhood decay condition is not necessary for the main terms, they are used only for bounding M’ in terms of M in
Section 4.2. This fact was already advertised in Example 2.12 where we claimed that in the Gaussian case we can considerably
relax our decay conditions. Later, in Section 4.5 we will explain how to elevate the proof for the special case Ls = Ly = () with
extended index sets to the general case.

4.3. Averaged bound on D

To treat (4.26) systematically, we introduce a graphical representation for any M, L and permutations o in (4.26). For the
averaged local law we need averaged estimates on D, so we set

A™ (D) = (BD) or  A™(D):=(BD),

where B is a generic norm-bounded matrix, | B|| < 1 and we recall that (-) = N~ Tr denotes the normalized trace. A factor
Aa,,... a, canbe represented as a directed cyclic graph on the vertex set {au, ..., an}. Up to sign we have

Aoy, an| = N2 (BA* ' GA®2G ... A" Q) = N~ " 2Gy,0,Ghras - Gb, 10y (GB)byay s (4.27)

which we represent as a cyclic graph in such a way that the vertices represent labels o; = (a;,b;) and a directed edge from
a; = (ai,b;) to a; = (a;,b;) represents G, ;. Since we will always draw the graphs in a clockwise orientation we will not
indicate the direction of the edges specifically. The specific GB factor will be denoted by a wiggly line instead of a straight line
used for the G factors. As an example, we have the correspondences

Co—@2)
Aoy ,an,az,0q ¢ ’ , Aal,a2<—> and A, <—>,
@H—@)

In (4.26) the labels of type [ are connected through the x(ay, 3;) factor which strongly links those labels due to the decay
properties of the cumulants. We represent this fact graphically as a vertex colouring of the graph in which label types correspond
to colours. The set of colours representing the label types L will be denoted by C. The M; + 1 vertices of a given type [ will be
denoted by V., where c is the colour corresponding to .

We define Val(T"), the value of a graph T, as summation over all labels consistent with the colouring, such that equally coloured
labels are linked through a cumulant, of the product of the corresponding A’s, just as in (4.26). For example, we have

Do wlan,BI1) Y ka2, B3(1)Ag, g1y Aag.s2(r) = Val (BLID EL1D) (4.28)
1,87 (1) 2,85 (1)
or

w(a, Ba(1), B3 (2
Y osgiy Y e B2(2!) D DTN {C1) ST Vg Vg

a1,B3(1) az,B83(1),83(2) as,B3(1)
Cr—€3
= Val ! ,

where we choose the variable names for the labels in accordance with (4.26) following the convention that the elements of
the tuple 3} are denoted by (57 (1), 8F(2),...). We warn the reader that Val(I'), the value of a diagram itself is a random
variable unlike in customary Feynman diagrammatic expansion theory. In the following we will derive bounds on the value
of diagrams. To separate the conceptual from the technical difficulties we first derive those bounds in a vague < sense which
ignores a technical subtlety: The entries G, of the resolvent are bounded with overwhelming probability, but usually not almost
surely. In the first conceptual step we will tacitly assume such an almost sure bound and write |G45| < 1. Later in Section 4.3.1
we will make the bounds rigorous in a high-moment sense. We note that if A(D) = (BD), then the edges would represent G*
and (GB)* instead of G and G B and the order would be reversed (recall that the double indices are transposed in (4.6)) but the
counting argument is not sensitive to these nuances, so we omit these distinctions in our graphs.

We now rephrase the rules on M in this graphical representation. They dictate that we need to consider the set of all vertex
coloured graphs I" with cyclic components such that
(a) there exist p connected components, all of which are cycles,
(b) each connected component contains at least one vertex,
(c) each colour colours at least two vertices,
(d) if a colour colours exactly two vertices, then these vertices are in different components.
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(e) for each colour there exists a component in which the vertex after the wiggled edge (in clockwise orientation) is of that
colour.

We note that these rules, compared to (4.26), disregarded the restrictions on the permutations o, for k ¢ L as these are not
relevant for the averaged bound. The set of graphs satisfying (a)—(e) will be denoted by G*(p, R) and for each L, M, o the main
term M from (4.26) is given by the value of some graph T' € G*V(»-f),

M( (B, By LM, o) =Vall),  T'=T(L M,0)eg"rm (4.29)

where (B-)"/2 denotes the tuple of p/2 functionals mapping D — (BD) and similarly for (B-). As the number of such graphs
is finite for given p, R it follows that it is sufficient to prove the required bound for every single graph.
As for any fixed colour ) < NZ|||&||", the naive size of the value Val(T') is bounded by

Val(I) S N7 [ N* V2 <1 (4.30)
ceC
since according to (4.27) every component contributes a factor N ! and every label contributes a factor N~*/2, and where the

ultimate inequality followed from |V.| > 2 and |C| < p. We now demonstrate that using Ward identities of the form
> |Gal* = (8G)u
- n

we can improve upon this naive size by a factor of 1?7, where ¢ ~ 1/4/N7 and 17 := Sz. We will often use the Ward identity in
the form

S 16l <V [ 16ul = N[O s vu, S iGB)wl 5 181 VY (4312)
b b b

which explicitly exhibits a gain of a factor ¢ over the trivial bound of order N. Together with the previous bound

S 1G> < NY?, > UGB’ < 1B Ny? (4.31b)
b b

we will call (4.31a)-(4.31b) Ward estimates. Here we used the trivial bound |G| < 1 and we set ¢ := /SG/Nn (where SG is
meant in an isotropic sense which we will define rigorously later).

We consider the subset of colours C' := { c € C | |V.| < 3} C C which colour either two or three vertices and we intend to
use Ward identities only when summing up vertices with those colours. However, one may not use Ward estimates for every such
summation, e.g. even if both a and b were indices of eligible labels, one cannot gain from both of them in the sum >_ , |Gas|.
We thus need a systematic procedure to identify sufficiently many labels so that each summation over them can be performed by
using Ward estimates. In the following, we first describe a procedure how to mark those edges we can potentially use for Ward
estimates. Secondly, we will show that for sufficiently many marked edges the Ward estimates can be used in parallel.

Procedure for colours appearing twice in I'. If a colour & appears twice, then it appears in two different components of T',
i.e., in one of the following forms

.

where the white vertices can be of any colour other than @ (and may even coincide), the dotted edges indicate an arbitrary

continuation of the component and some additional edges may be wiggled. The picture only shows those two components with
colour @, the other components of I" are not drawn. Vertical lines separate different cases. When summing up the @-coloured
labels, we can use the Ward estimates on all edges adjacent to @ using the operator norm [||s|[5" = || [<(*, *)| || on . To see this
we note that

Z k(o a2)Aa; Bao | < &[5 Z Ao, ‘2 Z | Bas |27 (4.32)
1,0 @l a2

after which (4.31b) with Aq,, By € {Gbya1s (GB)brar, Geay Gordy (GB)eay Goydy Gear (GB)y, a} and arbitrary fixed indices ¢, d
is applicable.

Remark 4.5. In the sequel we will not write up separate estimates for edges representing GB instead of G as the same Ward estimates
(4.312)—(4.31b) hold true and the bound is automatic in the sense that there are in total p wiggly edges in T, each of which will contribute
a factor of || BJ| to the final estimate, regardless of whether the corresponding edge has been bounded trivially |(GB)a| < ||B]| or by
(4.312)-(4.31b).

We find that for every edge connected to & we can gain a factor ¢ compared to the naive size of the @-sum, using only the
trivial bound |G| < 1. We will indicate visually that an edge has potential for a gain of ) through some colour by putting a mark
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(a small arrow) pointing from the vertex towards the edge. Thus in the case where @ appears twice we mark all edges adjacent
to @ to obtain the following marked graphs

.

We note that these marks indicate that we can use a Ward estimate for every marked edge, when performing the @-summation,
while keeping all other labels fixed. When simultaneously summing over labels from different colours it is not guaranteed any
more that we can perform a Ward estimate for every marked edge. We will later resolve this possible issue by introducing the
concept of effective and ineffective marks.

Procedure for colours appearing three times in I'. If a colour @ appears three times, then the following ten setups are
possible

.

(4.33)

where we explicitly allow components with open continuations to be connected (unlike in the previous case, where rule (d)
applied). We now mark the edges adjacent to & as follows and observe that at most two remain unmarked. Explicitly we choose
the markings

.

and observe that in all but the fifth graph we can gain a factor of 1/ for every marked edge using the first term in the norm [||x|||3’.
For example, in the second graph this follows from

D Ir(ar, a2,05)Geay GogaGria Goaas | S KIS [D 1Gosas* [ Geas Grgal® S sl N*0°
as asg

1,002,003

and in third graph from
>kl a2,08)Ghia5Gooay Gogas| S D |Gogas| Y |K(an, az,a3)| S llsll5 N,
a,x2,a3 Q2,03 ol

where cand d are the connected indices from the white vertices in the graph. The computations for the other graphs are identical.
We note that the markings we chose above are not the only ones possible. For example we could have replaced

(4.34)

For the fifth graph in (4.33) the second term in the ||«||3 is necessary. The norms in (2.8¢) ensure that we can perform at least
one Ward estimate and we have

Z |H(0‘17 az, a3)Gb1a2 Grya3Ghza, | S |H“€H|2’,V N2’¢-

o1,02,03

Indeed, for example

D Ikealon, a2, @3)Goia; Gooas Gogar | S Y |Kealan, a2, a8)Gogay | < [IReallcalN [ > [Gogar [* S llcallcaN?e
b3,a1

Q1,02,a3 1,002,003

and the other three cases are similar.
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Procedure for all other colours in I'. For colours in C'\ ', i.e,, those which appear four times or more, we do not intend
to use any Ward estimates and therefore we do not place any additional markings. Thus we only have to control the size of the
summation over any fixed colour, as is guaranteed by the finiteness of ||| x|}

Counting of markings. After we have chosen all markings, we select the “useful” ones. We call an edge ineffectively marked if
it only carries one mark and joins two distinctly C’-coloured vertices. All other marked edges we call effectively marked because
the parallel gain through a Ward estimate is guaranteed for all those edges. In total, there are at least ) .., [V.| edges adjacent
to C’ (i.e., adjacent to a C’-coloured vertex). After the above marking procedure there are at most 2~ ., (|Ve| — 2) unmarked
or ineffectively marked edges adjacent to C”. To see this we note that edges between two C’-colours with only one marking are
counted as unmarked from the perspective of exactly one of the two colours. Thus we find that there are at least

STVl =2> (Vel=2)= > (4— V) (4.35)

ceC’ ceC’ ceC’

effectively marked edges adjacent to C” after the marking procedure. We illustrate this counting in an example. In the graph

DD proey™
1198

we have Vi; = Vg = 3 and there are six edges adjacent to C" = {@,®}. After the marking procedure we could for example

obtain the graphs
% or %; )
EH—E EH—

where the second graph would result from the replaced marking in (4.34). In both cases there are two effectively marked edges,
in accordance with (4.35); in the first example there are also two ineffectively marked edges.

Power counting estimate. The strategy now is that we iteratively perform the Ward estimates colour by colour in C’ in no
particular order. In each step we thus remove all the edges adjacent to some given colour, either through Ward estimates (if the
edge was marked in that colour), or through the trivial bound |G| < 1. If some edge is missing because it already was removed
in a previous step, then the corresponding G is replaced by 1 in that estimate (e.g. in (4.32)). This might reduce the number of
available Ward estimates in some steps, but the concept of effective markings ensures that whenever an effectively marked edge
is removed, then a gain through a Ward estimate is guaranteed. After the summation over all colours from C’ we have thus
performed Ward estimates in all the effectively marked edges, which amounts to at least

> (4—|Vel)

ceC’
gains of the factor ). We note that ineffectively marked edges may not be estimated by a Ward estimates, as it might be necessary
to bound the corresponding G trivially while performing the sum over another colour. Using only the gains from the effective
marks, we can improve on the naive power counting (4.30) to conclude that the value of I" is bounded by

Val(T') < NP H N2IVel/2 H (Nw2)2—|vc|/2 < wsz2|c\c/‘,‘vC\c,|/2’ (4.36)
ceC\C” cec’
where we used that |C’| < |C| < p, [Ve| = 2,3 for ¢ € C’ and |V,| > 4 otherwise, and that N4 > 1. Note that this last bound
used (z) < C'and ||H|| < C, without these conditions we have N2 > (||H||? 4 (2)°)~* > (| H||) " () >

4.3.1. Detailed bound. The argument above tacitly assumed bounds of the form |G| < 1and 3" |Ga|? < N%2. Apart from
unspecified and irrelevant constants, these bounds are not available almost surely, they hold only in the sense of high moments,
e.g. E|Ga|? <4 1. Secondly, the definition of ) intentionally left the role of IG in it vague. The precise definition of ¢ will
involve high L? norms of SG. Moreover, different G-factors in the monomials A are not independent. All these difficulties can
be handled by the following general Holder inequality. Suppose, we aim at estimating

BY X4 Y Vas
A B
for random variables X 4, Ya 5, then we use the Holder inequality to estimate

DREDRAE ORI I N 43

for 0 < € < 1/2q. In our procedure (4.37) enables us to iteratively bound the graphs colour by colour at the expense of an
additional factor N?Pf¢ in every colour step of the bound, as the total sum is at most of size N*P**. To estimate a G or an
QG directly we use the Holder inequality and note that there are at most |[V| = >~ _|V.| < pR factors of the form G or GB,
so that we can estimate those terms isotropically by |G| IBIIGI and ||SG|| We use (4.37) at most with g €

pR/€ pR/e pR/e
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{1,2,4,...,2P7'} and thus have a restriction of 0 < ¢ < 277. Thus, combining the power counting above with the iterated
application of the Holder inequality, we have shown that

(4.38)

2Re av \ P % c\c'|-|v, / H%GH
VAl <pome N0 (1 Dl ) UBI” (L4 G Do N T enerl 2, = [

forallT" € G¥(p, R) and 0 < € < 1/2P. Therefore, together with (4.29) we conclude the bound

7[ /2] 2 € av P - ’
[ (e BTy b )| g N (L ) UBIE (04 UG i N Mever 2 39)

on (4.26).

4.4. Isotropic bound on D

We turn to the isotropic bound on D, i.e. we give bounds on (4.26) with functionals A of the following type. We consider
fixed vectors x,y and set A(D) = Dxy or A(D) = Dxy. Up to sign we then have

Aarron] = NT2AMG .. A Q)xy = N "?%4, Giyas - - - G, 1an Gony- (4.40)

.....

The graph component representing Aq, ,....«,, is a chain in contrast to the cycles in the averaged case. We also have additional
edges representing the first x,, and last Gy, factor which we will picture ase——— and ———, respectively. These are special
edges that are adjacent to one vertex only (the dots e and o are not considered as vertices). We will call them initial and final edge.
Due to these special edges we should, strictly speaking, talk about a special class of hypergraphs consisting of a union of chains
each of them starting and ending with such a special edge, but for simplicity we continue to use the term graph. For example we

have the correspondence
Aayap 4 o——(a1)—(@23)——o. (4.41)

For A(D) = Dxy the edges representZa;, Gy, , and Gy, ,,, ., but we do notindicate complex and Hermitian conjugate visually as
they have no consequences on the argument. We follow the same convention regarding the colouring, as we did in the averaged
case and for example have the representation

k(a, B3(1), B3(2
> k(e Bi(1) D) (o ﬂ2(2!) £ (2) Y wlas, B3(1)Aa, 12,88 (1) Nag.s2() Nag 53 (1)

a1,B8%(1) az,B83(1),85(2) asz,B3(1)

= Val
O—O—o
We again rephrase the rules on M as rules on the graph I". We consider all vertex coloured graphs I' such that the connected
components are chains with an initial edge of type «——— and a final edge of type ———o such that

(a) there exist p connected components, all of which are chains,

(b) every component contains at least one vertex,

(c) every colour occurs at least once on a vertex adjacent to e—— >

(d) every colour occurs at least twice,

(e) if a colour occurs exactly twice, then it occurs in two different chains.

The set of graphs satisfying (a)-(e) will be denoted by G*°(p, R) and for each L, M, o in (4.26) we can write the main term M as
M( (669" 53] ) L Myo) = Val(T), T =T(L, M, ) € G0 (442)

where (x, -y)”/? denotes the tuple of p/2 functionals mapping D — (x, Dy) and similarly for (x, -y). As the number of such

graphs is finite for given p, R it follows that it sufficient to prove the required bound for every single graph.
In contrast to the averaged case, where each A carried a factor 1/N from the definition of A(D) = N~'Tr BD, now the
naive size of the sum over I is not of order 1, but of order

Val(T) < [ N?7Vel/2 = N2z, (4.43)
ceC

which can be large. Consequently we have to be more careful in our bound and first make use of a cancellation.

Step 1: Improved naive size. We first observe that we can reduce the naive size (4.43) to order 1, without using any Ward
estimates, yet. The improvement comes from the fact that sums of the type

Z VaGab = Gvb

can be directly bounded via the right hand side by |Gvs| < ||v|| using the isotropic bound. Note that the naive estimate on the
left hand side would be
Z Va Gab

S lva < VN
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and even with a Ward estimate it can only be improved to

> vaGas| < |IVII [> 7 |Gar* < VNY |Iv]

So the procedure “summing up a vector v into the argument of G” is much more efficient than a Ward estimate. The limitation
of this idea is that only deterministic vectors v can be summed up, since isotropic bounds on G hold only for fixed vectors

u,v.

Improvement for colours occurring twice in I'. For colours which occur exactly twice we can sum up the x into a G factor
without paying the price of an N factor from this summation. To do so, we consider an arbitrary partition of Kk = k. + x4, where
one should think of that xq(a1, az) forces an = (a1, b1) to be close to az = (a2, ba), whereas kq(aq, ) forces (a1, b1) to be
close to (b2, az2). In both cases we can, according to rule (b), perform two single index summations as follows. First, we sum up
the index a; of x as

Z k(a1b1, a2b2)xq, = K(xb1,a2b2).

ay
Then we sum up its companion b or a2, depending on whether we consider the cross or direct term:

ZK/C(thaZb?)Gbgv - Gnc(xbl,a2~)v or Zﬁd(Xblaa2b2)Gva2 = Gvnd(xbl,~b2)7
bo ag

where v can be any vector or index. Thus we effectively performed a single label (two index) summation into a single G fac-
tor that will be estimated by a constant in the isotropic norm. We indicate this summation graphically by introducing half-
vertices (§ and B representing the single leftover indices a and b corresponding to a label @ = (a,b) and new (half)edges

o and o representing the G._(xb;,a5-)v aNd Gy, (xby,-b,) factors. To indicate that the half-edges representing x
have been summed, we grey them out. This partial summation can thus be graphically represented as
(R, S g W Oeeeenn Oeeeenn
Val ( = Val b + Val b ,
........ O——O——O e e O DU e, S VR
since

> klaibi, azba) (Xay Goya) (Gvas Goow) = Y (Goyu) (Gvaz Grpixbyazyw) + D (Goru) (Guny(xy b2) Goow)

a1,b1,a2,b2 b1,a2 b1,b2

where u, v, w are the connecting indices from the white vertices.

Improvement for colours occurring three times in I'. For colours which appear exactly three times we cannot perform the
summation of x directly. We can, however use a Cauchy-Schwarz in the vertex adjacent to the x—edge to improve the naive size
of the @—-sum to N3/2 from N2. Explicitly, for any index or vector v we use that

1/2
Z |XﬂiGb¢V| S Z ‘Xai,‘ < N3/2 <z |Xai|2> = N3/2 ”X” .

a;,b; a;,b;

To indicate the intend to use the Cauchy-Schwarz improvement on a specific x edge, we mark the corresponding edge with a
marking originating in the adjacent vertex, very much similar to the marking procedure in the averaged case. To differentiate

this marking from those indicating the potential for a Ward estimate we use a grey marking e——<(. As an example we would
indicate

—O—O—8B—o
G—O— '
After these two improvements over (4.43) the naive size (naive in the sense without any Ward estimates, yet) of the summed
graph is

Val(T') < [T v | [T ~ 2| <1 (4.44)
ceC,|Ve|=2 ceC,|V.|=3 ceC,|Ve|>4

Notice that the first two factors give 1, so the improved power counting for colours with two or three occurrences is neutral.
We thus restored the order 1 bound and can now focus on the counting of Ward estimates, with which we can further improve
the bound.

Step 2: Further improvements through Ward estimates. The counting procedure is very similar to what we used in the
averaged law in the sense that we mark potential edges for Ward estimates colour by colour. To be consistent with the improved
naive bound we count the grey initial edges (those from the summation of colours occurring twice) and the initial edges with a
grey arrow (those from the summation of colours appearing three times) as unmarked, since they will not be available for Ward
estimates.
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Marking procedure for colours occurring twice. Colours occurring twice can, after Step 1, only occur in the reduced forms

Do ond Do
........ O——o—)veeeem e O ’
where we allow -------- O and Oveeees to stand for an arbitrary continuation of the graph, as well as the initial
e and final edge ——o. In both cases we mark the edges adjacent to the remaining two half-vertices to obtain:
5 S S i [ e PO
........ O—o—() e D S, Wi S

Thus for colours appearing twice we always leave two edges unmarked (which includes the greyed out initial edge). Using the
[|%[I5° norm we indeed find that the solid edges in the two graphs above can be bounded by

D 0 1G1uGvas G txbranyw| SIWI DY 1GoyuGras [lke(xbr, az)[[| S N2 lsll5 11| [[all [1v]] [|wl] (4.45)
by,as by,a2

and

2,2 i
> | GoruGrryixtr b2 Goaw| SV [GoyuGow l[5a(xbr, -b2) Il S N2 (]l (1] [all [[v]] [[w]
b1,b2 b1,b2

where the vectors (which are allowed to be indices, as well) u, v, w are the endpoints of the edges in the three white vertices.

Remark 4.6. In the case that -------- (O—— stands for the initial edge e#——— , we cannot use the Ward estimate, but use instead that
X is a vector of finite norm, providing a gain of N~/ < ). For example, we could bound the graph

H """" 2 ¢ iso 2

- D D A a4 T

bi,a2

which is better than (4.45) as v/ N+ > 1. In the sequel we will not specifically distinguish this case when instead of a Ward estimate we
have to use the finite norm of x, as the procedure is identical and the resulting bound is always smaller in the latter case.

We also will not separately consider the case when ———)------- stands for the final edge ———, as we can use the same Ward
estimate as before, with the difference that u and/or w are replaced by y.

We will not manually keep track of the number of ||x||, ||y|| in the bound as it is automatic in the sense that there are p initial and p
final edges in T, each contributing a factor of ||x|| , ||y || to the final estimate.

Marking procedure for colours occurring three times. Colours appearing three times occur in one of the following four
forms

4@ @ . ........
° <@ @ @ ........
O ‘ ........ O_@_O ........
._@—O ........
._@—O .......
________ o0 | oo
........ O_@_O

and in all cases we mark the edges adjacent to ¢ in such a way that at most three edges (including the initial edge with the grey
mark) remain unmarked. Indeed, we mark the edges as follows.

o000 | T 2T2 O
— O ‘ ________ DN
........ ‘ & @ O—@—O

Very similar to the bound using ||«[|3, we find that using the norm ||||5° we can perform Ward estimates on all marked edges.

Marking procedure for colours occurring more than three times. For any colour ¢ occurring more than three times we
claim that we can always mark edges in such a way that at most 2 |V.| — 4 edges adjacent to V, remain unmarked. Indeed, if we
call an edge connected to two c—coloured vertices c—internal and denote their set E, then there are 2 |V,| — | EX| edges adjacent
to c. Out of this set of all c-adjacent edges, we mark any two and thus the claim is trivially fulfilled if |E™| > 2. If |[E™| = 0,

then the graph contains two single vertices of colour ¢, for which we mark all four adjacent edges, i.e.

........ ‘ Q @

for which we mark the three indicated edges, confirming the claim also in this final case. We note (again similarly to |||«||3) that
iso

the norm ||«|||;° allows to perform Ward estimates on all marked edges.
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Counting of markings. In contrast to the averaged case, we now call an edge ineffectively marked if it only carries one mark
and connects any two distinctly coloured vertices (in the averaged case the analogous definition was restricted to C’-coloured
vertices). All other marked edges we call effectively marked. In particular the initial and final edge are always effectively marked,
once they are marked. By construction, all effectively marked edges can be summed up by Ward estimates. In total, there are
exactly p + > . |Ve| edges in I. After the marking procedure there are at most

PONEE D DL LD DNCIARS)
CEC,|Ve|=2  c€C,|Ve|=3  c€C,|Ve|>4
unmarked or ineffectively marked edges in I'. Thus there are at least
SN (D SRETSD SEERIND SINCITEN1) EVED SENCEN R
ceC ceC,|Ve|=2 ceC,|Ve|=3 ceC,|Ve|>4 ceC,|Ve|>4

effectively marked edges in I', which can be negative, but it turns out that in this case the (improved) naive size already is suffi-
ciently small.

Power counting estimate. The strategy for performing the Ward estimates is identical to that in the averaged case; we perform
them colour by colour in an arbitrary order. According to the improved naive bound from Step 1, and recalling that the power
counting for |V;| = 2 and |V,| = 3 gives 1, i.e. is neutral, and the counting of additional effective markings we find that the
summed value of I is bounded by

Val(T') < NQ‘C\C/HVC\C'|/2¢<P+4|C\C/‘—‘VC\C’|>+
where C are those colours ¢ with |V, | = 2, 3.

Detailed estimate. Finally, this power counting is performed with the procedure of iterated Holder inequalities, exactly as in
the averaged case to obtain

2 Re iso \ P (p+4 C\Cl =1V ) = ,
VAL, <emo N7 (14 sl ) sl Iy P (14 (G0 el e Dyl ooz qa7)

forallT" € G*(p, R) and 0 < e < 1/2”. Therefore we conclude together with (4.42) that

[p/2] 2 Re iso \ P
[ M (o)™ TmT ™ ) LMo Seoma NP (1 el ) I 7 .
4.48

v (p+4|CNC"[=IVeror Dt 2| e\C | = [Ven or1/2
x (L+ G120 % . ever Dt n2|oNe | Voyorl/2,

4.5. Modifications for general case

In the previous Sections 4.3 and 4.4 we estimated M defined in (4.26) under the simplifying assumptions Ly = Ly =
and NV (o) = I. For the final bound in (4.25) we need to treat all other cases. In this section we now demonstrate that these
simplifying assumptions are not substantial and that the results from (4.35) and (4.46) on the number of available Ward estimates
remain valid in the more general setting. By definition, M depends on the labels of types Ls and L4, which are considered fixed
in the subsequent discussion. The graphs we introduced to systematically bound M do not change in their form for the general
case, but only have additional fixed vertices «;, 3; for | € Ls U L4, which we consider as uncoloured. Thus we enlarge the set
graphs G and G*° to G™ and G*°, which are defined by the previously stated rules (a)-(e) with the addition of

(f) certain vertices may be uncoloured.

These uncoloured vertices represent exactly those labels of types Lz and L4, which are parameters of M, as defined in (4.18).
For example, the previously studied graphs

and

E— % o M o
! O—O —H—O—0O—=0O °

The definition of the value naturally extends to these larger classes of graphs, but without a summation over the uncoloured
vertices. In the above example (4.28) is then replaced by

O—D G&—O
> klan,Bi(1) Y “(042755(1))Aa1,ﬁ;<1>,~y<1>Aazﬁ%(l)w('zms):Val< , )

a1,B8%(1) ag,B3(1)

& O
Q

can be extended to

where v(1),v(2),v(3) are the fixed labels and the value of the graph depends on them. The isotropic case is analogous.

The argument in Sections 4.3 and 4.4, however, only concern those labels which are actually summed over, i.e., those of type
lforl € Lo. In other words, we only aim at improving the L,-summation by Ward estimates. The presence of additional fixed
labels do neither change the naive bounds, the improvement through Ward estimates, nor the counting of those Ward estimates.



RANDOM MATRICES WITH SLOW CORRELATION DECAY 29

Next, the restricted summations due to the neighbourhood sets A'(a) C I do also not change the argument. In fact, Ward
estimates stay true for restricted summations since

SGxx
Z ‘Gax‘Q S Z |CT‘ax|2 e —
acd acJ n
for arbitrary J C J. Also the procedure for improving the naive size in Section 4.4 holds true if only summed over subsets, i.e.,
Z Ii(albl, agbg)l‘al = N(ijl, agbz),
a1€J

where the sub-vector xs has bounded norm ||x7|| < ||x]|.
Finally, the modification of M by setting W, = 0 also does not change the substance of the argument as the bound

verbatim also covers this modified W, and the final bounds can be rephrased in terms of ||G|| as |G|, <, 1 + |G||S/*

- Cq/p’ as

demonstrated in Lemma D.3.

4.6. Proof of Theorem 4.1
We now have all the ingredients to complete the proof of Theorem 4.1 starting from (4.25), where we recall that M was
defined in (4.18).
Proof of the averaged bound. We recall from (4.30) that for the averaged bound the naive size of M is given by
M< N*PN*\L\/2*ML/2N2IL2\’

where the first factor comes from the normalized trace, the second from the derivatives and the third from the L, summations.
We demonstrated in Section 4.3 (see (4.36) and the counting estimate (4.35)) that through Ward estimates we can improve the
naive size N2/%2! of the L, summation to

M < N*PN*‘L3\—’L4|/271\/1L3\_1L4/2 H N3/271\/1l/2 H (Nw2)3/27]\/fl/2

le€Lg leLo
M;>3 M; <2
< NI NS M 2 22 tal T NGMO/2,
l€L>
M;>3

where we used that N4)? > 1 and that M, = |L4| and we recall that p = |L1| 4 |L2| 4 |L3| 4 | L4|. Consequently we have from
(4.25) that

E[(BD)P SN P+ S N—L1¢2L2|[ T NEM072 | N 1Bslondteg y=lkal, (4.49)
ULi=[pl =
M;>3

Y B 1 B L S

U L;=[p] L€l L Li=[p]
M;>3

where we bounded the L3-summation in (4.25) by N2/Esl(N1/2=m)Mry — N2ILsl+Mrg/2 N=#MLg i the first line, and used
N~! < 9? in the second. To conclude the moment bound (4.1b) from (4.49) we have to count the number of [G||,’s just as in the
proof of (4.39). The key point is to collect enough N ™" factors so that all but maybe O(p) factors |G|, could be compensated by
an N~ ". Sinceall |L;| and My, = |La| are of order p, the only way of collecting more than Cp factors of |G|, is having My, or
M, bigger than a constant times p. But in this case we collect the same order of factors of the type N ~'/2 or N~* from (4.49)
and the claim follows since N~'/2 < N~*,

Proof of the isotropic bound. We recall from (4.44) that for the isotropic law the improved naive size of M is given by

M< NILsULal/2=Mp 3, /2 H N3/2—My/2

IELy
M;>3

and from (4.46) that we can always perform at least (p+3_, Lo, ;33— My)) . Ward estimates. Consequently, with Proposition
4.4 and (4.25) we obtain

E |Dsy|” <pu NP + Z N—MMLSw(p-O-ZzeLZ,Mlz3(3_Ml))+ H N3/2—Mz/27 (4.50)
LI L;=[p] leL2
M;>3

where we again bounded the Lz summation in (4.25) by N2/L3I+MLs /2 N=#MLy The rhs. of (4.50) is bounded by ¢” since every
missing ¢ power is compensated by an N~/2 « 4. To conclude the moment bound (4.1a) from (4.50) we again have to count
the number of |G| -factors as in the proof of (4.48). This is very similar to the averaged case above and completes the proof of
Theorem 4.1.
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Modifications for large |z|. Our proof so far assumed (z) < 1 and ||H|| < 1. The general case follows exactly along the
same lines but carrying additional (z)-factors. The condition ||H|| < 1is relaxed to ||H|| < N°¢ for any fixed ¢ > 0 with very
high probability. This upper bound directly follows by applying Chebysev’s inequality to the moment bound E (H*) < Cy,
for any k € N, which is obtained by a cumulant expansion using the assumed decays of the cumulants. We therefore redefine
¢ := N°(z) v/SG/Nn and with this definition N2 > 1, used in (4.38) and (4.47) still holds. The other two key bounds we used,
|Go| <1and ¥ |Gal? < N?¢?, naturally change to |Ga| < N°/ (z) and 3 |Gal? S N?¢?/ (2)°. Ignoring the irrelevant N
factors, these obvious bounds express the correct scaling of G in the large z regime, thus every G factor naturally comes with
a1/ (z)-factor on top of any previous bounds we used so far. Since each D carries one G-factor, and for the main term of the
cumulant expansion of E |A(D)|? the number of G-factors does not decrease, we obtain at least an additional (z) ~”-factor. For
the error term of the cumulant expansion the (z) ~? decay in (4.17) follows directly from the corresponding decays in Lemma D.3.
Combining this with the redefined ¢ and adjusting the e-exponent, we obtain Theorem 4.1 in the general case.

5. Proof of the stability of the MDE and proof of the local law

Before going into the proof of Theorem 2.2, we collect some facts from [1, 5, 29] about the deterministic MDE (2.1) and its
solution.

Proposition 5.1 (Stability of MDE and properties of the solution). The following hold true under Assumption (A).

(i) The MDE (2.1) has a unique solution M = M (z) for all = € H and moreover the map z — M (z) is holomorphic.
(ii) The holomorphic function (M) : H — H is the Stieltjes transform of a probability measure y on R.
(iii) There exists a constant ¢ > 0 such that we have the bounds

c 1 n
<||M < — d ISM| < —————
(z) + |IS|| dist(z, supp p)~* — 1M < dist(z, supp ) and  |[SM| < dist(z,supp p)?’
where we recall the definition of ||S|| in (4.2).
(iv) There exist constants ¢, C > 0 such that
- Sl ©
e e o[ 2 I
H( Cu»S) thﬁ’” - c[dist(z,supp ) + dist(z, supp ,u)Q] ’
where C is the sandwiching operator Cr[T'] := RTR. The norm on the lhs. is the operator norm where 1 — Cp;S is viewed as a

linear map on the space of matrices equipped with the Hilbert-Schmidt norm.
If, in addition, Assumption (E) is also satisfied, then the following statements hold true, as well.

(v) The measure p from (ii) is absolutely continuous with respect to the Lebesgue measure and has a continuous density p: R — [0, 00),
called the self-consistent density of states, which is also real analytic on the openset { p > 0}.
(vi) There exist constants c, C > 0 such that we have the bounds
C
p(z) + dist(z, supp p)

<M (2)] < and  cp(z) < SM(2) < C (=) [|M(2)| p(2)

£
(2)
in terms of the harmonic extension p(z) == 7 "3 (M (2)) of the self-consistent density of states to the upper half plane TH.
(vii) There exist constants ¢, C > 0 such that

(1 - CA/I(Z)S)il”hS%hx <c (1 + [p(z) + dist(z, supp p)] —c) .

Proof. Parts (i)-(ii) follow from [29, Thm. 2.1]. Parts (iii)-(iv) follow from [5, Section 3] and || M| > HM -1 H_l. Finally, parts
(v)-(vii) follow from [1, Prop. 2.2, 4.2, 4.4].

Due to Assumption (C), (4.2) and (5.7) below we have ||S|| < C. Therefore parts (iii),(iv),(vi) and (vii) show that we have
(2) |IM(z)|| <e N and [|(1- CMS)AHhS_mS <¢ N°© in DS andalsoin D) under Assump. (E) (5.1)

for some § = &(e) > 0. Similarly to (5.1), we will often state estimates that hold both in the spectral domain D, without

Assumption (E) as well as in the spectral domain D? but under Assumption (E). We recall that according to our convention
about <., (5.1) implies the existence of a constant C(e) such that the inequalities hold true with that constant for all z in the
given e-dependent domains.

5.1. Definition of an isotropic norm suitable for the stability analysis

For a fixed z € H define the map
J:G,D]=1+4+ (2 — A+ S[G])G— D
on arbitrary matrices G and D. From the definition of D = D(z) (2.4) and the solution M = M (z) of the MDE (2.1) it follows
that 7.[M (z),0] = 0 and J.[G(z), D(z)] = 0. Throughout this discussion we will fix z and we omit it from the notation, i.e.
J = J.. We will consider G as a function G = G(D) of an arbitrary error matrix D satisfying J[G (D), D] = 0. Via the implicit
function theorem, this relation defines a unique function G (D) for sufficiently small D and G(D) will be analytic as long as 7 is
stable. The stability will be formulated in a specific norm that takes into account that the smallness of D can only be established
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in isotropic sense, i.e. in the sense of high moment bound on Dyy, for any fixed deterministic vectors x, y. To define this special
norm, we fix vectors x, y and define sets of vectors containing the standard basis vectors e,, a € J, recursively by

Ip={x,y}U{ea|ae}, Iiy1 =L, U{ Mu|ué€l;}U{k((Mu)a,b),kq((Mu)a,-b) |u€ Iy, a,be J},
which give rise to the norm
G| |Guv|
G|, = |G = N5 G|, + N7Y? max I ) G ax
61, = G > 161y, max ZSL 6], = ma e

0<k<K

where we will choose K later.

Theorem 5.2. Let K € N, x,y € C", and denote the open ball of radius & around M in (CN*N ||| %Y by Bs(M). Then for

—2
[L+ ISIIAMI + USIP 1M1 [ = CarS) ™ i 5
€1 ‘= ) €2 =

! WONVE [MIE S]] SRV

there exists a unique function G: B, (0) — Be, (M) with G(0) = M that satisfies J[G(D), D] = 0. Moreover, the function G is
analytic and satisfies

(5.2)

|G(D1) — G(D2)||, <10NY*M||(1 - CarS) || IIM]| |1 D1 — D], . (5.3)

*—>k

forany D1, Dy € B, (0).

Proof. First, we rewrite the equation J[G, D] = 0 in the form 7 [V, D] = 0, where

JIV,D] = (1 —CuS)V — MS[V]V + MD, V=G-M
and for arbitrary V and D we claim the bounds
IMSVIVIL, < N'2EISIIM) IVIE, (5.42)
IMD], < NV M| DI, , (5.4b)
1= Car®) M, < L+ ISIIMIP + ST 1M1 (L~ CarS) |, - (5.40)

We start with the proof of (5.4a). Let K = k. + kq be an arbitrary partition which induces a partition of S = S. + Sq (as in
Remark 4.2). Then for u, v € I we compute

[(MSe[V]V)uv| lVame((Mu)ab)vl - { IIV-VH}

e § <Nkl IV ||y 1M ][ min 3 [V, 7 (5.5)

|(MSa[VIV)uv| _ 1 \Vand«Mu)a,»b)%v! , { Vvl HVVII}

e e D < lkall, M| min{ [V, —= V] : (5.5b)
([l fv]] [l [[v]] lsall 141 Wil VN |v| IVl T

where we used |Vow| < VN ||V]|___||w|| in the second bound of (5.5b), so that

[MS VIV, |(MSe[VIV).all
Z — NI + max ———————2 "
0<k<K uelx \/NHUH

for e € {c,d} and (5.4a) follows immediately, recalling (4.2). We continue with the proof of (5.4b), which follows from the fact

that for u, v € I, we have
MD)uv . D.y
Q0B < atmin{ 1, L2
[[al vl vl

Finally, we show (5.4c). We use a three term geometric expansion to obtain
e STHICMSL L, + lICMS]
S LA M [S s + 1M IS

max

[MS[VIVI[, = < NYEE el 1MV

H(l—CMS)_ —CuS)~

ICar S|y (5.6)

*—hs H ”hs—)hs

w0 111 = CarS) s IS sy

and it only remains to derive bounds on ||S|| and [|S]|,_, .- We begin to compute for the cross part . and arbitrary

max— |-
normalized vectors v,u € C" that

HV||max
Z <’€C(Vb17a2')7u> Voras| < Z H’%C(Vblva? )H < H'Kt”‘ HV||max7

b1,a2 b1,a2

|Se[V]val

-|%
and

| 1 el
SelVival = [ 32 v {relar,azba), Viash s | € = 37 o ree(ar, azba) | [Vaag | € ot 37 [Vaay|

ai,a2,by ai,az,bz az

1
S Mselle [ 57 D Voraal” = el 1V 1 -
by,a9
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Next, we estimate for the direct part x4 that

1 1 ll%all
|Sa[V]vul = ‘N > (ka(vbr,b2), Vi, ) up, | < i > WVor Il 15a(vbi, -b2) | [, | < Td > Ve, |
by,bo b1,bo b1

llxally > . {”VHh }
S ‘/b S Rd min S? me ’
R4 3 Wineal” < sl min {281V

so that it follows that, using (4.2),

ISVl = sup_ [1S[VIval < IS min {1Vl 1Vl ks 1025 {18 1Ty } < 1S (5.7)

vl lull<1

and therefore (5.4c) follows from (5.6) with (5~.7). Now the statement (5.3) follows from the implicit function theorem as formu-
lated in Lemma D.1 applied to the equation J[G — M, D] = 0 written in the form

(1-CuS)V — MS|V]V = —MD

with A =1 - CuS, B = M and d = D in the notation of Lemma D.1. O
This general stability result will be used in the following form
D
G — M|, <. NF/2K H(z|)|* D, andin Dj under Assump. (E) (5.8)

for some § = §(e) > 0,as longas | D||, < N~2K (2)? by applying it to Dy = 0, D> = D(z) and using (5.1) and (5.4c).
5.2. Stochastic domination and relation to high moment bounds

In order to keep the notation compact, we now introduce a commonly used (see, e.g., [13]) notion of high-probability bound.
Definition 5.3 (Stochastic Domination). If
X = (X<N>(u) INeNue U<N>) and Y = (Y(N)(u) INeNue U(N>)
are families of random variables indexed by N, and possibly some parameter u, then we say that X is stochastically dominated by Y, if

forall e, D > 0 we have
sup P [X<N)(u) > NEY(N)(U)} <N°P
ueU )

for large enough N > Ny (e, D). In this case we use the notation X <'Y.

It can be checked (see [13, Lemma 4.4]) that < satisfies the usual arithmetic properties, e.g. if X; < Y; and X2 < Y5, then also
X1 + X2 <Y1 + Yz and X X2 < Y;Ya. We will say that a (sequence of) events A = AY) holds with overwhelming probability if
P(A(N)) >1— NP for any D > 0and N > Ny(D). In particular, under Assumption (B), we have w;; < 1.

In the following lemma we establish that a control of the ||| ¥ -norm for all x, y in a high probability sense is essentially
equivalent to a control of the ||-|| ,-norm for all p.

Lemma 5.4. Let R be a random matrix and ® a deterministic control parameter. Then the following implications hold:

@) If® > N~ ||R|| < N and |Rxy| < ® for all normalized x,’y and some C, then also |R||, <p.c N°® foralle > 0,p > 1.

(i) Conversely, if | R||, <p, N“® forall e > 0,p > 1, then |R||5*Y < ® for any fixed K € N, x,y € CV.
Proof. We begin with the proof of (ii) and infer from Markov’s inequality and Holder’s inequality (as in (4.37)) that

p P
P (IRl > N°0) <P (2], > N"®) <, A B

and since |Ix| < 4% N¥72 we conclude that || R||, < ® by choosing e sufficiently small and p, r sufficiently large. On the other
hand, (i) directly follows from

Sp |IK|2/T |IK|2/7‘ ]\]fep—crp7 (59)

IR, < N‘®+ sup (|Ruy| P[|Ruy| > N°@]'/7). 0

1=l llyll<1
5.3. Bootstrapping step

The proof of the local law follows a bootstrapping procedure: First, we prove the local law for n > N, and afterwards we
iteratively show that if the local law holds for n > N7, then it also holds for > N for some 1 < 9. We now formulate the
iteration step.

Proposition 5.5. The following holds true under the assumptions of Theorem 2.2: Let 6,y > 0 and yo > v1 > ~y with 4(2C./u +
1)(7v0 — 71) <7 < 1/2 and suppose that

N—/6 ) s
HG_MHp S’Y,P T mn D’y(p
holds for all p > 1, where C.. is the constant from Theorem 4.1. Then the same inequality (5.10) (with a possibly different implicit constant
depending on vy, &, p) holds also true in Di; forsome &' = &§'(v,8) > 0. Furthermore, the same statement holds true under the assumptions

of Theorem 2.1 if we replace ]D)io and ]D)f,1 by ]D)fy0 N DS, and Dfm nDs, respectively, in the above sentence.

(5.10)
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Proof. We first prove the assertion under the assumptions of Theorem 2.2. In the proof we will abbreviate the step size from o
to y1 by vs :== v0 — 71. We will suppress the dependence of the constants on §, v in our notation. In particular, (5.10) and (5.1)
imply |G|, <p.y N7* (z)""in ID)% with ¢’ = ¢’(7). For fixed E the functionn — f(n) = n||G(E + in)||, satisfies

fn+e = f(n) > [|G( G(E+i(n+e) —GE+in)

lim (5.11)
e—0

lim inf
e—0

E+in)ll, —n

P

= |G(E +in)l, —n||G(E +in)|| >0,
where we used .
0|6, G*y)| < 3 (]G x) + (v, 1G1Py)) < 5 ((,3Gx) + (v, 3Cy))

in the last step. We thus know that n — 7 ||G(E + in)||,, is monotone and we can conclude that (z) |G|, <p+ N2 in ]D)isy;.
From (4.1a) and s < p it thus follows that

HDHp <pyic NEH2(Cs/pt1/2)7s =7/2 < NE /4 in ]D)i/l' (5.12)

Note that the exponent in the right hand side is independent of p; this was possible because the power of [|G||, in (4.1a) was
linear in p.

We now relate these high moment bounds to high probability bounds in the ||-||, norm, as defined before Theorem 5.2 and
find for any fixed x, y and K that || D||, < N~"/* from Lemma 5.4(ii) (we recall that the ||-||, implicitly depends on x, y and K).
Next, we apply (5.8) to obtain
—/5 .
B in D),
provided K > 10/~. The bound (5.13) shows that there is a gap in the set of possible values for |G — M]||,. The extension of
(5.10) to ]D)‘f,l1 then follows from a standard continuity argument using a fine grid of intermediate values of n: Suppose that (5.13)
were true as a deterministic inequality. Since  + ||(G — M)(E + in)||. is continuous, and for n = N~'*7° we know that
(G — M)(E +in)||, < N~"/% by (5.10) and Lemma 5.4(ii), we would conclude the same bound for = N =71, Going back
to the [|-||,,-norm by Lemma 5.4(i) we could conclude (5.10) in D2, . Since (5.13) may not control |G — M|, on a set of very small
probability, and we cannot exclude a “bad” set for every n € [N~'T71 N=1F70] e use a fine N~3-grid. The relation (5.13) is
only used for a discrete set of n’s and intermediate values are controlled by the 5~!-Lipschitz continuity of |G — M]||, in the
continuity argument above. This completes the proof of Proposition 5.5 in the setup of Theorem 2.2. The proof in the setup of
Theorem 2.1 is identical except for the fact that the inequalities (5.1) and (5.8) only hold true in the restricted set DS, without
Assumption (E). O

_ N
IG = M| x(IG = M|, < N7%) <

(5.13)

5.4. Proof of the local law and the absence of eigenvalues outside of the support
We now have all the ingredients to complete the proof of Theorems 2.1 and 2.2.

Proof of Theorems 2.1, 2.2 and Corollary 2.3, We will first prove Theorem 2.2 and then remark in the end how to adapt it to prove
Theorem 2.1. The proof involves five steps. In the first step we derive a weak initial isotropic bound, which we improve in the
second step to obtain the isotropic local law. In the third step we use the isotropic local law to obtain the averaged local law in
the bulk, which we use in the fourth step to establish that with very high probability there are no eigenvalues outside the support
of p, also proving Corollary 2.3. Finally, in the fifth step we use the fact that there are no eigenvalues outside the support of p to
improve the isotropic and averaged law outside the support.

Step 1: Initial isotropic bound. We claim the initial bound

N7V
G- M|, SP”T in DY (5.14)

for some § = &(). First, we aim at proving (5.14) for large n > N, i.e.,, in D}_, = D} for arbitrary &. We use that

]l = max |ne] < \/Tr[H < /Te|AP + /N1 T P < VA,

as follows from Assumptions (A) and (B). In fact, by computing traces of higher moments 1W* and using the summable decay of
the cumulants, this bound can easily be improved to || H|| < 1. Since |z| > N and [|[H|| < VN, we have ||G]|, <, (2)”" and
ISGIl, <p (z)~? 1 and thus from Theorem 4.1 it follows that that

€

N
D <pe —r—
H Hp —P; <Z>\/N

We now fix normalized vectors x,y and any K > 10/~ in the norm ||-||, = ||-||**¥ and translate these p norm bounds into
high-probability bounds using Lemma 5.4 to infer | D||, < (2)~'/v/N and ||G||, < (z)~". Using the stability in the form of
(5.8) and absorbing N° factors into < we conclude

. 5
in Ds.

N1/2K

& VN

G — M|, < in D3
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Now (5.14) in D$ follows from 5.4(i) since x, y and K were arbitrary. By applying Proposition 5.5 iteratively starting from vo = 2
and (possibly) reducing § in every step we can then conclude that (5.14) holds in all of D?, for some § = §(v) > 0.

Step 2: Iterative improvement of the isotropic bound. We now iteratively improve the initial bound (5.14) until we reach
the intermediate bound

N sy 1 1Y L
— M| <,e-— —_— D 1
6=, S o5 (Vo ) P G19

for § = 0(e) > 0. From (5.14) and the bound on (z) || M| from (5.1) we conclude that (2) |G|, is N°-bounded in D! for some
8 = 6(€) > 0. Then from Theorem 4.1 and (5.14), again, it follows that

ISG
Nn

IDIl, <p,e N ¢ and ||G-M|,+|D|,<N® in DI (5.16)

From now on all claimed bounds hold true uniformly in all of D?; we will therefore suppress this qualifier in the following steps.
In order to prove (5.15), we show inductively

|G — M|, <p, NV, (5.17)

where we define successively improving control parameters (¥;)%, through ¥y := 1 and ¥;;; := N~70; = N~ where
o € (0,1) is arbitrary. The final iteration step L is chosen to be the largest integer such that

Wy > ——
Nn (2) Nn

(2)

For the induction step from [ to [ + 1, we write SG = SM + $(G — M) and we continue from (5.16) and (5.17) and estimates

that
. |ISM]| v, . ISM|| 1 N°¢ e
< € < € TN .
IDIl, <p.e N (\/ Ny PNy ) S V(T @Y

Thus we also have, for any normalized x,y,

N“( |ISM|| 1 N">. (5.18)

SM 1 N7
1Dl = Ioj= < ML, L2

Ny ) Nn +{(z) N7,

and from (5.8) we conclude

G =M, <

N1/2K ( [|SM|| iﬁi’) N/2E=oy,
(2) Nn  (z) Nn
provided K > 7/~ (c.f. the bound on || D||, from (5.16) and the definition of e-neighbourhoods in (5.2)). In particular, since K

can be chosen arbitrarily large, we find, for any normalized x, y that

_ A /IsM]| 1 N7
6= = 25 (e +

where we used [ < L and (5.18) in the last step. By the definition of ¥; 1, we infer
G — M|, <pe N V41,

) + N7 <2N77Y,

completing the induction step, and thereby the proof of (5.15).
Finally, in order to obtain (2.7a) from (5.15), we recall

[SM| < [|M]| <c N* (5.19)
from Proposition 5.1(vi) and (2.7a) follows.

Step 3: Averaged bound. First, it follows from (2.1) and (2.4) or equivalently from J [G — M, D] = 0 that G — M satisfies the
following quadratic relation
G-M=Q1-CuS) [~ MD+ MS[G - M](G - M)]
and therefore
I(B(G — M)|l, < [(B(1 —CuS) ' IMD))||, + [(B(1 — CxS) ' [MS[G — M](G — M)]),-
By geometric expansion, as in (5.6), it follows that
11 = Car$) 7y g < T+ IMIEISI -+ 1M ISIP (2 = CarS

and thus that || ((1 — CxS)™")"[B*]|| < N||B|| by (5.1). Using (4.1b), where ((1 — CxsS)~")"[B*] plays the role of B, and
writing [|SG||, < [|SM]| + ||G — M]|, and using (5.15) we can conclude that

—1
) Hhs%hs

[(B(G = M), <p.er (5.20)

||B|N€[<Z>|<3M|+ Jsmj 1, 1 }

(2) Nn Nn Nn = (Nn)?
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from Lemma D.2. Now (2.7b) follows directly from (5.20) and (5.19).

The proof of Theorem 2.2 is now complete. For the proof of Theorem 2.1 the first three steps are identical except that we only
work in the resticted domains D N DJ,.. Due to (5.1) and (5.8), it then follows that in D3, the only place where the above proof
used Assumption (E) is (5.19). In the absence of Assumption (E) we replace (5.19) by the bound ||SM|| < ndist(z, supp p) >
from Proposition 5.1 in (5.15) and (5.20), which only adds another negligible N factor. This proves

N/ [T 11 IBI|Ne [ 1 11 1
168l e 2 (Y ht ) I6B@ = 3001, e 12 {N+ NNn+(N17)2] .21

in the restricted domain ]D)‘fY N DS,.. We now need two additional steps to prove Theorem 2.1 in all of D,

Step 4: Absence of eigenvalues outside of the support. For B = 1 it follows from (5.21) and a spectral decomposition of H
that with very high probability in the sense of Corollary 2.3 there are no eigenvalues outside the support of ;. Indeed, if there
is an eigenvalue A with dist(\, supp ) > N~%, then [(G(\ + in))| > (SG(A +in))| > 1/Nn. From (5.21) with € = 1/4 and
~v = 1/2 we have

p
P (3,\ with dist(\, supp ) > N"S) <P (|<G — M)| > ¢/NninD%, N D‘f/2) < _inf (Nf {n + \/% + N%}D < NP4
n=

Now Corollary 2.3 follows from the remark about the dependence of § on € in Theorem 2.1.

Step 5: Improved bounds outside of the support. Now we fix z such that dist(z, supp p) > N %andn > N~1*7. Then we
have |G| < 7 (z) % and ||G|| < ()" and also || SG/| N°n(z)~ and 1GIl, <pe N“(2)~ ' and we infer from Theorem

» Spie
4.1 that
D], < N and therefore ||DJ|, < !
PP VYN () VN
Again using stability in the form of (5.8) we find
N1/2K
G-M|, < ——=
16 =Ml < s
and since K was arbitrary we also have
N€
G-—M|, <pe—5——.
H Hp —P, <Z>2 \/N

By Lipschitz-continuity of G and M with Lipschitz constant of order one we can extend the regime of validity of this bound
fromn > N™'™ ton > 0to conclude (2.6a). The improvement on the averaged law outside of the support of the p then follows
immediately from the improved isotropic law and the fact that with very high probability there are no eigenvalues outside of
the support of p. |

6. Delocalization, rigidity and universality

In this section we infer eigenvector delocalization, eigenvalue rigidity and universality in the bulk from the local law in
Theorem 2.2. These proofs are largely independent of the correlation structure of the random matrix, so arguments that have
been developed for Wigner matrices over the last few years can be applied with minimal modifications. Especially the three step
strategy for proving bulk universality (see [20] for a short summary) has been streamlined recently [17, 31, 32] so that the only
model-dependent input is the local law. The small modifications required for the correlated setup have been presented in detail
in [1] and we will not repeat them. Here we only explain why the proofs in [1] work under the more general conditions imposed
in the current paper. In fact, the proof of the eigenvector delocalization and eigenvector rigidity from [1] holds verbatim in the
current setup as well. The proof of the bulk universality in [1] used that the correlation length was N° at a technical step that can
be easily modified for our weaker assumptions. In the following we will highlight which arguments of [1] have to be modified
in the current, more general, setup.

Proof of Corollary 2.4 on bulk eigenvector delocalization. As usual, delocalization of eigenvectors corresponding to eigenvalues in
the bulk is an immediate corollary of the local law since for the eigenvectors ux = (u (i )) and eigenvalues A\, of H and i € J
we find from the spectral decomposition

-\ (2
Uk Uk .
ZS ufng E|)\]€ 22| 7(7)‘ for Z:E‘—|—17]7

where the first inequality is meant in a high-probability sense and follows from the boundedness of M and Theorem 2.2, and
the last inequality followed assuming that F is 7-close to A. ]

Proof of Corollary 2.5 on bulk eigenvalue rigidity. Rigidity of bulk eigenvalues follows, verbatim as in [1, Corollary 2.9], from the
improved local law away from the spectrum and 3, Lemma 5.1]. O
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Proof of Corollary 2.6 on bulk universality. Bulk universality follows from the three step strategy, out of which only the third step
requires a minor modification, compared to [1]. Since in [1] arbitrarily high polynomial decay outside of N neighbourhoods
was assumed, we have to replace to three term Taylor expansion in [1, Lemma 7.5] by an 2/u-term cumulant expansion to
accommodate for neighbourhoods of sizes N'/27+.

The key input for the universality proof through Dyson Brownian motion is the Ornstein Uhlenbeck (OU) process, which
creates a family H (¢) of interpolating matrices between the original matrix H = H(0) and a matrix with sizeable Gaussian
component, for which universality is known from the second step of the three step strategy. The OU process is defined via

dH(t) = %(H(t) — A)dt+xV?[dB(t)],  where S[R]=E(W*R)W, (6.1)

where B(t) is a matrix of independent (real, or complex according to the symmetry class of H) Brownian motions. It is designed
in a way which preserves mean and covariances along the flow, i.e.,, H(t) = A4+ N~Y2W (t) and it is easy to check that E W (t) =
0 and Cov (wa(t), ws(t)) = Cov (wa(0),ws(0)), where W (¢) = (wa(t))acr. Furthermore, Assumptions (C), (D) hold also,
uniformly in ¢, for W(¢). Indeed, adding an independent Gaussian vector g = (ga;,---;9az) 0 (Way,- .., Waq, ) leaves the
cumulant invariant by additivity

K(Way + gars -, Way, + Gay,) = K(Way, -, Way,) + K(Gars - - - Gay )
and the fact that cumulants of Gaussian vectors vanish for k£ > 3 (for k£ > 2 we already noticed that, by design, the expectation
and the covariance is invariant under t). We now estimate
Ef(NTV2W(t) - E (N2 (0))
for smooth functions f. For notational purposes we set vo (t) = N~/2w, (t) and V (t) = N~'/2W (t) and will often suppress
the ¢-dependence. It follows from Ito’s formula that

2 LBV = = ~E X ta0u))(V) + 3 Cov (v, v5) BQud (V).

a,B
We now apply Proposition 3.2 to the first term and obtain

Qd%EfZ— Z Z Z Ua,w (E8a0af) — ZZ Z E va,vﬂnzlﬁ(va,vﬂ)aaaﬁﬂWNZO

2<m<R o BeN™ m<R o BeEN™

—ZQaf,a/\/' +Z Z K(Va,v8) E 0203 f,

a BeI\N

where we used a cancellation for the m = 1 term in 8 € N and the fact that x(ve) = Ev, = 0 for the m = 0 term. We now
estimate the four terms separately. The sum in the last term is of size N'*, the derivative contributes an N~* and the covariance
is assumed to be N~ small, i.e., the last term is of order 1. The first term for fixed m is of size ||x||™ N2~ (™*1Y/2 and therefore
altogether of size ||| x| v/N. Estimating the sums by their size, and the derivative by its prefactor N~ (F+1/2 e find from (3.8)
that the third term is of size

N?|N|RN-BHD/2 < N3/2-uR
which can be made smaller than v/N by choosing R = 2/ . Finally, the second term is naively of size N3/2, but using (3.1c), the

security layers and the pigeon-hole principle as in (3.16) or in (4.24), this can be improved to N ~3/2, We can conclude that

d
B f(V(2)

The remaining argument of [1, Section 7.2] can be, assuming fullness as in Assumption (F), followed verbatim to conclude bulk

< VN andtherefore |Ef(V(t)) —E f(V(0))| < tVN. (6.2)

universality. O

Appendix A. Cumulants

In this section we provide some results on cumulants which we refer to in the main part of the proof. The section largely
follows the approach of [35, 41], but our application requires a more quantitative version of the independence property exhibited
by cumulants, which we work out here.

Cumulants k., of arandom vector w = (wx, . . ., w;) are traditionally defined as the coefficients of log-characteristic function

logEe*™ = Z Kumﬂ,
m!

while the (mixed) moments of w are the coefficients of the characteristic function

Ect™ = (Ew™) (12:” :

m

where )~ is the sum over all multi-indices m = (m., ..., my). Thus

exp (Z Km(itﬂi:") = Z(Ewm) (22:“ (A.1)
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It is easy to check that for a set A C [I] the coefficient of []__ , to in (A.1) is given by

acA
EHwA(Hafa)eXp<an ) Z/@ ,
acA ! t=0 PHA
where P I A indicates the summation over all partitions of the (multi)set A, and where for partitions P = {P1, ..., Py} of Awe

defined k% = HZ:1 Ky (P,) With x(Py) being the characteristic multi-index of the set PPx. Thus for a partition Q of [I] it follows

that
Q.= H EHQQi = H Z k" = Z K,P, (A2)

Q,eQ Q,€QPHQ; P<Q

where P < Q indicates that P is a finer partition than Q.

Now we establish the inverse of the relation (A.2), i.e., express cumulants in terms of products of moments. To do so, we
notice that the set of partitions P on [{] (or, in fact, any finite set) is a partially ordered set with respect to the relation <. It is, in
fact, also a lattice, as any two partitions P, Q have both a unique greatest lower bound P A Q and a unique least upper bound
PV Q. One then defines the incidence algebra as the algebra of scalar functions f mapping intervals [P, Q] ={R |P<R < Q}
to scalars f(P, Q) equipped with point-wise addition and scalar multiplication and the product

(F*9)(P,Q) = > f(P,R)g(R,Q).
P<RLQ

There are three special elements in the incidence algebra; the ¢ function mapping [P, Q] to §(P, Q) = 1if P = Qand §(P, Q) =
0 otherwise, the ¢ function mapping all intervals [P, Q] to ((P, Q) = 1, and finally the Mbius function defined inductively via

1, ifP =0,
u(P, Q) = { Hp=0
ZP<R<Q u(P,R), ifP<Q.

The ¢ function is the unit element of the incidence algebra. It is well known (and easy to check) that the multiplicative inverse
of the zeta function is the Mobius function, and vice versa, i.e., that y x = ¢ * u = 4. Thus it follows that for any functions F’
and G on the partitions, we have

=Y G(Q)  ifandonlyif  G(Q) = > u(P,QF(P).
Q<P P<Q
Applying this equivalence to (A.2) yields
D= w(Q,P)M? (A.3)
o<P
and thus it only remains to identify p. One can check that for P < Q, u(P, Q) is given by
uw(P,Q) = (=" o1 .. (n—1)I",

where n is the number of blocks of P, r is the number of blocks of Q and r; is the number of blocks of Q which contain exactly
i blocks of P. For the particular choice of the trivial partition {[I]} of [I] it follows that

K(wi, .. w) = ka1 = s =) P - )T =S (=) PP - [] Bl (A4)
P P P;EP
providing an alternative (purely combinatorial) definition of cumulants.
Lemma A.1. If for a partition of the index set [n] = AU B with |A], |B| > 0 the random variables w , and w 5 are independent, then
K(wp,)) = k(wy, wp) = 0. If instead of independence, we merely assume that
Cov (f(wi | i€ A),g(w; | j€ B)) <ellflylgll, (A.5)
for all £, g, and that the random variables w; have finite 2n-th moments max; E |w;|*" < iz, then we still have

|f<;(w[n])| < eC(n, p2n). (A.6)

Proof. We first recall the well known proof, based on the relations (A.2)-(A.3), that the cumulant of independent w ,, w 5 vanishes.
Let P be a partition on [n], Q a partition on A and R a partition on B. P naturally induces partitions P N Aand P N B on A
and B; conversely Q and R naturally induce a partition Q U R on [n]. We observe that @ < PN Aand R < P N B if and only
if QUR < P. We then compute

> )

w[n] Z,u P,{[n]}) Z,u, P,{[n] M’PHAMPHB Z,u P, {[n] ( Z KQ)(
Q<PNA R<PNB
:ZZ Zagun,m (P, {[n] ZZ&QUR{ 1} (A7)

Q+A RFB Pr[n) QA RFB

where the first equality followed from (A.3), the second equality from independence, the third equality from (A.2), the fourth
equality from the previous observation, the fifth equality from § = ¢ * p and the ultimate equality from the fact that the trivial
partition cannot be decomposed into two partitions on smaller sets, using that |A| , |B| > 0.
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If w, and wy are not independent but merely (A.5) holds, then there is an additional covariance term in the second step in
the above equation. We write

M? = ] Blwp, = [] [(E TMwp, ) (ETwp, ) + Cov (Twp, 4, Hwp, ) ] , (A8)
PP P;€P
and thus the claim follows from (A.5). O

Appendix B. Precumulants and Wick polynomials

The precumulants defined in Section 3 are structurally similar to the well known Wick polynomials (which are also known as
Appell polynomials). We first recall some basic definitions and facts about Wick polynomials from [23]. For a random vector X
of length | X | we can define the Wick polynomial : X: as the derivative

ot X
X = 6t1 ...8tlx‘:EeT t:O.
Alternatively, we can define : X : combinatorially as
X:=y @mx’) > (=1)PH]T wP). (B.1a)
X'CX PEX\ X/ PEP
or indirectly via
IX = > :X:(EI(X\X"). (B.1b)

X'cX
One useful property of Wick polynomials is that for any random variable Y we have
EY: X UX2:=0 whenever X; isindependentof {X,Y} (B.2)
and X is not empty. Eq. (B.2) follows, for example, immediately from the analytical definition since

EYe' X2
=0
t=0 E etz X2
by independence and the remaining derivative vanishes as the function is constant with respect to ¢;.
Our pre-cumulants K (X; Y') and their centered versions K (X;Y ) — k(X,Y) are inherently non-symmetric functions due
to the special role of X. After symmetrization, however, we can express them through Wick polynomials as
STIKGX\{X}) - k(X)) = X|IX - > |X'|(BOX'): X\ X":. (B.3)
XeX X'cxX

t1-X1+t2- X2
EY:X) U Xy = 9, 2L ¢

Eet1X1tta X t=0

In order to prove (B.3) we start from (3.1b) and compute
S KX\ {X)) - a(X)] = XX - Y [X\ X'| ([IX)s(X \ X')
Xex X'cX
=[X|IX - > [ X\X'|: X" (EI(X"\ X"))s(X \ X'),
X"cX'cX
where the second inequality followed from (B.1b). We now relabel the summation indices to obtain
S [KCGX (XD - A(0] = [XIIX — 3 [X7] X0\ X (B X)w(X),
XeX X"cX'cX
from which (B.3) follows using the well known cumulant identity
IX'|ENX' = > |X"|(BI(X'\ X")r(X"). (B.4)
X"cX'!
In order to prove (B.4), we use (A.2) on the rhs. to obtain

STOXHEIX N\ X)X = > (X" a(X") DY &T=D> k8T > X=X D] K,

X//CX/ X”C.X, 7_)}_X/\X// 7)'_X/ X/lcxl 7_‘)}_Xl
X'"ep

from which (B.4) follows by another application of (A.2).
Finally we remark that a quantitative variant of (B.2) for the pre-cumulants was centrally used in our proof in Section 4.2.
Qualitatively the analogue of (B.2) for pre-cumulants reads

EY[K(X; X1, X5) — w(X, X1, X2)] =0 whenever {X, X} isindependentof {X,,Y} (B.5)
and X is non-empty. Indeed, from the pre-cumulant decoupling identity (3.1c) we have that
EY [K(X; X1, X2) — #(X, X1, X2)] = EY (IIX2) [K(X; X1) — w(X, X)) = > EY(ILX])(ILX5)r(X, X1 \ X7, X2\ X5)

X|CcX1
X3G X

and the first term vanishes due to independence and (3.1¢), and the second term vanishes due to Lemma A.1 because the argument
of k splits into two independent groups.
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Appendix C. Modifications for complex Hermitian W

Our main arguments were carried out for the real symmetric case. We now explain how to modify our proofs if W is complex
Hermitian. A quick inspection of the proofs shows that the only modification concerns Proposition 3.2 where we have to replace
the cumulant expansion by its complex variant. We reduce the problem to the real case by considering real and imaginary parts
of each variable separately. Another option would have been to consider w and w independent variables, but our choice seems
to require the least modifications. In order to compute E w;, f(w) for a random vector w € C%, w;, € C and a function
f: CT — C, we can define f: R™*F — C by mapping (w”®, w®) — f(w™ + iw®), where the new index set Z Li T should be
understood as two copies of 7 in the sense that ZUZ = { (4, R), (¢,) | i € Z }. If we want to expand w;, f(w) in the variables
of some fixed index set N/ C Z, we separately apply Proposition 3.2 to Ew(m,m)f( w) and Ew;, o f( w) in N U N, where
w = (Rw, Sw) and W(; %) = Rwi, Wi 5y = Sw. It follows that

K ’ITUVZ ,’ZUV? + K l’ljl\)'l X ,E,-‘ ~ ~ ~
szof Z Z ( (i0,R) z) 0 ( (i0,9) L)G;(Ef) + Ql + Q27 (Cl)
>0 3e(WUN)! ’

where the error terms are those from two applications of (3.7a). We note that we can make sense of x with complex arguments
directly through Definition (A.4). We now want to go back to a summation over our initial index set A/ and therefore regroup
the terms in (C.1) according to the first indices of 2. To formulate the result compactly we introduce the tensors

o N Rw, Rw;, o\ ©(141) 5 8§Rwi1 amwil
Fwigy ..., w;) = /-c[ (i%wi(,) ® - ® (i%wil> } € (R x iR) and 9; = Do, R ® Do, ,

where the application of « is understood in an entrywise sense and the derivative tensor has dimension (C?)%'. By saying that
k is understood in an entrywise sense, we mean, by slight abuse of notation that, for example,

K <<Z;> ® (Z;)) = m( 22: ViWj €5 ®ej) = 22: K(vi, wy) e; @ e,

i,j=1 i,j=1

where e1, e2 is the standard basis of R x iR. Due to the special nature of the index iy we see from (C.1) that Rw;, and iSw;,

always occur in a sum of two and the rhs. of (C.1) can be expressed in terms of the partial trace Tr1 &(wig, - . . , wi,) € (R x iR)®"
along the first dimension, which corresponds to ig. Thus we can compactly write (C.1) as
Bufw) = Y 3 TH ) BN o1 g €2
0<I<R ieN!

where the scalar product is taken between two tensors of size 2!. For example, the [ = 1 term from (C.2) reads

Rw;, , Rw; iSwi, , Rw; Rwiy , iISw; iISwi,, 1ISw;
Z (Ii( Wi wl)qltlli(l\swo wl)(Ea%wilf)+n( Wi 1\sw1);n(1\sw0 1\sw1)(E8Sw. f))
i1eEN ’ ’

The rest of the argument in Section 4 can be carried out verbatim for any specific choice of distribution of &, S to the entries of
in Assumption (C) by applying them entrywise to %, i.e.,

iso

k. We only have to replace the norms ||| <||™ and |||x||

I (way ;- way )™ = Yo lsRiway, . Bewa, I (C.32)
X1, XL E{R, S}
IR (way, - - way )™ = > ls(Xrway s - -, Xpwa, ]I - (C.3b)

X1, X €{R, 3}
Assumption (C)’ (Hermitian x-correlation decay). We assume that for all R € Nand € > 0
K" <er N© and  |[&][* <e,r N°.

Since there are at most 27 such choices this change has no impact on any of the claimed bounds which always implicitly allow
for an R—dependent constant.

Appendix D. Proofs of auxiliary results

Lemma D.1 (Quadratic Implicit Function Theorem). Let ||-|| be a norm on C%, A,B € C% and Q: C? x C? — C? a bounded
C“-valued quadratic form, i.e.,

e vl _

=]l llyll

Suppose that A is invertible. Then for ez :== [2 ||A™"|| HQM and e1 = e2[2||A7Y|| |B||] ™" there is a unique function X : Be, —
B., such that

Qll =sup S

X(d) +Q(X(d), X(d)) = Bd,

where B. denotes the open e-ball around 0. Moreover, the function X is analytic and satisfies
1X(d1) = X(d2)| < 2|AT [ IBll iy =zl forall  dy,da € Be, /.

Proof. A simple application of the Banach fixed point theorem. ]
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Lemma D.2. For random matrices R, T and p > 1 it holds that ||S[V]T'||,, < (S|l V][, Tl

Proof. Let k = k¢ + Kkq be an arbitrary partition, which induces a partition of S since

S[V] :% 3 k(ar, az) AN VA,

Q1,02

For vectors x, y with ||x]| , [ly|| < 1 we compute

1
ISVITyevl, = || 5 30 wlocbr.asbo) Viyes Ty | |+ F 2 RuesTeananrs |

< Hi Z ‘/bl’ic<’<bly b2)T52y

b1,a2,b2 b1,b2 b1,az
VIl 1Tl
< 22 LS (b, ba)l 4+ Y (b, x| < [llally + llsell, | 1V Iz, 1T,
b1,b2 by,a2
and the result follows from optimizing over the decompositions of x and recalling the definition (4.2). ]

Lemma D.3. Foranyt € [0,1], ¢ > 1, ¢ > 0and multi-set 3 C I we have under Assumption (A) that

_ L (BI+1) /1
105G |5 1l, i1 N7EN ()7 (141G sy 141 ) (D.1a)
_ o (1B1+2)/u
185Dl ||, Sia1 N7+ SN )7 (141G lsgqia142 ) : (D.1b)
where W, = twy, for a € N and W, = w,, otherwise for a set N' C I of size [IN| < N'/>7#,
Proof. We write 8 = {1, ..., Bn} and its easy to see inductively that
(=1 8s Ba Bo(n
5G| = N"/2 Z GAPeO GAP- G ... QAP G, (D.2)
g€Sp
where G = G (W) From the resolvent identity it follows that
R—1 = =
~ W—W Nk A/W—W \R
G-G= G(—=——G) +G(—F—=—G
o) o)
and therefore by the trivial bound ||G|| < 1/n and Assumption (B) it follows that for R := [1/x] and > N~ we have
LIV |GHI(€2+;C1+1 maXe HwaHkaJrl) IVIE HGHZR maXo Hwa||(2R+1)
16 -¢ll, < Z e ?t N L <4 [1Gllary (14 1Gllz5,)" (D.3)

Since ||H|| < NG/2 with very high probability for sufficiently large N it follows that ||G||, < ||G|| < N</?/ (2) for |z| > N¢/?
which immediately implies (D.1a).
Similarly, (D.1b) follows from the easily verifiable identities

95D = (NW > [Datr G AP G+ Y SIGAT DG . AP GIGA NG ARG (DA
oESy k=1
and — —
ﬁ:D—S[G}G+(D—S[G}G)W_W@+W_W@+S[@]@ (D.5)

together with Lemma D.2, (D.1a), (D.3) and

IDllr <» N°(2)7" (1 4+ [|Gll) + [IS[GIG - (D.6)

To see why (D.6) holds we write D = HG — AG + S[G]G and use ||AG||, < ||G||, while |[HG||» = ||1 + 2G|, < 1+ N</? G,

for |z| < N2, For large |z| > N¢/? we estimate that |[HG||, < |HG|| < N€(z)~ " since ||H| < N</2. |
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