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Abstract

This thesis is structured into two parts. In the first part, we consider the random
variable X := Tr(fi(W)A; ... fi(W)A) where W is an N x N Hermitian Wigner ma-
trix, £ € IN, and we choose (possibly N-dependent) regular functions fi,..., fx as well as
bounded deterministic matrices Ay, ..., A,. In this context, we prove a functional central
limit theorem on macroscopic and mesoscopic scales, showing that the fluctuations of X
around its expectation are Gaussian and that the limiting covariance structure is given
by a deterministic recursion. We further give explicit error bounds in terms of the scaling
of fi,..., fr and the number of traceless matrices among Aj,..., Ag, thus extending
the results of Cipolloni, Erdés and Schroder [40] to products of arbitrary length k > 2.
Analyzing the underlying combinatorics leads to a non-recursive formula for the variance
of X as well as the covariance of X and Y := Tr(fr11(W)Ags1 ... fire(W)Agye) of similar
build. When restricted to polynomials, these formulas reproduce recent results of Male,
Mingo, Peché, and Speicher [107], showing that the underlying combinatorics of non-
crossing partitions and annular non-crossing permutations continue to stay valid beyond
the setting of second-order free probability theory. As an application, we consider the
fluctuation of Tr(e™ A;e W A,) /N around its thermal value Tr(A;) Tr(A;)/N? when t
is large and give an explicit formula for the variance.

The second part of the thesis collects three smaller projects focusing on different random
matrix models. In the first project, we show that a class of weakly perturbed Hamiltonians
of the form H), = Hy + AW, where W is a Wigner matrix, exhibits prethermalization.
That is, the time evolution generated by H) relaxes to its ultimate thermal state via an
intermediate prethermal state with a lifetime of order A=2. As the main result, we obtain
a general relaxation formula, expressing the perturbed dynamics via the unperturbed
dynamics and the ultimate thermal state. The proof relies on a two-resolvent global law
for the deformed Wigner matrix H,.

The second project focuses on correlated random matrices, more precisely on a corre-
lated N x N Hermitian random matrix with a polynomially decaying metric correlation
structure. A trivial a priori bound shows that the operator norm of this model is stochas-
tically dominated by v/N. However, by calculating the trace of the moments of the matrix
and using the summable decay of the cumulants, the norm estimate can be improved to a
bound of order one.

In the third project, we consider a multiplicative perturbation of the form UA(t) where U
is a unitary random matrix and A = diag(¢,1,...,1). This so-called UA model was
first introduced by Fyodorov [73] for its applications in scattering theory. We give a
general description of the eigenvalue trajectories obtained by varying the parameter ¢ and
introduce a flow of deterministic domains that separates the outlier resulting from the
rank-one perturbation from the typical eigenvalues for all sub-critical timescales. The
results are obtained under generic assumptions on U that hold for various unitary random
matrices, including the circular unitary ensemble (CUE) in the original formulation of
the model.
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1 Introduction

Random matrices, i.e., matrices with random variables as entries, first appeared in
Wishart’s work on sample covariance matrices [141]. Several decades later, the pioneering
work of Wigner [140] connected the study of Hermitian random matrices to properties
of the eigenvalue and gap statistics of quantum Hamiltonians in physics, opening up
general questions of universality. Apart from applications in physics, random matrices
are encountered in many different fields, e.g., number theory, finance, data science,
and biology (see, e.g., [5]). This chapter aims to introduce the random matrix models
considered in this thesis and place the results in the general context.

1.1 Hermitian Random Matrices

Throughout the thesis, we consider N x N random matrices with entries taking values in
the real or complex numbers. As most results concern matrices W = W* with a Hermitian
symmetry, we start the discussion by considering Wigner matrices and some of their
generalizations. To set the notation, we give an overview of the definitions. Note that
defining an N x N Hermitian random matrix only requires prescribing the distribution of
the N(N + 1)/2 entries in the upper triangle, as the symmetry condition identifies the
remaining entries.

GOE (Gaussian Orthogonal Ensemble) Matrices W = W* for which the entries wgy,
in the upper triangle are independent centered real Gaussian random variables
satisfying Ew?, = 2/N and Ew?, = 1/N for a < b.

GUE (Gaussian Unitary Ensemble) Matrices W = W* for which the entries in
the upper triangle of W independent centered Gaussian variables, the diagonal
entries w,, take values in R and satisfy Fw,, = 1/, and the off-diagonal entries w,,
for a < b take values in C and satisfy Ew?, = 0 and E|wg|* = 1/N.

Wigner matrices Matrices W = W* for which the entries in the upper triangle are inde-
pendent and there is an N-independent centered real random variable y; and an N-
independent centered real or complex random variable x,q such that W;; L N2y,
for i < j and Wj; 2 N~12y,, respectively. We further assume that E|x.q|> = 1 as
well as the existence of C}, > 0 for all p € IN such that E|x4|? + E|x.4|? < C,.

Deformed Wigner matrices Matrices of the form H := A+ W, where A = A* = EH
is deterministic and W is a Wigner matrix.

Wigner-type matrices The entries of the upper triangle of W are independent, have
moments of all orders, and satisfy Ew;; = 0 as well as ¢/N < E|w;;|*> < C/N.
Depending on the source, Wigner-type models may include a diagonal deformation.

Correlated Wigner matrices The entries of W have moments of all orders and the
covariance operator S[R] := EW RW satisfies

- TilR] < S[R] < < Tx[R]
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for any positive semidefinite matrix R in the sense of quadratic forms. Depending
on the source, correlated models may allow for variability in the distribution of the
entries similar to the Wigner-type model and a diagonal or self-adjoint deformation.

Note that both the GOE and GUE are special cases of Wigner matrices. One obtains
the respective generalizations mentioned above by relaxing the centeredness, identical
distribution, and independence condition of the original model. Note that the assumptions
can be relaxed even further, leading to models such as heavy-tailed or Lévy matrices [10, 3],
random band matrices [28], or sparse random matrices [19, 22]. Most of the results
in this thesis (Chapters 2 and 3) focus on Wigner matrices, but we also consider a
deformed (Chapter 4) and a correlated model (Chapter 5). The perturbed random matrix
model considered in Chapter 6 of the thesis is introduced in Section 1.2 below.

For these models, we study the spectrum of the random matrix. In the Hermitian case,
the symmetry assumption ensures that the eigenvalues Ay, ..., Ay of W are real. They
are described by the empirical eigenvalue measure or empirical density of states

(dz) = Jif >~y (de),

where 9,, denotes the Dirac measure at zp € R. In this context, we are interested in
a deterministic approximation p of uy as N tends to infinity, i.e., the limiting density
of states, and the fluctuations in the spectrum of the random matrix. Note that these
questions can be posed on different scales. In this thesis, we consider results on Hermitian
random matrices on the macroscopic scale, i.e., results that concern all or an order N
number of eigenvalues simultaneously, and the mesoscopic scale, i.e., those concerning
intervals that contain N€¢ eigenvalues for some € € (0, 1). For simplicity, we mainly focus
on Wigner matrices for the following discussion.

1.1.1 Macroscopic Scale: Wigner’s Semicircle Law

One of the most celebrated results concerning the spectrum of random matrices is the
almost sure weak convergence of the empirical eigenvalue measure of a Wigner matrix to
a deterministic probability measure. More precisely, for a wide range of N-independent
test functions, it holds with probability one that

lim [ f@nlds) = [ f@pula)da,

N—oo

where p,. denotes the density of the semicircle law given by

VI 2

1, )
21 (=22 (x)

We interpret the weak convergence of py to some deterministic measure u as a law of
large numbers-type result on the macroscopic scale. Throughout the thesis, we refer to
results of this form as global laws.

psc(l’) =

Wigner’s original proof of this result (see [140]) uses a simple tree-counting argument to
show that

el [mston] =l < G O L
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under a suitable moment condition. Here, C,, denotes the n-th Catalan number given by

1 [2n\  (2n)
Cn-—nH(n)—(nwm'

Using that the moments of the semicircle law satisfy

2 C k
/ mkpsc(x)dx = { b e
-2

0,  kodd,

and a bound for the variance similar to (1.1), the limit p is readily identified. Note,
however, that this approach requires either solving the moment problem or a suitable
ansatz to find the correct distribution. To identify p from the moments directly, we may
use the Stieltjes transform

_ [ p(dz)

m,(z) = e

for Sz > 0, i.e., for z € C in the upper half plane. Expanding the fraction into a geometric
series and inserting the limit of the moments in (1.1) yields

m(s) = =32 i o nte) = =Y (12)

where the branch of the complex square root is chosen such that Sm, > 0 whenever Sz > 0
and m,(z) — 0 as |z| = oo. From (1.2), the underlying measure is recovered by inverting
the Stieltjes transform. We revisit Wigner’s moment method in Chapter 5, where we
derive bounds on the moments to estimate the operator norm of a correlated model.
Moreover, computations similar to (1.1) play a key role in free probability (cf. Section 1.3).

1.1.2 Mesoscopic Scales: Local Laws

While global laws yield information on the limiting density of states as a whole, it is
further possible to resolve the approximation locally. This added resolution is achieved
through a more involved use of the Stieltjes transform, which connects to the resolvent of
the random matrix through the identity

pv (de) -1
— = (W — 1.3
My (2) R T — 2 (( 2)7), (1.3)
where (-) := Tr[-]/N denotes the normalized trace. As the point-wise convergence

of (m,, )~ is equivalent to the weak convergence if the underlying measures (4n)y, the
global law in Section 1.1.1 immediately translates to a concentration result for (W —z)~1)
with N-independent spectral parameter z. We further note that

Syl +in) = [l dd) = w(By = ) a), (1.4)

i.e., the imaginary part of the Stieltjes transform at z = z + in yields, up to a factor of =,
the convolution of p with the Poisson-kernel of width 7. We may hence interpret n as a
scaling parameter that allows zooming into the spectrum around = € R.

Together, the observations (1.3) and (1.4) form the starting point of the resolvent method.
It is the key tool in proving concentration results for (m,, (2))nx with 7 (much) smaller

3
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than order one but still above the typical eigenvalue spacing. We refer to results of
this type as local laws. For example, the local law for Wigner matrices covers the
scales N™! <« 1 < 1 in the bulk of the spectrum and N=2/* <« 5 <« 1 around the
edges © = £2 (see [67]). Similar results hold for the deformed, Wigner-type, and correlated
models introduced above (see [69]). Moreover, recent works [36, 39, 37, 38, 31, 32] go
beyond the setting of one resolvent suggested by (1.3) and consider the deterministic
approximation of G1A; ... GrAy for k € N, where G, := (W — z;)~! denote resolvents of
a Wigner matrix W at possibly different spectral parameters 21, ..., 2z, and Ay, ..., Ag
are bounded deterministic matrices.

Once a local law is established, one obtains a powerful tool for deducing further properties
of the spectrum of the random matrix. For example, a local semicircle law constitutes
the first step of the celebrated three-step strategy of Erdds, Schlein, and Yau, which
establishes that the asymptotic local eigenvalue statistics of Gaussian Wigner matrices are
universal for all Wigner matrices in the sense that the universality class is only determined
by the symmetry (real symmetric vs. complex Hermitian) and does not depend on the
exact entry distribution (see [65, 66, 67]).

For the following discussion, two properties of the spectrum of Wigner matrices are of
particular interest. First, the eigenvalues Ay, ..., Ay exhibit level repulsion, i.e., with high
probability, cannot be too close to one another. This effect is easiest seen in the Gaussian
case, where the joint density is given explicitly as

POy ) :CH(Aj—Ak)ﬁexp<—Nﬁ§in).

i<k n=1

\)

Here, the choice of = 1,2 in the formula for p(A;,...,Ay) corresponds to the real
symmetric (GOE) and complex Hermitian case (GUE), respectively, while the constant C
ensures the normalization to a probability density. The same repulsive effect is observed
for general Wigner matrices, although its proof is more involved than for the Gaussian
case (see [64]). Additionally, the eigenvalues of a Wigner matrix are rigid, i.e., with high
probability close to their expected location «y; given by

j B Vi d
5 [ etan,

with an error that is only slightly bigger than the typical local eigenvalue spacing (see,
e.g., [67]). For example, we have

€

N
A =l < N

for any € > 0 and eigenvalues in the bulk of the spectrum, i.e., aN < j < (1 — )N for
some « € (0,1). Both level repulsion and eigenvalue rigidity indicate that the random
variables Aq, ..., Ay are strongly correlated. This is already evident from comparing a
sample of eigenvalues of a random matrix with points that are drawn independently
following the semicircle law (see Fig. 1.1). Observe that the histogram on the left appears
more uniform while the independent sample on the right exhibits more fluctuations.

4
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1 i 1l

-20 -15 -1.0 -05 0.0 0.5 1.0 15 2.0 -20 -15 -1.0 -05 0.0 0.5 1.0 15 2.0

Fig. 1.1. Histograms showing the eigenvalues of a 100x100 GOE matrix (left) and 100
independent samples from the semicircle law (right).

1.1.3 Fluctuations in the Spectrum

With global and local laws representing law of large numbers-type results on different scales,
the natural next question concerns the fluctuation around the deterministic approximation.
Due to the strong dependence of the eigenvalues, classical central limit theorem-type
results aimed at independent or weakly dependent random variables do not apply. However,
the linear statistics

N

Tr f(W) =>_ f(N), (1.5)

j=1
with an N-independent regular test function f : R — R have a variance of order one and,
in fact, satisfy a central limit theorem (CLT) with a Gaussian limit for many random
matrix models (see [105] for the Wigner case). Remarkably, the effect of the dependent
random variables only manifests in the anomalous scaling, and removing the usual v N
factor renders the fluctuations of (1.5) still Gaussian.

Similar to the resolution to mesoscopic scales in the local laws, one may also choose
an N-independent, compactly supported function g and consider (1.5) for test functions

f(x) = g(N"(z — E))

that live on a scale of N=7, v € (0,1), around a fixed energy E € [—2,2] in the spectrum.
Again, a central limit theorem with a Gaussian limit holds for Wigner matrices (see [88]),
but also for deformed and Wigner-type models (see [33, 125, 124]).

We remark that the statistics in (1.5) are inherently tracial, i.e., only involve the eigenvalues
of the underlying random matrix. The recent results of Cipolloni, Erdés, and Schroder [40]
consider centered linear statistics of the form

Ln(f, A) = Te[f(W)A] = ETe[f(W)A]

N N
=3 £y, Aug) — B 3 FO) (g, Au)]. (16)

j=1 j=1
where uy, ..., uy denote the normalized eigenvectors of W and A is a bounded determin-

istic matrix. Testing against A allows studying f(7/) as a matrix rather than merely
its trace and, therefore, goes beyond the features described by (1.5). In particular, the
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linear statistics Ly(f, A) in (1.6) are sensitive to the eigenvectors of W as well as the
eigenvalues. Splitting the matrix A according to the decomposition

A= (AT + Ay + Ay

into a tracial, a traceless diagonal, and a traceless off-diagonal part, the corresponding
modes of Lx(f, A) in (1.6) are approximately distributed as

(L (f, 1),/ ONLN(f, Ad), JOn L (f, Aoa))

2 (60(1),€alF: Aa)s o . Ao) + O ([ S).

N

where £ and O,,(+) indicate that the respective relations hold in the sense of moments.
The right-hand side is given by three independent centred /N-dependent Gaussian processes
& (), Ealf, ;ld), and &q(f, Aod). Here, the factor C'y is of order one for the macroscopic
regime but becomes N-dependent for mesoscopic scales. In the bulk regime, it behaves
approximately as N7, showing that the modes corresponding to Ay and A, fluctuate on a
smaller scale than the tracial mode corresponding to (A)Id. We consider a generalization
of this theorem to the multi-resolvent setting of [39, 37] in Chapters 2 and 3.

1.2 Perturbations

For applications in physics, random matrix models like the ones introduced in Section 1.1
serve as toy models for more complex real-world systems. Studying the behavior of such a
model under a small perturbation gives insight into the stability of its properties and can
aid in detecting general underlying mechanisms. In this thesis, we study two models of
this type: a deterministic system perturbed by a Wigner random matrix (Chapter 4) and
a multiplicative rank-one perturbation of a unitary random matrix model (Chapter 6).

1.2.1 Rank-One Perturbations

One way to describe a small change in a system is by considering rank-one resp. general
low-rank perturbations. For this, the nature of the perturbation is often chosen such that
it breaks a symmetry of the original model, e.g.,

M(t) .= W +itvv” (1.7)

for some ¢ > 0, where W is either a N x N GUE (see, e.g., [78, 79, 75]) or Wigner
matrix (see [57]) and v € CV is a (random) unit vector. Another example of a perturbation
of a normal operator resulting in a loss of normality is the UA model introduced in [73],
which can be seen as the multiplicative analog of (1.7). It is given by

M(t):=UA, A=diag(t,1,...,1) (1.8)

for t € [0,1], where the random matrix U in (1.8) belongs to the Circular Unitary
Ensemble (CUE), i.e., U is Haar-distributed on the unitary group. Models of this kind
naturally arise in scattering theory and open quantum systems (see, e.g., the review [80]).

For both (1.7) and (1.8), the rank-one perturbation induces an outlier in the spectrum,
i.e., an eigenvalue that behaves differently from the others. The transition is governed

6
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by the strength of the perturbation. In particular, there is a critical scale at which the
outlier becomes distinguishable. For the models in (1.7) and (1.8), these critical scales
are t = 14+ O(N~Y3) (see [57]) and t = O(N~/2), respectively. The emergence of the
outlier for the U A model is studied in more detail in Chapter 6 below. We further remark
that evaluating models like (1.7) and (1.8) at criticality may be of independent interest,
as the scaling allows for explicit computations, e.g., of the eigenvalue distribution (see [72]
and the review [71]).

1.2.2 Random Perturbations

Apart from adding a perturbation to a random matrix model, we may also consider
deterministic systems subject to a random perturbation, e.g., given by a Wigner matrix.
From a physics point of view, these random matrices describe a mean-field setting in
which hopping from any state of the system to any other state is statistically equally
likely. Perturbing a deterministic system by a Wigner matrix hence couples all modes,
possibly breaking a prescribed symmetry or rendering an integrable system chaotic.

A particular example are quantum Hamiltonians of the form
Hy = Hy+ \W (1.9)

where Hj is a Hermitian deterministic matrix describing an initial system, W is a Wigner
matrix, and A > 0 is a (small) parameter regulating the strength of the perturbation.
In the language of Section 1.1, Hy in (1.9) is a deformed Wigner matrix with an added
scaling induced by X. Let A € CV*¥ denote an observable and p € CV*V be a state that
we time evolve under H) to obtain py(t) = e " pel> . In this setting, the unperturbed
time evolution of the quantum expectation value Tr[p(t)A] strongly depends on all
its constituents and might hence exhibit qualitatively different and generally complex
behavior. In contrast, the perturbed evolution obtained by letting A > 0 relaxes to
equilibrium via a robust mechanism well-described in the physics literature. However, a
rigorous mathematical treatment has not been available so far.

A particularly interesting case occurs if both the perturbed and unperturbed systems
equilibrate but do not approach the same limiting value. In this case, we may observe
prethermalization (see, e.g., [114, 47, 48)), i.e., the equilibration of the perturbed dynamics
happens in two stages. More precisely, this is the case if the free evolution (A4),,) has a
limiting value (A), ., which does not agree with the microcanonical average (A)pc of
the Hamiltonian H,. In this case, we find

(A)pye  for t< A2
(Aymer  for &> A2

<A>px (t) ~ {

Prethermalization often occurs in systems where Hy has an additional symmetry (or con-
served quantity) that is broken by the perturbation (cf. [115]). We prove prethermalization
for the system in (1.9) in Chapter 4.

1.3 Connections to Free Probability

The field of free probability is a relatively young mathematical discipline that emerged
in the 1980s due to the seminal work of Voiculescu, who observed that certain abstract
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concepts in the study of operator algebras exhibit parallels to classical probability theory
and isolated its core concept of freeness (see, e.g., [8, 111] for an introduction). While
the research questions in this thesis are only incidentally motivated by applications in
free probability, several results in Chapters 2 and 3 are formulated using free probability
concepts. In this section, we give an overview of the definitions and connect them to the
study of random matrices.

1.3.1 General Setup

Similar to Kolmogorov’s axioms in classical probability theory, the study of free probability
starts by setting up a suitable structure. Instead of a classical probability space, we now
consider an unital algebra where the role of the probability measure is played by a suitably
normalized functional. In this setting, one can then introduce freeness as the analog of
independence in classical probability theory. We summarize the definitions below.

(Tracial) non-commutative probability space A tuple (A, ;) of a unital associa-
tive algebra A and a (tracial) linear functional ¢ : A — C with ¢1(14) = 1
where 1 4 denotes the one element of the algebra.

(Non-commutive) distribution The distribution of an element a € A is defined
through its moments (¢1(a¥)),. Mixed moments are defined analogously.

Freeness Unital subalgebras (A;);cr are called free, if alternating products of centered
elements are centered, i.e., if ¢1(ay...ar) =0 whenever pq(a;) =+ = p1(ax) =0
and consecutive factors a; and a;;; are taken from different subalgebras. We may
also consider the freeness of individual elements by considering the subalgebras
generated by them.

In the context of random matrices, the most important example of a non-commutative
probability space is (A, ¢1) = (Myxn(L®(2,P)), E(-)), where (2,P) is a classical
probability space, My« n(S) denotes the N x N-matrices with entries in S, and the space

L (Q,P):= (] L’(Q,P)

1<p<oo

contains all random variables with all finite moments. Recall that we denote the normalized
trace by (-). By definition, My n(L*7 (2, P)) contains Wigner matrices and their
generalizations introduced in Section 1.1, but also deterministic matrices.

When studying N x N matrices, the appropriate notion of freeness is that of asymptotic
freeness, i.e., requiring @i (ay ... ax) to vanish in the N — oo limit instead of evaluating it
for a fixed N. A theorem of Voiculescu (see, e.g. [8, Thm. 5.4.5]) asserts that asymptotic
freeness holds for independent Wigner matrices. Moreover, families (W;); and (4;);
of independent Wigner and deterministic matrices are asymptotically free (see [111,
Sect. 4, Thm. 20]), and the mixed moments E(W; A, ... W, A) can be expressed using non-
crossing partitions. Recall that a partition of {1,..., k} is called crossing if there are two
blocks 51, So with z1,y; € S7 and x5,y € S, that satisfy x1 < x5 < y; < yo. Otherwise, it
is called non-crossing. Similar formulas arise in the local laws for (fi(W)A; ... fr(W)Ag)
in [39, 37], showing that the underlying combinatorics also apply for functions of Wigner
matrices.
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1.3.2 Higher-Order Structures

Analogous to the notion of non-commutative probability space and freeness centered
around the expectation, one can introduce second-order quantities tailored to the study
of fluctuations. Note, however, that the definition of second-order freeness is sensitive to
the symmetry class of the underlying random matrix ensemble (see [119]). For simplicity,
we mainly focus on the complex Hermitian case below.

Second-order non-commutative probability space A triplet (A, @1, ¢2) that con-
sists of a tracial non-commutative probability space (A, ;) and a functional
s : A X A — C that is bilinear, tracial in both arguments, symmetric under the
interchanging of its arguments, and satisfies ¢o(a, 14) = pa(l4,a) =0 for all a € A.

Second-order distribution The second-order distribution of an element a € A is
characterized in terms of its fluctuation moments (pa(a”, a))y . Mixed moments
are defined analogously.

Second-order freeness Unital subalgebras (A;);c; are called free of second order if they
are free and additionally

n—1 n

wa(ay ... my by, ... by) = Omn Z H o1(aibg_;) (1.10)
k=0 i=1
whenever (m,n) # (1,1) and the products a; ...a,, resp. by...b, are cyclically
alternating, i.e., consecutive factors, as well as a; and a,, resp. b; and b, belong
to different subalgebras, respectively. The index of by_; on the right-hand side
of (1.10) is interpreted modulo n. We may also consider the second-order freeness
of individual elements by considering the subalgebras generated by them.

Note that the space (A, 1) = (Mnxn (L (2, P)), E(:)) endowed with the covariance
functional @s(+,-) = Cov(Tr(-), Tr(+)) yields a second-order non-commutative probability
space. When considering N x N matrices, we are again interested in the N — oo limit,
i.e., asymptotic second-order freeness. However, compared to the first-order setting, we
observe a breaking of universality. While deterministic and GUE resp. GOE matrices are
asymptotically free of second order in the respective sense (see [113] and [118]), the same
does not hold for general Wigner matrices (see [107, Eq. (3)]). Here, the fourth cumulant
of the entry distribution enters the computation of the fluctuation moments, resulting in
an additional term that prevents (1.10) from holding in the N — oo limit.

The above construction can be iterated to construct higher-order non-commutative
probability spaces and a suitable notion of freeness (cf. [42]). While the definitions
are expressed in terms of moments, one may also introduce an analog of cumulants by
adapting their combinatorial definition from classical probability theory. For an element a
in a non-commutative probability space (A, ;) with moments (az)r = (¢1(a¥))x, the
sequence (k) of free cumulants is given by

s | (1.11)
reNCP(k) BEn
where NCP(k) denotes the set of non-crossing partitions of the set {1,...,k}. Mixed
cumulants are defined analogously and, by definition, vanish when evaluated for free
elements. Relations similar to (1.11) also hold for second (see [111, Chap. 5]) and higher-
order non-commutative probability spaces (see [26]) using a suitable generalization of
non-crossing partitions.
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1.4 Overview of Results

The remainder of the thesis consists of largely unmodified versions of the published
or submitted papers, presented in thematic rather than chronological order, that were
prepared during the author’s PhD studies. Among them, [122] and [123] together form
the main project on a multi-point functional central limit theorem for Wigner matrices
while the remaining three publications [121, 58, 60] represent different smaller projects.
To guide the reader, we now briefly summarize the main results of these works and place
them in the general context established in Sections 1.1 to 1.3.

1.4.1 Multi-Point Functional Central Limit Theorem for
Wigner Matrices

The articles [122, 123] establish a functional CLT that characterizes the fluctuations of
the random variable

X = Te(fi(W)Ar ... fu(W)AL) (1.12)

around the expectation identified in [39, 37] and identifies the limiting covariance structure.
Here, W is an N x N Hermitian Wigner matrix, fi,..., fx are suitable (possibly N-
dependent) regular functions and A, ..., Ay € CV*V are bounded deterministic matrices.
The result generalizes the main result of [40] to general k > 2.

In [122], we show that the fluctuations of X around its expectation are asymptotically
Gaussian and give explicit error bounds in terms of the scaling of fi,..., fi and the
number of traceless matrices among Ay, ..., Ax. The result is first established for the
case fj(W) = (W — z;)~! using the resolvent method. However, compared to the statistics
involving only one function in [88, 40], the limiting covariance structure is now obtained
through a recursion. The solution of this recursion is supplied in [123] using a combinatorial
ansatz based on graphs closely related to a generalization of non-crossing partitions
from free probability theory. Using this explicit description of the limiting covariance,
the extension to Sobolev functions fi, ..., fx follows from the Helffer-Sjostrand formula.
The CLT shown in [122, 123] covers the macroscopic and the bulk regime of the mesoscopic
scale for general Wigner matrices, with the two papers highlighting different aspects of
the theorem and its proof.

Apart from the result for general test functions, some special cases are of independent
interest. In [122], we consider the case f;(W) = e which links the statement of the
multi-point functional CLT to the fluctuations in the thermalization problems considered
in [39, 37]. Moreover, we discuss the case of fi,..., fi being polynomials in [123], as the
resulting random variable X in (1.12) naturally arises in the context of free probability
theory. Here, the covariance formula in the multi-point functional CLT simplifies to
reproduce known results from [111, 118, 107].

1.4.2 Prethermalization for Deformed Wigner Matrices

In [60], we show that, under suitable assumptions on the initial Hamiltonian Hy, the
perturbed system introduced in (1.9) exhibits prethermalization. We further establish
that the formulas describing the relaxation of the system in the physics literature (see,
e.g., [47, 48, 115] and references therein) are generally valid for short (t < A72) and
long kinetic times (¢ > A™?) and can be extended to the intermediate regimes under a
regularity condition on the quadratic forms (u;, Au;) of overlaps with the eigenvectors u;

10
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of Hy. The primary technical input is a suitable global law for the deformed Wigner
matrix H) from which the desired formulas are then obtained by extracting the leading
term of the deterministic approximation in an appropriate limit.

<A>P>\(t)

(A) Pore K

<A>mc,>\

~ >\_2 t

Fig. 1.2. Schematic graph of the prethermalization process. As (A)mex is by defini-
tion different from (A), ., the relaxation of (A), ) towards (A)yc happens via an
intermediate prethermal value (A), . in two steps, whose time scales are separated.

1.4.3 Operator Norm of a Hermitian Random Matrix with
Correlated Entries

In [121], we consider a Hermitian random matrix H with a polynomially decaying metric
correlation structure similar to the model in [69], but with a slower, merely summable
correlation decay. Using a generalization of Wigner’s moment method, we show that the
operator norm of H is stochastically dominated by a constant.

1.4.4 Dynamics of a Rank-One Multiplicative Perturbation of a
Unitary Matrix

In [58], we consider the UA model (1.8) for t € [—1,1] and a general class of unitary
random matrices U. By interpreting ¢ as a time parameter, we obtain a dynamical
description of the model, allowing us to interpret the eigenvalues as random trajectories
in the unit disc. The results of the paper are twofold. The first main result identifies a
random function W, which distinguishes whether a complex number z lies in the spectrum
of the UA model at any given time ¢. This function constitutes the main tool to describe
the trajectories, showing that they do not intersect with probability one and can be
described by a system of ordinary differential equations assuming only the (almost sure)
simplicity of the spectrum of the underlying unitary matrix U.

In the second main result, we identify the critical time scale for the emergence of the
outlier induced by the rank-one perturbation and show that it is well-separated from the
typical eigenvalues at all sub-critical timescales. The proof is based on an application of
Rouché’s theorem, allowing us to identify a flow of deterministic domains that bound the
spectrum with high probability. Contrary to the analysis of the weakly non-Hermitian
model (1.7) in [57], however, the symmetry of the U A model does not allow to compare W
to a deterministic function in this part of the proof. Instead, we retain some randomness

11
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by working with the affine part of W, replacing the local law used in [57] with a suitable
regularity assumption. The results apply to various unitary random various unitary
random matrices, including the CUE in the original formulation of the model.

Fig. 1.3. Trajectories of the eigenvalues of the U A model of size 100 x 100. The evolution
of the time parameter ¢ € (—1, 1) is represented by shades of red.

12



2 Multi-Point Functional Central
Limit Theorem for Wigner Matrices

Consider the random variable Tr(fi(W)A; ... fr(W)Ag) where W is an N x N
Hermitian Wigner matriz, k € IN, and choose (possibly N-dependent) regular
functions f1,..., fr as well as bounded deterministic matrices A1,...,Ar. We give a
functional central limit theorem showing that the fluctuations around the expectation
are Gaussian. Moreover, we determine the limiting covariance structure and give
explicit error bounds in terms of the scaling of f1,..., fr and the number of traceless
matrices among A1, ..., Ak, thus extending the results of [40] to products of arbitrary
length k > 2. As an application, we consider the fluctuation of Tr(e™ Aje™™W Ay) /N
around its thermal value Tr(Ay) Tr(A2)/N? when t is large and give an explicit
formula for the variance.

Published as J. Reker. Multi-point functional central limit theorem for Wigner
matrices. Preprint, arXiv.2307.11028, 2023.

2.1 Introduction

The eigenvalues {A;}/2, of a large N x N Hermitian random matrix W constitute a
strongly correlated system of random points on the real line. Due to the strong dependence,
classical central limit theorems (CLTs) aimed at independent or weakly dependent random
variables do not apply. However, the linear statistics Tr f(IW) = Z?le f(A;) with a regular
test function f : R — R have a variance of order one (see [95]) and, in fact, satisfy a
central limit theorem with a Gaussian limit, as shown, e.g., in [96] for the Wigner case
and in [93] for invariant ensembles, see also [132, 133]. Remarkably, the effect of the
dependent random variables only manifests in the anomalous scaling, and removing the
classical N~%/2 prefactor fully compensates for the correlations. We emphasize that this
question is well-studied for Wigner matrices, see, e.g., [85, 12, 104, 128, 135, 17, 99] and
that recent work by Diaz and Mingo [53] establishes a CLT for a large class of random
matrix models and expresses the limiting covariance structure in terms of a Fréchet
integral.

Note that the information obtained from a CLT is twofold: It characterizes the fluctuations
of the linear statistics around its mean as Gaussian and simultaneously identifies the
limiting variance or, more generally, the limiting covariance structure. To generalize
the CLT for 37, f(};), the linear statistics can be modified in different ways. First, one
may replace the N-independent function f by a function of the build

f(x) = g(N"(z — E)) (2.1)

where ¢ is a regular N-independent function, £ € R lies in the limiting spectrum of W,
and N7 is larger than the typical eigenvalue spacing around E. Considering the linear
statistics for a function f that is concentrated around a value E on a mesoscopic scale
allows us to zoom into the spectrum and thus study the problem locally. For Wigner
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matrices, this problem was studied by He and Knowles in [88, 87, 89], yielding a tracial CLT
for the bulk spectrum that spans the entire mesoscopic regime. Similar questions have also
been studied for other models, including deformed Wigner matrices [91, 101], generalized
Wigner [102], and Wigner-type [125] matrices, sample covariance matrices [11, 101],
Haar distributed random matrices on the classical compact groups [130, 131, 134], g-
ensembles [27, 129, 21, 20, 82, 30], free sums [18], and non-Hermitian random matri-
ces [35, 61]. See also [40] and references therein for a discussion of further examples and
previous results.

The second generalization addresses that Zé\f:l f(A;) is inherently tracial, i.e., the statis-
tics only involve the eigenvalues of the random matrix, but not its eigenvectors. By
testing f(WW) against a bounded deterministic matrix A with ||A|| < 1, i.e., by modifying
the centered statistics to the form

N
Te[f(W)A] = ETe[f(W)A] = > f(\)(wy, Awy) — E[...], (2.2)

j=1
the normalized eigenvectors uy, ..., uy of W enter into the problem. In the Wigner case,

Lytova [103] obtained a CLT for (2.2) on macroscopic scales including an explicit formula
for the limiting variance. We refer to the CLTs that also involve eigenvectors as functional
in contrast to the tracial CLTs above. The recent paper [40] extended these results to
all mesoscopic scales and further established that decomposing the matrix A in (2.2)
according to

A= (AId+ Ay + Aoy, (A) = jlvTrA,

gives rise to three asymptotically independent fluctuation modes. Here, Id denotes
the identity matrix, and Ay and A,; denote the diagonal and off-diagonal components
of A=A— (A)Id, the traceless part of A, respectively. Moreover, the results in [40] show
that the modes corresponding to the tracial and traceless part of A fluctuate on different
scales in the mesoscopic regime and two modes of the build (2.2) are asymptotically
independent if the involved functions live on different scales.

In this work, we study a third generalization of the original linear statistics Z;V:l f(A),
which extends (2.2) from involving one (possibly N-dependent, mesoscopically scaled)
function of W and one (possibly traceless) bounded deterministic matrix to alternating
products involving k£ € IN functions and bounded deterministic matrices, respectively.
More precisely, we consider the fluctuation of the statistics

Vo= (AW AL/ (W) Ay - fo(W)Ag) — BE(LW) AL foa(W) Ao fo(W)AR),  (2.3)

show that Y satisfies a CLT with a Gaussian limit and give the limiting covariance structure
as well as explicit error estimates. This generalizes [40, Thm. 2.4] to arbitrary k£ > 1. We
refer to the result as a multi-point functional CLT. Similar to the results in [40], we further
verify that two modes are asymptotically independent if the functions f; are rescaled to
different scales or around different numbers E; via (2.1). However, while the £ = 1 case
only allows for two relevant classes of deterministic matrices (corresponding to the tracial
and traceless modes, respectively), considering & > 2 further allows us to pinpoint the size
of the limiting covariance explicitly in terms of the lengths of the matrix products and the
number of traceless matrices involved. We further find that two modes of the build (2.3)
are asymptotically independent whenever the total number of traceless matrices involved

is odd.
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A key ingredient for studying the fluctuation of (2.3) is information on the 1/N cor-
rection to E(f1(W)A; ... Fp(W)A), which was included in the error terms of previous
results (cf. [37, Cor. 2.7]). Before considering the CLT, we hence give an expansion of the
expectation. Note that the leading term of this expansion was already identified in [39, 37].
As the corresponding local laws are obtained by induction, the limiting object naturally
arises through a recursion. The explicit form of the expectation obtained in [39] from
solving the recursion mirrors the combinatorics encountered in (first-order) free probabil-
ity, e.g., for the alternating moments E(W;D; ... Wy Dy) of a finite family of independent
Wigner matrices (IV;); and a finite family of deterministic matrices (D,); (see, e.g., [111,
Sect. 4.4]). Note, however, that free probability methods are typically restricted to (N-
independent) polynomials and often require an independent family of Wigner matrices,
while the resolvent approach presented in [39, 37] applies to a much wider class of functions
including resolvents and mesoscopically rescaled Sobolev functions. In a similar spirit,
the limiting covariance in our CLT also naturally arises through a recursion which can be
solved to obtain an explicit formula. We carry out the necessary combinatorics in the
companion paper [123] to show that the parallels to free probability identified in [39] for
the expectation continue to hold for the fluctuations. More precisely, the structure of the
limiting covariance in our CLT mirrors the combinatorics in second-order free probability
theory (see [111, Ch. 5] and [42] for an introduction) and, in the special case f;(z) = z,
correctly reproduces the structure of the fluctuation moments of Wigner and deterministic
matrices that was recently computed in [107]. To avoid introducing additional notation,
we work with the recursive definitions in the present paper and only refer to the formulas
in [123] for explicit computations and examples.

Lastly, as an application of the functional CLT, we consider the special case f;(z) = e'*
with ¢; € R. Interpreting W as the Hamiltonian of a mean-field quantum system and the
deterministic bounded matrix A as an observable, the quantity

A(t) == " Ae™ W

describes the Heisenberg time evolution of A. In this context, applying the CLT for the
linear statistics (2.3) yields information about the fluctuations around the equilibrium in
certain thermalization problems. For k£ = 1, the main interest lies in a CLT for averages
of diagonal eigenvector overlaps (u;, Au;) (see [40, Thm. 2.3]) due to their connection to
the fluctuations in the eigenstate thermalization hypothesis (see [51]) which is referred
to as quantum unique ergodicity in mathematics (see [126], further references can be
found in [36]). For k > 2, the statistics in (2.3) translate to the simultaneous time
evolution of different observables in the same quantum system. It is expected that two
observables A;(t) and Ay become thermalized for t > 1, i.e., that

(A1(1)Az) & (A1) (Az)
in the large t regime. More precisely, if both A; and A, are traceless we have

Ji(2t)? +5(t)+(9< N* > (2.4)

(A1(t)Ag) = (A1 Ag) " N e

for any fixed ¢t € R, where .J; denotes a Bessel function of the first kind and £(t) is a
centered Gaussian random variable with a ¢-dependent variance. The first term of (2.4)
was established in the recent paper [39] in the form of a law of large numbers-type result
with an effective but non-optimal error bound. Applying our functional CLT for k£ = 2
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shows that the fluctuations around the thermal value are Gaussian and thus gives the
second term of the expansion. Considering asymptotics for ¢ > 1 after letting N — oo
further yields an explicit expansion for the variance in the regime that is relevant for
thermalization.

We conclude this section with a brief overview of the paper. After introducing some
commonly used notations, we collect our assumptions on the Wigner matrix W in As-
sumption 2.1.1. We then briefly recall the optimal multi-resolvent local law [37, Thm. 2.5],
which constitutes one of the key tools for the analysis. The main results of the paper
are then given in Section 2.2. We start by giving a precise expansion of the expecta-
tion E(f1(W)A; ... fr(W)A) beyond the leading term (Theorem 2.2.4). Considering the
fluctuations of the statistics in (2.3), we then establish a CLT and give an explicit formula
for the limiting covariance (Theorem 2.2.7, Corollary 2.2.9). This is followed by a discus-
sion of the result, including the asymptotics in the mesoscopic regime (Theorem 2.2.10),
sufficient conditions for two modes to be asymptotically independent (Corollary 2.2.11)
as well as the case of multiple independent Wigner matrices. We conclude Section 2.2 by
applying the functional CLT to thermalization problems. In Section 2.3, we consider the
special case of the resolvents f;(W) := G(z;) = (W — z;)~! for some suitable spectral pa-
rameters z; € C, which provides the key ingredient for the proof of our main results. Here,
the first step is introducing a recursively defined set function £[-] (Definition 2.3.1), which
we then identify as the subleading & term of the expectation E(G(z1)A; ... G (zk)Ax).
This added resolution is the main tool in proving the CLT in the case that all functions f;
are resolvents (Theorem 2.3.6). The role of the limiting covariance in the theorem is
played by a recursively defined set function ms[-|-] (Definition 2.3.4). Lastly, the proofs
are given in Section 2.4. To keep the presentation concise, some routine calculations are
deferred to the appendix.

Acknowledgements: I am very grateful to Laszlé Erdos for suggesting the topic and
many valuable discussions during my work on the project. Partially supported by ERC
Advanced Grant “RMTBeyond” No. 101020331.

2.1.1 Notation and Conventions

We start by introducing some notation used throughout the paper. For two positive
quantities f,g, we write f < ¢g and f ~ ¢ whenever there exist (deterministic, N-
independent) constants ¢,C’ > 0 such that f < Cg and cg < f < (g, respectively.
We denote the Hermitian conjugate of a matrix A by A* and the complex conjugate
of a scalar z € C by z. Moreover, || - || denotes the operator norm, Tr(-) is the usual
trace and (-) = N~!Tr(-). We further denote the covariance of two complex random
variables Y7, Y3 by Cov(Y1,Y;) and follow the convention

Cov(Y,Y2) = E(Y1 — EY1)(Y2 — EY3),

i.e., the covariance is linear in the first and anti-linear in the second entry. For k,a,b € IN
with a < b, we set [k] = {1,...,k} and adopt the interval notation [a,b] = {a,a+1,...,b}.
We further write (a,b] or [a,b) to indicate that a or b are excluded from the interval,
respectively. Ordered sets are denoted by (...) instead of {...}.

Given a matrix A € CN*V, the traceless part of A is denoted by A := A — (A)Id
where Id denotes the identity matrix. Further, a := diagA denotes the diagonal matrix
obtained from extracting only the diagonal entries of A and A; ® Ay denotes the entry-
wise (or Hadamard) product of two matrices A; and A,. For a Hermitian matrix W
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2.1. Introduction

and z1, ..., 2, € C\ R, we write the corresponding resolvents as G; = G(z;) := (W —z;)!
and index products of resolvents using the interval notation

Glap) = GaGay1 ... Gy

for a,b € N with a < b. Recalling that angled brackets indicate that an edge point of
the interval is excluded, we write G4y and G, to exclude G, or Gy, from the product,
respectively. Moreover, (G is interpreted as zero. Note that this notation differs slightly
from [39, 37]. As we often consider alternating products of resolvents with deterministic
matrices Ay, ..., Ay, define T; := G;A; and apply the same interval notation as above to
write

ﬂk] = T1 ce Tk = G1A1 ce GkAk, T’[a,b} = TaTa-H ce Tb. (25)

Again, angled brackets are used to exclude T, or T; from the product, respectively, and Ty
is interpreted as zero. We call a product of the type (2.5) resolvent chain of length k.

Throughout the paper, we assume W to be an N x N complex! Wigner matrix satisfying
the following assumptions.

Assumption 2.1.1. The matriz elements of W are independent up to Hermitian symme-
try Wi; = Wﬂ and we assume identical distribution in the sense that there is a centered real
random variable Xd and a centered complex random variable Xoq such that W;; = 4 N- 1/2X d
fori < j and Wj; = 4 N- 124, respectively. We further assume that E|xoq|> = Ex3 =1 as
well as the existence of all moments of x4 and X,q, i.e., there exist constants Cp, > 0 for
any p € N such that

Elxal” + Blxodl” < C,.

Lastly, we assume that the pseudo-variance vanishes, i.e.,
Ex5q = 0.
We further introduce the notation
kg 1= Bl xoa|* — 2 (2.6)

for the normalized fourth cumulant of the off-diagonal entries. Note that the notation
matches [40], however, we restrict the model to complex matrices with vanishing pseudo-
variance, i.e., ]EVVE = 0 for ¢ # j, for technical simplicity. The more general model
from [40] is studied for macroscopic scales in the companion paper [123], and the necessary
modifications for an extension to mesoscopic scales are sketched.

The eigenvalue density profile of W is described by the semicircle law

pule) = YT () (27)

which mainly enters our analysis in the form of its Stieltjes transform

m(z) = [P Lec\R (2.8)

r—z

!'The same method applies to the real case with only small modifications. For simplicity of the
presentation, we restrict the following analysis to the complex case only.
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2. MUuULTI-POINT FUNCTIONAL CENTRAL LIMIT THEOREM FOR WIGNER MATRICES

We remind the reader that m(z) is the unique solution of the Dyson equation

1
“m) =m(z) +z, S2z3(m(z)) >0 (2.9)
and that its derivative satisfies
: m(z)
=—" 2.10
Given fixed z1,..., 2, € C\ R, set m; = m(z;) and m} = m/(z;), respectively, and let
mgm;
o i 2.11
@i 1 —m;m; ( )

possibly setting ¢;; = m whenever i = j. Moreover, we define the iterated divided
difference for finite multi-sets {z1,...,2;} C C\ R recursively by

mlza, ..., 2] —mlz, oo 261

M|z, ..., 2| = 2.12
[ 1 ) k] 2% — 21 ( )
whenever there are two distinct z; # z, among 21, ..., z; and otherwise set
(k—l)( )
m z
mlz,..., z] = ——7=
[’H,;/] (k—1)!
k times

where m*~1 is the (k — 1)-th derivative of the function m in (2.8). Note that this is
well-defined in the sense that m|zy, ..., zx] is independent of the ordering of the multi-
set {z1,...,2,}. We abbreviate m[1,... k| := m[z,..., 2] and note that ¢, ; in (2.11)
coincides with m/i, j|.

2.1.2 Preliminaries: Multi-Resolvent Local Laws

Before considering the fluctuations, we briefly recall the optimal multi-resolvent local
law [37, Thm. 2.5], which characterizes the deterministic approximation of (T} x). We
start by introducing the commonly used definition of stochastic domination.

Definition 2.1.2 (Stochastic domination). Let
X = {X(N)(u)’N €Nue U<N>} and Y = {Y(N)(u)‘N €Nue U<N>}

be two families of non-negative random variables that are indexed by N and possibly some
other parameter w. We say that X is stochastically dominated by Y, denoted by X <Y
or X = O(Y), if, for alle,C > 0 we have

sup P(X(N)(u) > NEY(N)(u)> <N¢

ueUWN)

for large enough N > Ny(e,C).
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2.1. Introduction

Given z1,...,2; € C and matrices Ay, ..., Ay, we define the set function® My = M
through the recursion

k-1
My =m (A1M[2,k} + que{Ai Mg ) + D (M) (M[j,k} + Q1,k<M[j,k]>)> (2.13)

=2

with initial condition My = 0. We remark that an explicit (non-recursive) formula for My,
was derived in [39, Thm. 2.6], however, we will not use it in the present paper. Analogously
to (2.13), we may define Mg for any (cyclically) ordered set S = (s1,...,s,) instead of
an interval. In this case, we write

MS = M(sl,...,sk)- (214)

The set function My, plays the role of the deterministic approximation of 1}, ;)G in the
following multi-resolvent local laws.

Theorem 2.1.3 (Multi-resolvent local law, [37, Thm. 2.5]). Fiz ¢ > 0 and k € N.
Let z1,..., 2z € C\ R with max;|z;] < N and d := min; dist(z;, [—2,2]), deterministic
matrices Ay, ..., A, € CN*N with || A;]| S 1 such that a out of them are traceless. Set
further n, == min; |Jz;| > N7, Recalling that Tj = G;A;, we have the averaged local
law

1
(D) = (Mg A0) + O~y ), 219
and for x,y € CN with ||x||, |ly|| <1 we have the isotropic local law

1
Ve /2_1) (2.16)

As we frequently encounter (M Ay) in the following sections, we introduce the notation?

(x, Ty Gry) = (X, My) + @<(

ml[T17 s 7Tk] =m [217 A17 sy Rk Ak] = <M[k}Ak> (2]‘7>
and remark that the function m,[-] satisfies a recursion similar to (2.13). The arguments
in the notation my[7T7y,...,Ty] indicate the deterministic approximation of (7} ...T}).
Whenever A; = --- = A, = Id, it follows that the deterministic approximation is given by

the iterated divided differences, i.e.,

my[Gy,...,Gl =m[l,... K| (2.18)
which can be seen from the resolvent identity
G, —Gj_
GjGj_l = kR o (219)
Zj— Zj—1

and the averaged local law (2.15). Note that (2.15) and (2.16) may also be applied for
any product Ty, ... T,, G, that is indexed by a (cyclically) ordered set S = (sq, ..., sk)

Sk—1
instead of an interval. In this case, the deterministic approximation is given by (2.14).

We further note the following a priori bounds for m/[-], mi[-], and M) (cf. Lemma 2.4 and
Appendix A of [37]).

2Note that My depends on (z;) ek and (A;) e, i-e., both the spectral parameters and the
deterministic matrices are indexed by the same set. We hence interpret M.y as a function of the (ordered)
index set to match the notation in the following sections.

3Note that mq [T, ..., T,] is a deterministic quantity. We slightly abuse notation to use the symbol
T; = GjA; and the tuple (z;, A;) interchangeably, as this allows writing some equations more compactly.
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MULTI-POINT FUNCTIONAL CENTRAL LIMIT THEOREM FOR WIGNER MATRICES

Lemma 2.1.4. Let k € IN, pick spectral parameters zy, ...,z and deterministic matrices
such that a matrices among A, ..., Ay are traceless. Further, set n. = min; |3z;| and
assume d = min; dist(z;, [—2,2]) < 1. Then,

1
Im[L,... k]| S g

1
iy [Th, ..., Th)| S e

1

’(M[k])ij }” N nk_l_[a//gp

< || M

where @’ denotes the number of traceless matrices among Ay, ..., Ax_1 and [x] denotes
the upper integrer part of v € R. Generically, the above bounds are sharp® when not
all Sz; have the same sign.

Theorem 2.1.3 together with the optimality of the bounds in Lemma 2.1.4 asserts that
the deterministic M, is indeed the leading order approximation of T}, 4yG. In particular,
the error terms in (2.15) and (2.16) are smaller than the natural upper bound on their
leading term by a factor of (N7,)~" and (N7,)~"/2, respectively.

2.2 Main Results

The main result of the present paper is a functional CLT for the centered statistics
Y= (fAW) Ar o fl(W)A) = B(L(W) Ay ... (W) Ag), (2.20)

where « is a multi-index containing the deterministic matrices and test functions involved
and a denotes the number of traceless matrices among Ay, ..., Ax. Note that we omit the
superscripts of Y,(*%) whenever a or k are not used explicitly. The test functions fi,..., fi
are chosen according to the following set of assumptions.

Assumption 2.2.1 (Test functions). For k,p € N let g1,...,9x € H(R) be (N-
independent) real-valued compactly supported test functions with ||9j||Hg < 1. Fiz-
ing 0,y >0 as well as v1,...,v > 0 either as

(1) [Macro]§ ==y =---=7v=0 oras
(2) [Meso] 6 >0, v€ (0,1), and 0 < ~; <,

we pick (N-independent) reference energies Ej € [=2+ 6,2 — 6| for j=1,..., k. Lastly,
we define the test function rescaled to a scale N~ around Ej by

fi(x) == g;(N" (x — Ej)). (2.21)

Note that Assumption 2.2.1 includes both the macroscopic scale (1) and the bulk regime
for mesoscopic scales (2). While it is possible to mix both regimes by choosing part of
the test functions to satisfy (1) and the remaining ones to satisfy (2), the error estimate
obtained from the results below is of the same size as if all functions were chosen on the
mesoscopic scale. Treating this mixed regime optimally would require a multi-resolvent

4The bounds are "sharp" in the sense that they are optimal in the class of bounds involving only 7,
in the small 7, regime, see also [37].
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local law that carries the number of spectral parameters with N-dependent imaginary
part as a parameter. Since the present paper focuses on the proof of the multi-point
functional central limit theorem, we use the already established Theorem 2.1.3 as input
and choose either (1) or (2) for all test functions.

We further remark that the restriction to real-valued test functions is only for simplicity.
Extending the results in this section to complex-valued ¢y, ..., gr only requires minor
modifications to the proofs in Section 2.4. Moreover, as one can decompose any matrix A,
inY, as A; = (A,)Id+ A;, by multi-linearity, it is sufficient to consider Y,, for deterministic
matrices A; that are either traceless or equal to the identity matrix.

Throughout the paper, we denote the multi-index « in the form

Q= ((917 T, B, Al), ceey (gkza Vi, B Ak))

with g;, 7;, and Ej chosen following Assumption 2.2.1. We also introduce Fj := f;(IW)A;
and use the interval notation

Fij = W) A ... f;(W)A;

for i < j as well as Fj = 0. Note that (g;,7;, E;, A;) and F; contain the same infor-
mation. For this reason, we will occasionally abuse notation and use both quantities
interchangeably.

We further introduce the random variables

XD = (T ) — B{Th) = (GrAr ... GRAL) — E(G1A; ... GLAy), (2.22)

«

as a special case of (2.20). By a suitable functional calculus (cf. [49]), information on (2.22)
carries over to the general statistics (2.20), thus yielding a key tool for the proof of our
main results. We, therefore, consider the analog of the results in Sections 2.2.1 and 2.2.2
for the resolvent case separately in Section 2.3. Throughout the paper, we write

o = ((217141); ceey (ZkaAk))

for the multi-index in (2.22) containing the spectral parameters 21, . .., z; appearing in the
resolvents as well as the deterministic matrices. Whenever we do not need the number k
of resolvents (resp. deterministic matrices) in the product or the number a of traceless
deterministic matrices among Ay, ..., Ay explicitly, we again omit the superscript, and
further occasionally abuse notation to use (z;, 4;) and T; = G;A; interchangeably. In the
context of (2.21), we may interpret the resolvent G(z) as a function rescaled to scale |3z|~!
around Rz (even though the corresponding function ¢ is not compactly supported). The
analog of Assumption 2.2.1 for the spectral parameters now reads as follows.

Assumption 2.2.2 (Spectral parameters). Let k € N. Fizing §,( > 0 either as
(1) [Macro] § = (=0 or as
(2) [Meso] 6 >0 and ¢ € (0,1),

pick (N-independent) reference energies E; € [—2 46,2 — 0]. We choose the spectral
parameters zy, ...,z € C such that z; = E; + in; with |n;| 2 N~¢ and max; |z;| < N0,

Note that we consider spectral parameters z; for which |Sz;| is either of order one
(macroscopic scale) or only slightly above the typical eigenvalue spacing (mesoscopic
scales). Whenever |n;| is small, we further restrict to the bulk regime, i.e., those z; for
which Rz, is bounded away from the boundary of the support of the semicircle density
at £2.
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2. MUuULTI-POINT FUNCTIONAL CENTRAL LIMIT THEOREM FOR WIGNER MATRICES

2.2.1 The 1/N Term of E(fi(W)A; ... fr(W)A)

We start our analysis by considering an expansion of ([} ) which identifies the sublead-
ing 1/N term. To state the theorem, we introduce a set function £[-] that plays the role of
the 1/N term for the resolvent case (T} »)). Note that &[] characterizes the error of or-
der 1/N that is obtained from interchanging (17 k) — E(T71 k) and (T k) —mu [T, ..., Th,
i.e., it relates X, in (2.22) to the bounds in the local law (2.15). The proof of Lemma 2.2.3
is carried out in Section 2.4.2.

Lemma 2.2.3. Let k € N, W be a Wigner matriz satisfying Assumption 2.1.1, and
fix spectral parameters zy, ...,z satisfying Assumption 2.2.2 as well as deterministic
matrices Ay, ..., Ay with ||A;|| S 1. Moreover, assume that a matrices among Ay, ..., Ay
are traceless. Then there exists a set function E]-] (defined recursively in Definition 2.3.1
below) such that

R4 N¢
BTy Ty = [Ty, T + €T, T + O(Nm nf‘“/g) (2.23)

with my[-] as in (2.17), k4 as in (2.6), and n, := min; |Jz;].

We remark that (cf. Lemma 2.3.2 below)

1
5[T1,~-,Tk]§m’

i.e., the error term in (2.23) is indeed smaller than the deterministic leading term. A
discussion of the properties of £[] is included in Section 2.3.1 below. We now give the
expansion of E(Fy ).

Theorem 2.2.4. Let k € IN and pick deterministic matrices Ay,..., A, € CN*N
with ||A;|] S 1 such that a out of them are traceless. Let further W be a Wigner matriz
satisfying Assumption 2.1.1 and let f1, ..., fi be test functions satisfying Assumption 2.2.1
with p =k — |a/2| + 1. Then, for any € > 0, we have the expansion

BlF) = [, [ [T miGe . G Addngdr

+ ]\I‘;;k /Rk /[0’10},6 [ﬁ(af(fj)C,p)<Zj)]5[0(21)141,---,G(Zk)Ak]dmk]dx[k]

j=1
N*max; || fi| ur
o =) (2.24)
where we write z; = x; +1in;, dap) = drydzy ..., dr, as well as dngy = dmpdny . .. doy,

and (f;)cp denotes the almost analytic extension of f; of order p.

Theorem 2.2.4 follows from Lemma 2.2.3 and the Helffer-Sjostrand formula (see [49]). As a
similar argument will be used for the more involved proof of the multi-point functional CLT
in Theorem 2.2.7, we omit the details here.

It follows from (93) in [40] that £[T}] is given by

5
mq

€[h] = (Ay) = (Ay)mimj. (2.25)

2
1 —my
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Hence, computing the second integral in (2.24) shows that the 1/N term E[f,(W)A;]
Of E<f1(W)A1> is

2 (2" — 42® 4 2) fi() f1(0)
S / fl psc dl’—i—; o \/m dr — 9 )

where ps. denotes the density of the semicircle law in (2.7). We remark that this formula
was already included in [40, Thm. 2.4]. Theorem 2.2.4 hence generalizes Equation (21)
in [40] to arbitrary k£ > 1 in the setting of Assumptions 2.1.1 and 2.2.1.

2.2.2 Statement of the Multi-Point Functional CLT

We now state our main result, the multi-point functional CLT for the statistics Y, in (2.20).
To give the limiting covariance structure explicitly, we introduce a set function m[-|-] to
play the role of the deterministic approximation of the (appropriately scaled) covariance®
of (T1 ) and (Tik41,k4¢) in the same way that My and my[-] do for the expectation
of Ty G, (see Theorem 2.1.3 as well as (2.17)). Recall that we use (z;, A;) and T;
interchangeably. In particular, we may write

myla|f] = mo[Th, .., Ti|Thoir, - - -, Thed]

where the two multi-indices o and [ contain the spectral parameters and deterministic
matrices in Ty, ..., T, and Tyiq, ..., Trie, respectively.

Lemma 2.2.5. Fiz k,{ € N, let o, B be two multi-indices of length k and ¢, respectively,
and let W be a Wigner matriz satisfying Assumption 2.1.1. Pick two sets of spectral

parameters zi, ..., 2, and Zgii,-- ., 2kee that either both satisfy Case 1 or both satisfy
Case 2 of Assumption 2.2.2, and denote n, = min; |Jz;|. Moreover, pick deterministic
matrices Ay, . .., Apre with ||A;]| S 1 such that a matrices among Ay, ..., Ay, and b matrices
among Agi1, ..., Apyre are traceless. Then there exists a set function myl|-|-] (defined

recursively in Definition 2.3.4 below) such that

2 k,a (£,b) _ NE
N2EXED XY = myfal] + (9( e /2) (2.26)

for any € > 0.

We remark that (cf. (2.56) below)

1

mo[Ty, . T Thgrs -+ s Threl | S Wu

i.e., the error term in (2.26) is smaller than the deterministic leading term at least by a
factor (N 77*)_1/ 2. The statistics X, and the corresponding CLT, as well as the properties
of the function my[-|-] are discussed in more detail in Section 2.3.2 below. Moreover,
explicit (non-recursive) formulas for my[-|-] are derived in the companion paper [123]. We
further recall the following definition.

®Note the similarity between the notations mi[-] and my[-|-], which take one and two resolvent chains
as arguments, respectively.
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Definition 2.2.6. Consider two functions of the Wigner matrix W in Assumption 2.1.1,
which we denote as N -dependent random variables X)) and YN, We say that XV) =
YN 4 O(N=¢) with ¢ > 0 in the sense of moments if for any polynomial P it holds that

EP(XW) = EP(YW™) + O(N—°),

for any smal € > 0, where the implicit constant in O(-) only depends on the polynomial P
and the constants in Assumption 2.1.1.

The main result of the paper can now be stated as follows.

Theorem 2.2.7 (Multi-point functional CLT). Under the assumptions of Theorem 2.2.}
it holds that, for any e > 0, the centered statistics (2.20) are approximately distributed (in
the sense of moments) as

(ha) _ N® max; || fj]| mr
NY#9 = £(a) + 0( W ) (2.27)
with a centered (N -dependent) Gaussian process {(a) satisfying
E[§(a)€(8)] (2.28)

1 k
= TEE R dap /[0710},€ dn[k][il_[l(az(fz’)c,p)(zi)} /Re Az (k41 k40 /[0710]/& Ans1,k40
¢
11 (@(fj)gq)(zj)}mg[G(zl)Al, o G(2) Akl G (2rg1) Akt - - -5 G(2kre) Arye]-

j=k+1

X

Here, z; = x;+in;, dopj = drdzyy ..., dxy as well as dnj ) = dndniy .., dn; fori < j,
and (f;)cp denotes the almost analytic extension of f; of order p. Further, 3 denotes

another multi-index of length ¢ containing the deterministic matrices Agy1,..., Apie
with ||A;|| S 1 out of which b are traceless, as well as the test functions fri1,. .., fite
satisfying Assumption 2.2.1 with ¢ =€ — |b/2] + 1. Recall that ms[-|-] was introduced in
Lemma 2.2.5.

The key ingredient for the proof of Theorem 2.2.7 is the case of all f; being resolvents,
which we discuss in detail in Section 2.3.2 below. The full multi-point functional CLT is
then obtained from the resolvent CLT using the Helffer-Sjostrand formula (cf. [49]). We
carry out the argument in Section 2.4.5.

2.2.3 Discussion of the Multi-Point Functional CLT for
Mesoscopic Scales

In this section, we consider the mesoscopic regime of Theorem 2.2.7 (Case 2 of Assump-
tion 2.2.1) in more detail. We start by noting that the set function my[-|-] in Lemma 2.2.5
can be decomposed as

o[- ] = meup[] + mamg[]-], (2.29)

with functions mgy e[| and m,[-|-] that do not depend on any parameters of the underlying
Wigner matrix W. Equation (2.29) induces a similar decomposition for the limiting
covariance in (2.28). We remark that the two contributions are not of comparable size in
the mesoscopic regime and that the summand with prefactor k4 is of lower order. This
reduces the leading term in (2.28) to the case k4 = 0, thus simplifying it considerably.
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We give a brief example in the resolvent case to illustrate this phenomenon. More general
bounds are given in Lemma 2.3.5 below. Recall that we may interpret the resolvent G(z)
as a function rescaled to scale |3z|™! around Rz to match (2.21).

Example 2.2.8. For k = ¢ = 1, we have by (92) of [40] (or Definition 2.3.4 below) that

mg[Tlng] = <A1A2>7 + <a1a2> . m4m‘z’m§’ (230)

m.m. m2m?2
AN (A < 12 — 17772 9 / r 3 3)’
AN ide) (1 —=mims)? (1 —mimy) Ry — R,

where a; denotes the diagonal part of the matrix A;. Assuming that ||A;|,[|A4z2]] S 1
and |21, |Sz2| > 1., a brief computation using the explicit explicit form
—z+V22 -4
m(z) = —————
2
of the solution to (2.9) shows that |(1 — myms)™?|
in (2.30) satisfies the bounds

< n; . Hence, the function my[T}|T5]

Y

M (A (A £0,
ma[Th (T3] S {n—l if (A;)(A) =0.

*

Both inequalities are sharp if 3z, and 2z, have opposite signs. We further note that

m [T!T]<{n*_2’ if (A;){42) #0,
cuelthiif2] 59 1 (A1) (A) =0,

* )

m,[Th|T3] = O(1),

i.e., the two parts of my[|] (cf. decomposition in (2.29)) do not contribute equally
unless 7, 2 1 (macroscopic regime).

We hence restrict the following discussion to the case k4 = 0. Even with this simpli-
fication, the limiting covariance in Theorem 2.2.7 may be tedious to compute using
the recursive definition of my|-|-] alone. In the companion paper [123], we consider the
recursion defining my[-|-] in detail and derive explicit formulas. Combining [123, Thm. 2.4]
with (2.28) then yields a more direct way of computing the limiting covariance which is
fully explicit whenever x4, = 0. The result is given in Corollary 2.2.9 below. We emphasize
that E&(a)&(5) is a sum of terms that decompose into a product of a function of the
deterministic matrices Aj,..., Ax and an expression in the test functions fi,..., fris,
respectively. Moreover, the combinatorics underlying the summation mirror those encoun-
tered in second-order free probability theory. The proof of Corollary 2.2.9 is given in
Section 2.4.6.

To state the result, we denote by NCP(k) the set of non-crossing partitions of [k],
by NCP(k,!) the set of non-crossing permutations of the (k,¢)-annulus, and by, K ()
the Kreweras complement associated with an element 7 € NCP(k) or m € NCP(k, (),
respectively. Moreover, the first and second-order cumulants h, and h., associated with
set functions h[] and hl[-|-] are computed recursively from the moment-cumulant relations

nsi= Y [hlBl (231)

TeNCP(S) Bem

h[Sl|SQ] — E H hO[B] —|— Z hoo[UllUQ] H ho[B]
TeNCP(]S1],|S2|) BE™ w1 Xm2ENCP(|S1])x NCP(|S2]), Bem\Ux
Ui ery,UzEm2 marked Uma\U2

(2.32)
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The full definitions and some illustrative examples are, e.g., given in [123, Sect. 1] or [111].

Corollary 2.2.9. Consider the setup of Theorem 2.2.7 for kg = 0. Then,

E¢(a)¢(8) = IT CITA)) II ®xe(fili € B) (2.33)
o, LI ()

BeK(r) ‘jeB Ben
+ Z ( H < H A]>< H Aj>)®7r1X7T2,U1><U2(f17'~‘7fk+f>‘
T XmENCP(k)xNCP({), * B1eK(m1), 'j€B1 jE€B2
Uy emy,Uz€ma marked BoeK(m2)

The functions ® g and P, smy v, xv, n (2.33) are given by
&, 5(f1j € B) = scu[B), (2.34)

where sc,|-| denotes the first-order free cumulant function associated with

sclit, ... i / H £ (@) pecl (2.35)
with pse as in (2.7), and
Doy oty s (f1s -+ s Jrte) 7= SCoo[U1|Us] H SCo|B1]sco[Bs). (2.36)
B1€7T1\U1,
Boema\Us

Here, scoo[-|-] denotes the second-order free cumulants associated with sc[-] in (2.35) and

SCit, -+ inlinstse e sinim] = ;/_22 /_22 (ﬁlf ) (Hfznﬂ ) u(w, y)dady, (2.37)

where the integral kernel u : [—2,2] x [=2,2] — R is given by

(V4 — a2+ 4 - y)(ﬂsy+4—x/4—w2\/4—y2)}
(V4 — 22 — VA=) (zy + 4+ Vi— 224 =)

We remark that the structure of (2.33) resembles the formula in [107, Thm. 6] for the
covariance of alternating products of GUE and deterministic matrices in second-order
free probability. This connection is discussed further in the companion paper [123]. In
particular, applying Theorem 2.2.7 and (2.33) for fi(z) = -+ = frye(z) = = reproduces
the corresponding formulas in [107] (cf. [123, Cor. 2.11]).

(2.38)

u(r,y) = —n [

Theorem 2.2.7 and Corollary 2.2.9 identify the limiting process {(«) in terms of the
test functions fi,..., frre. Similar to [40, Sect. 2.3] in the case k = ¢ = 1, we can
make use of the mesoscopic scaling (2.21) to give asymptotic formulas in terms of the
functions g1, ..., gk+¢ whenever v; > 0 for all j. The key quantities sc[-] and sc[-|-] charac-
terizing the covariance structure of two modes Y,*® and Y( ) can then be conveniently
expressed in terms of the L? and H Y2 inner products

f(@) = fy) g(z) — g(y)dxdy
R2 T —Y T —y '

(fog)e = [ F@)g(@)da,  (F.g) =

Theorem 2.2.10 (Bulk scaling asymptotics). Under the assumptions of Theorem 2.2.7,
pick test functions fi,. .., frye that satisfy Assumption 2.2.1 with some 6,7, > 0.
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(i) Whenever v, = -+ = Yypqm = 7 and the functions f;,,..., fi.... are rescaled around
the same Ey € [=2 40,2 — 6], it holds that

n n+m
Nsclit, ..., insm] = pse(Eo) <HgZJ, 1T gZJ> ~|—(9(N—7>’

Jj=n+1
n—+m
SClit, s tnlingts - s inem) = 2< ngj, 1T 9, > + O(NV).
dm
Jj=n+1
(it) If viy = -+ = Yi,,n = 7, but the functions f; ..., fi.,,. are not rescaled around the

same enerqgy, we have the bounds
Nsclit, .. yipim| = (’)(N‘”’),
SC[il, ce ,in|in+1, ce 7in+m] = O(N_’Y>

Recall that E;,, ..., E;

Tn+m

are fized and N -independent.
(iii) If By =--- = E

inims Ut the scales v1,. .., Ynqem do not all coincide, we have the
bounds

N’Yu}insc[il’ L 7Zn+m] — O(N(’Vmin,Q'YII)in))’
SC[’L'17 .. 77;TL|7:TL+17 .. 7’Ln+m] = O(N('Ymin,Z'Vmin)) .

with Ymin = minj Yij and Ymin,2 = mln{’%] h/zj > ’Ymin}-

The implicit constants in the error terms depend only on 0 and the scaling exponents -,
as well as the test functions gy, ..., gpre through ngHHg and |suppg|.

The proof of Theorem 2.2.10 follows from the definition of sc[-] in (2.35) and (careful)
integration by parts of (2.37). We omit the details.

Note that the random variables £(ay), . . ., £(ag) obtained for £ > 1 multi-indices o, . . ., ag
are jointly Gaussian as a consequence of Theorem 2.3.6 below. Next, we discuss conditions
under which two modes Y, and Y3 in Theorem 2.2.7 are asymptotically independent. The
case k = £ =1 of Corollary 2.2.11 was already discussed in [40, Thm. 2.13].

Corollary 2.2.11 (Independent modes). Under the assumptions of Theorem 2.2.7,
let a and [ be multi-indices such that the test functions fi,..., fr associated with o
are all rescaled around a common reference energy E, on the scale v, > 0 and the test
functions fry1,. .., fuye associated with B are all rescaled around Eg on the scale vz > 0.
Further, assume that a and [ contain a and b traceless matrices, respectively, and denote
by £(a) and £(B) the corresponding limiting Gaussian processes in Theorem 2.2.7.

(i) If E, # Eg, then the processes {(a) and £(B) are asymptotically independent in the
sense that

E[g(a)$(8)])| S N~mintrensl,

(70) If vo # v, then the processes {(a) and &(B) are asymptotically independent in the
sense that

El(@)&(B)] S Nl
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(iii) If a+b is odd, then the processes &(a) and £(B) are always asymptotically independent
in the sense that

N® maxe || fil| e Mmaxjepit r4q ”fjHHq>
b

Elg()¢(3)] = O =

where p =k — [a/2] +1 and ¢ = — |b/2| + 1, i.e., the leading deterministic term
in (2.28) has the same size as the error term in Theorem 2.2.7.

The proof of Corollary 2.2.11 is immediate from Theorem 2.2.10 as well as the remark on
independent modes in the resolvent CLT below Theorem 2.3.6.

Remark (Multiple independent Wigner matrices). The high-probability sense of The-
orem 2.2.7 allows us to generalize the result to multiple independent Wigner matrices
by resolving the individual matrices iteratively while conditioning on all others. We
remark that a similar mechanism has also been applied for computing the determinis-
tic approximation of (fy(W;,)As ... fi(Wi,)Ag) if Wi, ..., W, are taken, possibly with
repetitions, from a family of independent Wigner matrices (see [39, Ext. 2.13]). We
give an example in the case k = ¢ = 2. Let W, W' denote two independent GUE ma-
trices and pick bounded deterministic matrices Ay, ..., Ay with (A;) # 0 as well as test
functions fi,..., fy satisfying Case 2 of Assumption 2.2.1 with p = 3. Then,

NZE[((A W) ALf2(W) Az) = B(f1(W) Az fo(W') As))

X ((Fs(W) As fa(W') Ax) = E{f5(W) A fo(W) Ag) )|
= 8Coo[ 1|3](A1fo(W') A2) (A3 fs(W') Ag) + sco[L, 3[(A1 fo(W') A2 As f4(W') Ay)

+ N2B|((A1 f2(W') Ag) — B(Az fo(W') As) ) ((Asfa (W) As) — B(Asf2(W')As))|

N= max{]| fi zs, HfaHm})
VN

= (A1 A2) (A3 A,) (8Coo[1]3]sC0[2]8C6 [4] + SCoo[2]4]sC0[1]sC4[3])

+ (A1 Ay)(Ag As)sco[, 3sco[2, 4] + (A1 A Az Ay)sco 1, 3]sco[2]scs 4]

s e
VN '

In the first step, we conditioned on W’ and applied Corollary 2.2.9, treating W', and
hence f;(W’), as deterministic. After computing the leading term, Corollary 2.2.9 is
applied again for W’. Lastly, the remaining terms are identified using the local law [37,
Cor. 2.7], which yields a total of five summands. In contrast, if W = W’ all terms
on the right-hand side of (2.28) may contribute. For k = ¢ = 2, this yields 27 terms
in total (cf. [123, Ex. 1.18]). Analogous statements hold for an arbitrary number of
independent Wigner matrices with possible repetitions. We remark that the underlying
combinatorial structure for n independent GUE matrices is given by the so-called non-
mixing annular non-crossing permutations resp. non-mizring marked partitions for n

colors, which was also established in [107] for the special case fi(z) = -+ = fi(x) =«
and general Wigner matrices.

X sCo[1]sCo[3] + (9<

Ay AL AuA)sco[1sco[2, 4]sco[3] + o<

2.2.4 Application to Thermalization Problems

We now specialize Theorem 2.2.7 to the functions f;(z) = €'%* with (N-independent)
numbers t; € R. Recall that
A(t) == "W Ae7 W (2.39)
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2.2. Main Results

describes the Heisenberg time evolution of an observable A and that it follows from [39,
Cor. 2.9] that the observables A;(t) and A, become thermalized for ¢ > 1, i.e., that

(A1(t)A2) = (A1)(Ay)

in the large ¢t regime. Fixing ¢t ~ 1 and using Theorem 2.2.7, we readily conclude that the
fluctuations around the thermal value are Gaussian and can give the leading terms of the
variance explicitly by taking an ¢ — oo limit after letting N — oco. As the randomness
n (A;(t)As) cancels out if either A; = Id or Ay = Id, we omit the deterministic
term (A;)(Ay) from the following result and assume w.l.o.g. that (4;) = (As) = 0.

Corollary 2.2.12. Let ky =0, (A1) = (As) =0, and ||A41|], || A2|] S 1. Then,
B2 €W N
(As(0)42) = () 22 S o (B,
where A1 (t) is as defined in (2.39), Jy is a Bessel function of the first kind, and &(t) is a

centered Gaussian random variable. In the t — oo limit, the variance of (t) satsifies the
asymptotics

Varle(t)] = (| 4iP)4sP) + O (5 ) (240)

and we further obtain

Bl = (4P (a) (P o( ) ey

tl — t2 mm{tl,tQ})Q

In particular, £(t1) and (t2) are asymptotically uncorrelated if we take an |t; — t| — o0
limit after letting N — oo.

Corollary 2.2.12 follows directly from Corollary 2.2.9 by specifying the test functions. We
carry out the details in Section 2.4.7.

Remark. The O(¢t72) term in (2.40) can be given more explicitly, as the limiting variance
can be read off from Corollary 2.2.9 or [104, Sect. 2] (since ¢ is fixed). We obtain

Varlg(0)] = (|47 (1402 (1 - 22O

t2
Ji(4t)  Ji(2t)%\? J1(2t)? J1(2t)?
*\ |2 1 _ 1 — —
+ [(A143)] [( 57 " ) + 28Coo [+, +] = 28Cao [+, =] =3
Ju(4t)  Jy(26)2 Ji(2t
+ (A + (Ap apap) (200 SO A G
J1(2t)2\ J1(2t)*
+ (i) + (Apai ) (1 - 2R A0
where
— el 2 4—zy Ji(4t)  Ji(2t)?
[e]e} d d - ’
>¢ + + 27‘(2/ / ( ) \/4—x2\/4—y2 ray 2t + 12
21— cos(t(z —y)) 4 —zy J1(2t)?
oo 7_ d d — 1 .
S¢ 2#2/ / x—y2 \/4—x2\/4—y2xy * t2

Note that the (|A;]*)(|A2|?) term is the only one having a O(1) contribution, in fact, its
coefficient is 1 + O(t73). The first summand of the |(A;A43)|* term is O(t~3) while the
double integrals behave like ¢ for ¢ — co. Hence the entire [(A; A3)|* term is O(t72). In
the remaining contributions, the largest term is O(¢~3) with the lower-order terms being
as small as O(t79).
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2.3 Central Limit Theorem for Resolvents

In this section, we supply the recursive definitions of the set functions £[-] and my]-|]
introduced in Lemmas 2.2.3 and 2.2.5, respectively, and study their properties. We further
state the analog of Theorem 2.2.7 for the resolvent case, which constitutes the main
ingredient for the proof of the multi-point functional CLT.

1
2.3.1 The 3 Term of E(Tj} ;)
As a first step, we revisit the function £[], starting with its recursive definition.

Definition 2.3.1. Let (T3,...,T}) be an ordered set of CN*N matrices of the form
T; = G;A;. We define E[-] to be the set function taking values in C that satisfies the linear
recursion with a source term (in the last two lines)

S[Tla s 7Tk]
=my <5[T27 s T, TeAd) + ui€lTo, - o Tomr, GrAa] (Ag)

k—1

+ 3 EM, . T, Gyl (malTy, T + quama[T5, o Thor, GiI(AR))

J=1

k
+ 3wl Ty G (ET - T+ @€ T, - Tio, Gil(Ar))

71=2
+ Y (MO Misy) (Mg © (M mAr))
1<r<s<t<k
+ g1k Z <M[r] ® M[s,t]><M[r,s] ® M[t,k}><Ak>> (2.42)
1<r<s<t<k

and the initial condition E[Q] = 0. Recall that ® denotes the Hadamard product, M) was
defined through the recursion in (2.13), my[-] was defined in (2.17), and g, = 772"

1—-mimy °
We remark that M, is diagonal whenever A; = --- = A;, = Id. In this case, the last two
lines of (2.42) are readily evaluated and the recursion simplifies to
£[Gy,....G (G G+ S EG . Gilmls.
(G, G = 1_mlmk< [EET k]+; Gy GyImlg, .o K]
k
+Zm[17 7]]5[G]7 7Gk]
j=2
+ Z m[l,...,r]m[r,...,s]m[s,...,t]m[t,...,k]),
1<r<s<t<k

where m[-] denotes the iterated divided differences in (2.12). Note that E[T},...,T}] is
generally not of order one, but its size is given in terms of 7, and the number of traceless
matrices among Aq, ..., A;. We give a simple bound in the following lemma. The proof
is carried out in Section 2.4.1.

Lemma 2.3.2. Under the assumptions of Lemma 2.2.3, let a among the matrices
Ay, ..., Ay be traceless. Then,

1
|8[T1,,Tk” S W. (243)
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2.3. Central Limit Theorem for Resolvents

Generically, the bound is sharp if not all Sz; have the same sign.

Remark. Lemma 2.3.2 shows that the sub-leading term in (2.23) involving £[-] may be
smaller than the O(N¢/(N/Ni.nk o/ ?) error term in some regimes. However, as we only
apply (2.23) in the form

1 N¢
E(T] =my|1y,...,T) +(’)( >
(Ttr) [T k] anflfa/Q Nmnk a/2

for the proof of the CLT in the resolvent case in Section 2.4.4, a more careful resolution
of the error is not needed.

Note that applying (2.42) once yields the formula

5
my

€[] = (A) = (A1)mym, (2.44)

1—m?
and we readily reobtain (93) of [40] by Lemma 2.2.3.

Having identified the function £[-] as the 1/N term of IE(T}; xj), we may use identities that
are valid on the random matrix side, i.e., the left-hand side of (2.23), to derive further
identities for &£[-] (cf. the "meta argument" below [37, Lem. 4.1]). They are listed in
Corollary 2.3.3 below and the proof is given in Appendix 2.A. In fact, these identities can
also be proven from Definition 2.3.1 directly, however, using (2.23) allows for a shorter
proof. Note that m[-] satisfies the same properties by [39, Lem. 5.4].

Corollary 2.3.3. Let k € IN and (Ty,...,Ty) be an ordered set of CN*N matrices of the
form T; = G;A;. Then

(i) E]-] is cyclic in the sense that E[TY, ..., Ty = E[Ts, ..., Tk, T1].
(i) Whenever z, # z, and Ay = 1d, we have

g[TQ, c. 7Tk:—1a GkAﬂ — 5[T1, e ,Tk_l]

ET, ..., T 1,Gy| = (2.45)
Zk — 21
(7ii) Whenever Ay = --- = A, = 1Id and the spectral parameters z, ...,z are distinct,
&[] has a divided difference structure, i.e.,
ElGs, ... .Gl — &Gy, ..., Gi_
E[Gy, ..., Gy = (G2 Gl = €G- G (2.46)

2k — 21

and we have the closed formula

gGh,....G i - Xk:HME[Gj] (2.47)

J=litj “i z] j=lij M — 1M
with m[-] as in (2.18) and E[G;] = mim3. Moreover, E[-] is invariant under any
permutation of zq, ...,z in this case.
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2.3.2 Statement of the Resolvent Central Limit Theorem

The main result of this section is a CLT for resolvents that identifies the joint distribu-
tion of multiple modes of the type (2.22), i.e., ngi’“i) with different %;, a;, and «;, as
asymptotically Gaussian in the sense of moments. We start by defining the set function
my]-|-], which characterizes the limiting covariance of the random variables X, and Xz
involving two distinct multi-indices v and 5. Note that we only use the following recursive
definition in the present work. However, closed formulas are obtained in the companion
paper [123].

Definition 2.3.4. Let S; = (Th,...,Tp) and Sy = (Ty 41, .., Terre) be two (ordered)
finite sets of complex N x N-matrices of the form T; = G;A;. We define my[-|-] as
the (deterministic) function of pairs of sets Sy, Sy with values in C and the following
properties:

(i) Symmetry: ms[-|-] is symmetric under the interchanging of its arguments, i.e., for
any sets By C S1, By C Sy we have

my[(Ti,i € By)|(1}, 5 € Ba)] = my[(T},5 € Bo)|(13,i € By)l.

(7i) Initial condition: For any sets By C Sy, By C Sy we have

(7ii) Recursion: Let By € S; and By C Sy be ordered subsets with |By| = k < k' and
|By| = € < U elements, respectively. We index the matrices in By by [k] and the
matrices in By by [k + 1,k + ¢]. The function my[-|] satisfies the following linear
recursion

mZ[Tla o 7Tk’Tk+17 o 7Tk+€]

= my <m2 [Tg, e ,Tk_l, GkAkA1|Tk+1, e ,Tk+g]

+ qme[To, ... Th1, GeAr| Tt - - Thro] (Ag) (2.49)
k-1

+ ZmQ[Th oo L1, G| Thgny - - Thgd] (ml[Tj7 oo Ty
=1

+ g [Ty, ... T, Gk]<Ak>)

k
+ Zml[Th e ,le,Gj](mz[Tj, o Tl Thgs - Thoged]

Jj=2

+ g ema[Ty, .. T, G| T, - - - aTk+€]<Ak>> + ScuE + ﬁn)

where the source terms squg and s, are given by
¢
SGUE = Y (m1[T1, cois T, Ty -+ Thogjo1, Grygl
Jj=1

+ gy, The1, G, Tiygy - -, Thv g Gk+j]<Ak>) (2.50)
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k+2 s

—MZ Z (Z ] © M, ko1, )><(M[r,k]Ak)®M[t,s]>

r=1s=k+1 “t=k+1
k+¢

+ > (M) © Mg g) (Mg Ar) © M.t gori,... s)>>

t=s
k+¢ s
+/€4qlkz > ( > (M) © M. geregir,)) (Mg © Mizg)
r=1s=k+1 t=k+1

et

+ > (M) © Mis)(Mppy © M, kvt s>>)<Ak>. (2.51)
t=s

Recall that ® denotes the Hadamard product, ¢, = —22"%— with my, my, as in (2.8),

1—-mimyg

M.y was introduced in (2.14), and my[-] was defined in (2.17).

Remark. The special role of m; in (2.49) is a result of the identity (2.74) used for the
proof of Lemma 2.2.5 in Section 2.4.3 below. Similar to the recursion for m;[-] in [37,
Lem. 4.1], it is possible to derive a version of (2.49) for every j = 2,..., k that singles out
the factor m; instead of m; on the right-hand side, i.e., (2.49) is only one element in a
family of equivalent recursions for my[-|-].

The linearity of the recursion and the two different types of source terms induce the de-
composition (2.29), where mgyg|-|-] satisfies (2.49) for k4 = 0, and rym,[-|-] satisfies (2.49)
without sqyp. We remark that by [39, Thm. 3.4, both m,[-] and M.y are fully expressible
as functions of Ay, ..., Axe and my,...,mye. Hence, the same holds for the source
term sgup + 5, in (2.49), eventually making my[-|-] a function of the same quantities.
Similarly, we have the decomposition

ml|] = meusl-[] + wamg[-| ], (2.52)

for the function m/[-|-] defined by the relation

%[1, Ceey k?|k3 + 1, RN k + é] = mg[Gl, ceey Gk|Gk+1, R ,Gk+g] (253)
in the special case A; =--- = A, =1d.
Next, we consider the size of my[-|-]. We have the following bounds, which we prove in

Section 2.4.1.

Lemma 2.3.5. Under the assumptions of Lemma 2.2.5, we have the estimates

1
‘mGUE[Tla oy T Tgns - - ;Tk—l—f” S e (2.54)
T«

1
k+e—1—[(a+b)/2]"
77*+ [(a+b)/2]

‘mn[T17"'7Tk|Tk+17"'JTk—FZ]) 5 (255>
Generically, both bounds are sharp if not all Sz; have the same sign. In particular, m,][-|-]
is dominated by mgyg[-|-| on all mesoscopic scales and it holds that

1

‘mg[Tl, . ,Tk|Tk+1, A ,TkJrg]’ 5 W.

(2.56)
After this preparation, we state a CLT for resolvents which generalizes [40, Thm. 4.1] to
handle resolvent chains of arbitrary length i 1n the setting considered. The proof follows by
induction on the number of factors Xa,” a7) using the bounds from Lemma 2.2.5 and its
proof as input. We give it in Section 2. 4 4.
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Theorem 2.3.6 (CLT for resolvents). Fiz p € IN, let ay, ..., a, be multi-indices, and
let W be a Wigner matrixz satisfyin (q Assumgotwn 2.1.1. Moreover for every j=1,...,p
pick a set of spectral parameters z7"/ ...,z y such that either all sets satzsfy Case 1 or
all sets satisfy Case 2 of Assumption 2 2.2, cmd denote Ny = min, ; |\sz \ Moreover, for
every j = 1,...,p, pick deterministic matrices Al ... A(j with || A; J)|| < 1 such that a;
of them are traceless. Then,

p N¢E
Nm<nxgm): > Ilmﬂwm+0< kaﬁ (2.57)
=1 Qe Pair(p)) {ij}€Q VN, TH s

for any e > 0. Here, ma[-|-] is as in Definition 2.5.4 and Pair(S) denotes the pairings of a
set S. Equation (2.57) establishes an asymptotic version of Wick’s rule and hence identifies
the joint limiting distribution of the random variables (Xéjj’aj))j as asymptotically complex
Gaussian in the sense of moments in the limit Nn, — oo.

Remark (Independent modes). Note that (2.56) implies that two modes X{¥*1) and
X gf’“?) in Theorem 2.3.6 are asymptotically uncorrelated whenever a; + as is odd and
1. < 1. This feature is exclusive to the mesoscopic regime, as all modes contribute equally
for the macroscopic regime, i.e., if n, = 1. In the case k = 1, we may also write the
deterministic matrix as

A= (A)Id+ Ag+ Ay (2.58)

with Aq and Aoq denoting the diagonal and off-diagonal part of A= A- (A)1d, respectively.
The three resulting modes (A) Tr f(W), Tr f(W)Ag, and Tr f(W)A.q are asymptotically
uncorrelated as N7, — oo (cf. [40, Thm. 2.4]). Since this is a consequence of (B;By)
and (B;)(B,) vanishing whenever By # B, and By, By € {Id, Ay, Aoq}, this phenomenon
is exclusive to the k = 1 case and decomposing Ay, ..., Ay for k > 2 according to (2.58)
does not yield 3¥ uncorrelated modes in general. As an example, consider the case k = 2
with two deterministic matrices A and B, where applying (2.58) gives rise to 9 distinct
modes. Here, computing the covariance, e.g., of Tr[GlAdGQBd] and Tr[Gleng od]
yields terms that involve longer products, e.g., (AdAOdBdBOd> which do not vanish in
general.

Similar to Corollary 2.3.3, we may use identities that are valid on the random matrix side,
i.e., the left-hand side of (2.26), to derive further identities among the recursively defined
quantities ms|-|-] and my[-|-]. The proof is analogous to the proof of Corollary 2.3.3 and
hence omitted. We refer to Appendix 2.A for the setup of the necessary "meta argument'.

Corollary 2.3.7. Let S1,S5 # 0 be two ordered multi-sets. Then
(1) m[S1]Sa] is invariant under any permutation of the elements of Sy as well as Ss.
(7i) my[-|-] is cyclic in the sense that

wo[(Ty,5 € S)|Th, ..., T] = ma[(T}, 5 € S)[T3, ..., Tk, Th].

(iii) Whenever the spectral parameters indexed by Sy and Sy are distinct, m[-|-] has an
entry-wise divided difference structure, i.e.,

RS ] = TS W =TS k= 1] 2.5)

2k — %1
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and we have the closed formula

N 1 1 .
msis = Y (I = IT = )mlsle
(S,t)ESl><SQ €851, <i s JES2, Z‘y t

1#s J#£t

- ¥ (H mli, 5 11 mlj, ] )’rﬁ[s]t] (2.60)

(st)eS xSy viesy, T — Ms jeg, My — My
1#£s Jj#t

with m[s|t] = mlsimnit)g Recall that m[-|-] was defined in (2.53).

(1—ms
(iv) Whenever z; # z, and A, = 1d, we further have

mo[(T5,5 € S)|Th, ..., Th1, Gi]
_ mg[(ﬂ,j € Sl)|TQ, . aTk—laGkAl] — mg[(T’],j < Sl)|T1, ... ,Tk_l] (2 61)

2k — 21

Moreover, we have the following alternative integral representation for mgyg|-|-] (cf.
decomposition in (2.52)). The proof of Corollary 2.3.8 is carried out in Section 2.4.3
below.

Corollary 2.3.8. Let k, ¢ € IN. Then,

meuell,. ... klk+1,... k+/{] (2.62)
1//< k 1 1 )( ket 1 1 )
=5 ' : u(z, y)dady
2 ;(I—ZN JH#CC—Z;' i_kzil(y—zi)z Jnﬁy—%

with the kernel u : [—2,2] x [-2,2] — R in (2.38).

Remark. It is readily checked that the kernel u is non-negative and has a logarithmic
singularity at x = y. Using that the two-body stability operator of the underlying Dyson
equation (2.9) is given by B(z1, z2) = 1 —m(z1)m(z2), we can also express (2.38) in terms
of 1 x 1 determinants as

u(z,y) = —2;3%( In(det[B(x + 10,y +0)]) — In(det[B(x + i0, y + i0)]))

to match the formulas in [125, Sect. 7] for k = ¢ = 1 and A; = Ay = Id. Note that W
being a GUE matrix corresponds to the choice 3 = 2 and C¥) = 0 in the notation of [125].

2.4 Proofs

2.4.1 Proof of Lemmas 2.3.2 and 2.3.5 (Size of &[] and my[-|-])

In this section, we prove the estimates identifying the size of the deterministic approxi-
mations £[-] and my[-|-]. We start by noting two bounds for ¢; » that are used for both
proofs.

Lemma 2.4.1. Let 21,25 € C and define the constants 1, := min{|z|, |Sz2|} as well
as ¢ = 7 min{|Smy|, |Sma|}. Then,

q1,2 = m[l,?] =

mimy CY if Sz, Sz have the same sign,
1-— mq1mso ~

nt, if Szi, Szo have opposite signs.
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The estimates in Lemma 2.4.1 are immediate from the explicit form m(z) = (—z +
V22 — 4)/2 of the solution to (2.9). Next, we establish the estimate for £[].

Proof of Lemma 2.3.2. We show (2.43) by induction. As the base case k = 1 readily fol-
lows from (2.25), assume that the bound in (2.43) holds for up to k—1 matrices T3, ..., Ti_1.
W.lo.g. assume further that Ay is either traceless or equal to the identity matrix.

We start by considering the case where A, = Id and $z; and Sz, have opposite
signs. Here, (2.43) follows immediately by using Corollary 2.3.3(ii) and applying the
induction hypothesis for [Ty, ..., Ty 1,GrA;1] and &[Ty, ..., Ty 1], respectively. Note
that |21 — zx| > 21, by assumption, which completes the bound for the right-hand side
of (2.45).

In the remaining cases, (2.43) follows from the recursion (2.42), which allows rewrit-
ing E[T1,...,Ty] in terms of my[-] and values of £]-] for which the induction hypothesis
applies. Whenever Sz; and Sz, have the same sign, Lemma 2.4.1 yields

™

Wh S (S, [Sma]}

Note that Sm(z) can be bounded from below independently of 7, for both the macroscopic
scale and the the bulk regime of the mesoscopic scales (cf. Assumption 2.2.2). Thus,
estimating the right-hand side of (2.42) using Lemma 2.1.4 and the induction hypothesis
yields the claim. In particular, we obtain 7, with the exponent —(k — 1 — [§]) by using
the inequality [2] + [4] > [%3¥] for 2,y € N to combine the powers of 7, when products

2 2
with M, are considered.

Whenever Sz, and Sz, have opposite signs, the prefactor gy, is of size 1. However,
it only remains to consider the case (Ax) = 0 for this setting, in which the terms
involving ¢, on the right-hand side of (2.42) do not contribute. Hence, (2.43) again
follows from Lemma 2.1.4 and the induction hypothesis. O

Next, we show the estimates for mgyg[-|-], ms[|-], and my[-|-]. To illustrate the tools at
hand, the bound for mgyg[-|-] is obtained from the explicit formula in [123, Thm. 2.4]
while the bound for m,[-|-] is proved using the recursion (2.49). We start with a lemma.

Lemma 2.4.2. Under the assumptions of Lemma 2.2.5, let Ay = -+ = A,y = Id
and kg = 0. Then,

|’mGUE[1,...,k\k+1,...,k+£}|gw (2.63)
|moo[17,k“€+1,,k+£”§W (264)

where Moo[+|| denotes the second-order free cumulant function associated with the iterated
divided differences m|-| and meug|-|]. Generically, both bounds are sharp if not all Iz;

have the same sign.

Proof of Lemma 2.4.2. The bound (2.63) follows by induction on k and ¢. As the base
case k = ¢ =1 is covered by Example 2.2.8, assume that the bound for mgyg[-|-] holds
for up to k — 1 indices in the first argument and a fixed number ¢ indices in the second
argument. Recall that mgyg[-|-] is symmetric under the interchanging of its arguments by
Definition 2.3.4(i) such that it is sufficient to carry out the induction step for one of the
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arguments only. We distinguish two cases for z; depending on the sign of its imaginary
part.

Case 1: Oz and Sz, have the same sign: We note that |¢ ;| < 7/ min{|Smy|, [Smy|}
by Lemma 2.4.1, where the right-hand side can be bounded from above independently
of n, under Assumption 2.2.2. Rewriting mgur[l,...,k|k + 1,...,k + ] using the
recursion (2.49), the bound (2.63) follows directly from the induction hypothesis and the
estimate for m[-] from Lemma 2.1.4.

Case 2: 8z and Sz, have opposite signs: Recalling that mgyg[-|] has a divided differ-
ence structure (cf. Corollary 2.3.7), it follows from the induction hypothesis that

mauEe[l, ... klk+1,... k+1/]|
_meue(2,.. . klk+ 1, k4 —meue(l, . k= 1k 41, k4 (]
21 — Rk

1
oz = |

As $z; and Sz, are assumed to have opposite signs, we have |z; — zx| > 2n,, which
gives (2.63). This concludes the induction step.

The bound (2.64) for me.|[-|-] is an immediate consequence of the second-order moment-
cumulant relation (2.32) as well as the estimates in (2.63) and Lemma 2.1.4. O

Proof of Lemma 2.3.5. Given Lemma 2.4.2, the bound (2.54) readily follows from [123,
Thm. 2.4]. We omit the details, but include a brief sketch of the argument for the
convenience of the reader. First, consider the case k = ¢ = 2. We have

G (T1, To|Ts, Ta) = (A1) {A2){As)(Ai)moo[L, 213, 4] + (A1 As) (As) (As)meo [1]3, 4Jmo 2
+ (A1 A2) (A3 Ay)moo[1]3]mo[2]mo[4] + . ..
+ (A1) (A3 AL) (As)mo[1,2,3, 4]
+ (A1) (A2 A3A)mo[1,2,3Imo[4] + . . .,

where m,[-] and me,[+|-] denote the first and second-order free cumulant functions associ-
ated with the iterated divided differences m[-] and mgyg|-|-]. By Lemmas 2.1.4 and 2.4.2,
the largest contribution is obtained from me.[1, 2|3, 4] and ms[1, 2, 3, 4], respectively, yield-
ing a total bound of order n-%. Note, however, that these leading terms may vanish if at
least one of the deterministic matrices is traceless, resulting in a smaller bound overall.
This effect gets stronger the more traceless matrices are included. In the case that all
four matrices A, ..., Ay are traceless, only 10 out of the initial 29 terms contributing to
meue|Ti, To|Ts, Ty] remain, yielding a bound of order 7.

For general k and ¢, the estimate for mgyg[-|-] is obtained from a careful balancing
of the sizes of the largest cycles (resp. blocks) in the non-crossing permutation (resp.
partition) 7 which governs the contribution of ms|[:|-] (resp. moo[-|]), and its Kreweras
complement K () which governs the contribution of Ay, ..., Age. This yields

( > k+£—[(a+b)/2]

1
we%(k,é) <B€11_([(7r) <jl€_£ Aj>> Bl;[w mO[B]’ e e
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where the leading contribution is obtained an annular non-crossing permutation 7

with |K(7)| <k+¢— [(a+b)/2], and

> ( II <HAj>>moo[U1|U2] [T mo[Bimo[B,]

7r1X7r2€NCP(k)><NCP(€), BEK(TFl) JjEB Biemi\Ui,
Ui €my,UzEme marked UK (mr2) Baema\Us
1 k+£—[a/2]—[b/2]
< () '
Y
T)x

where the leading contribution is obtained for a marked partition m = m; X 7wy satisfy-
ing |K(m)| < k—[a/2] and |K(ms)| < 1—[b/2]. In particular, the two parts of mgyg||]
only contribute equally to (2.54) if [2] + [2] = [2£2].

The bound (2.55) follows by induction on k£ and ¢. As the base case k = ¢ = 1 is
again covered by Example 2.2.8, assume that the bound for m,[-|-] holds for a multi-
index of length at most & — 1 in the first argument and a multi-index of length ¢ in
the second argument. Recalling that m,[-|] is symmetric under the interchanging of its
arguments, it is sufficient to carry out the induction step for one of the arguments only.
To simplify notation, set 8 = {(zk11, Aks1), - - -, (Zkre, Axre) }. We further assume w.l.o.g.
that each A; is either traceless or equal to the identity matrix. Similar to the proof of
Lemma 2.3.2, we distinguish two cases depending on the deterministic matrices Ay, ..., Aj.

Case 1 (3j such that A; =Id): We start by noting that mgyg[-|-] satisfies (i)-(iv) of
Corollary 2.3.7. This implies that the same holds for m,|[-|-] = my[-|-] —mgyg[-|-]. Using the

divided difference structure, we rewrite my[11, ..., Tx|Tx+1, - - -, Trte] either as a contour
integral
mH[Tl,...,E,l,Gj,ﬂ+1,...,Tk]B] (265)
_ 1/ m,{[. .. 77—17'717 G(.I' + in)Aj+1, A |6] — mﬁ[. .. ,7-“7',1, G(l’ — i?”])Aj+1, Ce. ‘ﬂ] da
27 JR (x +1isn — zj)(x +1isn — zj41)
if Sz; and $z;41 have the same sign, or as
mH[Tl,...,n_l,Gj,Tyj_H,...,Tk‘ﬁ] (266)
_ mH[Tl, Ce ,7}_1, 7}4_1, Ce ’Tklﬁ] — m,.i[Tl, . 77}‘_1,7}AJ‘+1, r.rj_i_g, Ce ’Tklﬁ}
2T A+l

if Jz; and Jz;41 have opposite signs. Estimating (2.65) and (2.66) using the induction
hypothesis yields (2.55).

Case 2 (all Ay, ..., Ay traceless): As m,][-|-] solves the recursion (2.49) without the source
term sgup we can rewrite m [T, ..., Tk|Tks1,- -, Thre] in terms of my[-] and values
of my[|-] for which the induction hypothesis applies. Note that (Ay) = 0 implies that all
terms with prefactor ¢y ; on the right-hand side of (2.49) vanish. The desired estimate
thus readily follows from the induction hypothesis and Lemma 2.1.4. For the source
term s, in (2.51), we obtain, e.g.,

..........

1
<3E 2 (M) (M, kst ) (Mg (M)
z,y€[N]
1\ k+e—[(a+b)/2]
(3
)
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forany 1 <r < kand k+1 < s <t < k+/( Recall that [T] 4 [4] > [L;ry} for
any x,y € IN, which yields the desired exponent —(k + ¢ — [“T“’]) for 1, when bounds are

multiplied. This concludes the proof of (2.55).

The bound (2.56) for my[-|-] is immediate form the decomposition (2.29) using the esti-
mates (2.54) and (2.55). O

2.4.2 Proof of Lemma 2.2.3 (Expansion for E(T} ;))

We use proof by induction to establish (2.23). As the base case E(T}) is trivial, assume
that the expansion in Lemma 2.2.3 holds for resolvent chains of length up to £k — 1. We
further assume w.l.o.g. that each A; is either traceless or equal to the identity matrix.

First, consider resolvent chains that contain at least one deterministic matrix A; =1Id, i.e.,
that are of the form T}y j = T jyG ;G j11Tj+1,%) With the indices j, j + 1 being interpreted
mod k due to the cyclicity of the trace and the function £[-]. In this case, rewriting the
product G;G ;41 allows us to obtain the claim directly from the induction hypothesis. We
distinguish two cases depending on the imaginary parts of z; and z;41.

Case 1 (3z; and Sz, have the same sign): Let s := sign(Sz;) = sign(Jz;41). By the
residue theorem, we can write the product G;G;41 as a contour integral (cf. [37, Lem. 3.2])

1 3G i
G]’Gj+1 = */ - > (:C + ”7) d[l?, Gj = G(Zj), (267)
mJR (x4 isn — z;)(z + isn — zj41)
whenever 0 < 1 < Q2,321 (s = 1) or Iz, zj11 < —n < 0 (s = —1). Note that

both my[-] and €[] have a similar representation, as

ml[Tla s 771]'—17Gj7,-rj+17 B JTk]

_ 1/ ml[. .. 71}—17 G(l‘ + i’f])Aj+1, .. ] — ml[. .. ,7}_1, G(ZE — i’f])Aj+1, .. ]d;C (2 68)
271 Jr (x+1isn — zj)(x +1isn — zj41) '
by the residue theorem and [39, Lem. 4.4] as well as
T, ... i1, Gy Tisns ... T
_ 1/ 5[ .. ,E_l,G(ZE+17]>Aj+1, .. ] - 8[ .. ,E_I,G(ZE - iT])Aj+1, .. ]d,jl,’ (2 69)
27 Jr (x+1isn — zj)(x +1sn — zj41) '

using Corollary 2.3.3(ii). Recall that the properties listed in Corollary 2.3.3 can be derived
directly from the recursion (2.42), i.e., their proof is independent of Lemma 2.2.3 and
the “meta argument” in Appendix 2.A. Rewriting the left-hand side of (2.23) using (2.67)
and (2.68), we obtain an integral involving a resolvent chain of length £ — 1. Hence, by
the induction hypothesis,

E((ﬂLk}) - ml[TD s 7Tk])
k4 / g[...,ﬂ_l,G(l’—FiTj)Aj_;_l,...]—g[...,irj_l,G((L’—in)Aj_H,...
27N Jr

; : }dx
(x+1isn — zj)(x +1isn — zj41)

NE
O( k—l—a/2>'
N VN s

Evaluating the integral using (2.69) gives (2.23) as desired.
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Case 2 (Sz; and 3z, have opposite signs): Applying the resolvent identity (2.19) and
the divided difference structure of my[-] (cf. [39, Lem. 5.4]) yields

E(<T[17k]> — 1y [Tl, Ce ,Tk])
_ E<<T[1,J’>GjAj+1T<j+1,k]> — Ty Ty1.m)

2T A+
[T, T, GiA i, T, - T —ml[Tl,...,Tj1,7}+1,7}+2,...,Tk]>
Zj T A
k& LT GiA Ty, - T = ET - T, T Tn, - T
N 75T i+l

NE
+ O( k—1—a/2 )
N VN s |25 = Zj41]

by the induction hypothesis. As Jz; and Sz, are assumed to have opposite signs, it
follows that |z; — zj41| > 2n,. The claim is now immediate from (2.45).

It remains to consider T} ) for which all matrices Ay, ..., Ay are traceless. Here, we start
the induction step by introducing

WFW) = W f(W) = EW (9. f) (W) (2.70)

with 0 denoting the directional derivative in direction W and W denoting an indepen-
dent GUE matrix with expectation E. By construction, the renormalization in (2.70)
cancels out the second-order term in the cumulant expansion of EW f(1W). In par-
ticular, EW f(W) = 0 whenever W itself is a GUE matrix. Applying (2.70) for the
resolvent f(W) = (W — 2)~! yields the formulas

WG, =Wa, + (Gy)Gh,

k
WTy.. T = WG A Tow + > (Tny G T, (2.71)
7j=2

and we further recall the identities

(Gr = i) = T (- (WG + mn (G — ) (272

1

() = my[T1] = —my (WTh) + m(Gy — ma){Ar) + ma(Gy — ma)(Ty —my[Th])  (2.73)

from (96) in [40]. To complete the induction step, we need the analog of (2.73) for
general k& > 1. This allows rewriting N((Tj15) — mi[T1,...,T}]) in terms of shorter
chains, and the claim follows by showing that the expectatlon matches the right-hand
side of (2.42) up to an O(N¢/(v/Nuons~ a/2 )) error.

A brief calculation (see the proof of the local law [39, Thm. 3.4] or [37, Lem. 4.1]) yields

(Thw) = ml( — (WThx) + (TemAs) + 2<T[1,j>Gj><T[j,k]> +(G1 —ma) (T p)
+ (T Gr)(Gr — mk)Ak>>- (2.74)
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Next, we rewrite the equation to the form

(1 + O.<<N177*)>(<T[1,k]> —my [T, ..., T}])

= m1( — (WThw) + (TopGrArAr) — [Ty, ... Thoy, GrArAd))

+ > (T Gy) — [T, T, Gyl [T, T (2.75)
=1

k
+Zml[Tlv"'77—}—1’Gj](<1—‘[j7k]>_ml[Tj""?Tk])

=2

ZTm ) = (T T, Gl (M) = (T 7)),

where we applied (2.15) for (G} — m4) on the right-hand side. Recall that (Az) = 0
and a = k in the case considered. Moving the factor (1 + O<((Nn.)™!) to the right-hand
side, multiplying (2.75) with N and taking the expectation yields

1
NE(Ti) — [T, .., Ti]) = (m1 ey <Nn )) ( ~ NE(WTy) + &[T, ... Ti]
— ke Y, My © M) (Mg © (M[t,k1Ak)>>
1<r<s<t<k
NE
+ 0( m)
VN, 1

by the induction hypothesis, (2.42) and the expansion ; +m

applied (2.15) for the last line of (2.75) to obtain

= 1+ O(x). We further

1
(T1,pGy) —malTh, oo Ty, G ((Tyag) — [Ty, - T)) = O <N2nf/2+1)
It follows that

NE({T} )~ T Ty G () = milT T = 0 ),

i.e., the term is indeed part of the error. Hence, (2.23) is established if
NS
NEWTyu) = —ka  », (MO M) (Mg © (Mg Ar)) +(9<\/_ m). (2.76)

1<r<s<t<k N,

By cumulant expansion, the underlined term on the left-hand side of (2.76) is given by

NEW T =3 S % Mgy n . @.77)

|
n>2zye[N]vefayya}r 'V

where 0,, denotes the directional derivative in the direction of the zy entry of W
and k(zy, ) denotes the joint cumulant of W,,, W, ,..., W,, for any n-tuple of double
indices v = (v4,...,v,). Note that the n = 1 term of the expansion (2.77) is canceled out
by the renormalization (2.70).
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Recall that x(zy, v) ~ N~W+1/2 by the scaling of W. It is hence sufficient to estimate the
terms for n > 4 trivially using the bounds from Lemma 2.1.4, as the factor N? obtained
from the double summation is canceled by the bound for the cumulant. Note that since

k
axy (T[l,k] )vw - Z(ﬂl,r) Gr)vx (T’[r,k] )yw>

r=1

every derivative yields an additional resolvent factor, which increases the size of the bound
for the corresponding resolvent chain by n;'. However, each derivative also "breaks" the
chain it acts on and increases the total number of resolvent chain entries in the term by
one. This compensates for the additional factor ;! (cf. Lemma 2.1.4) such that the
power of 1, ! contained in the bound for 0, (Tt 4))y= does not depend on the order of the
derivative. We conclude that

k(zy,v) N¢
S S SR, (T = O ———)
n>4 .Y ve{zy,yz}n n: NT}* Ug

and identify the term as part of the error in (2.23). It remains to consider the n = 2
and n = 3 contribution to (2.77). Recall that we write T}, ;) = T;...T; for ¢ < j
and T'[z’z> = T@ =0.

Estimate for the n = 2 term of (2.77): Evaluating the derivative yields, e.g.,

k
(02y)* (Tha41)ye = =0y D_(Th10) Gr)ya (T Dy

r=1
k r

- Z (Z(T[l,s)Gs)yx(ﬂs,r>Gr)yx(ﬂr,k})yz

r=1 “s=1
k
+ Z(ﬂl,r) Gr)yaz (T[r,s> Gs)yx (ﬂs,k})ya}) 3

which only involves xy or yx entries of a resolvent chain. Note that the contribution for
the case x = y consists of just one sum and is, therefore, of lower order by power counting.
We thus refer to any zy or yx entries as off-diagonal below. Further, we obtain

k T
000 (M) = 3= ( (T Cedye Tl Gy T o

r=1 “s=1
k
+ Z(ﬂl,?’) Gr)yx(ﬂr,s) Gs)yy (ﬂs,k} )mc) 5

which involves two diagonal and one off-diagonal entries. The other terms arising for n = 2
are of a similar structure, i.e., they involve either zero or two diagonal entries.

As every term involves at least one off-diagonal entry of a resolvent chain, we use a
procedure called isotropic resummation to estimate the x and y summations. To illustrate
the strategy, consider the sum

N=2 5" (TG )y (Tir G )y (T i (2.78)

x,y€[N]

with fixed 1 < r < s < k. The factor N=3/2 in front of the term accounts for the
size of the cumulant k(zy, zy, yz). First, insert the deterministic approximation of the

42



2.4. Proofs

diagonal terms to decompose the resolvent chain entries in (2.78) into a deterministic
term satisfying the bounds in Lemma 2.1.4 and a fluctuation that is controlled by the
local law (2.16). Recalling that

1

Mg Aill S 1Ml 5~

(2.79)

for i < j by Lemma 2.1.4, as M, ;) involves j — i traceless matrices and ||4;] < 1 by
assumption, and that

1
mrilg[}]i,] [(Thi.y G = Miig) Aj)ayl = O <W> (2.80)
by the isotropic local law (2.16), we obtain the bound
1 1
(Thy Godyel < 1+ g | (T G = Mohel = O~ 57 + i )

Recall that we abbreviated M, = M ,). Putting everything together, it follows that

_ 1
N2 ZE[:N}<T[1»T>GT)1/I(T[T,S)GS - M[m])yy(T[s,k] - M[s,k]Ak)xx =0y (\/_77 k/Q)
.’E,y *

and we can include this term in the error in (2.23). Recall that we consider N (IE(T} 4 —
my (T4, ..., Tx]), i.e., the error terms obtained differ from (2.23) by a factor of N.

Next, let dvec(A) = (A;;)IL; denote the (column) vector consisting of the diagonal entries

of a matrix A € CV*V_ In this notation, we have

N73/2 Z (T[LT> GT)y:v(M[T,S} )yy (M[s,k]Ak)m

z,y€[N]

= N73(dvec(M,.g)), T »y Grdvee(Mis i Ar))
with deterministic vectors dvec(M,q) and dvec(Mi, yAy) satisfying
()
)
()

k—s)/2 )7
n£ )/

ldvec(Mq)|| < VN|| M|l = O
[dvec(Ms i Ar)l| < VN[ Mo Aill = O

by (2.79). Recalling that Tj; ,yG, contains r — 1 traceless matrices by assumptions, we
obtain

) 1
N2 2% ](T[mGr)ya:(M[ns])yy(M[ak]Ak)m = O<<\/— e 1>
z,ye[N

from (2.79) and (2.16). Hence, the term can be included in the error in (2.23).

It remains to estimate the two terms in (2.78) that involve one deterministic and one
fluctuation term each. By the Cauchy-Schwarz inequality, we obtain

NN (T Gr)ya (T Gs = Mipa))yy (Mis g Ak )aa

z,y€[N]

< N_3/2||T[1,T)Gr|| : HdveC(T[r,@Gs - M[T,S])“ : HdveC(M[S,k]Ak)H
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with a similar bound holding for the term involving My, g and (Tjsx — Mk Axk). Note
that

1
||dvec<ﬂr,s>Gs - M[r,s})” < \/Ngé%\}ﬁ ’(ﬂr,s)Gs - M[r,s])xw‘ = O< ()7

s—r+1)/2
77£ +1)/

1 VN
1T G || < (| M| + N max [T, Gr = M)yl = O< (n(kr—l)/Q + n:/z)
by (2.79), (2.80), and the fact that ||B|| < N max,, |B,,| for any matrix B € CV*¥.
Overall, we obtain

N2 ze[:N](T[Ls>Gs)yx(T[s,wGr)yy(T[rk) —@( oo m)
£E,y *

i.e., the term is part of the error in (2.23). The other terms arising from 0, (7} ... T} )y
with v € {zy,yz}?* are treated similarly. Hence, the entire n = 2 contribution of (2.77)
can be included in the error term in (2.23).

Computation of the n = 3 term of (2.77): By a similar computation as in the n = 2 case,
the terms arising from 0, (771 4))ys for |v| = 3 involve either zero, two, or four diagonal
entries of a resolvent chain. Whenever a term contains off-diagonal entries, we can include
it in the error in (2.23) by decomposing each resolvent chain entry into a deterministic
and a fluctuation part. Note that M, is not necessarily diagonal, i.e., applying (2.16)
alone is not sufficient. However, as every fluctuation term contributes a factor N~'/2 and
the presence of off-diagonal terms allows us to apply the Cauchy-Schwarz inequality to
estimate the remaining (deterministic) double sum, we gain a factor N='/2 over the trivial
bound as needed.

It remains to evaluate the contributions that consist of four diagonal entries, which can
only occur for v € {(vy, yx,yx), (yr, vy, yz), (yz, yr, vy)}. Here,

Oy (T[Lk]>yx == Z (T[Lt>Gt)yy(T[t:S>GS)zx(ﬂ87T>Gr)yy(ﬂT:k])xw

1<t<s<r<k

— > (T G)yy(TrGo)aa(TioyGo)yy (T g )aa — - - - (2.81)

1<r<s<t<k

where the terms that are not written out in the last line involve two off-diagonal entries
and, therefore, can be included in the error term. Since k(zy,v) = k4/N? for the cases
considered, we obtain

> ¥ e, 1),

Y Ve{zy yx}3

2N2 Z < > (M) yy (M) ze(Mis 1) gy (Mir ) Ak)

1<t<s<r<k

NE
- > (Mm)yy(M[m])M(M[s,t])yy(M[t,k]Ak)m) (Nmnk a/2>

1<r<s<t<k
NE
=—ks Y My © M) (Mg © (M Ar)) + ( - )
1<r<s<t<k N /Nn, nk /2

where the last equality follows from the definition of the Hadamard product.
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Adding the contributions to (2.77) together, the cumulant expansion evaluates to

~NEWThx) =ka Y (;2 Z(M[r1)yy(M[rs1)m(M[st1)yy(M[tk]Ak) )

1<r<s<t<k

Lo ( N* )
k—a
VN
We conclude that N(E(Tf ) —m4[Th, ..., Tk]) coincides with the right-hand side of (2.42)

up to an error term and an additional factor k4. Applying the recursion thus yields

NE
N(E<T[l,k]>_m1[Tlvak]) :/{45[T17"'7Tk]+0< a >
/_T]* le /2

as claimed. O

2.4.3 Proof of Lemma 2.2.5 (Deterministic Approximation of
EX,X3)

We start by noting some general estimates for X*® and its derivatives that are needed
for the proof of Lemma 2.2.5.

Lemma 2.4.3 (A priori estimates). For X = (Thw) — E(Tp k) and its deriva-
tives 0, X for any multi-index v, we have the estimate

1
10, X k9| = 0, () (2.82)

k—a/2
)« /

Moreover, we have the more precise expansions for the first and second derivatives

a ]' k
agchgk,):_N{Z(M(r ..... ol T>)yx+0<( N a/z)} (2.83)
r=1 vV %
1 T
8vw8$yXak o) = N |:Z (Z(M(r ..... k1,..., 5))w:v<M[s r])yv

r=1 “s=1

k
+ 2 (M )uwa(Ms,.pep,..) >+O<< o a/z)] (2.84)

Proof. The bounds in (2.83) and (2.84) follow directly from (2.16), Lemma 2.1.4, and

k
Doy (Tin) = =~ D (Toey Ty G )yers
=1

1 k r k
avwary <T[1,k]> = =7 Z ( (ﬂr,k}ﬂl,s}Gs)wx(ﬂsm)Gr)yv + Z(j_‘['r,s)Gs)wx(ﬂs,k]ﬂl,ﬂGT)yv) .

r=1 s=1 S=r

The claim (2.82) follows inductively by (2.16) and Lemma 2.1.4. Note that (2.82) is also
true for v = () since

1
X = (Thag) = wu[Th, -, ) = (B{Thg) = wa[Th, - Tl) = O (s )
T)x
as a consequence of (2.15) and Lemma 2.2.3. O
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Proof of Lemma 2.2.5. We use proof by induction on the length of the multi-indices «
and . First, note that the left-hand side of (2.26) vanishes if either (77, k) or (Tjet1,644)
is zero, i.e., if one of the terms is indexed by the empty set. Comparing with (2.48),
the base case is established. Due to the symmetry of the expression, it is further
sufficient to carry out the induction step for one of the arguments only. Assume
that (2.26) holds for multi indices « of length 1,...,k — 1 and multi-indices 3 of a fixed
length ¢ > 1. We need to show that the deterministic approximation of N2EX (¥ X g) is
given by my[Ty, ..., T|Tky1 - . - Trye) and estimate the error term. W.l.o.g. assume that
each A; is either traceless or equal to the identity matrix.

As a first step, consider resolvent chains Tj; ;) that contain at least one deterministic
matrix A; = Id, i.e., that are of the form Tj; 3 = T}1,;G;Gj41T 41,4 With the indices
being interpreted mod k due to the cyclicity of the trace and the first entry of my[-|-]. In
this case, rewriting the product G;G41 in terms of a single resolvent allows us to obtain
the claim directly from the induction hypothesis. We distinguish two cases depending on
the imaginary parts of z; and z;4;.

Case 1: Jz; and Jz;,; have the same sign: Let s := sign(Sz;) = sign(Vz;41) and recall
from (2.67) that the product G;G,4+1 can be rewritten as a contour integral using the
residue theorem. We obtain a similar contour integral formula for my[-|-] from Corol-
lary 2.3.7(iii), namely

m2[T1,...77}_1,Gj,Tj+1,...,Tk|B] (285)

_]_/ mg[...,irj_l,G(l’—f-iT])A]q_l,...|6]—mQ[...,TYj_l,G(.T—iT])Aj+1,...|6]
2mi JR

dz.
(x+1isn — zj)(x +1isn — zj41)

Recall that the properties of my]-|-] stated in Corollary 2.3.7 are a consequence of the
recursion (2.49) and thus independent of Lemma 2.2.5. Rewriting the left-hand side
of (2.26) using (2.68) yields a contour integral with an integrand of the form N2EX O(ff)X ée)
for a multi-index o’ of length k£ — 1 and without the identity matrix A; = Id, i.e., the
number of traceless matrices a is unchanged. By the induction hypothesis, we thus obtain

NEXP X

:1/ mg[...,,,Tj,l,G(I‘—i-iﬁ)AjJrl,...|6]—mg[...,]jj',l,G<.§lf—in)Aj+1,...’6]
2 Jr

dx
(x +1isn — zj)(x +1isn — zj41)

O N
+ (\/N_W* n£k+€1)(a+b)/2>
where the integral evaluates to my[ar|5] by (2.85). Hence, (2.26) holds in the case consid-

ered.

Case 2: Jz; and Jz;.1 have opposite signs: Applying (2.19) and the divided difference
structure of my[-|], it follows that

N2EXE X ()
_ N2<(<T[1J)GjAj+1T<j+1,k]> — BT 5 GiAn Tym)
%) T AL
(T Thaam) — E<T[1,j>T[j+1,k]>)> PR
E

7 T il
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mQ[Tla ce 7177'*1771]'+17 ce 7Tk|5] _ mQ[Th cee 77}*177}Aj+177}+27 s 7Tk’ﬁ]

Zj T AL

NE
+ O( k+£—(a+b)/2—1 )
VN1 |2 — 211

NE
= mQ[TI, e ,Tk|6} + O(\/N_n* nf+€(a+b)/2>7

since |z; — ;41| > 2n. in the case considered. This concludes the proof of (2.26) for
resolvent chains that contain at least one deterministic matrix A; = Id.

It remains to consider T}y for which all matrices A;,..., A, are traceless, i.e., for
which a = k. The argument is similar to the proof of Lemma 2.2.3, i.e., we rewrite
N2EX k) X g’b) in terms of covariances of smaller chains and show that it satisfies the
recursion (2.49) up to an N¢/(v/Nunt~**5i7"?) error.

Combining (2.75) and Lemma 2.2.3 yields the starting point

X (ko) = m1< (WTh) — EWThw)) + (TigpGrArAr) — E(TpnGrArAr))
k-1
+ D (Thj»Gy) — E(Th ;) Gy))mu [T}, ... T} (2.86)
j=1
k
ES T T, G (T — E(T )+O< )
jz:; 1[ 1 j—1 ](( [jk]> < []J€]>) =< N _77* nk/g

Next, multiply (2.86) by N2X g) and compute the expectation. Applying the induction
hypothesis for any terms for which the first factor involves a resolvent chain of length at
most k — 1 yields

¢
NQIE(XS“)XEZ)) my[a| ] — Z (m1 iy s Ty Thoggs o ooy Ty jo1, iyl

k+€ s

Y T (3 (M0 Mo ssrinn oM (M) © M)

r=1s=k+1 “t=k+1
o,
+ Y (M) © Mg g) (Mg Ar) © M. kst gt s)>)

t=s

: N*
VB o)~ BT ) + 0 )

where we used the recursion (2.49) to introduce my[a|3]. It remains to compute
NZB((W i) = B Tai)) X57) = NB((W L) X57).

By cumulant expansion, we obtain

0
N E(W T X5) = = > BT s Tksbrq T ke sy G )

g=1

VY YT e (1,,x0) @)

n=2 z,y€[N] ve{zy,yz}"

@) S S
-+ < —Nn* 77>(kk+€)/2>7
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where the n = 1 term was evaluated using (2.70) and the terms for n > 4 were again
estimated trivially using that x(zy,v) ~ N~(M+1/2 que to the scaling of W as well as
the bounds from Lemmas 2.1.4 and 2.4.3. By the isotropic local law (2.16) we have

E(T1 Tkt kv T ety Grogg) = [T, o Ty Thggs - Tyt Gl

NE
+0( )

which yields an error term that can be included in the error in (2.26). Hence, it only
remains to consider the contributions for n = 2 and n = 3.

Estimate for the n = 2 term of (2.87): Evaluating the derivative 0, ((T}1,4))yeX éé)) always
yields at least one zy or yx entry of a resolvent chain, which we can use to apply
isotropic resummation (cf. estimate for (2.78) above). Note that X g) always contributes a
factor N~! due to Lemma 2.4.3, either from evaluating derivatives using (2.83) and (2.84),
or from the trivial estimate (2.82). The additional factor N in front of the z, y summation
n (2.87) is thus balanced out. Overall, we obtain

VY S g (,x) = 0 )

k—a/2 0—b/2
Y ve{zy,yz}? \% Nﬁ* T)x / )« /

In particular, the n = 2 term can be included in the error in the last line of (2.87).

Computation of the n = 3 term of (2.87): By applying the Leibniz rule, we distribute the
derivatives as

> E( 1k])yzay2X )

v1Urg=vr

Eau(( (1,k] szﬁ >

and distinguish three cases for v:

Case 1 (Jv1]| = 3): The derivative 9, (1f1,5)yo arising in this case was already computed in
the proof of Lemma 2.2.3. Using (2.81) and (2.16), it follows that

NY Y g (0,1, x0)

z,y VE{:Ey yx}3

?
Z S (Mig)yy(Mig)ee(Mis ) gy (Mg Ap)oe EX

T,y 1<r<s<t<k

NE
+O(\/_77nk a/2 K b/2>
NE
- (\/—nnk a/2 Z b/2>

since X g) is centered. We hence include the term in the error in (2.87).

Case 2 (|v1] = 1): Evaluating the 0, derivative yields either zero, two, or four diagonal
entries of a resolvent chain. Whenever the term contains an xy or yz entry, we use
isotropic resummation to identify the term as part of the error in (2.87). It remains to
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consider the case v; = (yz) and vy € {(xy, yz), (yz,zy)}. Here, we compute

k
O (To )y = = ZI(T[mGr)yy(T[nk])m
' k+¢ s
0,50 =% 3 (X BunaTieeroGu(Tin Golee

s=k+1 “t=k+1

k+L

X (TGO Tk TiesGeles ) + -

t=s

where the terms that are left out contain at least one off-diagonal entry of a resolvent

chain and hence can be included in the error term in (2.87) by isotropic resummation.

Applying (2.16) and recalling that x(zy, ) = r4/N? in the case considered, it follows that

VS (00 () (0 1))

k+¢ s

Z(Z > (M) gy (M) Ar)e ( Yo (M, sttty yy(Mis)aa
r=1s=k+1 t=k+1
k-t Ne
+ is.)uy (M, ktt,k41,.. s m>) +O( ) 2.88
Z gy (M, k+011,...5)) N (2.88)

which can again be rewritten using the definition of the Hadamard product. Note that
we obtain six terms of the form (2.88) in total from applying the Leibniz rule.

Case 3 (Jv1] even): For both |v;| =0 and |v;| = 2, the derivative always contains at least
one off-diagonal entry of a resolvent chain. Therefore, we can apply isotropic resummation
and include the term in the error in (2.87).

Adding the contributions to (2.87) back together, the cumulant expansion evaluates to
— N2B((WTj.) X))

4
= Zm[Tla SR 7Tk7Tk+j7 s 7Tk+€7Tk+17 B 7Tk+j717Gk+j]

k+2 s

42 > (Z My © Ms,.. it ot1,)) (Mg Ar) © M)

r=1s=k+1 “t=k+1
k+¢

NE
+Z My © Mg ) (Mg Ar) © M. ot p41,..., )>) +O<\/_7777k T b/2>

We conclude that, up to an O(N¢/v/N) error, E(X® X [(f)) equals the right-hand side
of (2.49). Applying the recursion yields

k) v (@) _ N*
E<Xé )XB ) = my[a| 3] + O<\/N_n* nfa/anb/Q)
which completes the induction step. O

It remains to establish the alternative integral representation for maygl-|-].
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Proof of Corollary 2.3.8. We use proof by induction, starting with the base case k = ¢ = 1.
While we could establish (2.62) directly using a similar computation as in [40] or [125], it
is much quicker to read off the kernel from the existing literature. To do so, note that
the function megyg[1|2] and its counterpart for W being a GOE matrix only differ by a
constant factor. More precisely, evaluating (92) of [40] for GOE (o =1, k4 = 0, Wy = 0)

yields
S mm _
]\}lirclxj N COV((Gl EG1>, <G2 — EG2>) = m =2- mGUE[1|2]~ (2-89)

This allows us to obtain the desired integral representation for mgyg[l]2] from [52,
Thm. 2.3|, which only applies to real symmetric Gaussian matrices. Applying the theorem
yields

1
lim N2Cov((G, — EG,), (G — EG5)) // @—2 su(z,y)dedy, (2.90)
—21)

N—o0 - 22)
where u is given by

VAV T 1—w?

2 o wi(z —y)? — wry(l — w)? + (1 — w?)?

u(z,y) = dw. (2.91)
In the notation of [52], Equation (2.90) corresponds to considering a matrix-valued
Gaussian process for which the distribution at time 1 coincides with the law of a GOE ma-
trix V', as well as the functions f(x) = (z—2z)"" and g(y) = (y — 29) 7! for fixed 21,2, € C
with $z1, 322 = 1. We remark that the functions f and ¢ indeed satisfy the polynomial
bound assumed in [52, Thm. 2.3]. As (2.90) is obtained for the fixed times s =t = 1,
we omit the time dependence from the kernel. By substituting v = (}jﬁ)Q and using

partial fractions, the w-integration in (2.91) can be carried out explicitly, yielding the
form in (2.38).

Comparing (2.89) and (2.90), we obtain (2.62) in the case k = ¢ = 1.

The induction step uses the divided difference structure from Corollary 2.3.7(iii) and is
similar to the proof of [39, Lem. 4.1]. Assume that the integral representation (2.62) holds
for maup[S1]Sse] with |Si| = k and |Sy| < ¢ for some fixed k& > 1. We start by rewriting

mGUE[ k!k—i-Z k+l0+1) —meupll,.. . kE+1E+3, . k404 1]

)

Zk4+2 — Rk+1

where the induction hypothesis applies to both summands in the nominator, respectively.
Noting that

el | e D)
i W—2)? jny—z S5 W) Lu—z
i#k+2
k+¢ 1 1

= (Zk:+2 - Zk+1) Z 5" H

i W=z Ly~ 23

we obtain (2.62) as claimed. Since mgyg[S1|Se] = Meue[S2|S1] by definition, the same
argument applies for the other entry of mgyp|-|-]. a
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2.4.4 Proof of Theorem 2.3.6 (CLT for Resolvents)

We use proof by induction over the number of factors on the left- hand 51de of (2.57). To
keep the notation simple, we drop the superscripts (k;, a;) of Xa] ) throughout this
section. First, the base case p = 1, 2 readily follows from the definition and Lemma 2.2.5,
which give EX,, = 0 and

NE
N?E(Xo, Xa,) = Mmooy |a +O( )
( ) 2[ 1‘ 2] \/N_n*nkl al/anQ az/2

respectively. Next, fix p € IN and assume that

NPE(ﬁXaj) - ¥ 11 m2[ai|aj]+0( N — al/z) (2.92)

jaie QePair({1,..n}) (i)eQ VB TTZ e

holds for n = 1,...,p. It remains to consider NPT'E(X,, ... X,,,,). When writing
out any of the factors, we label the spectral parameters and matrices involved with a
superscript 1,...,p + 1 according to the factor they appear in.

We start by considering the case k; = 1 and inductively extend the statement to larger
products. For the first part of the induction step, we need to compute

Np+1]E(((T1(1)> C BTN X, . .X%H). (2.93)
Combining (2.73) and Lemma 2.2.3 yields

(1) = B(") = —m(0) (WT) + e yal )

R4 N¢
- Sem)+ o(N e ) (2.94)

where the superscript in ¢V indicates that the arguments are taken from ;. We use (2.94)
to replace the first factor in (2.93). The underlined terms are again treated by cumulant
expansion. This yields

p+1 k; ) ) ) ) ,
ECINSY E((Tfl)Tj@ T G0y N ] Xar)
22

J
r#1,i

MAry ¥ % “(n vy <(T1(1 )yxXQQ...X%H), (2.95)

n22 z,ye[N] ve{zyyz}n

where the n = 1 contribution was again evaluated using (2.70) and the computations
in the proof of Lemma 2.4.3. Note that we obtain one term for each resolvent in the
product X,, ... X from applying the Leibniz rule. By the local law (2.15), we have

Ap+1

BT 10T TG =m0, T 10 6

J J

NE
+ 0( )
N77* 77* —(a1+a;)/2
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Further, note that every X,, contains a normalized trace, which yields a total of p
factors N~ when the derivative 0, ((Tl(l))ychoé2 ... Xqa,,,) is evaluated. We can hence
argue as in the proof of Lemma 2.2.5 to conclude that the contributions for n > 4 in (2.95)
are sub-leading. Similarly, most of the terms arising for n = 2 and n = 3 in (2.95) were
already computed in the proof of Lemma 2.2.5 and their treatment here is analogous.
We, therefore, focus on the differences between (2.87) and (2.95) below. Recall that |v]
denotes the total number of derivatives acting on (Tl(l))yw in a given term.

Estimate for the n = 2 term of (2.95): Compared to (2.87), new terms only arise
if |11 = 0 and the two derivatives act on different factors of the product X,, .. Xy
As the resulting derivative always includes the off-diagonal entry (Tl(l))yx, we obtain

k(zy,v) (1) N¢
YN E6V<(T1 Yyo Xy - Xa, ) :(9( _ )
Y ve{zy,yz}? 2 " \% NT]* Hfill 77*l 2

by isotropic resummation. Recall that every X, contains a normalized trace such that
the factor N77 in front of the sum is balanced out.

Computation of the n = 3 term of (2.95): We distinguish three cases for |v].

Case 1 (Jvy| = 3): After evaluating the derivative, we apply (2.16) to get

NY Y “(xg’ V) E((@,,(Tl)yx)XQQ . .X%+1)

.Y ve{zy,yz}3

(vas 4(1) N¢
= —ram(z A ]E(XQQ...XQ 1)—}—(9( )
4 ( 1 ) < 1 > p+ /Nn* Hf“!‘ll nfl (1[/2

In particular, adding the above terms for the cumulant expansions resulting from the two
underlined terms in (2.94) yields

= (™) (= ram(E)HAL) — raglm A B (X - X, )

— K4€[T1]E<Xa2 5 .Xap+1>.

Case 2 (|v1] = 1): Whenever the two remaining derivatives act on different factors of
the product X, ... X,,,,, (2.83) always yields an off-diagonal entry of a resolvent chain
that can be used to apply isotropic resummation. We can thus include any terms of
this build in the error in (2.95). Otherwise, we evaluate the term similar to (2.88). Let
again vo = v\ v1. For i =2,...,p+ 1, it follows that

NP Z N2]E(<8,,1 (T1)ye) Xao - KXo, (00 Xe,) Xas - .X%l)
1 7 7
= _"542 (Zm A( o M[(s)t]>><M((t,)...,ki,1 ..... 9)
(1)\2 A(l) M(i) M(i) E X
+ Zm(zl ) (AT © ($yoenskiis Lo t))>< [t,s])> H ar
t=s .

O N
T <\/_77 Hp+1 ky— az/2>’
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where the superscript in M® indicates that the arguments are taken from «;. Recall
that ©® denotes the Hadamard product. We emphasize that this term is obtained six

times in total when all mixed derivatives obtained from the Leibniz rule are summed up.

The last case for n = 3 (|v1| even) can be treated similarly to the corresponding cases
of (2.87). We omit the details.

Overall, the cumulant expansion (2.95) evaluates to

Np+1]E< —m()Y WX, .. .X%l)

p+1 - k;
el (V) @) ()
v E(Hxar)- DD SRl s LI s eit)
r#1,j =2 ~j=1
ki
1 1 7 7 1
ot 3G T T, G
k" : (D\2, 4(1) (i) (i)
+/€4Z<Zm(21 )*(A O Mg M )
s=1 t=1
1 1 7 7
+ X mEHAY 0 M L, o HME)
t=s
D) e [ (D\2, 4(1) 0) )
+ Kaqi 1 (Zm(zl )2<A1 )xw@M[st]>><M(t ..... kil,..., s)>
s=1 t=1
a (1y2) 4 (1) (i) (i) (1) N*®
2 1 7
+;m<zl ) <A1 QM(t ..... ki,1,..., S)><M[S,t]>) <A1 >:| +O(\/N_’)’]* ng—i-l]_ nkl al/Z)

Adding the contribution for all three terms in (2.94) together allows rewriting (2.93) as

NE(((I) ~ BT X Xa )

p+1

_ (1) |(3) ()7 Arp—1 N*
=S T 10N E< I Xar)+(’)( - )
i=2 A1 VN T gl

where we used (2.49) with £ = 1 and ¢ = k;. As the remaining product only consists
of p — 1 factors, we can apply the induction hypothesis (2.92) and conclude

NP“E(T_T Xaj) = > T mulasla;] + (’)< NV

ki—a;/2
j=1 QePair([p+1]) (4,5)€Q VN, Hfill 77*l g

for the case oy = {(zgl), )} Assume next that (2.96) holds for all multi-indices oy
that consist of up to ky — 1 pairs ( A(1 ), and consider oy of length ky. As in the base
case, we replace the factor X,, in the product by its leading term using (2.86). This gives

) (2.96)

NPHE<X&1 . .Xaw)
- Np“m(zP)E(( —wr" ...
+ (VLT e AY AR B T G AR AP
+Ng[ 2 ’-"7Tk1—17Gl(cll)Ak1 Al ]) (2.97)
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k—1
+>r? 1Oy ' T Gy

Jj=1-j
Jj=1
K
+ S, TG m T, 1Y)
k

K
o m TR G ) - BT T, )

J

K4 orm(1) (1) N*
FNeh T ])X@...X%H)w(m_m Hfifnffl“l/?)’

where the underlined term can again be treated by cumulant expansion. Similar to (2.95),
we evaluate

Np“IE( —mEYWTY T X,, .. .X%l)

jangyiu M) (i) @) A0
= Z Zml 7 -'7Tk1 7J} 7"'7177'717Gj]

=2 \ j=1
S (S a6 W 1) (0
trd > (S o MY L N AR) © M) (299)
r=1s=k+1 “t=1

+ (M © MEN(MERALD) © M) 4. s)>)) NPIE( Il Xar)
t=s

r#1,3

o)
VR T )

and apply the induction hypothesis (2.92) for the product of p — 1 factors. Note that
any terms remaining in (2.97) now involve at most k; — 1 resolvents in the first factor.
Hence, (2.96) applies and we obtain, e.g.,

P+l
1 1 1) 4(1) 401 1 1
Np+1]E<(<T2( ) tte Tlgl)flGlgtl)Al(cl)Ag )> - ]E<T2( ) kl lGl(fl)Akl H XQ’I‘)
= (1) ) (1) (1) A Q) () (r)
= Zm2[T2 v T 2, G Ay AV T ]( Z H mz[%’%])

QePair([p+1]\{1,i}) (i.)€Q

O N
- <\/_77 H:UH ky— az/2>
Moreover, note that (2.98) contains the source term of the recursion for £[-] (cf. Lem-
ma 2.2.3), which we can combine with the terms involving £[-] in (2.97). Using (2.42),
the terms cancel. We conclude that (2.97) evaluates to

Np+1]E(X< D X(kp+1>)

Qp+1

pt+1 -
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k
+ Z my [T1(1)7 s 77}'(91’ Ggl)]mQ[jjj(l)a s aTk(ll)‘Tl(r)a cee 7TI§:)]
j=2

k
£ w1 GO T 1Y, ,T,ﬁ?])]

=2

><< > 11 mg[ozi|ozj]) —i—@( ]1\,[:1 kl—al/2>

QePair(p+1\{1,i}) (ij)€Q VN L2 ns

— > T molasla;] + (9( NV )

kj—a;/2
QePair([p+1]) (i.)€Q VN T gl

where the last equation follows from (2.49). Hence, (2.96) also holds for «; of length k.
Moreover, (2.92) stays true if the product on the left-hand side contains p 4 1 factors,
which concludes the proof of (2.57). [

2.4.5 Proof of Theorem 2.2.7 (Multi-Point Functional CLT)

The proof of the multi-point functional CLT in Theorem 2.2.7 consists of two parts. In the
first step, we use Helffer-Sjostrand representation (see [49]) to express fi(W)... fr(W)
as an integral of products of resolvents at different spectral parameters. This relates the
linear statistics Y,, back to the resolvent chains studied in Section 2.3. The second step is
the computation of the leading terms, which establishes the covariance structure in (2.28).

By eigenvalue rigidity (see e.g., [62, Thm. 7.6] or [68]), the spectrum of W is contained
in [—2 —¢,2 + €] for any small ¢ > 0 with very high probability. In particular, we
have (f - x)(W) = f(W) with very high probability for any smooth cutoff function x that
is, e.g., equal to one on [—5/2,5/2] and equal to zero on [—3,3]°. It is thus sufficient to
consider f; € H{(]—3,3]) =: H{, i.e., Soboloev functions on R that are non-zero only
on [—3,3]. Moreover, recall that every deterministic matrix A; in the product Fj; j can
be decomposed as A; = (A4;)Id + A; with (A;) = 0. We thus assume w.l.o.g. that the
deterministic matrices A; are either traceless or equal to the identity matrix. Moreover,
we restrict the following argument to the case a = k, i.e., all deterministic matrices are
traceless, and fix p = [k/2] +1 (resp. ¢ = [¢/2] +1) throughout. The proof in the general
case is analogous and hence omitted.

Let f € HY and define the almost analytic extension of f of order p by
~ S0 6o le
ol2) = feplo -+ in) = | S5O @)|R(0m) (299)
=0 J°

where X is a smooth cutoff function that is equal to one on [—5, 5] and vanishes on [—10, 10]°.
Note that (2.99) together with (2.21) implies the bound

[ 10=fep(a +imlde S w7t f s S 7 N (2.100)
By Helffer-Sjostrand representation, we have

) = 71T : aiff(j)d%, (2.101)
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where d?z = dxdn denotes the Lebesgue measure on C = R? with z = z + in and
0z = (0, +10,)/2. Applying (2.101) for fi,..., fi, respectively, we obtain

y k) — / [ﬁ 0-(f))e K<G<ZI)...G(Z,€)A,€> —]E<G(z1)...G(zk)Ak>>d2z[k+g]

Jj=1

(2.102)
with dQZ[k+g] = d?z;...d%24¢. Let ¢ > 0 and define
o ‘= N_1+C.

We start by showing that the contribution from the regime |n;| < no for some j € [k]
to the integral (2.102) is negligible. W.l.o.g. assume that |7;| < no only for the single
index j = 1. The general case is similar and yields an even smaller bound (cf. proof of [39,
Thm. 2.6]). Our key tool is the following variant of Stokes’ theorem

0 10 1 /10
/ [ 000 + im)h(x + in)drdn = - / Oz + i)h(z + in)dz, (2.103)
—10

—10 Jn 1

which holds for any 7 € [0, 10], and for any ®, h € H'(C) = H'(IR?) such that dzh = 0 on
the domain of integration and ® vanishes on the left, right, and top boundary of the domain
of integration. Applying (2.103) repeatedly for the variables zs, ..., z; and introducing
the interval notation dzj; ;) = dz;dziyy ... dz; as well as dny; ;) = dndnigy ... dn; for @ < g,
we obtain

[t fyge e [ dm[@a;(fj)c)(zj)] (G A . Glz) A

€[2,k]

[t |7, amier sy LS ctes +im)

2k1

X (<G(Zl)A1G([E2 + 17]0) R G(ZEk + 17’}0)Ak>
— B(G(21) AyGa + o) . .. Gay + 1n0)Ak>)’
= Il + IQ,

where I; and I, contain the |n;| < n, := N=° and the n, < |m| < ny regime of the 7
integration, respectively. For the smallest values of 7, the trivial estimate

[(G(z)Ar .. Gar) Ar)| < HHG %) A4l < Hlml '

together with (2.100) implies that
L SN

as the x;-integral of (f;)e(x; + i) for j € [2, k] is of order one due to Assumption 2.2.1.
For I, we use the bound

1 1
G(21)A; ... G(z)Ay)| < N*/21 : ,<1+ )
(G(=1) (24) Ar)| 1 v\ W)
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from [37, Lem. 6.1]. Here, p(z) := 77 1|Sm(z)| for z € €\ R denotes the harmonic
extension of the semicircle density with p(z +10) = ps.(x). This yields

I < no(Nno)*2|| 1l -

Overall, we conclude that

k
Y = fl i A7 /[no’ o 8 [jl;[l(@%(fj)c)(zj)}
x ((G(21) A1 . Glar) Ax) = B(G(21) A1 ... Gl(z) Av) ) (2.104)
+ O (Uo(Nﬁo)k/2 max ||fj||HP>
Equation (2.104) now reduces the proof of the multi-point functional CLT for gen-

eral f1,..., fr to the CLT for resolvents in Theorem 2.3.6.

It remains to compute the covariance structure (2.28). By (2.104) and Lemma 2.2.5, we
have

E (Y;W Yﬁ“’b)>

1 k
= e /Rk dz g - dnp {g(a?(fi)@p)(zi)} /}RZ A (k41,544 /[m’w][ A7t 1,44

4
IT @:(f)ea) ()| melGla) v, Gl AUG rit) Aps - Gle) A

Jj=k+1
Lo (Ne max;e|x] | fill v MAX jek-+1,k+/] HfjHHq)
=<

VN

where we estimated the error coming from Lemma 2.2.5 as

X

(2.105)

k+4

1
ot o en [ s | T )

x (N?E[(<G(z1) A = B(G() ARG (2k4) - Akre) = B(G(z141) - Ar))]

— mQ[G(Zl)Al, Ce ,G(Zk)Ak|G(Zk+1)Ak+1, Ce ,G(Zk+g)Ak+g]>

. 32
_ O(N no’* mascieqy || fill i maxje i prg ||fj||H‘1>

VN

More precisely, we considered the regime 77 < -+ < g, and mgy1 < -0 < Mgy, as
all other regimes give the same contribution by symmetry, and applied (2.103) for
the variables i € [2,k] and j € [k + 2,k + {]. Estimating the remaining 0z(f1)c(%1)
and Oz(fr+1)c,q(zk+1) using (2.100), we obtain a bound of order |n|P™?. Recall that
. . k+l—(a+b)/2\ -1 B . .
applying Lemma 2.2.5 yields an (/N7 )~! error, where 1, = min;n; = 1y due
to the choice of domain of integration. O]

2.4.6 Proof of Corollary 2.2.9 (Limiting Covariance in
Theorem 2.2.7)

Equation (2.33) is immediate from the explicit formula for mgyg[-|-] in [123, Thm. 2.4].
Moreover, the proof of (2.34) identical to [39, Lem. 4.1], as the integral defining &,
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only involves first-order free cumulants. We hence only focus on the proof of (2.36).
Abbreviate U = U; U U, and note that

(1)7T1><7r2 Ui xUsz fla" fk-‘rf)

gkt (/RIUI /[m 10]1U1

(O F)e) ()| mealt 102 T )

jGU jeu
Be,, Uta </RB /,70 10]151 [je O=(fi)c) } ]lgg d2z]>

not marked

where we set again d?z; = dx;dn; for z; = z; + in;. In particular, the product in the
last line can again be evaluated using [39, Lem. 4.1]. It remains to compute the integral
involving m..|[Uy|Us]. We claim that

ity inlinsts e insm] + o( V) e

(fj)@)(zj)]m[UﬂUﬂ I d%;

eU jEU

a ) (2.1
max [l ) (2:106)
where Uy = {i1,...,i,} and Uy = {in41, ..., intm}. The corresponding result for scoo|:|]
is then immediate from the second-order moment-cumulant relation (2.32).

To establish (2.106), we use the explicit integral representation for m/[-|-] from Corol-
lary 2.3.8 and rewrite the resulting multi-integral involving the kernel (2.38). Let
again U := U; U U,. Noting that both |z — z;| and |y — z;| are bounded from be-
low by 7o for any j and recalling the bound (2.100) for the almost analytic extension, we

have

1)) (X oo =)

el j#i LT A
1 1 U(I, y) 2
x(Z 1] ) I &7 |dady < oo
v, (Y — z)? A Y T E 2 jeu ’

for any fixed IV, as the z; integrations are bounded by an (N-dependent) constant, which
is integrable w.r.t. to the measure v(dz, dy) = u(z, y)dzdy (cf. Remark to Corollary 2.3.8).
Hence, Fubini’s theorem allows interchanging the order of integration and move the x
and y integrations inside. A brief calculation using (2.103) yields

/R/[hlo}(aé(fj)c)(z]')x 1 Z}dzzj — 7f(z) + O(n,)

]

with 7, = N5 and we further have

71r /IR /[no,lo](a%(fj)c)(zj) (:L’—lzj>2d22j = f'(x) + O(n)

using integration by parts. Hence,

iUl /\U\ /[no 10)1 GU

O | P [PV |

iclUy (I - Zi) i L T A icUs (y - Zz) 2 YT Z]>

(O:(/)e) z9)]

II dzzy]

jelU
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_ (Z fl(x) - Hfj(@)(z fity)- Hfj(y))

= j#i i€Us ji
2 (uh/2
+ O (Nm) V2 ma  ilr a1l

such that (2.106) follows from the Leibniz rule. Recall the [n,, no] regime can be added
back in exchange for an O(nZ(Nny)IVD/2 maX;ex || fi|| e max i1 krq || f||me) error. This
yields (2.106), which concludes the proof of (2.36). O

2.4.7 Proof of Corollary 2.2.12 (Application to Thermalization)

Throughout the proof, we set f;(x) = ¢y (z) with a symmetric smooth cutoff function y
that is equal to one on [—5/2,5/2] and equal to zero on [—3, 3]°. By eigenvalue rigidity, the
functions f;(W) and f;(W) = %" coincide with high probability and we can use them
interchangeably. The deterministic approximation as well as the Gaussian fluctuations
around it are now immediate from [37, Cor. 2.7] and Theorem 2.2.7, respectively. Note
that we use the multi-point functional CLT for the macroscopic regime due to t € R being
N-independent. The limiting variance can be read off from Corollary 2.2.9. Observing
that
(A1) Az) = (" Aje™W A3)

we set fi(x) = &, fo(z) = e, f3(x) = & and fi(z) = e as well as A3 = A},
and Ay = A} to apply (2.33). As A; and A, are assumed to be traceless, only the terms
corresponding to the permutations

m € {(14)(23), (13)(24), (1)(24)(3), (14)(2)(3), (1)(24)(3), (13)(2)(4) } C N—Cfé(Q(,QQ)m?)
as well as the terms corresponding to the marked partitions |

{{{0) 2y} x {3 1} {an 2 < {3h ), {0 2} = {3 @),
{1 @) x {10} (2.108)

contribute to the limiting variance of (A4;(t)As). Note that the marked blocks in (2.108)
are distinguished by underlining.

It remains to discuss the ¢ — oo limit. We have

2 2t
[ e pula)da = Jl(t |
-2

where J; is a Bessel function of the first kind obeying the asymptotics

U 2 1
Ji(z) = —cos <m—|—2>wm+(’)<x3/z>, r> 1

seo[1] = se[1] = Jlft) _ o(tjﬂ) £ 1.

Hence, it readily follows that the term corresponding to (A; As)(AsAy) = (|A;1]?)(| As]?)
is the largest among the contributions from NCP(2,2) for large ¢, giving

sCo[1, 4]scs[2, 3] = (1 — Jl(%z;h(%)) (1 — W) = 1+(’)(tlg), t>1,

In particular,
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where we also used the symmetry J;(—z) = —Ji(x). Moreover, we obtain that, e.g.,

1
sCo[1]sco[2, 3]sco[4] = O<t3>’ t>1,
with the remaining permutations in (2.107) yielding contributions of comparable or lower
order in the ¢ — oo limit.

Lastly, we consider the marked partitions in (2.108), which correspond to the term
of Var[¢] that contains (A; As) (A3A,) = |(A1A)]?. As we work in the macroscopic regime
of Theorem 2.2.7, Equation (2.37) coincides with the limiting covariance structure of
the CLT in [104, Sect. 2|. Hence, we obtain, e.g.,

2 1 —cos(t(x —y)) 4 —zy
c[1[4] = / / dzdy. 2.109
| 271.2 m_y2 \/4_x2\/4_y2 rdy ( )

In particular, the cutoff y does not enter the computation. Note that the expressions
for sc[1|4] and sc[2|3] resp. sc[1|3] and sc[2]|4] yield the same contribution by symmetry.
The integral on the right-hand side of (2.109) is finite, however, it will grow with ¢
as t — oco. To identify the asymptotics, we distinguish between the contributions of the
bulk regime

4 —xy
Vi —22/4 =

and the edge regime where the denominator (v4 — 22y/4 — y2)~! becomes singular. As

2 1 _
lim — / / 1 — cos(t y)) =4,
t—oo t

the contribution of the bulk is readily identified to be O(t). In the edge regime, we
expand the square root in the denominator and further consider the contributions around
the diagonal (|x — y| < t71) and away from it separately whenever x and y are close to
the same value. This also yields a bound of order O(t), implying that sc[1|4] = O(t).
Recalling the identity sceo[1]4] = sc[1]4] — sco[1, 4] from (2.32), we obtain

=0(1),

o1 |4]500 [2]sc [3] = o(;) Y

The other marked partitions in 2.108 give rise to terms of comparable order. Summing up
all contributions yields (2.40). The proof of (2.41) is analogous and hence omitted. [

2.A Proof of Corollary 2.3.3 (Meta Argument)

Recall from Lemma 2.2.3 that

K4 N¢
E(Ty ... Ty =my [Ty, ..., Tp + —E&[Ty, ..., T +(9< )
(1 k> 1[ 1 k] N [1 k] N —77* nk a/2

i.e., E[Th,..., T;] constitutes the first subleading term of E(T; ... T}). In particular, we
have

N(]E(Tl...Tk>—ml[Tl,...,Tk]):m45[T1,...,Tk]+(9< nN;’“ a/2> (2.110)
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where the quantity on the left-hand side of (2.110) satisfies the properties stated in
Corollary 2.3.3. For E(T;...Ty), this is immediate from the cyclicity of the trace and
the resolvent identity GG = %, while the corresponding properties for m;[-] follow
from (2.17) and [39, Lem. 5.4]. Note that (2.46) is a special case of (2.45) and that (2.47)
is obtained by iterating (2.46). Once the formula (2.47) is established, the permutation
symmetry readily follows from the divided difference structure. Hence, Corollary 2.3.3(iii)
follows from (i) and (ii).

[t remains to show that £]-] satisfies the same cyclicity and divided difference properties as
the quantity on the left-hand side of (2.110). Note that simply taking the N — oo limit and
applying Lemma 2.2.3 is not sufficient if A; # Id for some j, as the deterministic matrices
are themselves N-dependent quantities. Instead, let L € IN and consider the NL x NL
Wigner matrix # as well as the deterministic matrices <7, ..., @, € CNEXNE Here, W
is defined using the same random variables g, xoq as W (i.e., VNW and VNL# have
the same entry distribution) and we define

vQ{j::Aj®IdL><L> jzl,...,k‘,
where ® denotes the tensor product, i.e.,

(Aj)nIdeL T (Aj)lNIdeL
Ay = : :
(Aj)vildrxr -+ (Aj)nnIdocr

Next, let 4 := (W —z;) ' and F; .= ¥, for j = 1,..., k and denote by 22 [7,..., ]
the deterministic approximation of (7] ... ). As both # and W are Wigner matrices
and (o.a;) = ((A;A;) ® Idp«1) = (A;A;) by definition of the tensor product, it follows
from the closed form of my[-] in [39, Thm. 2.6] that

ml[f%a"'a%]:ml[Th"'aTk]' (2111>

Similarly, the 1/N error term of E(7 ....9) is given by &[T1,...,T}], since (2.111)
ensures that we obtain the same recursion from Definition 2.3.1.

We thus conclude that
[Ty, ..., T — E[Ts, ..., Tk, T1|
<I[E[T,....,Ti] = N(E(A ... Th) — 22| S, ..., Ti))
+ &Ry, Ty A = NE( S . .. Ty Ti) — 2221[ T, ..., Ty T))

=0 i)

by Lemma 2.2.3 for any 1, > (NL)™!. Letting L — oo while keeping all other parame-
ters N, zq,..., 2k, A1, ..., A fixed yields

S[Th...,Tk] IS[TQ,...,Tk,Tl],

i.e., &[] is cyclic as claimed in part (a) of Corollary 2.3.3. Similarly, we obtain that
ETyy ... Ty 1, GRA| = E[T, ..., Ti1] _ ( (NL)* )
/—NL’I]* nf—a/Q
whenever z; # z; and Ay = Id, which implies (2.45). Recalling that (i) and (ii) of
Corollary 2.3.3 imply (iii), the proof is complete. O

ET, ..., T 1,Gy| —

2k — %1
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3 Fluctuation Moments for Regular
Functions of Wigner Matrices

We compute the deterministic approximation for mized fluctuation moments of
products of deterministic matrices and general Sobolev functions of Wigner matrices.
Restricting to polynomials, our formulas reproduce recent results of Male, Mingo,
Peché, and Speicher [107], showing that the underlying combinatorics of non-crossing
partitions and annular non-crossing permutations continue to stay valid beyond the
setting of second-order free probability theory. The formulas obtained further
characterize the variance in the functional central limit theorem given in the recent
companion paper [122] and thus allow identifying the fluctuation around the thermal
value in certain thermalization problems.

Published as J. Reker. Fluctuation moments for regular functions of Wigner matrices.
Math. Phys. Anal. Geom., 27:10, 2024.

3.1 Introduction

In his seminal work [140], Wigner established that the empirical spectral measure of
certain random matrix ensembles converges, as the dimension goes to infinity, to the
semicircle distribution. Since then, many variations and extensions of this result have
been considered, yielding a variety of asymptotic phenomena for a wide range of random
matrix models. One particular example is the fact that the resolvent G(z) = (W — 2)~!
of a large Hermitian random matrix W tends to concentrate around a deterministic
matrix M = M (z) for spectral parameters z € C even just slightly away from the real
axis (see, e.g., [37] and references therein for a collection of recent results). It was recently
shown (see [39, 37]) that a similar concentration holds for alternating products of the
form

Fiig o= fiW)Ar ... fi(W)Ag. (3.1)

Here, Aq,..., A, are bounded deterministic matrices and fi,..., fi are regular test
functions, allowing in particular for f;(W) = G(z;). Apart from resolvents, two choices
of f; are of special interest in this setting. First, consider the case f;(z) = e'%* with ¢; € R.
Interpreting the Wigner matrix W as the Hamiltonian of a mean-field quantum system
and the deterministic bounded matrix A as an observable, the quantity

A(t) = ™ AeT W

describes the Heisenberg time evolution of A. For k& > 2, (3.1) hence describes the time
evolution of multiple observables, possibly to different times, in the same quantum system.
Considering the regime where the differences between the individual times are large
links the matrix product to thermalization problems in mathematical physics (see [39,
Sect. 2.1] and [37, Rem. 2.8]). Second, products of the form (3.1) with f;(W) replaced
by (polynomials of) the random matrix itself play a key role in free probability theory,
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as they characterize the joint non-commutative probability distribution of Wigner and
deterministic matrices.

We remind the reader that a (tracial first-order) non-commutative probability space
is a pair (A, p;) consisting of a complex unital algebra A4 and a tracial linear func-
tional ¢ : A — C with ¢1(14) = 1, where 14 is the unit element of the algebra. One
particular example is the space (A, p1) = (Mnxn (L (2, P)), E(-)) of N x N random ma-
trices, where (2, IP) is a classical probability space, My n(S) denotes the N x N-matrices
with entries in S, the space

(Q,P) = () LP(Q.P)

1<p<o

contains all random variables with all finite moments, and () denotes the normalized
trace. Note that this definition includes deterministic and Wigner matrices. In this
context, the non-commutative probability distribution of a € A is characterized in terms
of its moments (p;(a*)), with the joint distribution of multiple elements of A being
defined analogously. Recent work by Cipolloni, Erdés and Schroder [39] established that
the structure of the limit of E(F}; ;) as in (3.1) matches the formulas obtained in free
probability, and reproduces known results for the alternating moments (W1 Dy ... W} Dy)
of a finite family of independent Wigner matrices (W;); and a finite family of deterministic
matrices (D;); (see, e.g., [111, Sect. 4.4]) in the case f;(x) = x. More precisely, in the
large N limit, the leading-order term my [Fy i) of IE(F}y 4) is of the form

mFig = Y (H<HA» (frree fo), (3.2)

TeNCP(lk]) *Ber 'jeB

where NCP([k]) denotes the non-crossing partitions of the cyclically ordered set {1, ..., k}
and the functions ®1 only depend on fi,..., fx and 7 € NCP([k]). Hence, the right-
hand side of (3.2) is a sum of terms that factorize into a contribution of the deterministic
matrices resp. the test functions appearing in the product (3.1) with the underlying
combinatorics matching the results obtained for the case fj(z) = z in free probability
theory. Note, however, that resolvents and functions with an N-dependent mesoscopic
scaling are typically not accessible in free probability as many of the standard techniques
rely on explicit moment computations for polynomials. The results in [39] thus show that
the underlying combinatorics continue to apply in a more general context. In particular,
evaluating (3.2) for f;(z) = ¢'%* with ¢; € R implies a closed formula for the thermal
value of quantities such as (e A;e7 W A,) | which allows for a direct analysis of the ¢ > 1
regime relevant for thermalization (see, e.g., [39, Cor. 2.9]).

After considering the concentration of (3.1), the next natural step is to study the
fluctuations around the deterministic value. It is well-known that the linear statis-
tics Tr f(W) = X, f();) with a regular test function f : R — R have a variance of
order one (first observed in [95]) and, in fact, satisfy a central limit theorem (CLT) with
a Gaussian limit, as shown, e.g., in [96] for the Wigner case and in [93] for invariant
ensembles. By now, the statistics Tr f(I¥) are well-studied on both macroscopic and
mesoscopic scales (see, e.g., [85, 12, 105, 104, 128, 135, 27, 129, 89, 17, 99] for the Wigner
case and [40, 122] for further references on previous results for Wigner matrices and other
models). However, while the fluctuations of Tr[f(WW)A] are known for general regular
functions f (see [103] and [40]), traces of products of the form (3.1) for k£ > 2 have so far
only been studied for f; being polynomials in the context of second-order freeness (see,
e.g., [111, Ch. 5] or [42, 106, 107]).
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We remind the reader that a second-order non-commutative probability space is a trip-
let (A, p1, ¢2), where the functional ¢y : A x A — C is bilinear, tracial in both arguments,
symmetric under the interchanging of its arguments, and satisfies po(a, 14) = @2(14,a) =0
for all @ € A. The second-order probability distribution of a € A is characterized
in terms of (pa(a®,a’))se, called the fluctuation moments, with the joint moments of
multiple elements again being defined analogously. As a canonical example, we remark
that My n(L*(Q,P)) may be endowed with the functional ps(-,-) = Cov(Tr(+), Tr(-)),
to make it a second-order probability space. In contrast to the first-order structure, the
fluctuation moments are sensitive to the symmetry class of the underlying Wigner matrix
and explicitly involve the fourth cumulant of the entry distribution (see [107, Thm. 6], as
well as [118, 119, 40]). In particular, we observe a breaking of universality compared to
the first-order problem of computing E(-). The joint fluctuation moments of Wigner and
deterministic matrices are explicitly known (cf. [111, Thm. 13 of Ch. 5] for the GUE case
and [107, Thm. 6] for general Wigner matrices).

A functional CLT for traces of products of the form (3.1) has recently been established in
the companion paper [122] and the limiting covariance is derived using a recursion. In
the present paper, we supply the combinatorial argument necessary to obtain the solution
to the recursion and compute the limiting covariance explicitly. In particular, we show
that if W is a GUE matrix, the leading order term my[F}y 4| Fi41,544)] of the covariance
of Tl"(F[Lk]) and Tr(ﬂk+17k+g}) (Wlth F[k-l—l,k-i-ﬁ] = fk+1Ak+1 Ce fk+gAk+g of the same build
as (3.1)) is given by

mQ[F[1,k]|F[k+1,k+z]] = ]%(k . ( H < H A >> 2 fl, ooy frre) (3.3)

Ben ' jeB
+ Z ( H < H AJ>< H A>> 7T1><7T2<f17"'7fk+€)'
T X ENCP(k)Yx NCP(¢) * Bi€ni,B2€m2  jEB JEB2

Here, ]V—(H>’(k,€) denotes the non-crossing permutations of the (k,¢)-annulus and the
functions ®2) resp. <I>5r21)m only depend on fi,..., frie and the underlying permutation
resp. partition. Similar to (3.2), we thus obtain a sum of terms that factorize into
a contribution of the deterministic matrices resp. the test functions appearing in the
product (3.1) with the underlying combinatorics again matching the results obtained
for the case fj(x) = x in free probability theory (see [113]). Moreover, we show that
the overall structure of (3.3) continues to hold if W is chosen to be a Wigner matrix
with W;; = 4 N2y, for i < j and W, = 4 N2y, for general entry distributions Yeq
and yg4. In the general case, however, the sum in the first line of the right-hand side
of (3.3) splits into four summands O (GUE) , k@) g ®9)and @y®) which have different
prefactors in terms of the determlmstlc matrices Al, ey A]H_g. Here, ®(“UF) corresponds to
the GUE case in (3.3) and the remaining contributions are associated with the parameters

ki =Elxod' =2, 0=Ex}, ©=Exj—-1l-o (3.4)
of the Wigner matrix W. A similar decomposition is also observed for @fl)wrz in (3.3). In
particular, we find that the closed expression obtained from solving the recursion in [122]
has the same overall structure as the formulas in [107, Thm. 6]. This shows that the
analogies [39] established in the first-order setting have a counterpart for the second-order
structures. Our combinatorial approach further allows us to give the functions in (3.3) in
a closed form, thus yielding a fully explicit formula for the limiting covariance in the GUE
case.
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We remark that the main results of the present paper, i.e., combinatorial formulas
for mo[F}1 k| Fiet1,6+¢] such as (3.3), are applied to obtain an explicit limiting covariance
structure for the multi-point functional CLT [122, Thm. 2.7]. Here, replacing the recursive
definition of the limiting variance by a closed formula allows for an easier application
of the theorem, e.g., to thermalization problems in physics. Although the form of the
limiting variance in the k = 2 case considered in [122, Cor. 2.12] is sufficiently simple and
could be derived without additional combinatorial tools, characterizing the fluctuation for
general k > 2 does require them to obtain an explicit formula for the variance. We further
emphasize that the main results in the companion paper [122] are of analytic nature and
that their main technical difficulty lies in including functions with a mesoscopic scaling of
the form

fi(x) = g;(N"(x — E)) (3.5)

where g; is a regular N-independent function, £ € R lies in the bulk of the limiting
spectrum of W, and N7 is larger than the typical eigenvalue spacing around E. In
contrast, we assume all test functions to be N-independent in the present paper and
focus on the combinatorial structures arising in the multi-point functional CLT. While an
extension to the functions in (3.5) is possible using the techniques from [122], restricting to
the macroscopic regime allows for a cleaner presentation of the results. It further facilitates
working with more general assumptions on the Wigner matrix W. Note that [122, As. 1.1]
corresponds to setting ¢ = Wy = 0 in (3.4), while Assumption 3.1.1 below matches the
setting of [107, 40] with general o € [—1, 1] and @y > —2, thus generalizing the formulas
from [122].

We conclude the section with a brief overview of the paper. After introducing some
commonly used notations, the assumptions on the Wigner matrix W are given in As-
sumption 3.1.1. We then give a brief overview of the combinatorics needed to identify the
deterministic approximation of (7} ...T})) where T; := G(z;)A;, and the multi-resolvent
local laws needed for the analysis of the fluctuations (Section 3.1.2) as well as the
definitions from free probability that are used to characterize the limiting covariance
of (Ty...Ty) — E(Ty...Ty) and (Tiiq1... Trre) — E(Tpy1 ... Trye) (Section 3.1.3). To
prepare for the statements of our main results, we give a CLT for the case that all
functions f; are resolvents (Theorem 3.2.3). The role of the limiting covariance in the
theorem is played by a recursively defined set function my|-|-] (Definition 3.2.1), which
is the main object of interest in the present paper. We study the recursion in detail in
Section 3.2.2 and obtain the main results, explicit combinatorial formulas for its solu-
tion (Theorems 3.2.4, 3.2.6 to 3.2.8). In Section 3.2.3, we extend the CLT to more general
test functions (Theorem 3.2.9 and Corollary 3.2.10) to discuss the connection to free
probability theory in detail. In particular, we apply the results to the case f;(z) =z and
show that the limiting covariance in the functional CLT reduces to the formula for the
joint fluctuation moments of GUE and deterministic matrices (Corollary 3.2.11) as given
in [107]. Lastly, the proofs are given in Sections 3.3 and 3.4. To keep the presentation
concise, some routine calculations are deferred to the appendix. This includes the proof
of a multi-resolvent global law with transposes (Appendix 3.A.1) and the proof of the
resolvent CLT in Theorem 3.2.3 (Appendix 3.A.2) which are similar to previous results
in [39] and [122], respectively.

Acknowledgements: I am very grateful to Laszl6 Erdos for suggesting the topic and
many valuable discussions during my work on the project. Partially supported by ERC
Advanced Grant "RMTBeyond" No. 101020331.
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3.1.1 General Notation

We start by introducing some notation used throughout the paper. For two positive
quantities f,g, we write f < g and f ~ g whenever there exist (deterministic, N-
independent) constants ¢,C' > 0 such that f < Cg and cg < f < Cg, respectively.
We denote the Hermitian conjugate of a matrix A by A* and the complex conjugate
of a scalar z € C by z. Moreover, || - || denotes the operator norm, Tr(-) is the usual
trace and (-) = N1 Tr(-). We further denote the covariance of two complex random
variables X7, Xy by Cov(Xj, X3) and follow the convention

Cov(¥i,Y2) = B(Y: — EY;)(Y, — BY)),

i.e., the covariance is linear in the first and anti-linear in the second entry. For k,a,b € IN
with a < b, we set [k] = {1,...,k} and adopt the interval notation [a,b] = {a,a+1,...,b}.
We further write (a,b] or [a,b) to indicate that a or b are excluded from the interval,
respectively. Ordered sets are denoted by (...) instead of {...}. Sets of the form [k] and
intervals are treated as ordered sets.

Given a matrix A € CN*N, the traceless part of A is denoted by A := A — (A)Id
where Id denotes the identity matrix. Further, a := diagA denotes the diagonal ma-
trix obtained from extracting only the diagonal entries of A and A; ©® A, denotes the
entry-wise (or Hadamard) product of two matrices A; and As. For a Hermitian ma-
trix W and spectral parameters z1, ..., z; € C\ R, we write the corresponding resolvents
as G; = G(z;) == (W — z;)~! and index products of resolvents using the interval notation

Glag) = GaGuasr ... Gy

for a,b € N with a < b. Recalling that angled brackets indicate that an edge point of
the interval is excluded, we write G4y and G, to exclude G, or Gy from the product,
respectively. Moreover, Gy is interpreted as zero. Note that this notation differs slightly
from [39, 37]. As we often consider alternating products of resolvents with deterministic
matrices Ay, ..., Ay, define T; := G;A,; and apply the same interval notation as above to
write

ﬂk] = T1 ce Tk = G1A1 ce GkAk, T’[a,b} = TaTa-H ce Tb. (36)

Again, angled brackets are used to exclude T, or T; from the product, respectively, and Ty
is interpreted as zero. We call a product of the type (3.6) resolvent chain of length k.

Throughout the paper, we assume W to be an N x N real or complex Wigner matrix
satisfying the following assumptions.

Assumption 3.1.1. The matriz elements of W are independent up to Hermitian sym-
metry Wi; = Wi and we assume identical distribution in the sense that there is a cen-
tered real random variable xq and a centered real or complexr random variable x,q Such
that Wi; 2 N2y, fori<j and Wi L N-Y2y,, respectively. We further assume
that B|xea|* = 1 as well as the existence of all moments of xq and Xoq, i.¢c., there exist
constants Cp, > 0 for any p € IN such that

E’Xdlp + E‘Xod’p S Op'

We remark that Assumption 3.1.1 matches the model considered in [40] and [107]. Com-
pared to the conditions Ex?;, = 0 and Ex2 = 1 in [122], we allow for arbitrary values of
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the parameters 0 = Ex?, € [—1,1] and wy = Ex% > 0. This description includes real sym-
metric Wigner ensembles such as GOE (o = 1) as well as matrices of the form W = D +iS
where D is a diagonal matrix and S is skew-symmetric (¢ = —1). We further introduce

the notation
Ryq 1= E|X0d|4 -2 (3-7)

for the normalized fourth cumulant of the off-diagonal entries as well as
Wy :=wy—1—o0. (3.8)
The eigenvalue density profile of W is described by the semicircle law

pul) = YT () (39)

which mainly enters our analysis in the form of its Stieltjes transform

m(z) = psc(@dx, ze C\R. (3.10)

r— =z

We remind the reader that m(z) is the unique solution of the Dyson equation

_miz) =m(z) +z, S23(m(z)) >0 (3.11)
and that its derivative satisfies
2
' (2) = % (3.12)
Given fixed 21,...,2, € C\ R, set m; = m(z;) and m; = m/(z;), respectively. We further
introduce mim;
Gij = = mm,’ (3.13)

and remark that g;; = m) whenever i = j.

3.1.2 Preliminaries Part 1: First-Order Quantities

In this section, we briefly summarize the definitions and results from [37, 39] which are
needed to characterize the deterministic approximation of (T} x).

Definition 3.1.2 (Non-crossing partitions). Let S be a finite (cyclically) ordered set of
integers. We call a partition 7 of the set S crossing if there exist blocks B # B’ in w
with a,b € B, ¢,d € B, and a < ¢ < b < d, otherwise we call it non-crossing. The set of
non-crossing partitions is denoted by NCP(S) and we abbreviate NCP(k) := NCP([k]).
For each non-crossing partition m = {By, ..., B,}, set |n| := n for the number of blocks
in the partition.

Recall that non-crossing partitions have an alternative geometrical definition: Arrange
the elements of S equidistantly in clockwise order on the circle and for each 7 € B
consider the convex hull Py of the points s € B. Then 7 is non-crossing if and only if the
polygons {Pp|B € 7} are pair-wise disjoint. Because of this, we also call the elements
of NCP(k) disk non-crossing to distinguish them from their annulus analog defined below.
We further recall the definition of the Kreweras complement (see Fig. 3.1 for an example).
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Definition 3.1.3 (Kreweras complement, disk case). Let S C IN be a finite set of integers
equidistantly arranged in clockwise order on the circle and label the midpoints of the arcs
between the points s € S also by the elements of S. We arrange the new labels such that the
arc s follows the point s in clockwise order. Let 1 € NCP(S). Then the (disk) Kreweras
complement of w, denoted by K (), is the element of NCP(S) such that r,s belong to the
same block of K(7) if and only if the arcs labeled r, s are in the same connected component
in the complement D \ UgerPp of the polygons { Pg|B € m} in the labeled disk D.

Fig. 3.1. The non-crossing partition 7 = {{1, 3,4}, {2}, {5, 8,9}, {6, 7}, {10} } (black) and
its Kreweras complement K () = {{1,2},{3},{4,9,10},{5,7},{6},{8}} (red). Singleton
sets are indicated by a black or red dot, respectively.

Observe that D\Upe, Pp has | S|—|7|+1 connected components, hence |7|+|K (7)| = |S|+1.
Further, K2 = KoK recovers 7 up to a rotation of D, i.e., K?(r) is the partition where for
S ={s1,..., S} the elements in each block of 7 are shifted by s — sg >+ -+ = s — 1.
In particular, taking the Kreweras complement is invertible as a map on NCP(S).

Definition 3.1.4 (Free cumulant function). Fiz k € N, denote the power set' of [k]
by P([k]) and let (f,)n be a family of functions such that f,, maps n-element sets in P([k])
to C. We define the (first-order) free cumulants (f, ), associated with the sequence (fy)n
through the relation

fsilS1= > 11 fomlB] (3.14)

reNCP(S) Bem

for any S C [k]. For simplicity. we associate the sequences (fn)n (resp. (fon)n)
with a single function f (resp. f,) by setting f[s1,...,Sn] = ful{s1,...,sn}] (resp.
folst, -y 8n) == fonl{s1,---,5n}]) and call f, the (first-order) free cumulant function
associated to f.

We emphasize that Definition 3.1.4 does not require the functions f,, to have any particular
symmetries. However, in the free probability literature, f usually arises from a family of
tracial functionals and is hence symmetric under the cyclic permutation of its entries (cf.,
e.g., [111, Ch. 2]). The implicit relation in (3.14) can be recursively turned into an explicit
definition of f,. Alternatively, we may also invert (3.14) explicitly using the Mobius
function associated with the lattice of non-crossing partitions. Recall that NCP(S) is

'Recall that [k] is treated as an ordered set. Hence, the subsets in P([k]) carry a natural ordering
inherited from [k].
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a lattice with respect to the refinement order, i.e., the partial order in which = < v if
and only if for each B € 7 there exists B’ € v with B C B’. Moreover, there are unique
maximal and minimal elements given by 0g := {{s}|s € S} and 1g := {5}, respectively.
The free cumulant function can then be written as

™=V,

LISl= Y ulm 1) [T FIB), ulm,v) =

1
’ (3.15)
TENPC|S] Ber - ZW<T§V M(T7 V)? T <V,
using the Mobius function p : {(m,v)|r <v € NCP(S)} — Z that is recursively defined
by (3.15). We remark that p(m,1g) can be given in a closed form using the Catalan
numbers (see, e.g., [39, Lem. 2.16]).

The following choice for the function f is of particular interest. Recall that m denotes
the Stieltjes transform of the semicircle law (3.9).

Definition 3.1.5 (Divided differences). For finite sets {z1,...,zr} C C\ R we recursively
define

omlz, ..,z —mlz, . 2]
mlzy, ...,z = P :

The definition readily extends to multi-sets {z1,...,z} C C\ R by setting

(k—l)( 4)

m Zj

mlzj, ..., %] : o
k times

whenever an element z; occurs with a multiplicity greater than one. Here, m* =1 denotes
the (k — 1)-th derivative of the function m in (3.10). Note that m|-| is well-defined in the
sense that mlz, ..., zx] is independent of the ordering of the multi-set {z1,...,z,}. We
abbreviate m[1, ... k] :=mlz, ...,z

We emphasize that m]-], and hence m,|-|, have full permutation symmetry, which is much

more than what was assumed for f in Definition 3.1.4. The following example illustrates
the combinatorial formulas (3.14) and (3.15) for f = m/[-].

Example 3.1.6 (First-order free cumulants). In the case k = 1 we have m[1] = m(z).
For k = 2, the only non-crossing partitions are (12) and (1)(2) such that

mo[1,2] = m[1,2] —mimo, m; :=m[j] = m[z]
while for £ = 3 we have
mo[1,2,3] = m[l,2,3] — mim[2,3] — mam][l,3] — mgm[1,2] + 2mymams.
The quantities m and m, were studied in detail in [39], yielding a close connection to
non-crossing graphs. We recall the definition and give an example in Fig. 3.2 below.
These graphs are planar. For later convenience, we use a slightly more general notion
of planar graphs throughout the paper than the standard literature by allowing for

self-connections (loops) and multi-edges.
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Definition 3.1.7 (Disk non-crossing graphs). Let S C IN be a finite (cyclically) ordered
set of integers equidistantly arranged in clockwise order on the circle. We call an undirected
planar graph (S, E) on the vertex set S without loops or multi-edges (disk) crossing if
there exist two edges (a,b), (c,d) € E with a < ¢ < b < d, otherwise we call it (disk)
non-crossing®. The set of all (disk) non-crossing graphs with vertez set S is denoted
by NCG(S) and we denote the subset of connected graphs as NCG.(S). Whenever S = [k],
abbreviate NCG(k) := NCG([k]).

1
10 9 1 2
O b
9 3 ,
8 4 78
o O
7 ; 5 ;

Fig. 3.2. An element of NCG(10) and its connected subgraphs.

Emphasizing that Definition 3.1.7 lives on a disk is important, as we later introduce a
non-crossing property on the annulus. Whenever both definitions are used together, we use
the specifications disk non-crossing and annular non-crossing to distinguish the underlying
geometry. By construction, every I' € NCG(S) induces a non-crossing partition with
blocks representing the vertices in the connected components of I'. Further, any connected
component of I' is itself a (disk) non-crossing graph.

Lemma 5.2 of [39] proves the representations

m[S] = <H ms> > T @y (3.16)

seS reNCG(S) (i,j)eE(T)
melS] = (H ms) > II (3.17)
s€S LeNCG(S) (i,j)€E()

in terms of the weights ¢;; in (3.13). Here, E(I') is the edge set of the graph I". Note
that (3.16) and (3.17) are still well-defined if S is an ordered multi-set, i.e., if some
elements are repeated. In this case, we consider NCG(|S]) instead of NCG(S) and
use the one-to-one correspondence between the (possibly repeated) labels {s|s € S}
and {1,...,|S|} to obtain a uniquely defined right-hand side (see Fig. 3.3 below).

2The edges of a disk non-crossing graph I' can be drawn in the interior of the disk without intersecting,
i.e., I' is a planar graph drawn inside a labeled disk.
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o0 90 ©

1

2 2 2 2
1 1 1 1 1 1 1 1
2 2 2 2

Fig. 3.3. The graphs contributing to the sum on the right-hand side of (3.16) (top and
bottom row) and (3.17) (bottom row only) for the multi-set S = (1,1,2). Note that the
prefactor is given by [[,cg ms = m2me.

A key technical tool in the proof of our main results is the optimal multi-resolvent local
law [37, Thm. 2.5]. As we only work on macroscopic scales, i.e., with N-independent
spectral parameters, in the present paper, we state the result in the form of a global
law and omit the dependence on 7, = min |3%;|. Recall the commonly used definition of
stochastic domination.

Definition 3.1.8 (Stochastic domination). Let
X = {X(N)(u)’]\f e N,ue U(N)} and Y = {Y(N)(u)‘N eNue U(N)}

be two families of non-negative random wvariables that are indexed by N and possibly
some other parameter u in some (possibly N-dependent) domain UN). We say that X is
stochastically dominated by Y, denoted by X <Y or X = O(Y), if, for all e,C > 0 we
have
sup IP(X(N)(U) > NeY(N)(u)> <N
ueUW)

for large enough N > Ny(e,C).

Theorem 3.1.9 (Macroscopic version of [37, Thm. 2.5]). Fiz k € N and pick spectral

parameters z1, . ..,z € C\R with |Sz;| 2 1 and max; |z;] < N'% as well as deterministic
matrices Ay, ..., A, € CV*N with ||A;]| < 1. Define®

M= ¥ (I (IA) IO A)(Dmls). G
reNCP(k) \ BEK(r), \je€B i€ B(k)\{k} Ben
k¢B

where B(k) is the block in K(m) that contains k. Recalling that T; = GjA;, we have the
averaged* local law

(Tiwg) = (Mg Ar) + O <Jb> (3.19)

and for x,y € CN with ||x||, |ly|| < 1 we have the isotropic local law

(T Gay) = . Miwy) + O<( ). (3.20)

Aj for B = (j1,...,jr) is defined as Aj;, ... A, in the order

Ve

3The noncommutative product ]
inherited from B C S.

4Recall that (-) carries a N ! normalization factor, but (-, -) does not. For A := |y)(x| with two unit
vectors x,y € CV, we hence have (x,G(2)y) = Tr[G(2)A] and (G(2)A) = N~1{x,G(2)y).

jEB
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As we frequently encounter (M Ay) in the following sections, we introduce the notation
ml[Tb s 7Tk] =my [Zh AIJ <oy Ry Ak] = <M[k]Ak> (321>

In particular,

mT,. . T = 3 ( 11 <]‘[Aj>)<1‘[mo[3]> (3.22)

TeNCP(k) " BeK(m) 'jeB Berm

and we have my[Gy,...,Gi] = m[l,..., k| as a consequence of (3.14). Comparing (3.22)
with the formulas in [111, Sect. 4.4], the set functions m and m, may be interpreted as
the moments resp. free cumulants characterizing the limitig non-commutative probability
distribution of resolvents (G;); while my[-] describes the limiting joint distribution of
resolvents (G;); and deterministic matrices (A;);.

We further apply (3.19) or (3.20) for a product Ty, ... Ts, , G, that is indexed by a (cycli-
cally) ordered set S = (s1,...,s,) instead of an interval. In this case, the deterministic
approximation is denoted as

with the same definition as in (3.18).

Remark. The quantities m[1,... k|, mo[1,... k], my[T1,..., T3], (M), and ||[My||
are of order one for any k € IN and ¢, 7 € [N] in the macroscopic regime (cf. Lemma 2.4
and Appendix A of [37]). Theorem 3.1.9 asserts that the deterministic M) is the leading
order approximation of T}, ) G. In particular, the error terms in (3.19) and (3.20) are

smaller than the natural upper bound on their leading term by a factor of 1/N and 1/ VN,
respectively.

We further need a generalization of the averaged local law (3.19) that includes transposes.

Theorem 3.1.10 (Global law for resolvent chains with transposes). Let k € IN and
pick spectral parameters zi,...,z, with |3(z;)] 2 1 and max; |z;] < N as well as
deterministic matrices Ay, ..., Ax with ||A;]| < 1. Moreover, let Gg- denote either the
resolvent G; = G(z;) or its transpose GE- and denote by # the binary vector that has a
one in j-th position if GE = G; and a zero otherwise. Then,

G Giag= S (I1 (I14))(ITw#m) + o) 62)

meNCP(k) ~BeK(w) 'jeB Berm

where m#*°[.] denotes the free cumulants associated with the set function m*°[-] by
Definition 3.1.4. Here, m*°[.] is defined to satisfy m*°[] = 0 as well as the recursion

k
w1l k] = my(1+ ¢ ) <m#"’[2, K S em®lL, L flm ,k]>
j=2

(3.24)
with qi’k = Qi = % whenever #1 = #y, i.e., either both G1 and Gy occur as
transposes in the product G% e G’; or neither of them, and qg,k = % otherwise.

Similarly, c1; = 1 whenever #; = #; and ¢1; = o otherwise. Recall that o = Ex?,
where Xoq s the real or complex random wvariable that specifies the distribution of the
off-diagonal entries of the Wigner matrix W.
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The proof of Theorem 3.1.10 is, modulo careful bookkeeping of the transposes, similar to
the proof of the averaged local law in [39, Thm. 3.4]. For the convenience of the reader, a
brief sketch of the argument is included in Appendix 3.A.1. We remark that the same
result may be obtained on mesoscopic scales with optimal error bounds following the
strategy of [37] (cf. [37, Rem. 2.2]) and that several examples in the cases k € {2,3} are
considered in Proposition 3.4 and Remark 3.5 of [36] as well as in Propositions 3.3 and 3.4

of [40].

Note that o = 1 implies that the matrix W is real and its resolvent satisfies G; = Gj.
Hence, the statement of Theorem 3.1.10 reduces to that of an averaged global law for real
symmetric Wigner matrices in this case. Due to the structural similarity between (3.22)
and (3.23), we will slightly abuse notation and write the right-hand side of (3.23) as

mlGiAn. . Giadi= S (I (ITA)) (T meoB).  329)

reNCP(k) \ BEK(r) jeEB Ben

Moreover, by Definition 3.1.4, we have m;[G%, ..., G = m#°[1,... k] and (3.24) reduces
to the divided differences in Definition 3.1.5 whenever # is the zero vector.

3.1.3 Preliminaries Part 2: Second-Order Quantities

In this section, we give an overview of the definitions from free probability that are used
in later sections (roughly following the notation of [111, Ch. 5]) as well as some related
quantities appearing in the CLTs.

Recall that the key picture for describing the expectation of (17 ) is a disk with the
labels 1,..., k organized in clockwise order along its boundary. In a very similar spirit,
the key picture for describing the corresponding second-order object, i.e., the covariance
of (Tt ) and (Tjk41,k+4), consists of two concentric labeled circles. Let k,/ € IN and
arrange the numbers 1, ..., k equidistantly in clockwise order on the outer circle and the
numbers k + 1,..., k + ¢ equidistantly in counter-clockwise order on the inner circle. We
refer to the planar domain between these two circles together with the labeled points on
its boundary as the (k, ¢)-annulus (see Fig. 3.4 below). The labeled points will often serve
as vertices of a graph. In this case, any edges connecting two points are drawn inside the
annulus.

{ @)

Fig. 3.4. The labels of the (4, 3)-annulus.
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Definition 3.1.11 (Annular non-crossing permutations). Let k,¢ € IN. We call a
permutation of [k + ¢] an annular non-crossing permutation if we can draw its cycles’
on the (k,0)-annulus such that the following conditions (see [111, Def. 5 in Ch. 5]) are
satisfied:

(i) Non-crossing property: The cycles do not cross.

(ii) Standardness: Each cycle encloses a region in the annulus that is homeomorphic
to the disk with boundary oriented clockwise (in particular, the cycles follow the
orientation of the numbering of the circles).

(iii) Connectedness: At least one cycle connects both circles.

The set of annular non-crossing permutations is denoted by NC’?(I{;,E). Any cycle that
connects both circles is referred to as connecting cycle.

We remark that N—C}%(k‘, ) can be fully characterized by the avoidance of certain crossing
patterns (cf. analogous geometric characterization of NC P (k) below Definition 3.1.2) and
an algebraic analog of the standardness condition. This equivalent definition is discussed,
e.g., in [112; Sect. 3], but we will not use it here.

Definition 3.1.12 (Annular non-crossing partitions). Let k,¢ € IN. We call the partitions
induced by the cycles of ]ﬁ(lﬁ, ¢) annular non-crossing partitions. The set of annular
non-crossing partitions is denoted by NCP(k,l). A block that arises from a connecting
cycle is referred to as connecting block.

While there is a one-to-one correspondence between the non-crossing partitions of the disk
in Definition 3.1.2 and the permutations of [k] avoiding the same crossing pattern, there is
a crucial difference between non-crossing partitions and permutations on the (k, £)-annulus.
In particular, there is no bijective mapping between a permutation in NCP(k,¢) and
the partition of [k + /] induced by its cycles, as, e.g., both permutations (123) and (132)
correspond to the partition {{1,2,3}}, but give rise to different pictures due to the
orientation induced by Definition 3.1.11(ii) (see Fig. 3.5 below). In general, a permutation
always uniquely determines the underlying partition, but a partition can be obtained from
more than one permutation. This happens if and only if there is exactly one connecting
block (cf. [112, Sect. 4]).

Fig. 3.5. The non-crossing permutations (123) and (132) on the (1,2)-annulus. They are
different as permutations, but their cycles induce the same non-crossing partition.

®Recall that every permutation has a unique cycle decomposition. We represent a cycle (abc...x) by
an oriented graph with edge set {(a,b), (b,¢),...,(z,a)}.
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Lastly, we consider partitions arising from permutations that respect the non-crossing
property and standardness condition but do not have a connecting cycle. In this case,
we may consider the permutation restricted to each circle separately, i.e., as an element
of NCP(k) x NCP({), and introduce an artificial connection by marking one block on
each circle.

Definition 3.1.13 (Marked non-crossing partition). Consider m € NCP(k) x NCP({)
that naturally splits into m = m X me with m; € NCP(k), ma € NCP({). We pick one
block of m and one of mo, respectively, and mark them by underlining. The resulting object
is referred to as a marked non-crossing partition.

Marking a block on each circle allows us to artificially introduce a connecting block by
considering the union of the two marked blocks. As a consequence, any marked non-
crossing partition can be associated with a unique element of NC'P(k, ¢). We further note
that there are |m |- |ms| possibilities to mark the blocks of 7 = m; x7m9 € NCP(k)x NCP({).
For example, {{1},{2}} x {{3}} and {{1},{2}} x {{3}} are considered different marked
partitions although both arise from {{1},{2}} x {{3}} € NCP(2) x NCP(1) (see Fig. 3.6
below).

Fig. 3.6. A visualization of {{1},{2}} x {{3}} and {{1},{2}} x {{3}}. Marking is
indicated by a dashed line.

We further recall from [111, Ch. 5] that there is a second-order analog of Definition 3.1.4.

Definition 3.1.14 (Second-order free cumulant function). Let (fi.n)mn be a sequence
of functions such that f,,, maps tuples (Si,S2) of two finite (cyclically) ordered sets of
integers with |Si| = m and |Sa2| = n to C. Assume further that the functions are symmet-
ric under interchanging of the two arguments in the sense that fu, ,[S1|S2] = fa.m[S2|S1]
and cyclic, i.e., fmnlS1{s1,- -, Sn}t] = fmnlS1/{S2,...,5n,s1}]. Moreover, we assume
that fmolS1|0] = fonl0|S2] = 0. Similar to Definition 3.1.4, we associate the se-
quence (fmn)mn with a single function f by setting

f[$17 ) $m|3m+17 s 7Sm+n] = fm,n[{sla s 7Sm}|{3m+17 ) Sm—l—n}]-

We implicitly define the second-order free cumulant function of f as the unique map foo
defined on pairs of finite (cyclically) ordered sets (Uy,Us) that satisfies

f[S1]S:] = %: IT f-[B] + > Joolh|Uz]  [I  fo[B]

TeNC (|Sl‘,|32|) Bern 7r1XWQENCP(|S1DXNCP(‘SQ|), BEWl\U1
Ujemy,UzxEme marked Uma\U2

(3.26)

for any finite S1,Sy. Here, f, is the first-order free cumulant function introduced in
Definition 3.1.4.
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Note that we use a set function f that is symmetric under the interchanging of its
arguments instead of its skew-symmetric version f[S1|S2] = f[92]S1] typically used in the
free probability literature to mimic the covariance functional (cf. [111, Ch. 5]). This choice
will simplify the computations by reducing the number of complex conjugates arising in

the intermediate steps.

Similar to (3.14), the implicit relation (3.26) may be turned into an explicit defini-
tion of fo, by recursion. Note that the term foo[[k]|[k + 1,k + ¢]] in formula (3.26)
with f[[k]|[k + 1,k + {]] on the left-hand side only occurs for the marked partition
{{1,.. . k}} x {{k+1,...,k+ £}} and hence always has coefficient one, so we can ex-
press it in terms of f, f,, and the previously identified values of f,,. This shows that f.. is
well-defined. Although we will not rely on Md&bius inversion to express f.., we remark that
it is possible to include both ]W(k,ﬁ) and the marked elements of NC'P(k) x NCP({)
into one common definition, the non-crossing partitioned permutations, which can be
endowed with a partial ordering and hence render it suitable for Mobius inversion. This
would allow to rewrite the right-hand side of (3.26) to a structure similar to (3.14) and
obtain a closed formula similar to (3.15). We refer to Sections 4 and 5 of [42] for the full

construction.

Similar to (3.14) above, the relation (3.26) is applied for one particular choice of f built
up from the Stieltjes transform m(z). We will later see that the set function m/[-|-] defined
below arises as the deterministic approximation of the (appropriately scaled) covariance
of (G ) and (Git1,k+q) in a similar way that the divided differences m/|-] arise for the
expectation of (G[y x). In particular, m|-|-] satisfies the symmetry and cyclicity assumption
in Definition 3.1.14. We give a recursive definition of m]-|-] for now, however, closed
formulas are later obtained in Section 3.2.2.

Definition 3.1.15. Let S1 = (21,...,2r) C C\ R and Sy = (zpr41, -, 2wye) C C\ R be
two finite ordered multi-sets. We define m|[-|-] to be the set function taking values in C with
the properties (i)-(iii) listed below. Similar to m[-] in Definition 3.1.5, we interpret m[-|-]
as a function of the indices of the spectral parameters.

(i) Symmetry: m[-|-] is symmetric under the interchanging of its arguments, i.e., for
any sets By C S1, By C Sy we have

m[(i, zi € B1)|(j, 2 € B2)| = m[(j, 2 € B2)|(i, 2 € B1)].

(i) Initial condition: For any sets By C Sy, By C Sy we have

m(i, zi € B1)|0] = m[0](j,j € Bz)] = 0. (3.27)

(iii) Recursion: Let By C S and By C Sy be ordered subsets with |By| = k < k'
and |Bs| = ¢ < U elements, respectively. For simplicity, we index them by [k]
and [k + 1,k + £]. The function m[-|-] satisfies the following linear recursion

m[l,... klk+1,... k+ /]

—W(’m[z,...,k|k+1,...,k:+€]

1 —mimy
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el
|
—

+ > mll,. .. glk+1,.. . k+mlj, ... k]

<.
Il
-

+

M-
3

[1,...,j]ﬁ[j,...,k:|k+1,...,k+€]+5GUE+SK+30+SM) (3.28)

<
[|
N

where the source terms in the last line are given by

sque =y m[l,... kk+j,. . k+lk+1,... k+ ]

Sk =Ky > (m[l,...,r]m[r,...,k]m[s,...,t]

r=1k41<s<t<k+(
xm[t,...,k+€,]€+1,---a5])

4
S =0y mT Lk k gk Gk k]
j=1

¢
Swi=wy Yy mll,... klmlk+j,... k+0k+1,..  k+j]
j=1
Here, we wrote out the underlying multi-set in the definition of s, to indicate that it
evaluates to m[s, s| instead of my if t = s and the vector # € {0, 1}t 4s given
by #1 =" =#r =0 and #1411 = -+ = #1101 = 1. Recall that m[-] denotes the
divided differences as introduced in Definition 3.1.5 and that m*°[-] was introduced
in Theorem 3.1.10.

Note that the recursion for m/[-|-] is linear with different types of source terms in the last
line of (3.28). Therefore, we may introduce the decomposition

ml|] = meuel[] + Kaml -] + ome[-| ] + Gamg[-| ] (3.29)
where mgy (|| satisifes (3.28) for Ky = 0 = Wy = 0 and Ky, [+|-], oM, [|-], and Womy,[-|]
satisfy (3.28) with s, s,, and s, as the only source term, respectively.

Note that the right-hand side of (3.28) only contains divided differences and m[B;|Bs]
for |B1|+|B2| < k44, so (3.28) indeed defines m|:|-| recursively. The symmetry assumption

in (i) then extends (3.28) to the second entry of m/[-|-]. Moreover, all source terms in the last
line of (3.28) are fully expressable as a function of my, ..., my, by (3.16), making m|-|-]
eventually a function of mq, ..., my e as well.

As an example, setting 0 = wy = 0 and applying the recursion once gives

m2m? m3ms3
m 1 2 — 1 2 + K 1 2
M2 = T A= md) A = U= md) (1 =)

= = + Kamymymaym (3.30)

with m, = m/(z;). We remark that mgyg[1]2], seen as a function of (21, 29), is sometimes
referred to as the second-order Cauchy transform of the GUE ensemble in the free
probability literature (cf. [53]). The corresponding first-order object is —m/(z), which is
obtained by applying the usual Cauchy transform to the semicircle law.°

6The Cauchy transform of a probability measure yu is given by c(z) = R %
from the Stieltjes transform by a sign.

and hence only differs
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We consider another special case in the following example.

Example 3.1.16. Whenever k4, = 0 = @y = 0 and one argument of mgyg[-|] is a
singleton set, only the fourth line of (3.28) gives a non-zero contribution. Rewriting this
term using (3.16) (cf. Lemma 3.1.17 below) yields the closed formula

41
— m . .
meue(l)2,... 0+ 1] = ﬁZm[l,...,j,...,f—i— 1,7] (3.31)
-mi =
{+1 I+1 /
S(Im)( 2 T a) S (i )
s=1 TeNCG([¢+1]) (a,b)eE(T) = i#£]

For ¢ = 2, we hence obtain

my (myms(1 — myims) + mami(1 — myms))

m 112,3] =
mGUE[ ‘ 73] (]_ — m1m2)2(1 — m1m3)2(1 - m2m3)

Note that the right-hand side of (3.31) is fully expressed terms of non-crossing graphs on
a labeled disk. This is because NCP(1,¢) and marked elements of NCP(1) x NCP(()
can be reduced to disk non-crossing partitions in this special case. In particular, the
orientation of the circles is not relevant for this example.

The proof of (3.31) is immediate from the following combinatorial lemma which may be
of independent interest. We give its proof in Appendix 3.B.1.

Lemma 3.1.17. For j € {l,... k}, k> 1, we have

/

m'.
m[l,...,j,...,k,j]:m[l,...,k](l+ > qj,l)? (3.32)
ey 7T

with ¢; j as in (3.13).

We also give some examples to illustrate the combinatorial formula (3.26) for the
choice f[-|-] = mquErl-|-

Example 3.1.18 (Second-order free cumulants). Let k4 = 0 = @y = 0. In the
case k = (¢ =1, the only non-crossing annular permutation is (12) and there is also
only one option for marking {{1}} x {{2}}, namely {{1}} x {{2}}. Rearranging (3.26),

we thus get
Moo[1|2] = m[1|2] — m[1, 2] + myma.

Similarly, considering £ = 1 and ¢ = 2 yields

Moo[1]2, 3] = m[1]2, 3] — m[1]2]mgs — m[1]3]me — 2m][1, 2, 3]
+ 2mym|2, 3] + 2mam/[1, 3] + 2mgm|[1, 2] — 4mymaoms.

In the case k = ¢ = 2, there are 18 distinct non-crossing annular permutations (see
Fig. 3.7 below) and 4 elements in NC'P(2) x NC'P(2). However, the second sum in (3.26)
consists of 9 terms in total due to the marking of the blocks as, e.g., {{1},{2}} x {{3,4}}
and {{1},{2}} x {{3,4}} correspond to me.[1]3,4]my and me.[2|3,4]m,, respectively,
which do not need to coincide. In total, the formula defining me.[1, 2|3, 4] has 27 terms
on the right-hand side of (3.26).
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Fig. 3.7. The 18 elements of NC?’(Z 2).

We conclude this section by recalling the Kreweras complement for annular non-crossing
permutations from [112] (see Fig. 3.8 below for an example). Similarly to the disk case,
taking the Kreweras complement is an invertible map on NCP(k, ().

Definition 3.1.19 (Kreweras complement, annulus case). Consider the (k,{)-annulus
and label the midpoints of the arcs between the points 1,...,k + € (black in Fig. 3.8)
also by 1,...,k+{ (red in Fig. 3.8). Respecting the orientation of the two circles, we
arrange the new labels such that the arc s follows the point s. Let m € ]W(k:,ﬁ) be
visualized on the (k,0)-annulus as in Definition 3.1.11. The (annular) Kreweras comple-
ment K(m) € NCP(k,{) is defined as the mazximal annular non-crossing permutation
on [k + ¢] that can be drawn using only the labels at the midpoints of the arcs and without
intersecting the cycles of m. In particular, each cycle of K(m) again encloses a region in
the annulus that is homeomorphic to the disk with boundary oriented clockwise. In this
context, we consider an annular non-crossing permutation maximal if none of its cycles
can be extended (by merging cycles) without inducing a crossing.

Note that || + |K(7)| = k + ¢ for any 7 € W(k,ﬁ) (see, e.g., [112, Sect. 6]). We
remark that while defining the annular Kreweras complement on the level of partitions
would also be possible, the resulting map does not have the same properties as in the
disk case (see, e.g., [112, Sect. 1] for a discussion). Therefore, we will only consider the
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Fig. 3.8. The annular non-crossing permutation 7 = (1275)(34)(6) in black and its
Kreweras complement K () = (1)(2456)(3)(7) in red.

annular Kreweras complement for permutations. Note that one can further assign a
unique Kreweras complement to any marked non-crossing partition 7 arising from some
element m X my € NCP(k) x NCP({) by applying Definition 3.1.3 circle-wise. In this
case, we write K (m) = K(m) x K(ms).

3.2 Main Results

The main focus of the present paper lies in determining the limiting covariance structure
arising in the CLT for the centered statistics

Xa = <T[17k]> — E<,T[17k}> = <G1A1 Ce GkAk> — E<G1A1 e GkAk>, (333)
Yo = (W) A ... frWV)A) — E(fi(W)A; ... fr(W)Ag). (3.34)
Here, « = ((z1,41),..., (2, Ax)) resp. « = ((f1,41), ..., (fr, Ax)) is a multi-index
containing bounded deterministic matrices Ay,..., Ay and either the spectral param-
eters zq,...,2; € C\ R with |Qz;| 2 1 appearing in the resolvents or the test func-

tions fi,..., fx € H*Y(R) with || f;]] < 1. Whenever we need to refer to the number k of
resolvents (resp. test functions) in the product X, (resp. Y, ), we carry the parameter k
as a superscript and write X(® (resp. Y)). Recall that we set T; = G;A; = G(2;)A; as
well as Tj; j) = T;Ti11 ... T;. Similarly, we introduce F} := f;(W)A; and use the interval
notation

Flig = fiW)A;. .. f;(W)A;
for i < j as well as Fj = 0.

3.2.1 Resolvent Central Limit Theorem and Recursion

We start by identifying the joint distribution of multiple X ékl) with different k; and «;.
To state the limiting covariance structure, we introduce a recursively defined set func-
tion my[-|-], which we later identify as the deterministic approximation of the (appro-

priately scaled) covariance of (Tj; ) and (Tjg+1k+¢q) similar to My, and m,[-] arising
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for the expectation of T} 4Gy (see Theorem 3.1.9 as well as (3.21) and (3.22))". Note
that a = ((21, A1), - . ., (2, Ax)) contains the same information on the spectral parameters
and deterministic matrices involved as the set of matrices (1,7 € [k]). We will, therefore,
occasionally abuse notation and use (z;, 4;) and 7; = G;A; interchangeably. In particular,
we write

m2[a’6] = mQ[Th s 7Tk|Tk+17 cee 7Tk+5]

where the two multi-indices o and § index the spectral parameters and deterministic
matrices in Ty,..., T, and Tjyq,...,Tre, respectively. At this point, we only give a
recursive definition for my|-|-], however, explicit formulas are later obtained in Section 3.2.2.
Note that the case 0 = Wy = 0 of Definition 3.2.1 was already given in [122].

Definition 3.2.1. Let S; = (T, ..., T) and Sy = (Ty1,- .., Terre) be two (ordered)
finite sets of complex N x N-matrices of the form T; = G;A;. We define my[-|] as
the (deterministic) function of pairs of sets Sy, Sy with values in C and the following
properties:

(i) Symmetry: ms[-|] is symmetric under the interchanging of its arguments, i.e., for
any sets By C S1, By C Sy we have

my[(T},i € B1)|(T}, 5 € By)] = mo[(T},5 € B2)|(T},i € By).

(i) Initial condition: For any sets By C Sy, By C Sy we have

ma[(Th, i € B1)|0] = my[0|(T},j € Bs)] = 0. (3.35)

(7ii) Recursion: Let By € S and By C Sy be ordered subsets with |By| = k < k' and
|By| = € < U elements, respectively. We index the matrices in By by [k] and the
matrices in By by [k + 1,k + ¢]. The function my[-|] satisfies the following linear
Tecursion

W[4, Tl Tty - T

=m (m2[T2, o Tom1, GrAkA Ty, - - - Thtd]

+ g1, M2 [TQ, c. ,Tk_l, GkA1|Tk+1, c. ,Tk+g] <Ak> (336)
k—1

+ > [Ty, ..., Tjo1, Gj|Tisa, - - -, Thrd] (m1[Tj, o T
j=1

+ (J1,km1 [7—‘]7 s 7Tk—17 Gk]<Ak>)

k
+> w1, ..., Tjo1, Gy (mQ[Tj7 o T Ty - - Thoged]

Jj=2

+ qreme[Ty, .. Tho1, Gl Ths, - -+ Thod] <Ak>> + SqUuE + Sk + S5 + %)

"Note the similarity between the notations mi[-] and my[-|-], which take one and two resolvent chains
as arguments, respectively.
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where the source terms squg, Sy, o, and s, are given by

¢
SGUE ‘= Z <m1[T1, oy Ty Ty oo Thgj—1, Gy g

=1
+qma[Th, . Te1, G Ty oo Thtjons Gk+j]<Ak>> (3.37)

k+¢ s
—/<J4Z > (Z (M) © Ms, gt gort,.. ) (Mg Ar) © Mg g)
r=1s=k+1 “t=k+1
ke
+Z M[r @M[st]><(M[rk]Ak)@M( ..... k+0,k+1,..., s)>>
t=s
k+¢ s
+K4Q1k2 > ( > My © M, it st,)) (M) © Mig )
r=1s=k+1 “t=k+1
ke

2 (Mg © M) (Mg © Meirersn,) ) (Ar): (3.38)
t=s
S5q 1= Uzm1[T1 ey I, kﬂAZﬂ s +£Ak+17 e k+] 1AZ+J=Gk+J‘]
¢
+QI,kJZm1[TI"’7Tk—17Gk7 k+]A§c+] IR
j=1
bt Akts - Gljo1 Al gy Gl (Ar) (3.39)
¢
Z 6] Ak) © Mktj, . ettt ktj))
¢
+ qre@s Y (Mg © Mt e gorn,. ki) (Ar) (3.40)
j=1

Recall that © denotes the Hadamard product, g, was defined in (3.13), and M)
was defined in Theorem 3.1.9. Moreover, recall that my[-] was defined in (3.21) and
the notation with transposes was introduced in (3.25).

Note that setting A; = --- = Ay = Id reduces (3.36) to (3.28), showing that

mg[Gl,...,Gk|Gk+1,...,Gk+g] :m[l,,k|k+1,,k—|—€]

We use the linearity of the recursion and the different types of source terms to introduce
the decomposition

mol-|] = moup[-|] + mamu[-| ] + omo [-[-] + Gamy[-] ], (3.41)

where mgyg[-|-] satisfies (3.36) for ky = 0 = Wy = 0, and kgm[-|-], om,[-|-] resp. Lomy,[-|]
satisfy (3.36) with s,, s, resp. s, as only source term. Note that squp + $. + §, + 5w
in (3.36) is fully expressible as a function of Ay, ..., Agipand my, ..., mge by (3.22), (3.17)
and Lemma 3.A.2, eventually making ms[-|-] a function of the same quantities.

Recall that we set X, = (T1...Ty) — E(Ty ... Ty) with o = ((21, A1), - - ., (2x, Ax)). Before
stating the CLT for X, we note the following definition.
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Definition 3.2.2. Consider two functions of the Wigner matrix W in Assumption 3.1.1,
which we denote as N -dependent random variables XN and YNV). We say that X) =
YN 4 O(N=¢) with ¢ > 0 in the sense of moments if for any polynomial P it holds that

EP(XW) = EP(YW™)) + O(N~¢*),

for any smal € > 0, where the implicit constant in O(-) only depends on the polynomial P
and the constants in Assumption 3.1.1.

We now give a CLT for X, in (3.33). As the main interest of the present paper is
the deterministic approximation ms[-|-], we restrict the discussion of the CLT to the
macroscopic regime (|Sz;| 2 1) for technical simplicity. Note that this implies in particular
that my[-|-] as well as its components mey g[-|-], mq[-]-], my[-|-], and m,[-|-] are of order one.
The proof of Theorem 3.2.3 is analogous to that of [122, Thm. 3.6]. For the convenience
of the reader, we include the necessary modifications for adapting the proof in [122] to
the generalized model in Assumption 3.1.1 in Appendix 3.A.2.

Theorem 3.2.3 (Macroscopic CLT for resolvents). Fix p € N, let ay, ..., o, be multi-
indices, and let W be a Wigner matriz satisfying Assumptzon 3.1.1. For each 7=1,. ..,p
pick a set of spectral pammeters z§ ) zk) with |\sz G) | > 1 and max; |z;| < N100
well as deterministic matrices AV, .. A(J with ||A H < 1. Then,

NPE<f[1Xaj>: S ] mofailay] +(9<\/_) (3.42)

QePair([p]) {i.j}eQ

for any € > 0. Here, Pair(S) denotes the pairings of a set S and my[-|-] is a set function
that satisfies Definition 3.2.1. Equation (3.42) establishes an asymptotic version of Wick’s
rule and hence identifies the joint limiting distribution of the random variables (Xo;); as
asymptotically complex Gaussian in the sense of moments in the limit N — oo.

By (3.41), Theorem 3.2.3 implies in particular that

lim N21E<XQXB) — maumlal8] + ramaal8] + oms[a|8] + Tm[al].

N—oo

We remark that ms[-|-] is cyclic in the sense that
mQ[(T])J € Sl)|T1a s 7Tk} = mQ[(Evj € Sl)|T27 B 7T/€7T1]
and that further

mo[(T5,5 € S))|Th, ..., Th1, Gy
my[(T5,7 € S))|Ty, ..., Thy, GrpAr] —mo[(T), 5 € Si)|Th, ..., Th 1]

2k — 21

whenever z; # 2z, Ar = Id, and ¢ = 0. These identities can be obtained from the "meta
argument' below [37, Lem. 4.1] (see also [122, Cor. 3.7]) using that the analogous formulas
for the original resolvent chains are trivially true by resolvent identities. However, any
additional information on my|-|-] has to be obtained from the recursion (3.36) directly.
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3.2.2 Solution of the Recursion

After identifying ms[a|f] as the deterministic approximation of E[X,Xs], we consider
Definition 3.2.1 in detail. In this section, we derive the main result, which is a solution
to the (deterministic) recursion (3.36). This characterizes the overall structure of the
function my[-|-] and yields explicit combinatorial formulas to replace the recursive definition
in applications. Making use of the linearity of the recursion and the decomposition (3.41),

it is sufficient to consider the components mgyg[-|-], mq[-|],m,[-|-], and m,[-|-] separately.
We start by studying mgyg[-|-]. The proof consists of two steps that are carried out in
Section 3.3.

Theorem 3.2.4. Let o = ((21, Al), cey (Zk, Ak)) and 6 = ((Zk—f—l; Ak+1), cey (Zk+g, A;H_g))
for some k,0 € N. Then,

mGUE[a|ﬂ]=M;0W)( I (I14;)) [T ml5)

BeK(w) 'jeB Bem
+ ) ( II < II Aj>< II Aj>)moo[U1|U2]
mxmENCP(kK)xNCP({), ~ Bi€eK(m), 'Jj€B1 JjEB2
Uy eny,Us€ma marked BoeK(m2)
X H mO[Bl]mO[BQ] (343)
B1€7I'1\U17
BQGTI’Q\UQ

with me and me, being the first and second-order free cumulant functions as defined
in (3.14) and (3.26), respectively.

Observe that the right-hand side of (3.43) reduces to the combinatorial expression in (3.26)
lfAl ::AkJrg:Id

Remark. Note that the right-hand side of (3.43) is symmetric with respect to in-
terchanging of ((z1, A1), ..., (2, Ax)) and ((2k+1, Ak+1), - - - (Zkte, Akte)), Which is con-
sistent with the symmetry of my[-|-] in Definition 3.2.1(i). We can check this di-
rectly from (3.43) by observing that there is a one-to-one correspondence between
non-crossing permutations of the (k,¢)-annulus and those of the (¢, k)-annulus. This
follows from drawing the cycles of the permutation as curves on the respective annuli
and observing that interchanging the inner and outer circle with a conformal map (e.g.,
by inversion to a concentric circle between the outer and inner circle) preserves the
standardness and non-crossing property of the picture (cf. Definition 3.1.15). More-
over, this symmetry of mgyg[-|-|] implies that me.[|] is also invariant under inter-
Changing ((Zl, Al), ce (Zk, Ak)) and ((Zk—i-l; Ak—f—l)a ce (Z;H_g, Ak+4)) since ?n/GUE[H de-
termines meo[-|-] uniquely by Definition 3.1.14.

Example 3.2.5 (Asymptotics of covariances for GUE). We consider a special case of
Theorem 3.2.3. Let p = 2, ki = ko = 1, and assume that W is a GUE matrix®. By
decomposing A; and A, into a tracial and a traceless part, the deterministic approximation
for the covariance follows directly from [40, Thm. 4.1], giving

N?E((Ty) — E(T1))((Tz) — E(T%))

- <A1A2>% + <A1><A2><(1 _mT/erﬂLan)Q - (1 i”i:;‘im)) T O(f)%)

8Note that we are only using that W satisfies Assumption 3.1.1 and k4 = 0 = Wy = 0.
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= (Ardama[1, 2] + (A {Ax)meo[12) + O jﬁ)

where the last equation follows from the formulas in Examples 3.1.6 and 3.1.18. Note that
the error bound W/+/L in [40, Eq. (91)] evaluates to O(1/v/N) on macroscopic scales. We
remark that the deterministic leading term matches the formula for mey [T} |T3] obtained
from applying (3.36) to the initial condition mgyg[T1|0] = 0.

Next, we consider the recursion for m,[-|-]. We obtain a closed solution similar to
Theorem 3.2.4, i.e., a sum of terms that factorizes into two parts depending only on the
deterministic matrices Ay, ..., Axyp and the spectral parameters zy, ..., zx1¢, respectively.
The proof of Theorem 3.2.6 is given in Section 3.4.1 below.

Theorem 3.2.6. Let o = ((21, A1), .., (2k, Ax)) and B = ((zk+1, Aks1)s - - - (2o, Akre))
for some k,0 € IN. Then there exist

(i) a family (Vr.p)er of functions Yp . : CBl — C for every w € NC?(I{?,@ and

(”) a famlly (¢7T,U1,U2)U1C[k],U2C[k+1,k+€} OfoTlCt’L'OTLS ¢W7U17U2 : (D'Ul' X (D'UZ' — C that are
invariant under interchanging of the two arguments as well as functions
(Vrr 51 ) Brem\tr A (Vg By) Byema\Un With Y, g, : CIPil — C for every m = m x my €
NCP(k) x NCP(¢) with marked blocks Uy € m; and Uy € Ty

such that
il = S T (( I A)e( T 4)) I vnszli € B)
TeNCP(k,l) BEK(m) jeBN[k] jeBN[k+1,k+¢) Ben
+ > (T (IT4)(14)) (3.44)
=1 X2 ENCP(k)xNCP(¢), * BieK(r1), 'j€B1 JEB2
Uyrem,Uzema marked Boe K (m2)

X ey vy (217 €ULUU)  T[ Wmimi (2517 € Bi)Uny 5,(%]) € Ba),
Biem\Ui,
Baema\Uz

where @ denotes the Hadamard product.

Theorem 3.2.6 is a purely structural result which shows that m,[-|-] can be written in terms
of non-crossing permutations and partitions similar to mgyg[-|-]. Despite the obvious
similarities between (3.43) and (3.44), considering the minimal example

w11 |13 = meug[T1|Ts] + ramy [T T3]

m2m?2 m,ymt m2m?3
— (A A 1My ANA ( 1M _ 1My )
< ! 2> (1 — mlmg) + < 1>< 2> (1 — m1m2)2 (1 — mlmg)

+ Ky <<a1a2>m?mg + (A1) (A2) (2mym mamiy, — mi’m%))

with ¢ = Wy = 0 already shows that the functions v; describing the dependence on the
spectral parameters do not coincide with the free cumulant functions m.[-] and me.|-|]
in general. However, (3.36) implies that the functions 1; themselves satisfy a recursion.
Theorem 3.2.6 hence reduces the computation of m,[-|] from iterating (3.36) to an
inductive computation of the part that only depends on the spectral parameters.

We continue by deriving an explicit formula for m,[-|-]. As the source term s, in the
corresponding recursion is, up to transposes, identical to sgyg, the solution of the
recursion is analogous to Theorem 3.2.4 but uses m#“[-] instead of the iterated divided
differences m/[-]. We give the proof in Section 3.4.2.
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Theorem 3.2.7. Let a = ((Zl, Al), cey (Zk, Ak)), 6 = ((Zk+1, Ak+1), ceey (Z]H_g, A/H_g)) fO’/’
some k, ¢ € N and abbreviate

mg[l, .. ,k‘|]€ + 1, .. ,k’—i—f] = mJ[Gl, .. .Gk|Gk+1, NN ,G]H_g]
in the special case Ay = --- = Apyp. If B € m is a connecting cycle of m € NC’?(I{:,E)

decomposed as B = (i1, ..., 1:)0(j1,- .-, Js) withiy, ... i, C [k] and j1,...,js C [k+1, k+4],
we introduce the notation

Ba = (Z.l,...,ir)o(jsa--'vjl)’

Then,

wlo= 3 GG A( T a))) Teeeis.

JjEBN[kK] jE€BN[k+1,k+j] Em
oy (I (Ia)(I14)) (3.45)
71'1><7T2€J\fC'P(k:)><]VCP(€)7 B1€I{(7T1)7 jEB] JEB>
Ui €m,Uz€me marked BoeK(m2)
X (Me)ooUh|Us] [ m&7[Bi]mE7(By]
Byem\Uy,
B2€7T2\U2
where # = (0,...,0,1,...,1) with the number of zeros and ones matching the number of
labels on the inner and outer circle involved in B, respectively. Moreover, m¥°[-] denotes
the free cumulant function associated with m*°[-] via (3.14) and (my)oo||:] denotes
the second-order free cumulant function asssociated to mgy|-|-] and m#°[-] via (3.26),

respectively.

Note that the set function m,[-|-] satisfies the same factorization property as mgygl-|]
and m,[-|-]. For k = ¢ =1, it readily follows that

2.9
mims;

m,[T1|Ty] = (A AL)

+ (A g) (s mims )

1— amimes (1 — 0m1m2)2 1-— armi1ms

We further remark that (3.41) evaluates to ma[-|-] = mgug[-|-| +my[-|-] in the case of GOE
matrices (o0 = 1 and k4 = @y = 0).

It remains to consider m,[-|-]. The proof of Theorem 3.2.8 is given in Section 3.4.2.

Theorem 3.2.8. Let o = ((21, A1), .., (2k, Ax)) and B = ((zg+1, Aks1)s - - -5 (2o, Arre))
for some k,¢ € IN. Then there exist

(i) a family (U, )pex of functions U, : CIBl — C for every 7 € NC’?(I{:,[) and

(i) a family (Yo, 05)oycvacEr1m+q Of functions Ur gy, p, « CIU % CIV2l — C that are
invariant under interchanging of the two arguments, and functions (Y, B,) B, em\0;
resp. (Ury 5y) Bacma\vs With Ve, g, 2 CIB1 — C for every m = w1 x my € NCP(k) X
NCP(£) with marked blocks Uy € my and Uy € my
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such that
mofoldl = 3 (O a)e( I 4)Ivslien
TENCP(k,l) BEK () jeBN[k] jeBN[k+1,k+/] Berm
+ )3 (T (IT4)(1I4)) (3.16)
nm=m xm2ENCP(k)xNCP({), ~ B1€K(m), 'Jj€B1 JEB2
Uy emy,Us€me marked BoeK(m2)

XUz €ULUU)  [I Wasi (2515 € B1)Wn, ,(2515 € Ba).
B1€7r1\U1,
B267T2\U2

Similar to Theorem 3.2.6, Theorem 3.2.8 is a pure structural result. It shows that the
last contribution m,[-|-] satisfies the same factorization property as mgyg[-|], mq[-|-],
and m,[-|-]. In the case k = ¢ = 1, we have the formula

m,[T1|T3] = (aja0)mims + (Ar)(As) (mimh — mim3).

It further follows from (3.36) that the functions ¥; themselves satisfy a recursion. Theo-
rem 3.2.8 thus reduces the computation of m,|[-|-] to the inductive computation of the
part that only depends on the spectral parameters.

3.2.3 General Test Functions and Applications to Free
Probability

We conclude the discussion by comparing the explicit formulas from Section 3.2.2 to the free
probability results in [107]. To do so, we generalize the CLT for resolvents in Theorem 3.2.3
to a full multi-point functional CLT for (N-independent) test functions fi, ..., fx, i.e.,
a CLT for the statistics Y, in (3.34). Given Theorem 3.2.3 and the formulas fron
Section 3.2.2, the proof follows from a classical application of the Helffer-Sjostrand
formula (analogous to the proof of [122, Thm. 2.7]) and is hence omitted. Note that we
restrict Theorem 3.2.9 to real-valued test functions only for simplicity. Extending the
results in this section to complex-valued test functions only requires minor modifications
to the argument.

Theorem 3.2.9 (Macroscopic multi-point functional CLT). Let k € IN and pick de-
terministic matrices Ay, ..., Ay € CV*N with ||A;|| < 1. Let further W be a Wigner
matriz satisfying Assumption 8.1.1 and let fi, ..., fr € H**(R) be real-valued compactly
supported test functions with ||f;|| S 1. Then, for any € > 0, the centered statistics (3.34)
are approximately distributed (in the sense of moments) as

NY B = ¢(a) + O(%) (3.47)

with a centered (N-dependent) Gaussian process {(a) satisfying

Bt = 3 (T (A i

BeK(w) 'jeB

o we%(k!) Bell_([(w) << 11 Aj) © < 11 Aj)>q’§f)(f1a cos fiere)

JEBN[K] jEBNk+1,k+]
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LA

BeK(m) ' jeBN[k] j€BN[k+1,k+j]

WG% k) BER (r <(j€£[m[k] Aj> © ( | 11 Aj>><1>§r”)(f1, N

jEBN[k+1,k+0]

I 3 ( 11 < I1 Aj>< 11 Aj>)q)m><7r2,U1><U2(f1>---7fk+£>'

T xmENCP(k)x NCP(¢), \ BieK(m), \j€B JEB>
U1€7r1,U2€7T2 marked BQGK(T{'Q)

Here, B denotes another multi-index of length { containing the deterministic matrices
Api1, o Ay satisfying || Aj]| S 1 and the test functions fri1, ..., fore € HTY(R). The
functions ®) and @, wry <0, i (3.48) can be computed recursively and only depend
on the underlying permutation resp. marked partition, the functions fi, ..., frae and the
model parameters Ky, o, and Ws.

For the later applications, we note the following formulas for the case Ky = 0 = @y = 0.
Corollary 3.2.10 below is proven in [122] by explicitly evaluating the integrals that are
obtained from the Helffer-Sjostrand formula in the proof of the functional CLT.

Corollary 3.2.10 (Cor. 2.9 in [122]). Consider Theorem 3.2.9 for a GUE matriz® W. In
this case, we have

OB (fr, ., fure) = [ scolB (3.49)

Ber
where sc,|-| denotes the free cumulant function associated with

sclir, ..., 1 / {H fi, ()| psc(x (3.50)
with pse as in (3.9), and
(I)W1><7r2,U1><U2 (fla R 7fk‘+€) = SCOO[U1|U2] H SCO[Bl]SCO[B2L (351>
B1€7r1\U1,
Baema\Us
where SCoo|-|-] denotes the second-order free cumulants associated with sc|-] in (3.50) and

SClit, .+ inlingts -y inem] = ;/_22 /_22 <ﬁlf ) (H for (v ) w(z,y)dzdy  (3.52)

by Definition 3.1.14.The kernel u : [—2,2] x [=2,2] — R is given by

In [(Wl — 22+ VA — ) (ay +4 - VA — a4 - yz)}
(VA =22 = VI=2)2(ay + 4+ VI — 22T =) ]
We remark that the formula (3.53) also appears in [52] and [125] (see also [122, Cor. 3.8]).

Whenever f;(x) =z for all j =1,...,k+ ¢ or, more generally, f; is an (N-independent)
polynomial’®, the N — oo limit of (3.48) describes the second-order limiting distribu-
tion of GUE and deterministic matrices in free probability. It is readily checked that
Theorem 3.2.9 indeed coincides with the free probability literature in this case. The
computations to obtain Corollary 3.2.11 are included in Appendix 3.B.2.

u(z,y) = 412 (3.53)

9We only use that W satisfies Assumption 3.1.1 and k4 = 0 = &y = 0.

1%We implicitly assume f; to be compactly supported by setting fj(ac) = fi(z)x(x), where f; is a
polynomial supported on all of R and x is a smooth cutoff function that is equal to one on [-5/2,5/2]
and equal to zero on [—3,3]°. Since f;(W) = E(W) with high probability by eigenvalue rigidity, we may
use f; and fj interchangeably here.
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Corollary 3.2.11. Under the assumptions of Corollary 3.2.10 let fi(z) = -+ = frre(x) =
e, YEO = (WA . WAY—E(..) and Y\ = (WA ... WAL)—E(...). Then,

gove). (1 () e
TeNCP3(k,l) ~BeEK(w) ' jEB
where NC’I%Q(IC,K) denotes the pairings in NCﬁ(k:,K).

We remark that the limit in (3.54) reproduces the well-known result of second-order
freeness of GUE and deterministic matrices from [113]. Moreover, computations similar
to Corollaries 3.2.10 and 3.2.11 for the GOE (0 =1 and k4 = @y = 0) yield

(I ()
TeNCPy(kt) ~ BEK(w) 'jEB

cp LAl 1 a))

TENCPa (k) ~ BEK(mw) ' jeBN[k] JjE€BN[k+1,k+7]

tim NB(Y V() -

N—oo

which is the (real) second-order freeness of GOE and deterministic matrices established
in [118]. Apart from these two special cases, the deterministic approximation in Theo-
rem 3.2.9 mirrors the overall structure of the joint second-order distribution of Wigner
and deterministic matrices described in [107, Eq. (3)]. We remark that resolvents and
functions with an N-dependent mesoscopic scaling (3.5) as considered in [122] are usually
not accessible in free probability theory as many of the standard techniques rely on explicit
moment computations. Theorem 3.2.9 and its mesoscopic analog [122, Thm. 2.7] thus
show that the underlying combinatorics of non-crossing annular permutations and marked
partitions are, in fact, more general.

We further remark that the parallels between Theorem 3.2.9 and [107] continue to hold
if we consider multiple independent Wigner matrices instead of one matrix W. More
precisely, for n independent GUE (or GOE) matrices, the underlying combinatorial
structure is given by the so-called non-mixing annular non-crossing permutations resp.
non-mizing marked partitions for n colors (cf. Remark below [122, Cor. 2.11}).

3.3 Proof of Theorem 3.2.4 (Formula for mgyg|-|])

The proof of Theorem 3.2.4 consists of two main steps:

1.) Solve the recursion for mgyg[-|-] in the case Ay = --- = Agp = Id. As m[:] can be
expressed in terms of non-crossing graphs on the disk, we can rewrite the coefficients
and the source term of the recursion in terms of graphs. By defining a suitable family
of graphs on the (k, ¢)-annulus, we extend this representation to obtain an ansatz
for mgug[|] and, by Definition 3.1.14, also an expression for the second-order free
cumulant function.

2.) Using the formula for mgyg|-|-] obtained in Step 1, write out the right-hand side
of (3.43) and show that it satisfies the recursion for mgyg. Checking that this ansatz
also satisfies the remaining properties in Definition 3.2.1 yields equality between
the two sides of (3.43).

We address the two steps in Sections 3.3.1 and 3.3.2, respectively.
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3.3.1 Step 1: Graphs

As we only consider mgyg throughout this section, let k4 = ¢ = @ = 0 and thus

mauel-|-] = m[-]-]. Recall from (3.16) and (3.17) that both m[-] and m,[-] are expressable
in terms of disk non-crossing graphs. In this section, we give analogous combinatorial
formulas for m[-|-] and mo.|[-|]. For this task, we define a new, albeit closely related,

multi-set of graphs on the (k, ¢)-annulus. We start by introducing a transformation that
translates between the disk and the annulus picture (cf. [111, Thm. 8 in Ch. 5)).

Definition 3.3.1. Fix k,/ € N, 1 < j < {, and consider a disk with the k + ¢ + 1
labels 1,... . k.k+74,....k+ 0, k+1,....k+j equidistantly placed around its boundary in
clockwise order. We define a map 7, refered to as mediating map, that takes this picture
to the (k,{)-annulus as follows:

1.) Use a homeomorphic continuous deformation, e.g., a conformal map, to map the
disk and its labels to the (k, ¢+ 1)-annulus with a slit located between 1 and k on the
outer circle and the two copies of k + j on the inner circle.

2.) Remove the slit to obtain an annulus.

3.) Merge the two copies of the label k + j.

We visualize 7 for an example in Fig. 3.9 below. The two labels k£ + j are denoted as 6
and 6’ to distinguish between them more easily.

6/ 1 1 1
5 2 confoﬂ map 5 remﬂ> slit
4 g 7 2 join vertices 4 2
7 3
6 4 3 3

Fig. 3.9. The geometry of the transformation 7 for k =4, ¢ = 3, and j = 2.

The map 7 induces a transformation of any graph I' defined on the labeled disk to a
graph defined on the (k, ¢)-annulus. We denote the resulting annulus graph as 7(I"). By
construction, 7(I") is planar whenever T is a disk non-crossing graph. Recall that we use
a slightly more general notion of planar graphs than the standard literature by allowing
for loops and multi-edges. We give an example in Fig. 3.10 below. For better visibility,
the loop arising in the last step is moved from between the two (1,3) edges to the right.

We can now introduce the family of graphs G(k,¢) that constitute the key tool in the
proof of Theorem 3.2.4. In analogy to the disk non-crossing graphs in Definition 3.1.7, we
require the elements of G(k, ¢) to be drawn on the (k, ¢)-annulus with the vertices placed
around the boundary and the edges drawn in the interior of the annulus (see Fig. 3.10
and Example 3.3.4 below).
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1 — 2

map to annulus join vertices
— —

3 >~ 3

Fig. 3.10. Construction of 7(I') for a graph I' € NCG({1,2,3,3'}).

Definition 3.3.2. For k,{ € N we define G([k], [k + 1,k + £]) to be the multi-set'! of
undirected, planar graphs on the (k,{)-annulus with vertex set {1,... k + £} and possible
loops or double edges that is obtained from the following recursive construction:

(i) For any Sy C [k] and Sy C [k + 1,k + (] we have
G(S1,0) =G(0,5,) = 0. (3.55)

(7i) The multi-set G([k], [k + 1,k + £]) can be constructed from the multi-sets G(Sy, [k +
1,k + 0]) with Sy C [k] as follows: We define

G-(1k) = G1 UG UG3 UGy, (3.56)
as the disjoint union of the sets

Gy = {DU{I}T € G(12, k], [k + 1,k +€))}

Gs = {F =T u Fg’Fl € NCG([1, j]) with edge (1,7),
j=2
1—‘2 € g([]u k]? [k + 17 k + g])}?
k-1
G5 = {r="1U rzjrl € G([1,4], [k + 1,k + £]) with edge (1,5),
j=1

'y € NCG([j k])};

L
Gy = UT({reNCG({1,...,k,k+j,...,k+£,k+1,...,k+j—1,k+j})\

j=1

[ has edge (1,k+j)}>.

Here, the union I' U {1} in G, is to be understood as adding a separated vertex 1
to I' while the union I'y U Ty in Gy and Gs refers to the graph with the vertex
set {1,...,k+{} and the edge set given by the union of the edge sets of I'y and I'y,
respectively. Further, recall T from Definition 3.3.1. We remark that all elements
of G1,...,Gy are planar graphs. Next, let

Gk = {F U{(1, k:)}‘l“ € gﬁu,k)},

"The graph I’ may be obtained in several different ways from the recursive construction. This is
reflected by the multiplicity of T" in the multi-set G([k], [k + 1,k + £]).
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where the union is to be understood as adding an edge (1,k) to each graph in G p).
Observe that the resulting graphs are again planar. Finally, we define

G([K], [k + 1,k +£]) == Gax) YUG-r), (3.57)

where any graphs that occur more than once are counted with multiplicity. In
particular, whenever the same graph occurs in both G ) and G-1 k), the multiplicity
of I' € G([k], [k + 1,k + £]) is the total number of occurrences of I' in both subsets.

(iii) G(S1,52) = G(Sa,S1) for any Sy C [k] and Sy C [k + 1,k + (] (in the sense that
there is a well-defined bijective mapping that takes each element of G(Si,Ss) to its
counterpart).

We abbreviate G(k,0) := G([k], [k + 1,k + £]) and refer to its elements as good graphs.
The subset of connected good graphs is denoted by G.(k,l). Any edge (i,7) with i € [k
and j € [k + 1,k + ] is referred to as connecting edge.

We give a schematic overview of the elements in G(k,¢) in Fig. 3.11 below. To avoid
overcrowding, labels and edges that are not prescribed by the definition are left out.

1

Fig. 3.11. Schematic visualization of the elements of Gy, Go, G3, and G, (left to right).
Different subgraphs are indicated by different line styles.

Remark. The occurrence of multi-edges or loops is inherent to the construction of G(k, ¢),
which can be seen from a simple counting argument. First, note that an element of G(k, ¢)
can have at most 2(k + ¢) edges by construction. To see this, observe that the elements
of G- ) with the highest number of edges lie in G, and that I' € G, has the same number
of edges as the underlying disk non-crossing graph. As any disk non-crossing graph on n
vertices has at most 2n — 3 edges (realized by a triangulation), the maximal number of
edges for ' € Gy is 2(k+ ¢+ 1) —3=2(k+¢) — 1. As (3.57) may add another edge to T',
the maximum for G(k,¢) is 2(k + ¢) edges. On the other hand, the maximal number of
edges in a planar graph on the (k, ¢)-annulus without multi-edges or loops is only 2(k + ¢)
if k,¢ > 3 (again realized by a triangulation). It is readily seen that such a graph has
strictly less than 2(k + ¢) edges if either k or ¢ is one or two. As the construction in
Definition 3.3.2 does not introduce crossings and begins with the cases k,¢ < 2, the
difference between the two maxima must be reflected as multi-edges or loops.

We further remark that G(k,¢) is a genuine multi-set, i.e., some graphs appear with
multiplicity larger than one, unless k = ¢ = 1 (cf. Lemma 3.3.5(d) and Fig. 3.13). The
key property shared by all elements of G(k,¢) is that each graph arises from some disk
non-crossing graph along the recursive construction. Therefore, we may interpret G, as a
kind of source term. In view of Lemma 3.3.3 below, the multi-set G(k, ¢) gives an annulus
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analog to the disk non-crossing graphs, as it plays the same role in the combinatorial
description of m[:|-] as NCG(S) does for m][-].

Lemma 3.3.3. For fized k,/ € N, we have

k+¢
A, kk 41, k] = <Hm5> SOOI (3.58)

reg(k,l) (i,5)eET)

Proof. As q;j = q;, by (3.13) and G(k, ) = G(¢, k) by Definition 3.3.2(iii), it readily follows
that the right-hand side of (3.58) is symmetric under the interchanging [k] and [k+1, k+¢).
Similar to the proof of [39, Lem. 5.2], we use the combinatorial formula (3.58) as an
ansatz to solve the recursion given in (3.27) and (3.28). First, observe that

2 11 qZ-,j:(lﬁlifms) ) I[[ ¢;=0

(IIm)
s=1 /7 Teg(S1.,0) (i) €B(T) s=ktl 7 TEG0,5) (i) B(T)

for any S; C [k] and Sy C [k + 1,k + £] due to the sums being empty. Hence, the initial
condition (3.27) is satisfied.

It remains to check (3.28). We introduce the notation

qr ‘= H qi.;

(i,)eE(T)

and conclude from the decompositions (3.57) and (3.56) that

> ar=0+aqr) >, ar

Teg(k,0) reg_(1,x)
1+Q1k(ZQF+ZQF+ZQF+ZQF> (3.59)
I'eg; T'eGa T'egs I'eGy

Noting that the vertex 1 in I' € G; has no adjacent edges, we may write

Z qr = Z qr-

reg reg([2,k),[k+1,k+£))

Further, the transformation 7 only changes the geometry underlying a graph I', but does
not influence its edge set. By the definition of G4, any I' € NCG([1,...,k+ {, k + j])
used in the construction must have at least one edge (1,k + j). As a consequence, the
product ¢r always includes the factor g1 x1; = mimii;(1 + g1 x+;). This yields

Z qr = Xf: <m1mk+j Z QF>-

reg, Jj=1 FeNCG([1,....k+£,k+7])

Note that the identity g1 x4; = mim;(1 + ¢144;) allows writing summations restricted
to graphs with an edge (1,k + j) on the left-hand side into an unrestricted sum over all
graphs on the right-hand side. We use the same trick for G, and Gs as gr,ur, = qr,qr, for
the union of graphs introduced in Definition 3.3.2. With these replacements, (3.59) can
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be written as
1
L+ quk reg(k,0)

_ Z qr + zk: mlm]( Z QF> ( Z QF>

qr

TeG([2,k),[k+1,k+4]) j=2 TeNCG([L,5]) TeG([5,k],[k+1,k+4])
k—1

+ Z mlmj< Z QF> ( Z C_Ir>
j=1 TeG([1,4],[k+1,k+4]) TeNCG([4,k])

4
+ Zmlmkﬂ- ( Z QF).
j=1

TeNCG([1,....k+£,k+5])

Multiplying both sides with [T**{ m, and noting that 1 + ¢ ; = (1 — mym;)~t, we see

s

that the right-hand side of (3.58) satisfies (3.28) as claimed. O
Example 3.3.4. We have |G(1,1)| = 8. The graphs are visualized in Fig. 3.12 below.

1 1 1 1
1 1 1 1

Fig. 3.12. The elements of G(1,1).

In particular, we readily reobtain (3.30) by evaluating gr for every graph in the above
list. Note that decomposing (3.30) into the form mimy Yreg(1,1) qr is possible in multiple
ways. However, picking graphs that contain a connecting edge yields the set G(1,1) in
Fig. 3.12 as the smallest possible set.

We state a few properties of the elements of G(k,¢). In Lemma 3.3.5, we focus on general
characteristics of I' € G(k, ¢) as a planar graph drawn on the (k, £)-annulus. The properties
of G(k, ¢) that are needed for the proof of the combinatorial formula for m., are given in
the separate Lemma 3.3.6.

Lemma 3.3.5. Let k, ¢ € IN.

(a) The connected components of any I' € G(k,l) give rise to a non-crossing partition
of the (k,0)-annulus. In particular, T' contains a connecting edge if k, ¢ > 1.

(b) T' € G(k,0) may have at most two loops. Loops only occur at vertices that are
adjacent to a connecting edge. Two loops on vertices on the same circle do not
occur.

(¢) T' € G(k, ) may have up to k+{¢—1 double edges. Double edges are either connecting
edges or adjacent to a connecting edge. Edges with a multiplicity higher than two do
not occur.
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(d) G(k,0) is a genuine multi-set unless k =€ = 1.

Proof. (a) We use proof by induction. First, note that the elements of G(S1,0) = 0
and G(0,Sy) = 0 with S; C [k] and Sy C [k + 1,k + €] clearly give rise to an annular
non-crossing partition. Moreover, Example 3.3.4 establishes the claim in the case k = ¢ =1
and shows that any I" € G(1, 1) contains at least one connecting edge.

Assume next that the elements of G(S1, [k + 1, k + £]) give rise to an annular non-crossing
partition for any S; C [k] with |S;] < k£ — 1 and a fixed ¢/ > 1. We aim to show
that the connected components of any I' € G(k,1) also correspond to the blocks of
some m € NCP(k,?). Due to the symmetry induced by Definition 3.3.2(iii), this is enough
to establish the induction step.

By definition, the vertices 1 and k lie next to each other on the outer circle. Hence,
adding an edge (1, k) may connect two connected components, but cannot introduce a
crossing in the partition obtained from them. It is, therefore, sufficient to check the
claim for elements of G (1) or, equivalently, for the sets Gy, G2, G3, and G, in (3.56).
First, note that the transformation 7 indeed takes the disk partition induced by the disk
non-crossing graph to an annular non-crossing partition. This is due to the continuous
homeomorphism used in the definition of 7. Moreover, the edge (1,k + j) prescribed
for ' €e NCG({1,...,k,k+j,....,k+j—1,k+ j}) by the definition is mapped to a
connecting edge, ensuring that the resulting partition has a connecting block.

By construction, the graphs in Gy, G, and G3 contain an element of G(S1, [k+1, k+/]) with
some S7 C [k] as a subgraph. Applying the induction hypothesis for G([2, k], k + 1, k + {])
and noting that a separate vertex 1 only adds a singleton set to the underlying partition,
we can conclude that Gy, too, behaves as claimed. The argument for G, and G5 is similar.
Here, the key observation is that the connected components of the added disk non-crossing
graph induce a non-crossing partition of an interval placed along the outer circle. Recalling
that all elements of NCP(k, () have at least one connecting block, the corresponding
connected component of I' € G(k, ¢) must contain a connecting edge.

(b) It is readily seen that the elements of G(S1,0) = 0 and G(0,S;) = 0 with S; C [k]
and Sy C [k + 1,k + /], as well as all ' € G(1, 1) have the claimed structure. Moreover,
adding an edge (1, k) to a graph cannot introduce a loop unless k = 1, so it is again
sufficient to establish the induction step for G- x).

By Definition 3.1.7, a disk non-crossing graph does not contain any loops. Hence, any
loops of I € G; U G, U G3 must occur in the subgraph in G(Sy, [k + 1,k + ¢]) with Sy C [k]
used to construct I'. As the induction hypothesis applies to this subgraph, we conclude
that I" has at most two loops that satisfy the claimed placement rules, respectively. For
[' € G4, note that applying 7 to an element of NCG({1,...,k,k+j,....k+j—1,k+7j})
yields an annulus graph with a loop if and only if the disk non-crossing graph contains an
edge (k+j,k+ 7). As the latter must also contain an edge (1,k + j) by definition, a loop
in ' is always adjacent to a connecting edge.

We remark that the loops in I' € G(k, ) are a consequence of the definition of 7 rather
than an artifact of the recursive construction of G(k, ¢), i.e., they can be created only once.
In particular, I' can only contain a loop if it arises from G, or its analog in a previous
iteration. Hence, the construction cannot yield a graph with more than two loops or more
than one loop per circle, respectively. In particular, any graph in G(k, ¢) containing more
than one loop is necessarily obtained from an element in G(1,1) with two loops.
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(¢) Again, the elements of G(S1,0) = () and G(0,S2) = 0 with S; C [k] and Sy C
[k +1,k+ (], as well as all I" € G(1, 1) have the claimed structure. We further note that
any double edges of I' € G; U Gy U G3 must occur in the subgraph in G(Sy, [k + 1,k + ¢))
with S; C [k] used to construct I' and that the induction hypothesis applies to the
latter. For I' € G4, a double edge occurs if and only if the corresponding element
of NCG({1,...,k,k+j,...,k+j—1,k+j}) has a vertex i that shares an edge with both
copies of k+j. However, there is at most one such vertex in [k] and [k+1, k+/], respectively,

as having two vertices 7,1’ connected to both copies of k+ j in either set induces a crossing.

In particular, any double edge shares a vertex with the edge (1,k + j) € I' prescribed by
the definition. Hence, all graphs in G- ») have the claimed structure.

It remains to consider G ), i.e., to add an edge (1, k) to the graphs considered previously.
In the case j = k of Gy, this doubles an existing (1, k) edge. By part (a), any such graph
must also have an edge connecting k with a vertex in [k + 1,k + ¢]. This shows that the
placement rule for double edges is satisfied. Further, at most one doubled edge can be
added with each application of the recursion, i.e., there are at most k& + ¢ — 1 double edges
in total. It is readily checked that two is indeed the highest edge multiplicity possible.

(d) As the case k = ¢ =1 has already been discussed in Example 3.3.4, let k =2, ¢ =1,
and consider T(NCG({1,2,3,3})). We relabel the vertices as 1,2,3,3" to distinguish
between the two copies of the doubled vertex 3 more easily. Observe that the graphs I'y
and I'y with edge sets {(1,3'),(2,3')} and {(1,3'), (2, 3)}, respectively, give rise to the same
element of G(2,1), namely the annulus graph with edge set {(1,3),(2,3)} (see Fig. 3.13
below).

Fig. 3.13. Two disk non-crossing graphs that give rise to the same annulus graph.
Hence, G(1,2) is indeed a multi-set. By Definition 3.3.2, either G(1,2) or G(2,1) is used in
the construction of G(k, ¢) for k,¢ > 2, i.e., the construction yields again a multi-set. [

For the following discussion, we introduce the disjoint decomposition
G(k,0) = Gaec(k, £) U Ggec(k, 0), (3.60)

where Gye.(k, £) denotes the graphs in G(k, £) that have double edges or loops and G_4..(k, ¢)
denotes the graphs that do not have either. We refer to the elements of Gu.(k,¢) as
decorated graphs.

Lemma 3.3.6. Let k,/ € IN.

(a) Whenever I' € G(k,) has more than one connected component that contains a
connecting edge, every connected component of I' can be uniquely identified with a
disk non-crossing graph.
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(b) Whenever I' € G(k,l) has exactly one connected component with a connecting edge
and I" is not decorated, the same identification as in (a) holds, but it is no longer
unique. If I'y denotes the connected component of I' that contains a connecting edge
and Uy U Uy with Uy C [k] and Uy C [k + 1,k + {] is the vertex set of I'y, there
are |Uy| - |Us| different ways to identify the connected components of I' with a disk
non-crossing graph.

Lemma 3.3.6 translates between a graph I' € G(k, (), the partition induced by its
connected components and the cycle structure arising in (3.43). We give a schematic of
the construction of the disk graphs in Fig. 3.14 below. Recall from Definition 3.1.11 that
any cycle of an annular non-crossing permutation encloses a region homeomorphic to the
unit disk with the boundary oriented clockwise.

1 1 1 1
2 2 2
— —
9 3 9 3 9 3 9 3
Fig. 3.14. A subgraph of I' € G(k,¢) with the induced partition 7 and a possible

permutation 71 (left) as well as the disk non-crossing graph obtained for a connected
component of I' (right).

Note that the assignment of the orientation in the second step on the left of Fig. 3.14 is
not unique if 7 has only one connecting block (cf. [112, Prop. 4.6], see Fig. 3.5 for an
example). We remark that (a) and (b) are almost complementary cases and that only
decorated graphs with exactly one connected component containing a connecting edge are
not covered by Lemma 3.3.6. The proof of (a) further shows that any I' € G(k, £) with at
least two connected components containing a connecting edge cannot be decorated.

We give the full construction behind the schematics in Fig. 3.14 below.

Proof of Lemma 3.5.6. (b) It follows from Lemma 3.3.5(a) that the connected components
of T' give rise to a partition mr € NCP(k, (). By Propositions 4.4. and 4.6 of [112], any
element of NCP(k, () may be identified with an annular non-crossing permutation, i.e.,
its blocks can be given an orientation (see the left of Fig. 3.14). This orientation of
the individual cycles is naturally induced by the orientation of the inner and outer
circle. However, the identification between NCP(k,¢) and W(k:,é) is only unique
whenever the underlying partition has more than one connecting block. If there is only
one connecting block Uy U Uy with Uy C [k], Uy C [k + 1,k + £], there are |U;| - |Us]
possibilities to identify 7r with an annular non-crossing permutation (cf. Fig. 3.5). We
fix one 7[. € ]ﬁ(l{, 0) that is associated with 7 in this way.

By definition, the cycles of 7. can be drawn on the (k, ¢)-annulus such that each cycle
encloses a region between the circles homeomorphic to the disk with boundary oriented
clockwise. Adding the elements of the cycle around the boundary yields a labeled disk as
in Definition 3.1.7. We may use the same transformation to map a connected component
of I' to a disk non-crossing graph (see Fig. 3.15 below). Note that this transformation
cannot induce any crossings of the edges of I', however, any loops or double edges of the
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original graph are kept. Hence, we only obtain a disk non-crossing graph in the sense of
Definition 3.1.7 if I' does not contain any loops or double edges to begin with.

RO NG

Fig. 3.15. Transformation of a cycle of 7. € N NCP (k,?) to a circle (left) and the induced
transformation of a connected component of I' € G(k, ¢) into a disk graph (right).

(a) Assume next that I' € G(k, £) has at least two connected components that contain a
connecting edge. It follows from Definition 3.3.2 that this structure can only arise from G,
in (3.56) or its analog in a previous iteration of the recursive definition. Since adding
subgraphs that only live on one circle of the (k,¢)-annulus does not interfere with the
following argument, assume w.l.o.g. that I" arises from G, directly. To have two connecting
blocks, I' must have at least two connectlng edges (i1,12) and (i},1,) where i1,7] € [k],
i, € [k + 1,k + €] and iy # i}, ia # i}. Note that either (iy,i3) or (4, 4,) may coincide
with the edge (1,k + j) prescribed by the definition.

Let T € NCG({1,...,k,k+j,...,k+j—1,k+j}) denote a disk non-crossing graph such
that 7(I') = I'. Here, 7 denotes the map introduced in Definition 3.3.1. By construction, I'
also has two edges edges (i1,i) and (i,4,) with i1, € [k], 2,1, € [k + 1,k + £] and
iy # i, iy # 1. This structure imposes several restrictions on I, as can be seen from
Fig. 3.16 below.

K+
-1 2=t

Fig. 3.16. A schematic visualization of T (left) and its mapping to the original graph
['=7(I) (right).

First, there cannot be an edge (1,k) € r without violating the non-crossing condition.
Together with (3.57), this implies that I' = 7(I") has at most a single edge (1, k). Further, I
cannot contain a vertex that connects to both copies of k + j. This implies that I' = 7(I")
cannot have any double edges. Lastly, I' cannot have any loops, as r containing an edge
(k+ 7,k + j) would induce a crossing, too. Hence, any I' € G(k, ¢) with more than one
connected component containing a connecting edge has only single edges and no loops. [

So far, we have only considered the non-crossing annular partition induced by an element
of G(k,?). The following lemma allows us to partially reverse this relation and explicitly
construct a graph that is associated with a given 7 € NCP(k, /).
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Lemma 3.3.7. For every m € NCP(k,() there is at least one I' € G(k, L) for which the
vertex sets of the connected components coincide with the blocks of w. If m has exactly one
connecting block, then there is at least one such graph in Guec(k,£) and one in G_gec(k, ),
respectively.

We briefly sketch the construction of an element on G(k,¢) from a given annular non-
crossing partition. For the example, we assume that the sketched connecting block is the
only one in the partition. After completing the steps sketched in Fig. 3.17, the remaining
connected components of the graph are readily added using steps corresponding to Gy, Gs,
and Gz in Definition 3.3.2 and the symmetry under interchanging of the inner and outer

circle.
1
1 7 1
) & ) @ ) @
2
7 9 7 2 7 5

Fig. 3.17. The construction of an element of G(2,1) (right) from the connecting block of
an annular non-crossing partition (left).

Proof of Lemma 3.53.7. Fix m € NCP(k,{) and assume first that = has at least two
connecting blocks. W.l.o.g. let 1 and k be assigned to different blocks of 7. Indeed, if 1
and k occurred in the same block, we may split it into two disjoint parts that contain 1
and k, respectively, and later add an edge (1, k) to the graph obtained from this modified
partition. Further, assume w.l.o.g. that 1 is contained in a connecting block. If i > 1 were
the smallest element that occurs in a connecting block, we may further remove any blocks
containing {1,...,i — 1} from the partition and later add a suitable subgraph. Note that
the latter is possible by only using steps corresponding to G; and G, in Definition 3.3.2.

Under these assumptions, there exists 7 € NCP({1,...,k,k+j,...,k+j—1,k+j}) such
that the transformation 7 in Definition 3.3.1 maps the blocks of 7 to the blocks of 7. This is
readily seen from Fig. 3.9, as 1 and & being in different blocks implies that none of the blocks
of 7 intersects the slit between 1 and k. We pick j such that 1 and k£ + j are in the same
block of 7 and may further choose 7 such that one copy of the doubled label £+ 1 occurs as
a singleton set. Finally, define I' € NCG({1,...,k,k+1,...,k+ ¢, k+1}) by considering
each block B = {iy,...,i,} € 7 separately and adding the edges (i1,42), ..., (i1,4,) to

the graph. By construction, the vertex sets of the connected components of I' coincide

with the blocks of 7. Considering I'; = 7(I') now yields the element of G(k, ¢) with the
claimed properties (cf. Fig. 3.17, where the procedure is sketched for a single block).

Next, consider m € NCP(k,{) that has only one connecting block U = U; U Uy with
Uy C [k], Uy C [k + 1,k + ¢]. Similar to the first case, we can construct a disk non-
crossing graph I'yy for which 7(I'yy) € G.(|U4],|Us|). As 7(I'y) is only required to have
one connecting edge, there is also a choice for I'y containing a (k + j, k + j) edge (cf.
Fig. 3.15). In particular, we obtain at least one graph in G, 4e.(|U1], |Uz2|) and one graph
in Ge gec(|U1], |Usl), respectively. The remaining connected subgraphs of I'; are then added
recursively by alternating between adding an isolated vertex (cf. G;) and a disk non-
crossing graph (cf. Gy and Gs) to 7(I'yy). Note that starting from 7(I'y) € Ge —gec(|UA], |Uz|)
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yields a graph that is not decorated while starting from 7(I'y) € G, gec(|U1], |Us]) yields a
decorated graph. O

Using the properties of I' € G(k, ) from Lemmas 3.3.6 and 3.3.7, we obtain an explicit
non-recursive combinatorial formula for m.,.

Lemma 3.3.8. Let k,/ € N. Then,

ke
Mooll, ... klk+1,... k+/{] = (Hms> > ergr, (3.61)

reGe(k,0)
with suitable constants cp € Z.. In particular, cr = 1 for T' € Ggec(k, £).

Note that the constants cr for I' € G_ge.(k, ) are readily obtained from the multiplicity
of the corresponding graph in the multi-set, however, their exact values are not needed
for the proof of Theorem 3.2.4.

Proof. We start by observing that any connected component of I' € G(k,¢) with a
connecting edge is itself an annular non-crossing graph. Further, a connected component
of I" that only involves vertices from either [k] or [k + ¢] cannot contain loops or double
edges (cf. (b) and (c) of Lemma 3.3.5) and we may identify it with a disk non-crossing
graph.

To simplify notation, decompose any B C S; U Sy as a union By U By with By C [k],
By C [k + 1,k + /] and associate it with a tuple (Bj, By) if neither of the subsets is
empty. This allows us to use the common notation NCG(B) for both disk and annular
graphs by setting NCG(B) = G(By, By) whenever B contains elements from both [k]

and [k + 1,k + (], and NCG(B) = NCG(By) resp. NCG(B) = NCG(By) if it does not.

Splitting the sum in (3.58) according to the underlying partition, we can write

k40
m[l,...  klk+1,... ) k+/{] = (Hms> > ar
s=1

reg(k,0)

- Y I (Hms) 3 qp] (3.62)

TeNCP(k,) Bem seB FeNCG.(B)

where NCG.(B) denotes the connected graphs in NCG(B). By Lemma 3.3.7, none of
the sums on the right-hand side are empty. However, there may be multiple permutations
in ]ﬁ(k‘, 0) as well as a marked element of NC'P(k) x NCP({) associated with a given
annular non-crossing partition 7 € NCP(k, ). To obtain the same structure as in (3.26),
we thus need to decompose the sum over 7 € NCP(k,¢) on the right-hand side of (3.62)
further.

Distinguishing by the number of connecting blocks of 7 yields

> H{(Hms) > qr} (3.63)

reENCP(k,) BEm -\ s€B FeNCG.(B)

- ¥ O|(Om) £ o+ ¥ TO[(Om) X «
rENCP(kt), BEr - s€B PeNCG.(B) reNCP(kt), Bem - \scB reNCG.(B)
1 conn. block >2 conn. blocks

As an annular non-crossing partition with at least two connecting blocks uniquely cor-
responds to an annular non-crossing permutation (cf. [112, Prop. 4.4]), we may replace
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NCP(k,0) by NC?(IC,E) in the summation if we interpret a cycle as an ordered set.
Together with Lemma 3.3.6 and (3.17), it follows that

> O(dm) ¥
rENCP(kt), Bem " \scB FeNCG.(B)
>2 conn. blocks

- %(M) gﬂ[( I m> 3 qp] (3.64)

s€B1UB> FGNCGC(BluBQ)

>2 conn. cycles

reNCP(k,t), Ber

>2 conn. cycles

where we used that m, is invariant under permutation of the spectral parameters (z;);.

Applying a similar argument for the partitions with one connecting block U, interpreted
as (Uy,Uy) with Uy =UN[k|,Uy =U N[k + 1,k + ], yields

> II[(Im) ¥

reENCP(k,t), Ber -\ seB FeNCG.(B)

1 conn. block

- > [(Om) &« I [(Om) ¥ @
TeENCP(k,0), seU reg.(U) Bemn\{U} seB TeNCG.(B)

1 conn. block

TeENCP(k,L),
1 conn. block

1 mB] (3.65)

Ben\{U}

(g]ms) > ar

reg.(U)

by (3.17). Note that B # U cannot involve both sets [k] and [k + 1,k + ¢], as U is the
only connecting block. Using (3.60), we decompose

Z qr = Z qr + Z qr

FEQC(U) Fegc,dec(U) Fegc,ﬁdec(U)

and recall from Lemma 3.3.7 that neither sum on the right-hand side is empty. Note that
the split induced by (3.60) also decomposes the right-hand side of (3.65) into two terms.

Next, consider the term corresponding to G. -4e.(U) and recall that any I' € G, e (U)
can be identified with a disk non-crossing graph by Lemma 3.3.6(b). However, this
identification is not unique. Decompose U into Uy = UN[k], Uy = UN[k+1,k+{]. Then
there are |Uy| - |Us| different disk graphs that can be obtained from a given I' € G.. _4ec(U).
As the resulting graphs only differ in the labeling of the vertices and m, is invariant under
permutation of its arguments, the contribution of each graph to the sum is the same.
Recall that the number of annular non-crossing permutations arising from = € NCP(k, /)
is equal to |Uy| - |Us| by [112, Prop. 4.6]. We thus write

Z ar = |U] - [Us] Z qr + Z erqr.

Fegc,—\dec(U) FENOGC(UlLJUZ) Fegc,—*dec(U)

with suitable constants cr € Z. In particular, we do not necessarily have cr = 1. This can
be seen from considering the element of G(2,1) that has the edge set {(1,2), (1,3),(2,3)}.

Hence,
> ar = U] |Ue] > g+ >, crar. (3.66)

reg.(U) TeNCG.(U1Ul>) reg.(U)
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where we set cp = 1 for I' € G, 4.(U). Note that the contribution of the first term of (3.66)
o0 (3.65) is

D

TeNCP(k,L),
1 conn. block U

= % [T mo[Bi U By (3.67)
Te€NCP(k\), Bem
1 conn. block

<Hms> |U| - |Us] > qp] II m.(B]

seU TeNCG:(U1UU2) Ben\{U}

Putting everything together, the right-hand side of (3.63) reads

m[l, ... klk+1,... k+{] = % 11 m-(B] (3.68)
meNCP(k,l) Bem
+ Z H mo[By U Bs [(Hm> Z CFQF}
TENCP(k)x NCP(¢), Ben\{U1,U2} seU reg.(U)

U1,Uz marked

with ¢ € Z as in (3.66) and U = U; U Us. The first term on the right-hand side of (3.68)
is the sum of (3.64) and (3.67). The second term is obtained from the second term
in (3.66) by noting that U is the only connecting block of the partition, i.e., any block
of 7\ {U} only lives on one of the circles. Observing that this matches the structure
n (3.26), we obtain (3.61) by comparing term-by-term. O

We finally have all the necessary tools to prove Theorem 3.2.4.

3.3.2 Step 2: Conclusion

Proof of Theorem 3.2.4. Let f denote the right-hand side of (3.43). We recall that the
initial condition (3.35) is immediate from Definition 3.3.2(ii) and that the symmetry
in Definition 3.2.1(i) follows from the remark on Theorem 3.2.4 above. Hence, it only
remains to check that f satisfies the recursion (3.36). To simplify notation, we interpret f
as a function of the multi-indices o and /.

Similar to the proof of [39, Lem. 4.4], we use (3.17) and (3.61) to write out the first and
second-order free cumulant functions in terms of suitable graphs. This yields

M = WE%@ Z)( 11 < [ Aj>> [1 ( > QF) (3.69)

BeK(rw) ‘jeB Ber *TeNCG.(B1UB2)
for I > )
TENCP(k)Yx NCP(¥), ~ BEK(m) ‘jE€B IreNCG:(U1,Uz)

Uj,Uz marked

< I (Y a)

BGW\{Ul,UQ} reNCG:(B1UB2)

To collect the terms involving the deterministic matrices Ay, ..., Ag, we define

Fm)= [I <HAJ-> (3.70)

BeK(n') \jeB

for any m € NCP(k, () that has more than one connecting block. Here, 7’ € NC’ﬁ(k‘, )
denotes the unique permutation for which the blocks of 7’ coincide with 7. Further, we
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define

I (M4 (3.71)

BeK(n") ‘jeB

70 B, W, (L)

BeK(n!
blocks(n')=m

for any m € NCP(k,{¢) that has exactly one connecting block U. Here, 7" is the
marked partition obtained from 7 by splitting the connecting block into U; = U N [k]
and Uy = U N [k + 1,k + ¢], and marking Uy, U, on the respective circles.

Next, we decompose the sum over NCﬁ(k‘,f) in (3.69) according to the number of
connecting cycles in the permutation and rewrite the right-hand side as

R (o

My M+t e NCP(k,0) Ber “TeNCG.(B)

using (3.70) and (3.71). Recall that any connected component of I" € G(k, £) can either
be identified with a disk non-crossing graph or itself satisfies Definition 3.3.2. We can
thus interpret NCG.(B) as a connected component of a bigger graph and rewrite

> F(W)H( > )— Y Flrr)g (3.72)

T€NCP(k,0) Bemr *TeNCG.(B) reg(k,e)

Here, mr denotes the partition arising from the vertex sets of the connected components
of T.

Using (3.57) from Definition 3.3.2, decompose the right-hand side of (3.72) as

> Flmr)ar = D, qF(]:(Wp)—i—ql,k}"(ww{(l,k)})). (3.73)

reg(k,e) reg_(1,x)

Recall that I'U {(1, k)} denotes the graph obtained from adding an edge (1, k) to I' and
that, therefore, qrug(1,r)) = q1,kqr. Next, apply (3.56) to split the right-hand side of (3.73)
into contributions corresponding to Gi, Gs, G3, and G4. This yields

Z F(mr)gr = Z qr (J:(Wr) + Q1,1€.7:(7Tru{(17k)})) (3.74)
reg(k,e) LeG([2,k],[k+1,k+4))

+ i Z qr (]—"(wr) + qu]:(WFU{(l,k)}))

J=2TeNCG ;) ([1,7]) xG([5:k], [k+1,k+£])

k—1
+3 > qr <f(ﬁr) + ql,k]:(WFu{(Lk)}))

J=1TeG ;) ([Lgl,[k+1,k+0) x NCG([5,k)]

Xi: Z qr (f(ﬂr) + Q1,k-7:(7TFu{(1,k)})) )

ENCG(l k+])({1 k k"r] ,,,,, k+¢,..., k+]})

where the edges prescribed in the definitions of Gs, G3, and G4 are added as a subscript to
NCG and G, respectively. It remains to compare (3.74) with (3.36).

Computation of the first line of (3.74): Recall that Yreg, qr = Xreg(.u),k+1,k+4) ar- AS
any ' € G; has an isolated vertex 1, the set {1} appears as a singleton block of the
underlying partition 7p. Let 7. denote an annular non-crossing permutation with blocks
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given by mp. Then (...k1...) € K(ny), i.e., 1 and k appear in the same cycle of the
Kreweras complement. This gives

11 < II Aj> = 11 < I1 A;-> (3.75)

BeK(mp) "jE€B BeK(mp)l kuk+1,6+g JEB

where A} = Aj for j =2,...k—1and j € [k+ 1,k + (], but A} = AyA;. Considering
F(mru(,k ), note that adding an edge (1, k) to the graph I' implies that (k) € K (mruqa,ry),
i.e., (Ax) always occurs as a separate factor in F. Hence, whenever 7 has more than one
connecting block we can use (3.70) to evaluate

F(mr) + ¢ e F (Troga ey)

- 11 < 11 A;> + q1.x(Ax) 11 < 11 Aj> (3.76)

BeK(mp)l(1,kulk+1,k+¢  JEB BeK(mp)|(1,k)ulk+1,k+0  JEB

with A} as in (3.75). In the remaining cases, nr has only one connecting block U, and F
is a sum of two terms. As the first term of (3.71) can be evaluated similarly to (3.76),
we only consider the second term. Let 7f: denote the element of NCP(k) x NCP({) in
which the blocks Uy = U N [k] and Uy = U N [k + 1, k + ¢] are marked. Recall that the
marking does not influence the Kreweras complement, which is taken for both circles
separately here. As 1 and k lie on the same circle, we can argue as in the permutation
case. It follows that

k+4

(s=1_11m8> Z qr <~7:(7TF) + C]1,k~7:(7TFu{(1,k)})>

TeG([2,k],[k+1,k+0])
=Tmy (F[Tz, ooy T, GkAkA1|Tk+17 s 7Tk+€]

+ quF[TQ, ce ,Tk_leA1|Tk+1, R ,Tk+g] <Ak>) . (377)

Computation of the second line of (3.74): For the contribution arising from G, recall
that I' = I'y U, with Ty € NCG;([1,5]) and 'y € G([4,k], [k + 1,k + {]) implies
qr = qr,qr,, i.e., the weights factorize. Further, the term involving I'; evaluates to

Z dr, = & Z qry = mam; Z ar, (378>

T1ENCG 5 ([1,4]) L+ a1 I eNCG[L,5]) I eNCG[L,5])

as ¢r, always includes a factor ¢, ; if I'y € NCG@ 5 ([1,7]).

Let mp € NCP(j) x NCP(k — j + 1,¢) denote the partition associated with a graph
I'e NCG5([1,7]) x G([j, k], [k + 1,k + {]) in the second term of (3.74) and let 71 is be
an annular non-crossing permutation with blocks given by 7. Since the edge (1,7) must
occur in I', the vertices 1 and j must be associated with same cycle of 7. Hence, the
elements in [1,7) and [j, k| are in different cycles of K (nf). Moreover, none of 1,...,j —1
can be part of a connecting cycle in K (xf). This implies the decomposition

[ (ma)=( I (I ) T (IT4)

BeK(rp) "jeB BeK(ni|n,5) €B\{j} BeK(mp(j,k]ufk+1,k+6))
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Again, the only difference between F(nr) and F(mrugaky) is the fact that (Ax) must
occur as a separate factor in the second case. Thus, we can argue as in (3.76) and evaluate

(TR R ) W S )

BeK(mrlp,;) 1€B\{j} BeK(mp|(j,k)0lk+1,k+6])

+Q1,k<f4k>( II < II Aj>>

BEK(er[lJ]) 'LEB\{]}

><< I < I Ai>> (3.79)

BeK (mflp kjuiet1,k+e)  1€B\{k}

whenever 7 has more than one connecting block and (3.70) applies.

In the remaining cases, F(7r) is evaluated using (3.71). Here, the first term can be treated
similarly to (3.79), leaving only the contribution of the marked partition 7f.. Recalling
that [1, j) and [j, k] lie on the same circle and that K (7f’) is evaluated circle-wise, we can
argue as in the permutation case. In particular,

o= 2 (LI (I ag)( T (T4
erm(kyf) BeK(npln,;1) i€B\{5} BeK(npljj ajulkt1,kerg) €B
blocks(mf.)=mr

A ) I (T4)

BeK(nfln,;) i€B\{j} BeK (|1, k]ulk+1,k+£])

(LI (T )

BGK(ﬂ'r“[Lj]) 1€B\{j}

i.e., F factorizes similar to (3.79). Here, I'y denotes the subgraph of I' € G, that lies
in G([j, k], [k + 1,k + ¢]). Using (3.22) and (3.17), we evaluate

(ﬁms) > qr (f(ﬂr) + q1,kf(7TFU{(Lk)})>

FeNCG(l,j)([l’j])Xg([jvk]v[k+17k+e])
= mlml[Tla s 77—}'—17 G]] (F[T']a s 7Tk|Tk+1a S 7Tk+ﬁ}
+ @i F [Ty, T, Gi|Thga, - - aTk+€]<Ak>>- (3.80)

Computation of the third line of (3.74): The contribution from Gz can be treated similarly
to the second line of (3.74).

Computation of the fourth line of (3.74): For the term that arises from Gy, recall that 7
only influences the geometry of the graph, but not its edge set. Hence, the summation
reduces to the underlying disk non-crossing graphs and we can evaluate it using (3.22)
and (3.17). As the only difference between F(np) and F(mrug,k)}) is again the fact
that (Ax) must occur as a separate factor in the second case, we obtain

Cﬂjm‘s) > qr <f(7rr) + Q1,kf(ﬂru{(1,k)})>

TENCG (1 joyjy {1k k4, kAL, k45 })
=m (ml [Tla cee aTka Tk+j7 cee 7Tk+j—1a Gk—i—j]
+ g [Th, . Tt Gy Thoij - - Thogjmn,s Gk+j]<Ak>>- (3.81)
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Similar to (3.78), I' containing an edge (1, % + j) ensures that the contribution has the
prefactor m;.

Putting (3.77), (3.80), and (3.81) together, we see that (3.74) is equivalent to (3.36)
with f[-|-] in place of my[-|-]. We conclude that f[-|-] satisfies the same symmetry and initial
condition as my[-|-], as well as the same recursion. Recall that these three properties
uniquely identify fla|8] and my[a|S] for any multi-indices «, 5. It now readily follows by
induction that f[«|f] and my[a|f] indeed coincide for all «, 3, i.e., that §[-|-] = my[-|-], as
claimed. O

3.4 Proof of the Formulas for m,[-|-], m,[-|], and m,[-|]

3.4.1 Proof of Theorem 3.2.6

We use proof by induction over the length of the multi-indices and the recursion for m,|[-|]
from (3.36). First, recall that by definition of NCP(k), NCP({), and m(lﬂ,f) both
sums on the right-hand side of (3.44) are empty whenever either « or /3 is empty. Observing
that Definition 3.2.1(i) together with Theorem 3.2.4 implies that m,[S1]0] = m,[]|Ss] = 0,
the base case is established. As the formula on the right-hand side of (3.44) is further
symmetric under the interchanging a and 5 (cf. remark below Theorem 3.2.4), it is
sufficient to only carry out the induction step for one of the arguments in m,[-|-].

Fix k,¢ € N and assume that (3.44) holds for multi-indices « of length 1,...,k — 1
and [ of length ¢. Recalling that rym,[-|-] satisfies (3.36) with s, in (3.38) as the only
source term, we can use the recursion to express my[«|S] in terms of my[-] and my[a/|5]
with multi-indices o’ of length 1,...,k — 1. The claim thus follows by applying the
induction hypothesis and showing that the expression obtained from the recursion can be
rewritten to match the structure on the right-hand side of (3.44). We start by considering
the summands on the right-hand side of (3.36) separately and then check that their
sum, i.e., mg[-|-], is of the same form. To facilitate keeping track of the individual
contributions, we start with the terms on the right-hand side of (3.36) that do not contain
the prefactor ¢; , and abbreviate

Kl = mlmH[TQ, e >Tk—17 GkAkA1|Tk+1, RN ,Tk+g]
K9 = mum [Ty, .. Ty_y, Gi|Tera, - . Towdu [T}, ... o], j € k—1]
K?(,]) = mlml[Tb cee 77—‘j—17 G]]mﬁ[irjv cee 7Tk|Tk’+17 s 7Tk+f]7 .] € [2’ k]

K = my(Mp) © M) ((MpgAr) © Mu, ko gt1,...s))
refk], k+1<s<t<k+L

As the argument is similar, we fix 7 resp. 7, s,t and omit the superscripts for the following
discussion.

Structure of K;: By the induction hypothesis, m[Ts, ..., Ty 1, G ArA1|Tis1, - - - Thrd
factorizes into expressions involving only deterministic matrices or spectral parameters,
respectively, and further has the structure specified on the right-hand side of (3.44) in terms
of zo,..., zx1¢ and the matrices Ao, ..., Ar_1, AgA1, Ary1, ..., Are. As a consequence,
the matrices Ay and A; always occur together in the matrix products. On the level

of the indices of the deterministic matrices, we may reinterpret this as an element
T E NC’?(I{:,K) with a cycle (...k1...) or an element of 7 € NCP(k) x NCP(¢) with
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a block {... k,1,...} depending on the rest of the underlying structure. The treament
of the two cases is identical and we consider them in parallel. As the indices 1 and k
always occur together in K (), the index 1 must occur separated in K~!(7), either
as a fixed point (1) or a singleton set {1}, to match the structure in (3.44). Note
that the spectral parameter z; only appears in the prefactor m;. Hence, setting the
functions Vg —1(x),1) T€SP. YVi-1(r) {1} €qual to m(z;) yields the missing contribution. It
follows that K; matches the structure on the right-hand side of (3.44). Note that all 1
associated with permutations without a fixed point (1) and partitions without a singleton
block {1}, respectively, are equal to zero for Kj.

Structure of K»: We apply the induction hypothesis for m,[T1, ..., Tj_1, Gj|Tk+1, - - - s Thtd]
as well as (3.22) for my[T},...,T}] to rewrite K> as a sum of terms that naturally
factorize into expressions involving only zy,..., 2k or Ay, ..., Agyy, respectively. It
remains to check for the structure on the right-hand side of (3.44), i.e., that each
summand can be associated with an annular non-crossing permutation 7 or a marked
element 7 € NCP(k) x NCP(¢) such that the terms involving spectral parameters
factorize according to cycles resp. blocks of m and the contribution of the deterministic
matrices factorizes according to the cycles resp. blocks in the Kreweras complement K (7).
As treatment of the cases 7 € NC%(/{,E) and m € NCP(k) x NCP({) is identical, we
consider them in parallel.

Observe that the induction hypothesis and (3.22) already prescribe the desired complement
structure for the indices of the spectral parameters and deterministic matrices occurring
in mym[T1,...., 751, Gj|Tht1, - -, Tiye) and my[T}, ..., T}], respectively. As we may
visualize the elements of NC'P(j) with their Kreweras complement on an interval by
cutting the boundary of the labeled disk (cf. Fig. 3.1), we can draw both factors of K, onto
the same annulus. The result is visualized on the left of Fig. 3.18 below. For simplicity,
we omit most of the intermediate labels and only add some of the matrices associated
with the vertices on the midpoints of the arcs between the labels in red.

Note that the interval is placed such that the orientation inherited from the disk aligns
with the orientation of the underlying annulus. Moreover, Fig. 3.18 matches the picture
of a (k, ¢)-annulus up to the label j occurring twice and the label on the midpoint of the
arch connecting the two copies of j that is associated with the identity matrix. Since this
identity matrix does not influence the value of K5, we may remove the label corresponding
to Id from the picture in Fig. 3.18. This leaves k + ¢ labels at the midpoints of arches
along the annulus, one associated with each matrix Aq,..., Arp. On the level of the
indices of the deterministic matrices, each term in in K5 can thus be identified with an
element 7 € m(k‘,é) resp. an element of m € NCP(k) x NCP({). As the two labels j
now occur next to each other, we merge them to obtain the (k, £)-annulus as the structure
underlying the indices of the spectral parameters. The result is visualized on the right of
Fig. 3.18 below. Note that the labels now match Definition 3.1.19 exactly.

It is readily checked that the cycle resp. block structure obtained from merging the
two labels j matches K~!(7) and that any cycles resp. blocks that were connected in
this step can be interpreted as a cycle of an element in N—C}%(k‘, ?) resp. a block of an
element of NCP(k) x NCP({). In particular, the contribution of the spectral parameters
factorizes as claimed on the right-hand side of (3.44). Comparing the permutations resp.
partitions contributing to each Kéj ) and noting that the right-hand side of (3.44) is linear
in each 1;, the sum 3~ KQ(] ) also has the desired structure.
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Ak: 1 Ak: 1
//‘/. .Ajil
e— ] 9
jod j+1 A

Fig. 3.18. Visualization of the indices in mym,[T1,...,Tj_1, G;|Tk11, - - -, Th+e) (dashed)
and in my[T}, ..., T;] (dotted) before the rewriting (left) and the indices after merging
the two labels j (right).

Structure of K3: The treatment of K3 is analogous to that of K.

Structure of K4: From the formula for My in (3.18), it follows that K, can be written
as a sum of terms that naturally factorize into expressions involving only 2z, ..., zr¢
or Ay, ..., Agiy, respectively. In particular, the part that involves deterministic matrices
always consists of two factors of the form ((IT;e;, A;) © (Iljer, 4;)) with index sets I; C [k]
and I C [k+1,...,k+ (] due to the Hadamard product in Kj. It remains to check for
the structure on the right-hand side of (3.44).

Using the same trick as for Ky and K3, we can visualize the terms involved in K4 on the
same annulus. The result is sketched in Fig. 3.19 below. Again, we omit most of the
labels and add the matrices associated with the vertices on the midpoints of the arcs
in red. To avoid overcrowding the labels in the interior of the inner circle, we further
visualize the two circles separately.

Ay 1 k+1 k+1
N\ 1
: Se ot
. // Id .. /I
” \
e T S S~__ -7

Fig. 3.19. Visualization of the indices in m;(M},; © M, 4) (dashed) and (M} nAr) ©
M, k+ekt1,.s) (dotted) on the outer (left) and inner circle (right) of the (k,¢)-
annulus (pictured separately).

Observe that whenever a label occurs twice, both copies are placed next to one another
and the label at the midpoint of the arch connecting them is always associated with
the identity matrix. As the identity matrices do not contribute to K4, we may argue as
before and remove the corresponding labels from the picture in Fig. 3.19. Note that this
leaves k + ¢ labels at the midpoints of arches along the annulus, one associated with each
matrix Ay, ..., Agye, such that we can reinterpret the structure on the level of the indices
of the deterministic matrices as an element m € NCP(k, () resp. m € NCP(k) x NCP({).
Since the two copies of 7, s, and t are now placed right next to their counterpart, we merge
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them to obtain a (k,¢)-annulus as the structure underlying the indices of the spectral
parameters. It is readily checked that the cycle resp. block structure obtained from this
step matches K ~!(7) and that any cycles resp. blocks that were connected by merging
two identical labels can be interpreted as a cycle of an element in NC' P (k, ¢) resp. a block
of an element of NC'P(k) x NCP(¢). In particular, whenever the merging of the labels
creates two new cycles, the cycles can be drawn onto the (k, £)-annulus without crossing.
It follows that the contribution of the spectral parameters factorizes as claimed on the
right-hand side of (3.44). Comparing the permutations resp. partitions contributing to
each K\"*" and noting that the right-hand side of (3.44) is linear in each v;, summing
over r, s,t preserves the structure of the term.

The remaining terms with prefactor ¢; x(Ag) can be rewritten similarly. As the factor (Ay)
always occurs separately, the structure underlying the indices of the deterministic matrices
is an element 7 € NC_P;(/{,E) resp. m € NCP(k) x NCP({) with a fixed point (k) resp. a
singleton set {k}. Hence, K ! must contain a cycle (...k1...) resp. ablock {... k,1,...}

in which 1 and k occur together. Recalling that ¢;; = 11”7;’1”;1 o it is ensured that the
part of the term depending on zi, ...,z contains a factor ¢;(. .., zx, z1,...). With this
modification, we can use the same argument as for Ki,..., K; to conclude that all

terms contributing to the recursion match the structure on the right-hand side of (3.44).
Comparing the permutations resp. partitions contributing to each term and recalling that
the right-hand side of (3.44) is linear in each 1;, it follows that the same holds for their
sum, i.e., for m,[|B]. This concludes the induction step. O

3.4.2 Proof of Theorems 3.2.7 and 3.2.8

The proofs of Theorems 3.2.7 and 3.2.8 are similar to those of Theorems 3.2.4 and 3.2.6,
respectively. We, therefore, mainly focus on the necessary modifications below.

Proof of Theorem 3.2.7. The overall argument is analogous to the proof of Theorem 3.2.4
in Sections 3.3.1 and 3.3.2 up to the definition of the graphs appearing in the combinatorial
formula for m,[-|-]. Recalling that the structure of the recursion for m,[-|-] is similar
to the one for mgyg[-|-], the multi-set of graphs can be constructed as described in
Definition 3.3.2. However, since the source term involves m#?[.], the resulting multi-set
of graphs will carry the same kind of vertex coloring. By replacing G, in Definition 3.3.2
by
¢
6= T<{r € NOGH({1,... kok+j k4 — 1. k4 Lk + k4 j})

j=1
I" has edge (1,k —i—j)}).

where # = (0,...,0,1,...,1) with k zeros and k + ¢ + 1 ones, we obtain a family G7(k, ()
of graphs with the desired properties. Recall that map 7 was introduced in Definition 3.3.1.
An example in the current setting is given in Fig. 3.20 below. Note the different arrange-
ment of the indices on the left compared to Fig. 3.9, which results from the structure of
the source term in the recursion for m,[-|-]. Further, 7 does not influence the coloring of
the vertices.

Similar to the proof of Lemma 3.3.3, we obtain
k40

Fioll,. . k41, k(] = (Hm> SOOI 4

TeGo (kL) (i,j)eET)

110



3.A. Proofs for the CLT in the Resolvent Case

6 1 1 1
7 2 conformal map remove, slit
— 4 2 joinﬂices 4 2
5) 3
6 4 3 3

Fig. 3.20. The geometry of the transformation 7 for k =4, { = 3, and j = 2.

where ¢’ ; ,; is as in Lemma 3.A.2, i.e. L q =iy = 1mmm;1 whenever the edge (i, j) connects
two vertices of the same color and q; = lgznr;m& _ otherwise. From here, the remaining
steps are carried out as in the proof of Theorem 3.2.4. O

Proof of Theorem 3.2.8. We use again proof by induction. As the recursions for m,|[-|]
and m,[-|-] are the same up to the source term, it only remains to show that

Kéj) = (Mg Ar) © M(gtj... ottot1,..k+5)) J € [{]

is of the form (3.46) and that summing up the contributions on the right-hand side of the
recursion (3.36) does not break the structure. We start by noting that each K, 5(3 ) contains
the matrices Ay,..., Axi¢ exactly once and that the indices involved in the first and
second factor of the Hadamard product match the indices on the outer and inner circle of
the (k,¢)-annulus, respectively. The desired structure now follows from (3.22) and the
fact that any annular non-crossing permutation of the (k, ¢)-annulus can be decomposed
uniquely into a composition of two permutations that only act on the inner and outer
circle, respectively. Note that the index £ + j occurring twice in Mgy . ktek+1,..k+5) does
not influence the structure of the Kreweras complement. When visualizing the term on a
labeled disk, the two vertices labeled k + 7 lie next to each other and the vertex on the
midpoint of the arch connecting the two copies is associated with the identity matrix, i.e.,
its effect is not visible when the matrix product in M1 . ktek+1,.k+j) is evaluated. [

3.A Proofs for the CLT in the Resolvent Case

3.A.1 Proof of Theorem 3.1.10 (Global Law with Transposes)

The proof of Theorem 3.1.10 is, modulo careful bookkeeping of the transposes, similar
to the proof of the averaged local law in [39, Thm. 3.4]. In particular, an explicit
formula for m#“[-] and the associated free cumulants is obtained along the way. For
the convenience of the reader, we give a brief overview of the necessary changes. As
there is nothing to prove if ¢ = 1 and the case 0 = —1 needs an additional argument,
consider o € (—1,1) first. We start by introducing a renormalization that captures the
general second moment structure of W more precisely (cf. [36] and [40]). Let

WFW) = W f(W) = EW (9.f) (W) (3.82)

with W an independent copy of W. This yields, e.g.,

WG, = WG + (GG + %GﬁGl + %diagGlGl, (3.83)
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(T[l J>G ) T[J k]

Wi . Tk—WGlATQk]—I-Z(T[1]G>T[Jk]—|—

7j=2

N

w2 ..
-+ ﬁdlagﬂl,ﬁ GJT[]JC]) (384)

Note that a simpler renormalization can be obtained by choosing W to be an independent
GUE matrix instead of an independent copy of W. For the formulas (3.83) and (3.84)
above, the difference between the two renormalizations is negligible. However, it becomes
significant if the matrix product involves at least one transpose of a resolvent (cf. [36,
Rem. 4.3]). As an example, consider the normalized trace of

, N
W@:W@+NQ@+MMQ+%mwﬁﬁ

where o(G1)? ~ 1.

To obtain (3.23), we rewrite G} A, ... G5 Ay, in terms of WG A, ... G4 A, and estimate
the resulting terms. We start by considering the case A; = --- = A, =1d. For k = 2, we
obtain, e.g.,

. _
W@%:W@%+Nm@w%+wm@%+%mm@mg
which yields
1
(1 —omims + O< (N)) <G1Gg> = T1mM1My — m1WG1Gt N < <Gt Gth>
1
+ Wy (diagG1G1Gh + diagG1G§G§>> + Oy (N)

by (3.83), the resolvent identity WG —2G =1d, (3.11), and the local law for (G;). Noting
that |(WGLG,)| = O<( 1) following the bounds in [36, Thm. 4.1] and that the term
with prefactor N~! is also of lower order (cf. [40, Eq. (69)-(70)]), we obtain (3.23) with

mym
m (G, G = m*DI[1, 2] = = Ulmfmz.

Note that the only effect of the inclusion of transposes lies in the emergence of the
stability factor 1 — omymsy. However, as |1 — omims| > 1 — |o| for |o| < 1, the term
is bounded from below and does not change the outcome of the estimates. The analog
for general k& > 2 follows by induction over the number of resolvents. Similar to [39,
Thm. 3.4], the above argument allows us to extract a recursion that is satisfied by the
deterministic approximation of (G5 ... G%) up to an OL(N!) error. By defining m#<|.]
to satisfy this recursion exactly, i.e., defining it by (3.24), yields the desired statement.
The recursion for mi[G4A;, ..., GLA,] is obtained analogously.

The explicit formula (3.23) now follows by solving this recursion. As the treatment of the
deterministic matrices is completely analogous to [39, Thm. 3.4], we restrict the discussion
to the case A; = -+ = A;, = Id, i.e., to (3.24). Here, we obtain that m#*[-] and the
associated free cumulants have a representation in terms of non-crossing graphs that
mirror (3.16) and (3.17).

Definition 3.A.1 (Bicolored NCG). Let k € IN and denote by # a binary vector of
length k. For every I' € NCG(k), color the vertex j € {1,...,k} red if the j-th entry
of # is 1, otherwise color it black. We call the resulting set of graphs bicolored (disk)
non-crossing graphs on {1,...,k} and denote it by NCG# (k).
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Lemma 3.A.2. Let k € IN and fiz a binary vector # of length k. Then

m#"’[l,...,k]:(sljlms) S gt (3.85)

TeNCG#(k)

mf’”[l,...,k]z(f{lms) Sooq (3.86)

reNCG¥ (k)

where NCG¥ (k) denotes the connected graphs in NCG# (k) and qr := [1j; jemr) qfvj with

E(T) denoting the edge set of I'. The edge weights qf’j are such that quj = Qi = 1Tmm7j%
whenever the edge (i,7) connects two vertices of the same color and qu = 13’””_"?
) om;m;

whenever (i,7) connects a red vertex to a black one.

The proof is analogous to [39, Lem. 5.2] using the recursive structure of NCG(k). Note
that the modified edge weights as well as the factors qg & and ¢y ; in the recursion account
for the stability factor 1 — om;m; arising whenever the product Gﬁ Gﬁ involves both
resolvents and their transposes. We illustrate Lemma 3.A.2 with an example.

Example 3.A.3. Let k = 3 and pick spectral parameters 21, 29, z3 € C with [Jz;| 2 1
as well as Ay = Ay = A3 = Id. By Theorem 3.1.10, the deterministic approximation
of (G1GLGY) is given by m#9[1,2, 3] with # = (0,1, 1). We visualize the elements of the
set NCG#(3) in Fig. 3.21 below. For a better overview, the edges are drawn as solid or
dashed according to their contribution to ql# . We use this sketch to compute

mimeims

m#"’[l, 2, 3] = Mmi1MoMms Z =

rencge (L= omima)(1 —omims)(1 — mams)

Note that we thus reobtain [40, Eq. (49)] on macroscopic scales if zo = z3.

w w
DH QH
(\] [\]
w w
“}_\ ‘H
\V] [\]
w w
‘H @H
(] [\]
w w
DH ‘H
(\] [\]

Fig. 3.21. The elements of NCG#(3) for # = (0,1,1). The solid edges contribute a

factor of =L - to qf while dashed edges contribute a factor T
iMj
It remains to consider the case ¢ = —1. Here, the Wigner matrix is of the form W = D+iS

with a diagonal matrix D and a skew-symmetric matrix S. Note that whenever the diagonal
part is equal to zero, the resolvent R(z;) = (1S — z;) ! satisfies R(z;)! = —R(—z;). This
allows treating the proof of (3.23) for (R(z1)*... R(z)*) with R(z;)* € {R(z;), R(z;)'}
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analogous to the case (Gy...Gy). Recall that this requires in particular a local law
for (R(z;)), which holds even if the Wigner matrix has zero diagonal. The general case
follows from the bound

(GY...GE) = (R(%)* ... R(z)") + O (;V) (3.87)

which reduces the proof of (3.23) to the previously considered case D = 0. The proof
of (3.87) is given for (G1G%) in [40, App. B]. By expanding Gg,. . Gi analogously, the
argument readily extends to k > 3 resolvents. O]

3.A.2 Proof of Therorem 3.2.3 (CLT for Resolvents)

We follow the general outline of the proof of [122, Thm. 3.6] to identify the necessary
modifications for the general model described by Assumption 3.1.1. As the formulas in
the general case are derived analogously, we assume w.l.o.g. (A;) = 0 throughout to
keep the following equations short. The first step is the analog of [122, Lem. 2.3] that
characterizes the difference between (T} x)) — my [T, ..., T3] and (T} ) — E(Th k), thus
connecting the statistics X, back to the local law (3.19).

Lemma 3.A.4. Let k € N and fiz spectral parameters zi, ..., z, with |3z;| 2 1 and
max; |z;| < N'% as well as bounded deterministic matrices Ay, ..., A such that (Ay) = 0.
Then,
1 N¢
BT Ty) = [Ty, T + &[T, Tl + O(N3/2) (3.88)

with my[-] as in (3.21) and a set function E[-] that satisfies E[0] = 0 as well as the recursion

k—1

E[Tl,...,Tk]:ml(S[Tg,...,Y}_l,GkAkAl]+Zé’[Tl,...,E_l,Gj]ml[Y},...,Tk]
j=1
k ~ k
+> mu[Th, . T, GHIE(T, - Z Mij © (Mg Ar))
Jj=2 Jj=1
0 & t oAt toAt it
N mi[GLAL . GLAL G Ty, T

+ K4 Z <M[r1®M[s,ﬂ><M{ns]Q(M[t,mAk»),

1<r<s<t<k
where ® denotes the Hadamard product and ma[-|-] is interpreted as in (3.25).

Proof. We note the following modifications to the proof of [122, Lem. 2.3]. Using the
renormalization in (3.82) with W being an independent copy of W (compared to the
independent GUE matrix W used in [122]), we obtain the relation

(Trgg) — [T, ..., T3]

= ml( WThw) + (Tom GeArAr) — [Ty, ..o Tir, GrARAL)

k—1
+Z (T Gj) — [T, .. T, Gl [T, ... T
7j=1
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k

> m[T, . Ty, Gl () — [T, T) (3.89)
j=2
s LA 1

+N; (T Gi) Ty ) + Nj;mlagT[LﬂGjT[j,kD)+(9<<NQ>.

Recall that the deterministic approximation my[-] is independent of the value of o
and @y (cf. [39, Thm. 3.4]). The terms in the last line of (3.89) involve an additional
factor of N=!. Applying Theorem 3.1.10 as well as the isotropic local law (3.20) thus
yields

1
(T5)G3) Ty) = ma[GLAL Ly, GhAL G T, T + O (N)
1 X N 1
<dlagﬂ1] G; Tj k]> N ;(ﬂl,j)G )rr(T’[J k] N Z ] k] Ak)rr + O< (\/N)

and we can replace the respective terms in (3.89) by their deterministic approximation.
Note that this also changes the error term to OL(N~3/2). Computing the expectation
of (3.89) is now analogous to [122, Lem. 2.3]. In particular, the cumulant expansion

NEWT =Y Y Y M e,

n22 z,ye[N] ve{zy,yz}n

yields the same result, since the term does not involve any second moments of the entries
of W. [

Next, we identify the limiting covariance of two modes X, and Xpz. This yields an analog
of [122, Lem. 2.5] for the model in Assumption 3.1.1 on macroscopic scales and thus
constitutes the base case for the induction argument in the proof of Theorem 3.2.3.

Lemma 3.A.5. Fiz k,/ € N and let o, 5 be two multi-indices of length k and ¢, respec-
tively. Assume that the Wigner matriz W satisfies Assumption 3.1.1 and pick spectral
parameters 21, ..., zgre with |Sz;| 2 1 and max;|z;] < N'™0 as well as deterministic
matrices Ay, ..., Apye with ||Aj|| < 1. Then, for any € > 0,

N©
N2EXED XY = my[alf] + 0({ )
«@ B8 2[ |5] N

with my[-|-] as introduced in Definition 3.2.1.

Proof of Lemma 3.A.5. The proof is analogous to that of [122, Lem. 2.5] with one key
difference. When evaluating the cumulant expansion

VE(WTX) =N Y Y Mg (), x0).

n2>1zy€[N] ve{zyyz}™

the second moment structure of the model in Assumption 3.1.1 has to be taken into
account for evaluating the n = 1 term. We obtain

N> X /i(xy,V)Eal,((T[Lk])sz/(f))

z,y€|N] ve{zy,yz}

J4
=-> ]E(<T[Lk] T ger 0 T ,k) Gers) + (T (Tghr g Ty Gires))
=

+ wa(diagTh diagT[k+j,k+z]T[1,k+j)Gk+j>> :

115



3.

FrucTtuATION MOMENTS FOR REGULAR FUNCTIONS OF WIGNER MATRICES

which, compared to the computation in the proof of [122, Lem. 2.5], additionally involves o
and wy. The deterministic approximation of the terms follow from (3.19), Theorem 3.1.10
and (3.20), respectively, which yields the source terms sqyg, 5,, and s, in (3.36). The
rest of the expansion evaluates exactly as its counterpart in [122] since the term does not
involve any second moments of the entries of W. O

The rest of the proof of Theorem 3.2.3 is analogous to that of [122, Thm. 3.6], i.e., we
apply induction on the number of factors in (3.42) using EX, = 0 and Lemma 3.A.5 as
base cases. O]

3.B Additional Proofs and Computations

3.B.1 Proof of Lemma 3.1.17

Using (3.16) for the ordered multi-set S = {z1,...,2j,..., 2, 2;}, rewrite the left-hand
side of (3.32) as

ml, ..., 5 ..., k,j] =mq.. .mj_lm‘?mj_t'_l Ty Z H Qap-  (3.90)

FeNCG[{1,....k,5}] (a,b)€E(T)

Recalling that m[S] is invariant under any permutation of the elements of S, we pick
an ordering in which the two j’s occur in two consecutive positions and visualize the
corresponding non-crossing graphs by equidistantly arranging the vertices on a circle. In
this picture, the edge e connecting both j’s cannot be involved in any crossing, even in
an arbitrary planar graph on the given vertices (see left of Fig. 3.22). Hence, for any
non-crossing graph with edges {e1,...,e,} Z e, the graph with edge set {ey,...,e,, e} is
also non-crossing. In particular, every non-crossing graph that involves e has a counterpart
that does not. Next, note that there is at most one vertex [ among 1,...,5—1,574+1,...,k
that is connected to both copies of j, as having two distinct vertices [, !’ with this property
results in a crossing (see right of Fig. 3.22).

ko j
j j
1 [
l/

Fig. 3.22. An edge between two consecutive vertices never results in a crossing (left),
but connecting two distinct vertices to both copies of j always does (right).

Consider the disjoint decomposition
NCGUL,.. d ki) = & U ( U 35”)
1e[kN\ {5}

where S contains all T' € NCG\{1,...,j4,...,k,j}) for which the vertex [ € [k] \ {j} is
connected to both copies of j and &; contains any remaining I". This implies

> I %= II dw+ > X II @ 391

PENCG{L,....k,j}] (a,b)€E(T) TES) (a,b)eE() l€lk\{j} pes(h (ab)EB(T)
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Next, merge both vertices with the label j. The resulting graphs are either an element
of NCG(k) or arise from an element of NCG(k) by adding a loop (j,j). Recalling that

2
J

=m; (3.92)

where the second equality follows from (3.12), we can factor out (1+m/) on the right-hand
side of (3.91) and reduce to summation over NCG(k) without further restriction. Note
that this also results in the edge (I, j) doubling whenever T" € SQ(Z), i.e., we obtain an extra
factor of ¢;; in this case. Hence,

> 11 Qa,b:(1+m;‘)( > 11 Qa,b>(1+ > Qj,z>-

TeNCG[{1,...,k,5}] (a,b)eE(T) FeNCG[{1,...,k}] (a,b)eE(T) le[E\{s7}

Noting that (3.92) is equivalent to m;(1 + m}) = Z—; and applying (3.16) to recover
m[l,..., k] yields (3.32). O

3.B.2 Proof of Corollary 3.2.11

We start by evaluating scliq, . .., i,] and sc[iy, ..., i |int1, - - -, intm] before considering the
associated free cumulant functions. First, note that

2 0 if dd
sclit, ..., in] = / 2" pee(z)dr =< 1 noedd
) Crj2, if n even,

where Cy, C1,Cs, ... denote the Catalan numbers. In particular, sc[iy, .. .,14,] coincides
with the number of non-crossing pairings of the set [n]. It readily follows that sc iy, is] = 1
and that sco[iy,...,4,] = 0 whenever n is odd. Moreover, sc,[iy,...,i,] = 0 for any

even n > 4. The latter follows inductively from (3.14) by writing

SColl1y -« -y in) = SCli1, ..., in) — > I1 sc.Bl, (3.93)
TeNCP(n)\{[n]} BE™

and observing that only pairings contribute to the sum on the right-hand side of (3.93),
i.e., the two terms cancel.

Next, we compute scliq, ..., in|ini1, - - - insm|. Observe that by (3.26) and Theorem 3.2.9,
mm,“J“%HP”JMWL:$m]ﬂGTW”—EWWG}Wm—EWmﬂ
—00

The limit on the right-hand side is well-known in the free probability literature (see,
e.g., [107]) and hence readily identified as the number of non-crossing pairings of the
(n, m)-annulus. Solving (3.26) for sceo[i1, - - -, in|int1s - - s intm), it follows inductively that
SCooll1y« -+ s in|int1s -« s intm) = 0 for any n, m. Hence, @) wry vyt (f1s - -+, frte) = 0 and

1, if m e NCPy(k, 1),

0, otherwise,

cbﬂ(fl? ey kar[) = {

which is the claim. Note that the error in (3.48) evaluates to O(N"V/2) as || f;||u»
fori=1,...,kresp. ||fj||ge for j =k +1,...,k+ ¢ are N-independent constants in the
macroscopic regime. O
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4 Prethermalization for Deformed
Wigner Matrices

We prove that a class of weakly perturbed Hamiltonians of the form Hy = Hy + AW,
with W being a Wigner matriz, exhibits prethermalization. That is, the time evolution
generated by Hy relazes to its ultimate thermal state via an intermediate prethermal
state with a lifetime of order \=2. Moreover, we obtain a general relazation formula,
expressing the perturbed dynamics via the unperturbed dynamics and the ultimate
thermal state. The proof relies on a two-resolvent law for the deformed Wigner
matriz H).

Published as L. Erdos, J. Henheik, J. Reker, and V. Riabov. Prethermalization for
deformed Wigner matrices. Preprint, arXiv:2310.06677, 2023.

4.1 Introduction

It is well-known (see, e.g., [84]) that certain macroscopic observables in an isolated
quantum system with many interacting degrees of freedom tend to equilibrate, i.e., their
expectation values become essentially constant at large times. However, if the system is
coupled to the environment (reservoir), then the process of relaxation to equilibrium may
take different forms depending on the properties of the initial system and the structure of
the perturbation.

In this work, we consider a weakly coupled system of the form
H)\ = H0+>\W, (41)

where Hj is a single-body or a many-body Hamiltonian, W is an energy preserving (Her-
mitian) perturbation, and \ is a small coupling constant. For our phenomenological study,
we consider a mean-field random perturbation that couples all modes. Following the
extensive physics literature [140, 51, 116, 45, 47, 48], we choose the perturbation W to be
a Wigner random matriz, i.e., a random matrix with centered, independent identically
distributed (i.i.d.) entries (modulo the Hermitian symmetry).

The central object of our study is the perturbed time evolution of the quantum expectation
value

(A)p, o) == Tr[PA(t) 4] (4.2)

of an observable A, compared to the unperturbed evolution (A)p, ) = Tr[FP(t)A], which
is considered known. Here

Py(t) := o™X peltfa resp. Py(t) := e~ tHo peitto (4.3)

denote the Heisenberg time evolution of an initial state P governed by the (un)perturbed
Hamiltonian. We point out that the unperturbed evolution strongly depends on all its
constituents and hence, it might exhibit qualitatively different and generally complex
behavior.
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In contrast, the perturbed system relaxes to equilibrium via a robust mechanism, and it
can be described by a fairly simple general relazation formula

(Do~ (D5 +n@OP[(Ane — (5], a@ =™ a>0,  (44)

where P, is the thermal state of the composite system (4.1). In this form, Eq. (4.4) is first
mentioned in [116, Eq. (40)], where it describes the time dependence of the expectation
of an observable in a nonintegrable system after perturbation by a random matrix.

The relaxation formula (4.4) shows convergence to the thermal state at an exponential
rate on time scales of order A™2 (in agreement with Fermi’s golden rule), but it also carries
more refined information about the role of the unperturbed dynamics in the process.
A particularly interesting case occurs if both the perturbed and unperturbed systems
equilibrate but do not approach the same limiting value. This often happens if Hy has
an additional symmetry (conserved quantity) that is broken by the perturbation. If the
time scale A72 of the perturbed equilibration is smaller than that of the unperturbed
one, then the former robust process eclipses the latter. In particular, the precise form
of (A) gy in (4.4) is irrelevant whenever the prefactor |g,(¢)[? is already exponentially
small. In the opposite case, however, the equilibration of the perturbed dynamics happens
in two stages. This phenomenon, known as prethermalization in the physics literature, was
first described in a paper by Moeckel and Kehrein [114]. We remark, however, that this
terminology was already used to describe a different phenomenon a few years earlier [23].

Nowadays, prethermalization has been extensively studied both experimentally (see,
e.g., the review [100]) and theoretically (e.g., in [25, 54, 83, 97, 120, 138, 108], see also
the review [115]). Reimann and Dabelow [45] studied the first relaxation stage of a
prethermalization process, which is governed by Hy. More precisely, assuming that Py(t)
relaxes to a non-thermal steady state, they find that the perturbed time evolution (A)p, ()
with a sufficiently weak perturbation (A < 1) closely follows the unperturbed time
evolution (A)p, ) for times ¢ < A2, In particular, the perturbed time evolution (A)p,
is close to the non-thermal steady state of Hy for times 1 < t < A72.! The authors
of [45] further extended their principal approach to a general study of relaxation theory
for perturbed quantum dynamics in [47, 48]. These works now include all times and also
the strong coupling regime (in case of banded matrices), which yields a characteristic
power-law time decay (given more precisely by a Bessel function) instead of the exponential
decay in (4.4). The theoretical model is then applied to several examples and compare
the prediction to numerical and experimental works (see also Dabelow’s PhD thesis [44]
for further details). Finally, we also mention that prethermalization in the form of the
existence of an effectively conserved quantity for very long times has been rigorously
established in [1] for periodically driven quantum systems if the frequency is large compared
with the size of the driving potential.

In this paper, we approach prethermalization from the viewpoint of random matrix theory,
interpreting the unperturbed Hamiltonian Hy = Hy(N) € CV*V as a fixed sequence of
bounded self-adjoint deterministic matrices and the perturbation W = W(N) asan N x N
Wigner random matrix. Our Hamiltonian H) in the setting of (4.1) is also called deformed
Wigner matriz in random matrix theory, or it can be viewed as a Wigner random matrix

Unperturbed systems Hy, for which the time evolution (A) Po(t) does not approach the microcanonical
prediction of equilibrium statistical mechanics, but nevertheless have a large-¢ limit (a non-thermal steady
state), are studied in [15]. In a sense, these systems exhibit prethermalization, although they do not
approach thermal equilibrium after the first steady state is reached.

120



4.1. Introduction

with nonzero expectation. Wigner matrices are encountered in many related physics
models, e.g., the recent rigorous study of thermalization problems [36, 39, 37]. Here, the
key technical result is a strong concentration property of the resolvent G(z) = (Hy — 2)7!
or products of several resolvents around their deterministic approximation. Such results
are commonly called multi-resolvent global or local laws, depending on the distance of the
spectral parameter from the spectrum. For example, a typical two-resolvent law computes

(G(21)A1G(22) A)) = ((Hx — 21) " Ay (Hy — 22) ' Ag)) (4.5)

to leading order in N, where ((-)) denotes the normalized trace, z1,2o € C\ R, and
Ay, Ay € CV*N are deterministic matrices. Using functional calculus, the resolvents can
be replaced by more general and even N-dependent functions, thus linking (4.5) to the
Heisenberg time evolution. Recent work [33] establishes a multi-resolvent local law for
deformed Wigner matrices in the bulk regime of the spectrum, which motivated our study
of perturbed quantum systems.

4.1.1 Description of the Main Results

The principal goal of this work is a rigorous proof of the relaxation formula (Corollary 4.2.6)
and prethermalization (Corollary 4.2.8) for perturbed quantum Hamiltonians of the
form (4.1). We thereby assume that the unperturbed Hamiltonian Hj has a (locally)
regular limiting density of states py around a reference energy Fy and only energies in
a microscopically large but macroscopically small interval In := [Ey — A, Ey + A] are
populated by the initial state P (similar assumptions are made in [45, 47, 48]). We then
show the following corollaries of our main Theorem 4.2.4:

Cor. 4.2.6: The relaxation formula (4.4) holds generally for short and long kinetic times,
ie. t < A2 and t > M2, corresponding to |g\(t)]*> & 1 and |g\(t)|* ~ 0, re-
spectively. At intermediate times, ¢t ~ A~2 it is generally not valid, unless the
quadratic forms (u;, Au;) of overlaps with the eigenvectors u; of Hy behave reg-
ularly in j (cf. Definition 4.2.5). This happens, e.g., if Hy satisfies the Eigenstate
Thermalization Hypothesis (ETH).

Cor. 4.2.8: Assuming that the unperturbed time evolution has a long time limit (A)p, ) e

(A)p,.., such that the prethermal state Py is distinguishable from the thermal state

P, of the perturbed system, i.e. (A)p . # (A)p, (cf. Definition 4.2.7), we show the

characteristic two-step relaxation of a prethermalization process; see Fig. 4.1.

4.1.2 Qutline of the Paper

The general task in this paper is to approximately evaluate the random time evolu-
tion (A)p, (1) from (4.2). This is carried out in several steps summarized schematically
in Fig. 4.2. First, in Theorem 4.2.4 (a) in Section 4.2.2, the true time evolution Py (t) is
expressed as a linear combination of the unperturbed time evolution FPy(¢) and another
deterministic time-dependent object ]5,\,t that is conceptually simpler than Py(¢). Then,
in Theorem 4.2.4 (b), we identify a time-independent state Py as the large time limit
of ]SM. Combining both parts of Theorem 4.2.4, we arrive at Corollary 4.2.6, which
establishes the relaxation formula (4.4) at small and large kinetic times. As mentioned
above, at intermediate times, it holds only for observables having the local overlap requ-
larity (LOR) property (see Definition 4.2.5). In the subsequent Section 4.2.3, dropping
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(A) pyo)

~ )\2 t

Fig. 4.1. Depicted is a schematic graph of the prethermalization process: For times
1 <t < A2, the perturbed time evolution of the quantum expectation (A)p, 1) (see (4.2))
is close to the quantum expectation of A in the prethermal state Py, i.e. (A)p, 1) = (4)p,..-
For times ¢ > A7, we have that (A) py(t) is close to the limiting thermal quantum expecta-
tion, i.e. (A)p,) ~ (A) B, This value is typically different from the prethermal quantum
expectation (A)p,,. This means, the ultimate relaxation of (A)p, () towards (A)5 hap-
pens via an intermediate prethermal value (A)p,. in two steps, whose time scales are
separated by A\ 72

the LOR property, but assuming additionally that the unperturbed Hamiltonian Hy and
the initial state P have the prethermalization property (see Definition 4.2.7), we obtain
the characteristic two-scale relaxation of Py (t) towards Py via an intermediate prethermal
state Py (see Corollary 4.2.8 and Fig. 4.1). As an additional result, in Theorem 4.2.9

in Section 4.2.4 we relate P,\ to the microcanonical ensemble of H), called P/\mC which
is independent of the initial state P. Finally, our results are illustrated by two simple
examples in Section 4.2.5.

While most proofs are given in Section 4.3, some auxiliary results and additional proofs
are deferred to Appendix 4.A.

Relaxation Formula

Thm. 4.2.4 (a)_ Thm. 4.2.4 (b)_
PA(t) PA,t Py

pre

Thm. 4.2.9 P)\mc)

Fig. 4.2. The structure of our main results.

4.1.3 Notation

For positive quantities f,g we write f < g (or f = O(g)) and f ~ g if f < Cyg
or cg < f < (g, respectively, for some constants ¢,C' > 0 which only depend on the
constants appearing in the moment condition (see (4.7)) and the definition of the set
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of admissible energies (see (4.10)). In informal explanations, we frequently use the
notation f < ¢, which indicates that f is “much smaller” than g. Moreover, we shall also
write w &~ z to indicate the closeness of w, z € C with a not precisely specified error.

For any natural number n we set [n] := {1,2,...,n}. Matrix entries are indexed by
lowercase Roman letters a, b, ¢, ... and i, j, k, ... from the beginning or the middle of the

alphabet and unrestricted sums over a, b, c, ... and 1, j, k, ... are always understood to be
over [N] ={1,...,N}.

We denote vectors by bold-faced lowercase Roman letters «, y € CV, for some N € N.
Vector and matrix norms, ||x| and ||A||, indicate the usual Euclidean norm and the
corresponding induced matrix norm. For any N x N matrices A, B we use the nota-
tions ((A)) := N~!'TrA to denote the normalized trace of A and (A)p := Tr[AB] is the
trace of the product AB. We denote the spectrum of a matrix or operator A by o(A).
Moreover, for vectors &,y € C and matrices A € CV*Y we define

<w7y> = ZIZ?ﬁ,? Amy = <w,Ay>

For a unit vector v € CV we shall also use the notation |v) (v| for the projection onto the
one-dimensional subspace spanned by v.

Finally, we use the concept of “with very high probability” (w.v.h.p.) meaning that
for any fixed C' > 0, the probability of an N-dependent event is bigger than 1 — N=¢
for N > Ny(C). We introduce the notion of stochastic domination (see e.g. [62]): given
two families of non-negative random variables

X:(X(N)(u): NG]N,uEU(N)) and Yz(Y(N)(u): NG]N,uGU(N)>

indexed by N (and possibly some parameter u in some parameter space U (N )), we say
that X is stochastically dominated by Y, if for all £&,C' > 0 we have

sup P [XM(u) > NV ()] < N°© (4.6)

ucUW)

for large enough N > Ny(&,C). In this case we use the notation X <Y or X = OL(Y).
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4.2 Main Results

In Section 4.2.1, we give the precise definition of Wigner random matrices and the
assumptions on the Hamiltonian, observables and states under consideration in (4.1)
to (4.3). Afterward, we formulate our main results in Sections 4.2.2-4.2.4. Finally, in
Section 4.2.5 we discuss our findings in the context of two simple examples.

4.2.1 Assumptions

We begin with formulating the assumption on the Wigner matrix W.
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4. PRETHERMALIZATION FOR DEFORMED WIGNER MATRICES

Assumption 4.2.1 (Wigner matrix). Let W = W(N) = (wjj)i e from (4.1) be a
real symmetric or complex Hermitian random matriz W = W* with independent entries
distributed according to the laws w;; 4 N=12x0q fori < j and Wjj 4 N=2xq. The
random variables xoq and xq satisfy the following assumptions:?> We assume that xq 5 a
centered real random variable, and Xoq 1S a real or complex random variable with Ex.q = 0

and E|xoa|? = 1. Furthermore, we assume the existence of higher moments, namely
Elxal” + Elxoa|” < Cp, (4.7)
for all p € N, where C, are positive constants.

For concreteness, we focus on the complex case with the additional assumptions Ey2; = 0
and E|yq|? = 1; all other cases can also be handled as in [36]. The precise conditions on
the Wigner matrix only play a role in the underlying two resolvent global law (Proposi-
tion 4.3.1).

For the Hamiltonian Hy = Hy(N) in (4.1) we assume the following,.
Assumption 4.2.2 (H, and its density of states). The Hamiltonian Hy = Hy(N) is

deterministic, self-adjoint Hy = H{, and uniformly bounded ||Hy|| S 1. We denote the
resolvent of Hy at any spectral parameter z € C\ R by

1
MO(Z) = HO — Z.

Moreover, we assume the following:

(i) There exists a compactly supported measurable function py : R — [0, +00) with

/]R,oo(x)dx =1

and two positive sequences €o(N) and ny(N), both converging to zero as N — oo,
such that, uniformly in z € C\R with n := [Sz| > ny = no(N), we have

(Mo(2))) = mo(2) + O(eo)  with €y = eo(N). (4.8)
Here,
mo(z) := X zoixidx (4.9)

is the Stieltjes transform of py. We refer to py as the limiting density of states, and
to supp(po) as the limiting spectrum of Hy.

(r,c)

(ii) For small positive constants k,c > 0, we define the set of admissible energies o,

in the limiting spectrum of Hy bi?

inf po(y) > ¢, llpollcrr(a—rutn)) < 1/0}- (4.10)

ol = {1’ € supp(po) * 1

(k)

We assume that for some positive k,c > 0, 0,4,

18 not empty.

2A careful examination of our proof reveals that the entries of W need not be distributed identically.
Indeed, only the matching of the second moments is necessary, but higher moments can differ.
3Here, C11(J) denotes the set of continuously differentiable functions with a Lipschitz-continuous

@)= @)

derivative on an interval J, equipped with the norm || f||c1.1¢s) := [|fllcrsy +  sup =
TF

z,yeJ
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Assuming that the set of admissible energies in (4.10) is non-empty ensures that there is
a part of the limiting spectrum supp(pp), where the limiting density of states py behaves
regularly, i.e. it is strictly positive and sufficiently smooth. Finally, we formulate our
assumptions on the observables and states considered in (4.2) and (4.3).

Assumption 4.2.3 (States and observables). Given Assumption 4.2.2, we first pick a
reference energy

Eo € o) for some ko, co > 0, (4.11)
and further introduce Is := [FEog — 0, Eq 4+ 0] for any 0 < 0 < ko. Moreover, take an

energy width A € (0, %/‘io) and let Ila := 1, (Hy) be the spectral projection of Hy onto
the interval In. Then, we assume the following:

(i) The (deterministic) initial state P = P(N) € CN*N in (4.3) is a state in the usual
sense (P = P*, 0 < P <1, and Tr[P] = 1), and is localized in I, i.e.

P =TI5PIl, . (4.12)

(ii) The observable A = A(N) € CV*N s deterministic, self-adjoint and satisfies the
bound ||A]| < 1.

Note that we assume only the state P to be localized in In and not the observable.
However, by inspecting the proof, we see that A and P play essentially symmetric roles,
and thus, our results hold verbatim if we assume localization of A instead of P. Moreover,
for ease of notation, we drop the N-dependence of all the involved matrices.

4.2.2 Relaxation of Perturbed Quantum Dynamics

In this section, we present our main result on the time evolution of the random quantum
expectation (A)p, ) from (4.2). Its relaxation is described in two steps, hence Parts (a)
and (b) in the following theorem. In the first step, we eliminate the randomness and
identify the leading deterministic part of (A) p, (1) in terms of My, the unperturbed resolvent.
In the second step, we consider the short and long-time limits of the leading term. Further
explanatory comments come after the theorem and in Remark 4.2.2 below.

Theorem 4.2.4 (Relaxation of perturbed dynamics). Let Hy = Hy + AW be a perturbed
Hamiltonian like in (4.1) with A > 0, whose constituents satisfy Assumptions 4.2.1
and 4.2.2, respectively. Pick a reference energy Ey like in (4.11). Let P be a state
satisfying Assumption 4.2.8 (i) for some energy width A > 0 and A an observable
satisfying Assumption 4.2.3 (ii). Then, using the notations (4.2) and (4.3), we have the
following two approximation statements:

(a) [Relaxation in the kinetic limit] The perturbed dynamics (A)p,«) satisfies
(A py) = oA (A pyo) + (A) 5, +E, (4.13)
where we denoted
2
ga(t) == ™M with  « = mpo(Ep). (4.14)
Moreover, we introduced*
i SMo(x +i0X?) Ko (s — y) (SMoly + i0)?)) p dady

Py = ; -
M Jg Tr[SMo(x + iaA?)] (SMy(x + iaA?)) p dx ’
4Recall that the imaginary part of a matrix B € CV*V is given by 3B = 2%(B — B*).

(4.15)
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with an explicit kernel given by

1 2a\?
mu? 4+ (2a\?)?

in(t 2
Ky (u) :== (204)\2tsmt( w _ cos(tu) + e 2 t) : (4.16)

u

Finally, we have € = O(&) + O<(C(\,t)/V/'N) for some constant C(\,t) > 0 and
for every fized T € (0,00), the deterministic error E = Ey(\, t, A, N) satisfies

lim lim lim & = 0. (4.17)
A—0 t—oo N—oo

A—0

A\2t=T

(b) [Long and short kinetic time limit] Defining

- S SMy(z + iaA?) (SMy(z + iar?))p dz

P, = 4.1
AT TY[S Mo (z + 10X2)] (SMo(x + 1aA2)) p da’ (4.18)
it holds that
(g, = (1= 1nOP) (A5 +R, (4.19)
where, for every fized T' € (0,00), the error term R = R(\,t,A, N) satisfies
lim sup lim sup lim sup |R| < Te 7. (4.20)
A—0 t—oo N—oo
A—0
\2t=T

We point out that the error £ in (4.13) naturally consists of two parts, a deterministic
and a stochastic one. The stochastic part of order O (C(\,t)/v/N) is obtained from a
global law for two resolvents of the random matrix H) (see (4.46) below); the deterministic
part O(&) is obtained from estimating the deterministic leading term in (4.47). Note
that the error R is small compared to the first term in the rhs. of (4.19) only in the
regime where T is large, in particular (A) p,, converges to (A) B, exponentially fast. In the
small T regime, both terms on the right-hand side of (4.19) vanish linearly in 7. We chose
the above formulation (4.19) because, in this way, it relates directly to the relaxation
formula (4.4) (see Corollary 4.2.6 below).

Remark. We have two further comments on Theorem 4.2.4.

(i) The triple limits in (4.17) and (4.20) consist of a thermodynamic limit (N — o),
a kinetic limit or van Hove limit (t — oo and A — 0 while A*¢ is fixed), and an
infinitesimal spectral localization (A — 0). Note that the kinetic time parame-
ter T = A\t is natural, as the time scale prescribed for relaxation in the physics
literature, e.g., by explicit analysis of the Pauli master equation in [115, Sect. 5.2.6],
is O(A72). The A — 0 limit is needed only to ensure that the mean level spacing
is approximately constant near Fy on the scale A. If the density of states is flat,
the A — 0 limit can be omitted. We emphasize that the error terms in Theorem 4.2.4
are explicit in the sense that their dependence on the scaling parameters N, t, A,
and A is tracked throughout the proof. The limit in (4.17) is then the natural order
of limits in which these errors vanish. Finally, we remark that the explicitly tracked
errors allow for certain combined limits, although for simplicity, we do not pursue
these extensions.
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(ii) The idea behind (4.18)-(4.20) is that the kernel (4.16) is an approximate delta
function with 7" = A?t-dependent magnitude. More precisely, its Fourier transform?®

= 1 o2
Kya(p) = —== (1= 72X D) 1(Jp| <)

V21

converges uniformly in compact intervals to a constant. That is, for every fixed
T € (0,00) and for every compact set 2 C R, we have

— 1
lim sup |Ky,(p) — —(1 — e 2T)| = 0.
K255 pe ’t( ) V 27( )
A2t=T

However, since x — SMy(x + ia\?) is only regular on scale A\, the approximation
Kyi(x —y) = (1 — e’QO"\Qt)cS(x - ),

used in heuristically obtaining (4.19) from (4.15) and (4.18), is not generally valid
unless 7" is very small or very large, as (4.20) indicates.

In the remaining part of the current Section 4.2.2, we connect Theorem 4.2.4 to the
relaxation formula (4.4). As a preparation, we formulate the following local overlap
reqularity property, required in Corollary 4.2.6 (c) below. For this purpose, let y; and u;
denote the eigenvalues and corresponding normalized eigenvectors of

Hy = Zﬂj ;) (uyl - (4.21)

Definition 4.2.5 (Local overlap regularity (LOR)). Let the Hamiltonian Hy be as in
Assumption 4.2.2. We say that an observable A satisfying Assumption 4.2.3 (ii) has the
local overlap regularity (LOR) property if and only if the eigenvector overlaps (u;, Au;)
are approximately constant in the following sense: There exists a constant A € R such
that®

(uj, Auj) = A+ O(Eron) forall j €N with p; € Ia, (4.22)

where the error ELor = ELor(A, N) satisfies

lim lim ¢ =0.
A—0 N—oo LOR

We use the convention that the Fourier transform of f € LY(R) is defined as

Fp) := (2m) 712 [, f(x)e P da,
6Tn fact, it is sufficient to assume that the overlaps are regular in j in the sense that there exists a
uniformly equicontinuous sequence (x)nyen of functions Ay : Ioa — R such that

(uj, Auj) = An(pj) + O(Eror) forall jeN with p; € La.

Alternatively, we could also assume that, for every fixed A > 0 small enough, the overlaps (u;, Au;) are
well approximated by An () in ¢P-sense for some p > 1, i.e.,

1 oo
5 2 g Aug) = An ()P =0

Jipi€lan

The case p = 2 is reminiscent of the so called weak ETH studied in [24, 46].
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The LOR property (4.22) is satisfied, e.g., if H, satisfies the Eigenstate Thermalization
Hypothesis [51, 136] (see also the discussion in [47]). For general systems, the ETH
remains an unproven hypothesis. We remark, however, that it has been rigorously proven
for a large class of mean-field random matrices Hy (see [36, 33]), including Wigner matrices
and their deformations.

The following corollary collects our rigorous results on the relaxation formula (4.4). The
first two parts (items (a) and (b) below) immediately follow from Theorem 4.2.4 (a)
and (b). The third part, item (c), involves the LOR property of the observable A and
requires a separate argument, provided in Section 4.3.4.

Corollary 4.2.6 (Relaxation formula). Under the assumptions and using the notations
of Theorem 4.2./, it holds that

(A pyo = (A5 + O [(Ape — (A)p ]| +R+E. (4.23)
In particular, we have the following:
(a) [Short kinetic time behavior] Let 0 < T' < 1. Then, it holds that
lim sup lim sup lim sup ‘(A>pk(t) — <A>p0(t)‘ ST almost surely (a.s.) (4.24)
A=0" t200 Nooo

A\2t=T

(b) [Long kinetic time behavior| Let T' 2 1. Then it holds that (recall a« = wpo(Ep))

lim sup lim sup lim sup ‘(A);&(t) —(A)s| S Te 29T as. (4.25)
A—0 t—00 N—o0 A
A—0
A2t=T

Moreover, additionally assuming that A has the LOR property from Definition 4.2.5:

(¢) [Intermediate kinetic times under LOR] For every fixed T' € (0, 00) it holds that

lim lim lim [[R]+[€]] =0 as, (4.26)
A—0 t—oo0 N—oo
ezt

i.e., the relaxzation formula (4.4) is valid at all kinetic times T' € (0, 00).

Summarizing Corollary 4.2.6, we have that the relaxation formula (4.4) generally holds
in the two limiting regimes (a) |gx(¢)|?> =~ 0 and (b) |gA(t)]? = 1,ie. T < 1 or T > 1,
respectively. In between, (4.4) is valid under the additional assumption that A has the LOR
property from Definition 4.2.5, as this allows for the improved bound (4.26) on R compared
to (4.20). However, without this regularity assumption, only the bound (4.20) (i.e., (4.24)
and (4.25)) can hold, which indicates that the relaxation formula (4.4) is not generally
valid for intermediate kinetic times T' ~ 1. Indeed, it is easy to construct a counterexample.
Finally, we remark that Corollary 4.2.6 (c) holds verbatim if the state P satisfies the LOR
condition instead of the observable A. This simply follows by inspecting the proof in
Section 4.3.4.
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Remark. We have two further comments on Corollary 4.2.6.

(i) The relaxation formula (4.23) is in perfect agreement with the main result of Dabelow
and Reimann, see [47, Eq. (16)]. In fact, the state Py defined in (4.18) agrees with p
from [47, Eq. (16)], named the “washed out descendant of the so-called diagonal
ensemble” [47].

(ii) In fact, recalling (4.21), the proof of Theorem 4.2.4 (b) in Section 4.3.3 reveals
that (see (4.111)) the error R in (4.19) and (4.23) is given by

1

Ro= = (wj, Awg)(u, Pug) Ry — ), (4.27)
jk

where we denoted

ro= / Tr[SMo(z + iaX®)] (SMo(z + iar?)) p do (4.28)
R
and
20\ sin(tu)
i a—2aA? 2

Ry (u) == me tm (1 — cos(tu) — 2a\ ttu) (4.29)

The explicit error term (4.27)—(4.29) is in precise agreement with the error term
in [47], see Egs. (17) and (18). In particular, assuming the LOR property (4.22)
for A (or P), the smallness of R in (4.26) for all kinetic times 7" € (0,00) is a
consequence of the fact that [ Ry +(u)du = 0.

4.2.3 Prethermalization

In this section, we specialize the general relaxation theory of perturbed quantum dynamics
from Theorem 4.2.4 to a class of unperturbed Hamiltonians H, and states P which has
the prethermalization property in the following sense.

Definition 4.2.7 (Prethermalization property). Let the Hamiltonian Hy and the state P be
defined as in Assumptions 4.2.2 and 4.2.3. We say that (Hy, P) has the prethermalization
property if and only if there exists a state Py (called the prethermal state) such that we
have the following:

(a) The unperturbed time evolution Py(t) converges to Py, i.c., for all’ observables A
satisfying Assumption 4.2.3 (ii), it holds that

lim lim [(A)p,0) — (A)p,.] =0. (4.30a)

t—o0o0 N—o0

(b) There exists an observable Aq (satisfying Assumption 4.2.3 (ii)) which distin-
guishes Py from Py (cf. (4.18)), i.e. there exists a constant ¢pe > 0 such that

lim inf lim inf [ Ao} p,.. — (Ao}, | > ore- (4.30D)

A—0 N—oo

TA common variant of this requirement in the physics literature is to assume the validity of (4.30a) only
for local observables, i.e. supported in a finite region of an underlying space (see, e.g., [115, Section 5.2]).

129



4. PRETHERMALIZATION FOR DEFORMED WIGNER MATRICES

We emphasize that (Hy, P) having the prethermalization property is a purely deterministic
condition, i.e., in particular, it does not depend on the Wigner matrix W. In the physics
literature (see, e.g., [108] but also [115, 100, 97, 15]), the prethermalization property
is generally expected to be satisfied if Hy is an integrable Hamiltonian having at least
one additional conserved quantity @ for which [Hy, Q] = 0.8 This symmetry is then
broken by a generic perturbation W, i.e. [IW,Q] # 0. In the presence of M conserved
quantities (Qx)4L,, a good candidate for the prethermal state P, is given by the so called
generalized Gibbs ensemble (GGE)

M
e Y i1 MQk
M )
Tr e~ Zk:l Ak Qrk

Pocr =

where the parameters )\, are chosen in such a way that TrQpPoge = Tr QP for
all k € [M] (see, e.g., [97] and [115, Section 5.1]). Exemplary pairs (Hyp, P) and ob-
servables Aj satisfying the conditions in Definition 4.2.7 are given in Section 4.2.5.

Assuming that (Hy, P) has the prethermalization property, Theorem 4.2.4 reads as follows.

Corollary 4.2.8 (Prethermalization). Under the assumptions of Theorem 4.2.4, let
further (Hy, P) have the prethermalization property from Definition 4.2.7. Then, recalling
the notations from Theorem 4.2./4, it holds that

(A py = (Ap, + O [(A) g, — (A)p | +R+E (4.31)

We have &' = O(E)) + O-(C(\t)/V/N) for some constant C(\,t) > 0 and for every
fized T' € (0, 00), the deterministic errors £y = EH(A, t, A, N) and R = R(\, t, A, N) satisfy

lim lim lim & =0 and lim sup lim sup lim sup |R| < Te 27T,
A—0 t/\—l}og N—o0 A—0 tfog N—o0
A*=T T

We remark that the error term & contributing in (4.31) consists of two parts, &) = Ey+Epre,
with & = & (A, t, A, N) from Theorem 4.2.4 and &, = Epre(t, V) being the (absolute
value of the) error in (4.30a). Note that (4.31) in particular implies the following small
and large T" behaviors:

lim sup lim sup lim sup ‘<A>p)\(t) —(A)p | ST for TS1 as,

A—0 t—o0 N—oo ~
éﬁo
Mi=T (4.32)
and  limsup lim sup lim sup ’<A>pk(t) —(A)s| S Te T for T>1 as.
A—0 t—o0 N—oo A
A—=0
A2t=T

Moreover, (4.30b) ensures that (A)p,,, # (A)p for at least one observable A = A, which,
together with (4.32) establishes Fig. 4.1 as a schematic graph of a prethermalization
process.

4.2.4 Connection to the Microcanonical Ensemble

Under an additional regularity assumption on x +— (Mo (x +iaA?)A)) we can relate the
state Py from (4.18) to the microcanonical ensemble.

8We use the usual notation for the commutator, i.e. [4, B] := AB — BA for all matrices A, B.
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Theorem 4.2.9 (Microcanonical average). Under the assumptions of Theorem 4.2.4, let
us further assume that

h=h(\N):z (SMy(z +ia)?)A)

s a Lipschitz continuous map on In with Lipschitz constant LipIA(h) bounded in the sense
that
lim sup limsup limsup Lip;, (k) S 1. (4.33)

Y
A—0 A—0 N—oo

Then,

e SMy(Ey + ia?
(A)p, = (A) powo + Eme with P = o(Ep + i) (4.34)
A

T TY[SMo(Eo + iaX2)]’
where the error Ene = Emc(N, A, N) satisfies

lim lim lim &,.=0.
A—0 A—0 N—oco

We emphasize that P/{mc) is completely independent of the initial state P. Moreover,
as mentioned above and already indicated by the notation, we can interpret (A) pme)

A
from (4.34) as the microcanonical average of H, at energy Fy. The reason underlying
this interpretation is that for any normalized eigenvector v, of H, with eigenvalue E)
very close to Ej, it holds that®

Tr[S My (Ey + ia)?) Al

A ~
(W AV ™ S (B + 1a2)]

= (4) poor

This means, Pimc) is a close effective approximation to the actual projection |v,) (v,
onto the eigenspace spanned by v,.

4.2.5 Examples

In this section, we give two examples of physical settings where prethermalization occurs
and connect them to our assumptions. Note that both examples are one-dimensional,
however, the extension to higher dimensions is straightforward.

Next-Nearest Neighbor Hopping

For N € NN even, we consider the Laplacian-like Hamiltonian H, acting on func-
tions ¢ € (*(Z/(NZ)) as

(Hov)(x) := 2¢p(x) — Pz — 2) = ¢(x +2) (4.35)

where x — 2 and x 4 2 are interpreted mod N. Note that Hj is similar to the discrete
Laplacian with periodic boundary condition but induces next-nearest neighbor hopping
instead of nearest neighbor hopping. In particular, Hy conserves parity in the sense that
functions that are only supported on the even or odd points of Z/(NZ), respectively,
remain invariant, and thus its spectrum has an additional two-fold degeneracy.

9ndeed, taking, say, E € In /2 it can be rigorously shown that the difference (vy, Avy) — (A>P<mc)
A

vanishes in the triple limit (4.17). More precisely, this follows from the FEigenstate Thermalization
Hypothesis (ETH) for the random matrix Hy = Hy + AW (see [33, Theorem 2.6]) and using assumption
(4.33) together with (4.42) and (4.133).

131



4. PRETHERMALIZATION FOR DEFORMED WIGNER MATRICES

Similar to the routine computations done for the discrete Laplacian, one can readily check
the following:

e The Hamiltonian Hj is bounded, ||Hyl|| < 1.
« Its spectrum is given by o(Hy) = {2(1 — cos(2p;)) : pj = 2mj/N} ;5 C [0, 4].

o The limiting density of states as N — oo evaluates to

1
o(r) = —F—=1pg(z 4.36
po() 7Tx(4_%>u<) (4.36)

which is compactly supported and satisfies the regularity assumptions in Assump-
tion 4.2.2 for x bounded away from 0 and 4.

In this setting, we fix k£ such that the eigenvalue 2(1 — cos(2py)) satisfies py € (0,7/2).
Now take P := |ug) (ug| with u; being the normalized eigenvector of Hy supported on
the even sub-lattice corresponding to the eigenvalue 2(1 — cos(2py)). By construction, for
every observable A satisfying Assumption 4.2.3, we have

(A pyry = (A)p =(A)p,., forall t>0,

since [P, Hy] = 0. Hence, the symmetry implies that P, = P. In particular, for A := 1,4q
being the identity operator on the odd sub-lattice, its prethermal value is given by
(A)p,.. = 0. Moreover, by spectral decomposition of Hy = 3, p1; |u;) (u;|, we obtain

(SMo(z +iNe) A) = ]1, 2_{uy, Aug) |z — uj|02M+ (@A?)?

J

> 0, (4.37)

which implies that (4)5 # (A)p,. (recall the definition of Py in (4.18)) for A = 1oqq.
Hence, we deduce that (Hy, P) has the prethermalization property from Definition 4.2.7.

Free Spinless Fermions on a Lattice

As our second example, we consider a model of spinless fermions in a periodic one-
dimensional lattice of even length N (cf. [47, App. B]), which can be seen as a many-body
analog of the first example (although with nearest neighbor hopping instead of next-nearest
neighbor hopping). Let

1
_ T T
Hy = i Ej CiCit1 + Cjp1Cy, (4.38)

where c; and c; denote the fermionic creation and annihilation operators at site j, and
the summation indices are considered modulo N. Note that the Hamiltonian in (4.38)
conserves the particle number. It is readily checked that Hy admits a limiting density
of states which is not compactly supported but has fast decaying (Gaussian) tails. As
the regularity assumptions in Assumption 4.2.2 (ii) are satisfied, this example is still
sufficiently close to our theory to be described by it reasonably well.

In this setting, pick 1; as the orthonormal eigenfunctions of the discrete Laplacian
describing nearest neighbor hopping with periodic boundary conditions (i.e. the analog
of (4.35) with £1 instead of £2) corresponding to the eigenvalues 2(1 — cos(p;)) with

o j 131 [57
n= vl il
I N’ N 8’8 8’8
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We then construct P := |[¢) (1| as a rank—1 projection onto an eigenstate of Hy by taking
Y= A
J

as a Slater determinant of the N/2 one-particle wave functions ;. This ensures that P
satisfies Assumption 4.2.3 (i), as the density of states (which is the same as (4.36)) is
regular in such intervals. Noting that [P, Hy] = 0, we obtain

(A pyy = (A)p = (A)p., forall ¢>0,

for every observable A satisfying Assumption 4.2.3. Hence, P, = P, similar to the
first example. In particular, for A = 1H$/2 being the identity on the orthogonal com-

plement of the N/2-particle sector of the Fock space, the prethermal value is given
by (A)p,.. = 0. Moreover, by spectral decomposition of Hy, similarly to (4.37), we find
that (A)5 # (A)p,.. Hence, we deduce that (Ho, P) has the prethermalization property
from Definition 4.2.7.

4.3 Proofs

In this section, we provide the proofs of our main results formulated in Section 4.2. We
begin by giving the proof of Theorem 4.2.4, which we organize in three steps:

(i) In Section 4.3.1, as the first step, we approximate the random time evolution (A) p, )
by a deterministic object, up to an error vanishing as N — oo with very high
probability. This is done using a suitable global law for two resolvents of the random
matrix H) (see Proposition 4.3.1 below).

(ii) The deterministic object resulting from Step (i) consists of two terms, a regular
and a singular one. In Section 4.3.2, we evaluate these terms up to errors captured
by & (see Proposition 4.3.2). This proves Theorem 4.2.4 (a).

(iii) As the third and final step in Section 4.3.3, we examine the behavior of the singular
term in the limits 7 — 0 and T — oo for T' := A*¢ (see Proposition 4.3.6). This
proves Theorem 4.2.4 (b).

Afterwards, we give the proofs of Corollary 4.2.6 and Theorem 4.2.9 in Sections 4.3.4
and 4.3.5, respectively. The proof of Corollary 4.2.8 is immediate from Definition 4.2.7
and Theorem 4.2.4 and hence omitted.

4.3.1 Step (i): Global Law

Ignoring A for a minute, let H := D + W such that D € CV*V is a self-adjoint deter-
ministic matrix with ||D|| < 1 and W is a Wigner matrix satisfying Assumption 4.2.1.
We refer to H as a deformed Wigner matriz. It is well known [4, 69, 6, 7], that the
resolvent G(z) := (H — z)~! of H at spectral parameter z € C \ R is very well approxi-
mated by a deterministic matrix M, which is the unique solution to the Matriz Dyson
Equation (MDE)!°
1
Bich z— D+ (M(2))), with SM(2)3z> 0. (4.39)
z
0The MDE in the context of mean-field random matrices was introduced in [4] and extensively
analyzed in [6].
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In particular (see [69, Theorem 2.1]), for |Sz| = 1 and arbitrary deterministic ma-
trix B € CV*N with || B|| < 1, it holds that

1
((G(2) = M(2)B)| < +- (4.40)
For our purposes, it is not sufficient to approximate only a single resolvent in the
sense of (4.40). Instead, we need to establish the deterministic approximation to
(x, G(21)BG(22)y) with two deterministic vectors &, y. This is the content of the following
proposition, the proof of which is given in Appendix 4.A.2.

Proposition 4.3.1 (Isotropic two-resolvent global law for deformed Wigner matrices).
Let H:= D+ W be an N x N deformed Wigner matriz (as in Assumption 4.2.1) with
a bounded self-adjoint deformation D € CN*N . Pick B € CN*N a deterministic matriz
with | B|| < 1, deterministic vectors ©,y € CN with ||z|| = ||y|| = 1 as well as 21,29 € C
with min{ |32 |, [S2a|} > 1.1 Denote further G; = G(z;) = (H — z;)~'. Then,

(x, Gy BGay) — <:13 (MBM2 + Miﬂfzééﬂj\il ZX2>>>y>‘ < jﬁ (4.41)

where we denoted M; = M (z;) with M(z) € CN*N being the solution of (4.39).

We now apply Proposition 4.3.1 to resolvents Gy(z) := (H,—2z) ! of our concrete deformed
Wigner random matrix Hy = Hy + A\W. First, the scaling by A leads to the following
version of the MDE (4.39):

1
— =2 — Hy+ (M SM,(2)S : 4.42
M) - o + A(Ma(2))),  SMa(2)Sz >0 (4.42)
Next, inspecting the proof of Proposition 4.3.1 in Appendix 4.A.2, we find that (4.41)
becomes
(G,\(zl)BGA(ZQ))my (4.43)

C(\ )
\/N )

for zq, 2o € C\ R with min{|S2z|, |Sz2|} > ¢ for some ¢ > 0. The positive constant C'(A, ¢)
in (4.43) depends only on its arguments A and c.?

- (MA(Zl)BMA(Zz) + N? MA(Zl)MA(@)<<M/\(ZI)BMA(Z2)>>)

L — XN2((Mx(z1)Mx(22)))

For the proof of Theorem 4.2.4, we now employ (4.43) as follows: Applying residue
calculus allows to rewrite (A)p, 1) as the contour integral

1

—itHy p itHy A\ _
<A>P>\(t) = <e ! Pet A) - (27Ti)2

j{}(eit(zl_zZ)Tr [G)\(ZI)AGA(ZQ)P}d21dZQ (4.44)
1 J72

where ; and 7, are two semicircles (each being the complex conjugate of the other) with
some large radius R 2 1 (see Fig. 4.3 below). We further define the contours such that

1 As used also in (4.43) below, the constant one can be replaced by any other N-independent ¢ > 0.
12In fact, by examining the proof of Proposition 4.3.1, it can easily be seen that the dependence on
both small parameters A and ¢ is at most (inverse) polynomial.
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the distance between the flat part of the semicircles and the real line is t=!. Note that we
have
o(Hy) Co(Ho) +[-2+e)A (2+€)A] w.v.hp. (4.45)

for any fixed € > 0 by standard perturbation theory, using that ||W|| < 2 4 € with very
high probability (see, e.g., [62, Theorem 7.6]). In particular, the contours encircle the
spectrum of H) completely if R is chosen large enough.

- - o

Fig. 4.3. Sketch of the contours 7, and ~y, from (4.44). The intersections of 7, (and 7»)
with the real line are denoted by x..

Writing P = 37, p; [p;) (p;| in spectral decomposition and using that the p; € [0, 1] sum
to one by Assumption 4.2.3 (i), the global law (4.43) applied to « = y = p; implies'?

Tr[Ga(21)AG(22) P (4.46)

—Tr [MA(Zl)AMA(Z2)P + A2 = (M (20) M () N

uniformly for 2, 25 along the contours 71, v for any fixed A > 0. Just as in (4.43), C(\, t)
denotes a positive constant depending only on A and ¢. Therefore, combining (4.44)
with (4.46), we find that

MA(Zl)MA(Zz)P<<MA(21)AMA(22)>>] ‘ PReGi)

(A py) = (27T11)2 ﬁl }i eltz1==2) Ty {M)\(Zl)AM/\(22>P} dzydzy
1 r ey (O GDAM ) Tr My () PMA()]
" iy 7§ 7{ ! 1= 2 My(21) M (22) ) dadz
(A1)
O<< N ) (4.47)

To establish (4.13), our main task thus lies in evaluating the right-hand side of (4.47).
For simplicity, we refer to the integrals in the first and second line of (4.47) as the reqular
and the singular term, respectively.

13Note that the true bound in the averaged law is of order N~', i.e., by a factor N~'/2 better
than (4.46). However, for the following applications, our weaker bound is sufficient.
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4.3.2 Step (ii): Evaluation of the Regular and Singular Term
and Proof of Theorem 4.2.4 (a)

We organize the result of our computation of (4.47) in the following proposition.

Proposition 4.3.2 (Evaluation of the regular and singular term). Under the assump-
tions of Theorem 4.2.4 and letting v1, 2 be the contours in Fig. 4.3, we have (recall-

ing o = mpo(Ep))

1

_ it(217z2)
(27i)? 751 732 ¢ Tr [M/\<21)AM,\(22)P} dz;dzs

= XA by + O(Ereg) (4.48)

for the reqular term and

_ A2 v (ML (21) AM (29)) Tr [M( 1) P My (2)]
ff e

Jtsin = . dzdz
© (2mi)? 1= 22(( My (1) Ma(2) ) .
= (A)5,, T O(&ing) (4.49)
for the singular term, with some error terms Eeg/sing = Ereg/sing(A, 1, A, N) in (4.48)

and (4.49) satisfying (4.17). The explicit form of &g is given in (4.57) and (4.59), while
the explicit form of Egng is given in (4.67).

Plugging (4.48) and (4.49) into (4.47), we immediately conclude Theorem 4.2.4 (a) after
setting & = Ereg + Esing and including the error term from (4.47) into &. O

It thus remains to give the proof of Proposition 4.3.2, i.e. its two parts (4.48) and (4.49).
This is done in Sections 4.3.2 and 4.3.2, respectively.
Proof of (4.48)

The main contribution to the integral in (4.48) comes from the regime'* where z; and 2z, are

close to Ey. Hence, as a first approximation we use the replacements (M, (z1))) ~ mo(FEo)
and (My(22))) = mo(Ep) in (4.42), which leads to

1 1

My(z1) ~ — and My(z3) ~ . 4.50
A( 1) HO — 21 — )\2m0<E0> )\( 2) H() — Z9 — )\2m0(E0> ( )
Applying the replacements in (4.50) for the term in (4.48) yields
7]{ 7[ e"\F1m22) Ty ! — A ! P| dzdzs
(271)2 Joy Sy, Hy — 21 — N2my(Ey)  Ho — 22 — X2mo(Ep)
— Tr {eit(Ho—)\2m0(EO))Ae—it(HO_)\QmO(Eo))P} (451>

— o 2Smo(Eo)A\t Ty, {eitHer_itHOP} =N (A ro);

since Smo(Fo) = mpo(Fo), from simple residue calculus for A > 0 small enough, using
that |mo(Eop)| < 1 and 71,72 encircle the spectrum of Hy. We have thus extracted the

14Recall that the flat pieces of the contours v; and 7, from Fig. 4.3 lie on the lower and upper half
plane, respectively.
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main term in (4.48), and it remains to estimate the errors resulting from the replacements

in (4.50).

Recall (see (4.21)) that p; and u; are the eigenvalues and the respective orthonormalized
eigenvectors of Hy, i.e.

Ho = _ 1y lug) (). (4.52)

Then, by means of (4.42), spectral decomposition (4.52) of Hp and using Assump-
tion 4.2.3 (i) together with [Hy, IIx] = 0 and T3 = II, we have that

Ihs. of (4.48) = Tr [01A0,P| = > (ws, Auy){uy, Pu;)s (i)d2(j), (4.53)
Myt €EIA
where we denoted
Or:= > Ju) (w0 () and Oy:= > |uy) (u;|va()) (4.54)
pi€la pi€la

with

S L °
h9) =5 ﬁ 1y — 21 — N2(M(21))
1

~ (4.55)
va(9) =55 f[% frj — 22 — N2 (Mx(22)))

Note that, by symmetry of the contours v, and s, we have 9, (j) = 52(]') and (:)’{ = 0,.

The key to approximating (4.53) is the following lemma, whose proof is given at the end
of the current Section 4.3.2.

Lemma 4.3.3 (First replacement lemma). Using the above notations and assumption,
denote

eitz1

Ori= X [} (w|0() with 0,() = 5+ f

jiEla 27

le

1y — 21 — )\ng(Eo)

and Oy 1= OF via V2(j) := 91(j), analogously to (4.54) and (4.55). Then it holds that

sup (01 (i) — 91(i)| + sup [d2(5) — ¥2(3)] S Eves (4.56)

Hi€IA IZZISTN

for sufficiently small X > 0 and N large enough (dependent on A, cf. Lemma 4.A.1). Here,
recalling (4.8) for the definition of €, we denoted

Ereg = NEA + N (1 4+ 22t) + 2 (1 + 2) + Nt eq. (4.57)

Therefore, by writing © = © + ((:) — ©) in (4.53), we find the lhs. of (4.48) to be given by

Tr (0140, P|+Tr [(61—01)ABy P| +Tr [€1A(6,— 0) P| +Tr [ (61— ©1) A(6,—6,) P].

(4.58)
The first term in (4.58) precisely yields the result of (4.51) using Assumption 4.2.3 (i).
Using ||A]] £ 1 and Tr[P] = 1, the second and third term in (4.58) can be estimated by (a
constant times)

181][1182 — Ol + [[©1 = ©1[[[|O2]] S Evee.
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Here we used (4.56) and that [|©:|| < 1 and ||©2]| < 1 as follows by the explicit expressions

@1 — eit(HAH()HAf)\QmQ(Eo)) and @2 — e*it(HAHOHA*)\ZmQ(EQ))

and Smo(Ep) > 0. Similarly, applying (4.56) again, the fourth term in (4.58) is bounded

by O(&7,). Collecting all four terms of (4.57), this concludes the proof of (4.48) with

Ereg 1= greg + &2

reg*

(4.59)

It remains to give the proof of Lemma 4.3.3.

Proof of Lemma 4.3.3. As gl(j) = %(j) and ¥5(7) := ¥1(j), we only estimate gg(j)—ﬁg(j)
for arbitrary but fixed index j such that p; € In. Moreover, for ease of notation, we
completely drop the subscript 2.

As a first step, we split the contour into three parts:
vy=T1 + Iy + Ty, (4.60)

where I'; is the horizontal part of v with Rz € Ira, 'y is the horizontal part of v
with Rz ¢ Iha and I'y consists of the great arc of radius R (cf. Fig. 4.3). We now estimate
these three parts separately.

For the first part, ', we have (using the notation my(z) = {M,(z))) from Lemma 4.A.1)"°

) 1 1
e itz — dz 4.61
I [w—z—me@ w—z—ﬂmw%J (4.61)

2
</ A (1/t—|—)\—|—A+60>
T g = 2 = Xma(2)] [y — 2 — Nmo(Eo))|

dz| S X% (1/t+ A+ A+ o),

uniformly in p; € Ia. To go to the second line, we used that
|ma(z) —mo(Eo)| S 1/t + X+ A+ .

This follows by adding and subtracting my(Ep) and using |my(z) — mx(Eo)| S A+ 1/t
(using |m)\(2)| S 1 for Rz € Iha; cf. the last estimate in (4.129) from Lemma 4.A.1) and
Ima(Eo) —mo(Eo)| S A+ € (using that (4.133) holds down to the real line by combining
it with (4.134)). For the final bound, we employed a Schwarz inequality for the integral
and estimated the resulting integrals

|dZ| < 2
ST+ M)t<t and
e e Y

by a change of variables 2 — 2z + A?m,(2) using that |m)\(z)] < 1 for z € Ty by
means of (4.129) together with |3z + A?my(2)]] > t7!, and |mo(Ep)| < 1 together
with |3z + A?mg(FEp)]| > 7!, respectively.

We now turn to the second part, i.e. the integral similar to the left-hand side of (4.61) but
on the contour I'y. By means of [mg(Ep)| <1 and |my(z)] < A7! (see the first estimate
in (4.128)) we bound |my(z) — mo(Ey)| < AL Using |mo(Ep)] < 1 and [my(2)] < A1

5Here and in the following, |dz| denotes the total variation of the complex measure dz.
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again, together with dist(y;,I'2) 2 A, we find this second part to be bounded by (a

constant times)
A A A A
- < = -
/H |Iuj_z|2|dz| <1+A> S5 <1+ A), (4.62)

again uniformly in p; € Ia.

Finally, we estimate the third part. By the exact same reasoning as for I's, we arrive at
the bound (4.62) with A replaced by R and T's replaced by I's. Hence, using that the
radius R of the semicircle is larger than one (see Fig. 4.3), we find the third part to be
bounded by O(A/R), uniformly in p; € In. Combining this with the error terms in (4.61)
and (4.62), this concludes the proof. O

Proof of (4.49)

Recall that fsing denotes the singular term defined in (4.49). To carry out the analog of
the approximation (4.50), we observe that the resolvent identity for Hy implies

— M — M, 1 SM,
21,1 22\ MO(ZLA)MO(ZQ’)\) _ O(Zl,)\) 0(227>\) — 7/ N 0(1’)\) dx, (463)
21 — 29 21 — 29 T JRr (x — 2z1)(x — 29)
where we introduce the notation 21, := 21 + N®mg(Fy), 22 = 22 + A?mg(Ep), and

zy =2 + A?mo(Ey). Here, the second equality follows from the contour representation of
the resolvent M, of Hy, namely

1 SM i
My(z) = — de, Sz >n>0. (4.64)
TJR THIN—2

On the other hand, subtracting two instances of the MDE (4.42) yields

M (21) M () My(z1) — Ma(22) _ 1/13( SMx (@) dz,  (4.65)

1 — N2(My(21) My (22))) n—z  mJr(z—z)(r— )
where we used the matrix-valued analog of the Stieltjes representation for My(z) (cf. [6,
Prop. 2.1]),

1 SM
My(z) = L [ SA00)

m™TJR X —Z

dz, zeC\R. (4.66)

In particular, identities (4.63) and (4.65) suggest that the appropriate approximation for
the factor 1 — A*((M(z1) My (22))) in the denominator of (4.49) is (21 — 29)(21.0 — 22.) "
Indeed, we prove that the following estimate holds.

Lemma 4.3.4. Under the Assumption 4.2.2 and 4.2.3, the singular term fsing defined
in (4.49) satisfies

ﬁsing - Fsing ,S, gsmg (A + EO)<1 + )\2 ) + )\(1 + )\Qt + A_l log t>2, (467)

where the quantity Fgng 1s given by
(z1—22) PLA T 220 4,68
Slng 27T1 %}q %}/2 Z]_ - 22 ( ‘ )
x ((Mo(z1,0) AMo(2.0)) Tr [Mo(21,3) PMo(22,) | d21d 2.
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We defer the proof of Lemma 4.3.4 to the end of the current Section 4.3.2, and proceed to
analyze the right-hand side of (4.68).

Applying the identity (4.63) to both traces in the integrand of (4.68), we obtain the
expression

Fans = [ | (SMo(an) A)) Te[SMo(y2) P Fss(, y)dady, (4.69)

where the function F)(x,y) is defined as

eit(zleQ) (Zl _ 2,2)

/\2
Paz,y) = W ﬁl ﬁQ (r—21)(x — 22)(y — 21)(y — 22) (210 — 22,0)

dZQle . (470)

Recall the contours 7; and 72 from Fig. 4.3, and that 23\ — 220 = 21 — 20 — 2ia)?.
Evaluating the contour integration over 7, in (4.70) yields

A2 1 _eit(zl—x) T eit(z1—y)
Fyi(v,y) = ﬁ ((m — x() + ()
1

72 27 y)(y - Zl)(fCA - ZLA) (iU - y)(l’ - Zl)(?/A - ZLA)
21&)\26—204/\215

=)W= )@ — 21a) U — 210

Jaz - Bt (@70

where we define x(z) := 1q,(2), and €25 is the compact connected component of C\7s,
and the function FYY*(x,y) is defined as

—_ dz. 4.72
w2 27i “1 ( )

2 i \2 —2a)?t 1— — 2\
i) = o (1= x{a1 — 2i02%)
’ v (@ —210)(y — z1)(@x — 2100) (Ya — 210)

We proceed to show that Fyy'(x,y) contributes at most an O(X*(1 4 [log A]> + (A\*t)?))
error to the right-hand side of (4.69). Let ;. denote the set {z; € 71 : 21 — 2ia)\? ¢ Oy},
then the contribution of FY}(z,y) to the integral in (4.69) is given by

aNte 2N <<SM0(37,\)A>>d37 Tr[SMo(yy) Pldy
£ —/W/R( )/]R( da. (4.73)

The T 3 T — 21)(Tx — 210 y—21)(Yr — 210)
Note that by choosing the radii of the contours R 2 1 large enough, we can assume that
dist(o(Ho),71,c) 2 R. (4.74)

Using the spectral decomposition of Hy from (4.52), the fact that [ S[(p; — z))]de = 7,
and Assumption 4.2.3, we conclude that

/]R (SMo(zr)A))dx

Further, the spectral decomposition for Hy implies that for all x with dist(x, o(Hp)) = 1,

+ |/]R Tr[%Mo(y)\)P} dy‘ S+ Al ST (4.75)

[ Te[SMo () P] | + |{(SMo(ar) AD| S N2 — Eol (4.76)
Let 21 denote the intersections of the contour v, with R (see Fig. 4.3), and define D to

be a union of two small disks around z4, D := {z € C: min{|z — z_|, |z — z4|} < 1}
Applying the Cauchy-Schwarz inequality to the z; integration in (4.73), and using the
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estimates (4.74)-(4.76) to bound the contribution coming from the outside of D, and
applying the estimates (4.74) and (4.76) for all =,y € RN D, we obtain

Y| A2/ de 2|d21| +O(RA) (4.77)
Thel ~ y,.nD| R? Jrop |z — 21|z — 21| ' '
For z; on the horizontal linear segment of v, . N D, we use that Iz; = —1/¢ to obtain
A2 d 14+ M2t
= v <7 (4.78)
R? Jrop |z — z1||x)n — 214 R?

On the other hand, for z; lying on the circular arc parts of v; . N D, we compute

)\2/ dz _ A2 [log X| + [log ]| + [log|m — 207

- . (4.79)

ROD |z — z1]|zn — 210 © R? In1| + A2

where 7, := Jz;. Squaring the estimates (4.78) and (4.79) and integrating them over the
respective parts of 71 . N D, we conclude from (4.77) that

’g'}’l,c

< RPN (14 (W) + [log A]?). (4.80)

~

Next, using residue calculus, we compute the first term on the right-hand side of (4.71),
i.e., the contour integral over ~;, to obtain

Kyi(r —y ou Kyi(r —y
Fa(e,y) = BT 20 g, ) 4 B0 00 (g ) 1) (4.8)
2
L”\ze_m}‘% (X(x) - X(y)) 1 2iarte 2Nt () — x(y)
212 |z — vy + (2a\?)? 2|l —y2+ (2aX?)?2 -y

where K, is the kernel defined in (4.16). As we have proved above, the contribution
of FY{*(x,y) to the integral in (4.69) admits the bound (4.80). Similarly, using the
estimates (4.75) and (4.76), it is straightforward to check that the third and fourth terms
on the right-hand side of (4.81) contribute at most O(A*) to the right-hand side of (4.69),
while the last term contributes at most O(A?). Therefore,

Fung = (A)p, (14 O(en + A+ X2/A)) + O(N), (4.82)
where we used the estimate ma = w2pg(FEy) = N‘17"<1 + O(eop + A + )\Q/A)) that
follows from Lemma 4.A.2 for r defined in (4.28), and performed a change of vari-

ables r — z — \?*R®mg(Fy) and y — y — A*Rmg(Ep). We note that the N~! prefactor
results from the different normalization of the trace in (4.28) and (4.140).

Furthermore, Proposition 4.3.6 below implies that under the Assumptions 4.2.2 and 4.2.3,
we have [(4)5 | < 1. Since the proof of Proposition 4.3.6 is independent of the statement

of (4.49), this concludes the proof of (4.49).
We proceed to prove Lemma 4.3.4.

Proof of Lemma 4.3.4. Define the sequences of overlaps a; := (u;, Au;), and p;, :=
(uy, Puy) where we recall from (4.52) that u,’s are the eigenvectors of Hy. Observe that
the Assumption 4.2.3 implies that

lalo S, px>0 and [pli=1. (4.83)
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Using the spectral decomposition (4.52) of Hy and the identity (4.65), we rewrite Fgy, in

the following form,
2

7 ) o ajp/i‘ l x5 2|~
Fiing = Jzk N 7T/]R\SI/](QC))\ ‘wk(x)‘ dux, (4.84)

where j(2) := (u; — z — A?m,(2)) ! for z € C, and the functions @y () are defined by
the improper integrals'®

N 1 [e®u(z
2

Here we adhere to the convention m)(z) := lim,_, o my(z + in).

The key estimates for proving (4.67) are collected in the following Lemma that we prove
at the end of the subsection.

Lemma 4.3.5 (Second replacement lemma). Define the functions

(0) = o ¢ 1 G ke (4.86)
wi(x) == — z .
F 2mi Sy — 2 g — 2y ’
where we denote zy := z + N*mo(Ey). Then under the Assumptions 4.2.2 and 4.2.3, the
estimates
A 1+ A%t
wele) — @elo)] (Ate)0+X0) ) a2 A llogt, z€ln,  (48T)
|k — 5|
‘wk(x)‘ + ‘@k(a:) S + 1+ ANt + A logt, x € I3, (4.88)
bk — 2|
()| + |@x()| < A logt + R, v € [~1R 1R\ Lsa, (4.89)

hold for all k with py € Ia.

Observe that applying the identities (4.63), (4.65), and the spectral decomposition of Hy
to (4.69) yields

ﬁsing - fsing = gsing,l + 5sing,27 (49())

where, recalling zy := x — A*mg(Ep), the quantities Esing1 and Eging 2 are defined as

e SR L Lo = )Y@ (o) P :
s = 20 [ 3[) = = o)W (o) (191)
LR N 1152 ( |z, (2 2
Esing,2 1= ;k a]\’;kﬂ/ﬁxs[(ﬂj — 7)) ]A (‘wk(x) — ’wk(x)‘ )d:c. (4.92)

First, we estimate the quantity Egng1 defined in (4.91). In the regime « € I3a, the bounds
in (4.129) imply that

2

75(x) = (1 — 1) 7Y S (A + &) x € Is. (4.93)

|/~Lj - 5(7>\|2’

6The integral in (4.85) diverges logarithmically as x approaches the intersection of the contour v,
with the real line. However, the contribution of such singularities to the dx integral on the right-hand
side of (4.84) is negligible.
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On the other hand, it is straightforward to check that the regime |z| > %R contributes
at most O(AN*R?) to the integral on the right-hand side of (4.91). We note that the
logarithmic singularity resulting from the contour s intersecting the real line is removed
by the x integration.

Therefore, estimates (4.83), (4.88), (4.89), and (4.93) imply that

; A2 (A A2
(c:sing,l‘ S Z ‘ajlpk / ( + 60) dx
7,k

La |pj — 22)? |k — 222

1
T4 N+ A og 1) Y /]R S[7i(x) + (y — 2x)Mdw (4.94)
J

2
Z‘ajlpk/ (A +a) A dx+A2(1+)\2t+A’1logt)2,
b = 2a? [ — @2 [?

where in the fist step we used the bound [S[7;(x) — (p; —xx) Y| < S[7j (@) + (1; —22) '] to
estimate the contribution coming form the second term on the right-hand side of (4.88) and
the regime z € [~ R, $ R|\I3a; and in the second step we used that [ S[(p;—2) de =7
and [ + >; S7j(z)de = [ Smy(z)dz = 7 (see, e.g., Proposition 2.1 and Eq. (2.9) in [6]).
Computing the integral in the second term on the right-hand side of (4.94) explicitly, and
using the spectral decomposition of Hy, we deduce from the admissibility of Ey that

Z |a;|px

2
MAT o) AT (A4 ) sup (SMoug +20%0)) S A +eo. (195)

‘:u —$)\|2 |:uk —l')\P ~ JITASIIN

Here we employed (4.83) and the estimate (a, Xp) < [lallo|lpl1 sup ;| Xjx|. Hence,
we conclude that kesupp(p)

Eunga| S A+ o+ A (1+ Nt + A logt) . (4.96)

We proceed to estimate the quantity &g 2 defined in (4.92). We note again that the
contribution of the regime |z| > %R to the integral on the right-hand side of (4.92) is
bounded by O(A2R2). Therefore, combining the estimates (4.87), (4.88), and (4.89)
yields the bound

Eunea| S (At co)(1+N20) + A1+ M\t + A logt)’, (4.97)

obtained similarly to (4.94) and (4.96). Together with (4.90), the bound (4.96) and (4.97)
conclude the proof of (4.67). O

It remains to prove Lemma 4.3.5.

Proof of Lemma 4.3.5. Throughout the proof we assume that k € [N] satisfies uy € Ia,
and = € R satisfies |z] < $R. We introduce the auxiliary quantities

1 1 e—ltz
V = X = — I dz. 4.98
W)= g @) =g TG (1)

An explicit computation using the residue calculus reveals that
eitr _ o=it(up—A2mx(uk)) eitr _ o=it(up—A?mo(Eo))

, wi(z) = . 4.99
e — @ — A2 () (@) ke — T 499)

Wp(x) =
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Furthermore, using the bound in (4.129), we obtain

1 13 A1+ M%)
wi(x) — dp(z)] < + Ny — Bo| S ———2, 4.100
where we additionally applied the estimate
]y+0(n)\+n~ lyl+n, yeR, n>0. (4.101)

We decompose the contour v, = I'y + 'y + I's according to (4.60). It is straightforward
to check that for v#(z) denoting one of 7 (2), V(2) or (ur — 2x) 1,

—itz
/ . © vit (2)dz| <
r

o4+ T — 2

logt 1
— 4.102

where we used that Sz = ¢! for all z € I';. Therefore, rewriting the left-hand sides
of (4.87)-(4.89) using the integral definitions (4.85) and(4.86), it suffices to estimate the
contributions coming from the segment I'y C .

Using (4.101) and (4.129), we deduce that for all z € I';, defined in (4.60),

. _ A2
vi(2) — Vk(z)‘ S [N (4.103)
Integrating the bound (4.103) then yields
e—itz N 5 )
/Fl — [I/k(z) — (2 )]dz (1 + A t) velsn T (A Mog t)]lx¢13A, (4.104)

which, together with (4.100), (4.102) immediately implies (4.87) after writing &y, — wy, =
((:Jk — (I)k;) + ((Ijk — wk).
On the other hand, noting that |wy(z)| + |0k(2)] < |ue — x|~ by (4.99), and combining

the estimates (4.100) and (4.102) yields (4.88) and (4.89). This concludes the proof of
Lemma 4.3.5. [l

4.3.3 Step (iii): Limiting Behavior of the Singular Term and
Proof of Theorem 4.2.4 (b)

We organize the result of approximating (A);A , in the following proposition.

Proposition 4.3.6. Under the assumptions of Theorem 4.2.4, and with P, defined as
n (4.18), we have that, for any fired T € (0,00) and recalling o = wpo(Ep)

lim sup lim sup lim sup‘ —(1- e_2""\2t)<A)P < Te 20T,
A—0 t—o00 N—oo )"t A
A—0
N=T
Given Proposition 4.3.6, Theorem 4.2.4 (b) immediately follows. O

Proof of Proposition 4.3.6. First, we observe that representing $M) in spectral decom-
position of Hy, the quantity (A)5 = with Py, defined in (4.15), can be rewritten in the
from ’

A = Z aypk/ e (@ = p15) (K * parz ) (@ — ), (4.105)
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where r = [; Tr[SMy(x + iaA?)]|(SMy(z + iar?)) pdz > 0 has already been introduced
in Remark 4.2.2 (ii), and we denoted ¢, := S[(z — in)~!]. Recall that p;,u; are the
eigenvalues and the respective eigenvectors of Hy, and a; := (u;, Au;), p; := (u;, Pu;).
Applying the Parseval-Plancherel identity to the right-hand side of (4.105) yields

7T2

]' —2aX2|g|—iug 77
(Ap,, = r D@ty — px),  Pag(u) = ()12 /]Re 2elal=iua |, 4(q)dg, (4.106)
ok

where we used the fact that @,(q) = (3)"/2e~"4, 5 > 0 (recall Footnote 5).

A direct computation starting with (4.16) reveals that

_ o) Y2(1 — e 20X°(=laD)  for |p| < ¢,
Kiula) = (2% ) i (4.107)
0 for |p| >t,
and implies that @, ,(u) admits the explicit expression
By o(u) = (1= e ) e (1) + Ry (u), (4.108)
where the function Ry ;(u) is defined by
20N 2, Sin(tu)
Ry (u) = me ©aaxz(u) | 1 — cos(tu) — 2aA tti : (4.109)
u

Observe that the contribution of the first term on the right-hand side of (4.108) to (A)

is given by (1 — e*Q’\zat)<A)g, since

Pyt

1
(A)p, = r > %P /R Par (T — ) pare(x — py)dz. (4.110)
j!k

Here we used the definition of the state Py in (4.18), and the Parseval-Plancherel identity.
The key observation is that the contribution of the remaining 9y ¢(pt; — ) term

a.
R:=> %%,t(uj — k) (4.111)

ak

in (4.108) to (A)p  admits the bound!”

Rl < sup LST[o a0 — gno)] - ool (4112)
J

kesupp(p) T

Observe that there exists a constant C' > 0 such that for any £ > 0 and ¢t > 0, we have
that ¢¢(u)(1 — cos(tu)) < C&tpyi(u) for all u € R. This follows immediately from the
fact that the function s — (s* + 1)(1 — cos s)/s? is uniformly bounded on R. Therefore,
the function R admits the bound

R (u)| < 2maNPte 20 (Cgol/t(u) + Va2 (u)), u € R. (4.113)

YTnequality (4.112) can be interpreted as a discrete analog of Young’s convolution inequality, which
can not be evoked directly since the eigenvalues ;1; do not form a group under addition.

145



4. PRETHERMALIZATION FOR DEFORMED WIGNER MATRICES

Summing the bound (4.113) over u = p; yields
N
- Z]mﬂ ‘ < N2t . S Mo (g, + 2iaN?) + Mo (g +i/t)). (4.114)

Using the localization of the state P as in (4.12), the admissibility of Ey in (4.11), and
the first line of (4.140) to deduce that 7 ~ N(1 4+ O(eg + A + A2/A)), we obtain

sup — ‘%M ,uk)’ <N e_QO‘)‘Qt(l + 60) (1 +e+ A+ )\Q/A). (4.115)
kesupp(p) T
This concludes the proof of Proposition 4.3.6. O]

4.3.4 Relaxation formula: Proof of Corollary 4.2.6

Estimates (4.24) and (4.25) in items (a) and (b), respectively, follow immediately from
Theorem 4.2.4.

To prove (4.26) in item (c), observe that plugging the estimate (4.22) from the Defini-
tion 4.2.5 of local overlap regularity into (4.111) yields

a; —2A
‘R‘< 2] sup Z Roae(py — )|+ sup | ]N R (b — pr)
kEsupp(p) pi€lan kesupp(p)|p;elyn
1
+ sup |— Z a; R (1 — )| (4.116)

where we used that |r| ~ N (14 O(ey + A + A?/A)) by the first line of (4.140) from
Lemma 4.A.2. Applying the estimates analogous to (4.112) and (4.115) to the second
sum on the right-hand side of (4.116), we deduce the bound

a;, —2A
sup | > =Ry — )| S |Erom| - (1+X7/4) (4.117)
kEsupp(p) NjeIZA
Note that by (4.83) and the uniform bound
)\2
()] S 2 for [u] 2 A
following from (4.113), the tail sum, i.e., the second line of (4.116), admits the estimate
1 A2
sup | — > @Ry — )| S Az (4.118)
kesupp(p) [ Y ) ¢t 1y0

Therefore, it remains to estimate the first term on the right-hand side of (4.116). Since
the function Ry () is holomorphic in u for |Su| < aA?, we obtain the following series of

estimates,
1 \2
N5 Pl ) = g f e (e 0 35

)\2
= % Rz — p)mo(2)dz + O<770 + — 12 A2> (4.119)

27

)\2
€0
= /IM R (w — ) po(uw)du + (9(770 + 2 + A2>’
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where the contour 7 is defined to be a rectangle of height 2ny and width 4C' centered at Ej,
and the constant C' ~ 1 is chosen in such a way that o(Hy) C [Ey — C, Ey + C]. Here, in
the first step, we used residue calculus and an estimate analogous to (4.118) to extend the
sum to all y;’s. The second step follows by integrating the estimate (4.8) on the horizontal
segments of v and bounding the contribution of the vertical segments of the contour
by O(no). Finally, the third step is a consequence of the Stieltjes representation (4.9)
and Ry, (u)] < A72\? for |u| 2 A. Using the estimate po(u) = po(Eo) + O(A) for
all u € Ioa by admissibility of Fy as in (4.10), we conclude that

/IQA R(w— pg)po(u)du = po(Eop) /12A Ry (u— pg)du + O(A), (4.120)

where we used [ [Ra(u)]du < A2t e 2t < 1 as a consequence of (4.113). Moreover, a
direct computation starting with (4.109) reveals that

)\2
/ Ry (uw— pg)du =0 and / Ros(u — ,uk)’du < —. (4.121)
R R\I2a A
Hence, combining estimates (4.116)—(4.121) yields
R| S A+m+ A%+ A720 (4.122)

which implies the R-part of (4.26); the E-part is an immediate consequence of Theo-
rem 4.2.4 (a).

To complete the proof under the weaker assumption on (u;, Au;), stated in Foot-
note 6, we first uniformly approximate 2y by a real analytic function Ay, : Ion — R
with £ =/{(\,t) >0 (to be chosen below), which can be analytically extended to
{z € C : dist(z, Ioa) < £} and satisfy supyen [|2ne —2An|lo — 0 as £ — 0. Such Ay, can
be explicitly constructed, e.g., by convolution of 2y with a Gaussian having variance
of order /. For ease of notation, we shall now drop the subscript N. Then, the error
term 2 — 2, is easily seen to give a vanishing contribution (as £ — 0) by means of (4.115).
Next, observe that using analyticity of 2, and reasoning as in the proof for the case of 2
being constant above, we obtain

R| < sup F A4+ A%+ AN (4.123)
JIASIIN

/I2A (ng(u) - ﬂe(ﬂk))m,\,t(u — ) du

Since 2y(z) is analytic in the strip of width ¢, (4.113) implies that the integral on the
right-hand side of (4.123) is bounded by

1 < A2 — pug tHu — pgl )du< A |log \| + ¢ tlogt

4.124
o= Pt @aR Tt 2) S 7 12

uniformly in &k such that py, € In. Hence, choosing, say, £ := A +t~'/2, this concludes the
proof of Corollary 4.2.6. [

4.3.5 Microcanonical Average: Proof of Theorem 4.2.9
Using (4.18), we start by writing out

(A)s — JrUSMo(z + iaX?) A) (SMo(z + iar?)) p d:c‘
P JRUSMo(z + iar?)) (SMo(z + iaN?))p dx

(4.125)
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For the denominator, we have

[ 48Mye + i03) (Mo + X)) p da
= T(SMo(Eo +iaX?)) + O(eo + A+ X*/A) (4.126)

from Lemma 4.A.2. For the numerator, we use that h(z) = (SMy(x +ial?)A) has
uniformly bounded Lipschitz constant for x € I (recall (4.33)). Hence we find

/R h(x) (SMy(x + 1aX?)) p do = wh(Eo) + O(A + N2/A) (4.127)

completely analogously to (4.141) and (4.142), using Assumption 4.2.3 (i).

Therefore, plugging (4.126) and (4.127) into (4.125), and using Assumption 4.2.2 (ii)
together with Lemma 4.A.2, we obtain

This concludes the proof of Theorem 4.2.9. O]

4.A Auxiliary Results and Additional Proofs

4.A.1 Auxiliary Results

In this subsection, we derive two technical lemmas, which are frequently used throughout
the main text.

The first one (Lemma 4.A.1) is concerned with properties of the self-consistent resol-
vent M), (z) from the A-dependent quadratic matrix equation (4.42) using Assumption 4.2.2
on the unperturbed matrix Hy. Recall that %/fo denotes the upper bound for the energy
width A (cf. Assumption 4.2.3).

Lemma 4.A.1. Let z := E + in be a spectral parameter in C with |z| < C, then the
solution My(z) to (4.42) satisfies the bounds

(M) <272 (IMA=)) <A7H Sz >0 (4.128)

Moreover, assuming that Sz > 0, |Rz — Ey| < %Iﬁg, and Eqy lies in the admissible

(ko,co
adm

spectrum o ) of Hy the following estimates

Sma(z) 21, [ma(2)| S 1, [my(2)] S 1

~Y )

(4.129)

with my(z) := (Mx(2))) hold for any fized 0 < X\ < A, and all N > Ny € N, uniformly
mn z.

Proof of Lemma 4.A.1. First, we prove the (4.128) for §z > 0. Taking the imaginary
part of the MDE (4.42), multiplying by |M,|?* and taking the averaged trace yields

Sma(z) = (82 + A2Sma(2)) (| Ma(2) %), (4.130)
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which immediately implies the first bound in (4.128). The second estimate in (4.128)
follows from the first one by the Cauchy—Schwarz inequality. To extend (4.128) down
to 3z = 0, we first address the regularity'® of my(z) = (My(2))).

Differentiating the MDE (4.42), taking the trace, and evoking the first bound in (4.128),
we obtain

M,(2)?
(NGRS 1 1

_ < , 4.131
1= X (M(2)%)] ~ 224 ((SMa(2))2)) ~ A (Sma(2))? (4131)

i (2)]

where we used (4.128) to deduce that
1= N {Ma(2)")] > 1= NREM(2)*) > 207 ((SM(2))),

and the positive-definiteness of M, (z) to obtain the last inequality in (4.131).

Together with the first estimate in (4.128), (4.131) implies that A\*/33m,(2) is uni-
formly 1/3-Hoélder continuous in {z € C : |Sz| > 0,|z| < C}. This concludes the
proof of (4.128) for Sz > 0.

Next, we turn to proving the first estimate in (4.129). It follows from the MDE (4.42)

that 1
ma(z) = << (Ho —z—- AzmA(z)) >>, (4.132)
and Sz + \2Qmy(z) > Sz.

First, assume that Sz > ng (recall (4.8)). It follows from (4.128) that A*|m,(z)| < A, hence
by suitably shrinking the threshold ., we can assume that |R[z + A2m,(2)] — Eo| < 3k
for all z satisfying Sz > no, |2| < C and |Rz — Eo| < k. Therefore

my(z) = mg (z + )\Qm,\(z)) + O(ep) = mo(2) + O(X + €), (4.133)

where the first step follows by (4.8) and (4.128), and in the second estimate we used
that By € 0% defined in (4.10). In particular, taking the imaginary part of (4.133),

adm

and using the positivity of py in the admissible spectrum yields Smy(z) 2 1+ O(A + €).
Hence, from the 1/3-Hélder continuity of A¥33m,(2), and (4.133) we deduce that

2GSy (2) 2 A2+ O(N + A2 + A3n03). (4.134)

for all z with |Rz — Ey| < 1ko, Sz > 0, and |z| < C. Therefore, for a suitably small
threshold A, and any fixed 0 < A < )A,, the first estimate in (4.129) is established for
all N satisfying 19(N)'/3 < A? with the implicit constant depending only on the constant
in (4.131). Since 19(N) converges to zero, there exists Ny € IN such that all N > N,
satisfy 7o(N)Y? < A2. Furthermore, we obtain Sz 4+ A2Qm,(2) = A2 > 1o, hence the
second estimate in (4.129) follows from (4.8) and (4.132).

Finally, we prove the third estimate in (4.129). Differentiating (4.132) with respect to z
yields

mh(2) = ({(Ho — = = Nma(2)) ) (1+Xm)(2))), (4.135)

18The comprehensive analysis of the MDE in [4, 6] shows that for any fixed )\, under the additional
boundedness assumption ||M,|| < 1, the operator My(z) is 1/3-Holder continuous with a A-dependent
constant. However, for the purposes of proving the regularity of my, the operator norm bound is not
necessary.
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Im particular, the first factor on the right-hand side of (4.135) is a normalized trace
of (Hy — ()72 with ¢ := 2 + X*my (), satisfying |R¢ — Ey| < 3k¢ and SC > 2eA? > 1o
for some positive constant ¢ ~ 1 by the first and second estimates in (4.129). Hence,
integrating (4.8), we deduce that

o= |, e

Moreover, using the fact that mg(w) is the Stieltjes transform of the limiting density po,
we conclude that

Smo(w) _
dw = /R " deJro(A cg). (4.136)

- 1 po() -
Hy—¢)2) =~ / d A2 4.1
((Ho =) = = | oo gde + O (%), (4.137)
In particular, since ¢ lies in the admissible spectrum of H, the integral on the right-hand
side of (4.137) admits the estimate
po(RC) S¢

1/ polz) o / polx) — pé(ﬂé)dx‘ N

™R (z = ()? 7= 7|z = (J?

where J := [R(¢ —ckg, RC+crg] C I,,,. Here we used that the kernel (z—R¢)/|z—(|* is odd
around R¢ and the integrability of py to estimate the integral over R\.J, while the boundary
term resulting from integration by parts over J is bounded by xy'O(||pollcr(n) S Ko -
Observe that the second term on the right-hand side of (4.138) is bounded by O(|py(R(¢)]),
while the first term is bounded by O(L), where L is the Lipschitz constant of pf, on the
interval [Ey — ko, Eg + ko|. Therefore, |{((Hy — ¢)™2)| = O(1). Finally, rearranging the
identity (4.135) now yields

(3] ((Ho — 2 = X*ma(2)) >>_2 — 0(1). (4.139)
T ()

This concludes the proof of Lemma 4.A.1. n

dz|+ O(ky?),  (4.138)

We conclude this section by evaluating the denominator in (4.15).

Lemma 4.A.2. Under Assumptions 4.2.2 and 4.2.3 (i) (recalling that o = mpo(Ep)) it
holds that

’/R«%Mo(x +1aA) WS Mo (z + iar?)) p do — 72 po(Eo)| = (9(60 + A+ )\Q/A) ,

72 po(Eo) — m{(SMo(Ep +iaX?))| = O(eo + A+ N2/A) .

(4.140)

Proof. We only prove the first relation in (4.140). The argument for the second estimate
is analogous and hence omitted.

We have that
[ (3My( +10X2)) (S Mo(x + i00)) p dz
R

_ /R Smo(z + IaX2) (S My (z + iaA2)) p dz + O(e) (4.141)
a)? a\?
= X s P} | domts) J o a0
2 1 2a\?
= #§A<Uj7puj>/Rdypo(y)ﬂ_(y ot Gan)E O(eo),
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where we used [ (SMy(z+iar?))pdr = 7 and (4.8) to go to the second line. To go to the
third line, we employed spectral decomposition (4.52) of Hy and used Assumption 4.2.3 (i).

Next, using that p; € Ia and regularity of py within Iya, we can evaluate the integral in
the last line of (4.141) as

/ dypo(y)l 200
R (

e - O(a ),

by adding and subtracting po(Ep) and estimating Ion and IS, separately.
Combining (4.141) with (4.142) and using that Tr[P] = 1 concludes the argument. [

4.A.2 Proof of Proposition 4.3.1

Our proof closely follows [37, Appendix B], [34, Section 5.2], and [33, Section 6.2],'* hence,
we only give the main steps. Note that we are only interested in a global law, i.e. the
spectral parameters z1, 2o have imaginary parts uniformly bounded away from zero. In
particular, we can simply afford the norm bounds ||G;|| < 1 and ||M;]] < 1.

As a preparation for our argument, we recall the definition of the second order renor-
malization, denoted by underline, from [36]. For functions f(W), g(W) of the random
matrix W, we define

fV)Wg(W) = V)W g(W) = E[ (0. /) (W)W g(W) + f (W)W (059)(W)], (4.143)

where dj denotes the directional derivative in the direction of the GUE matrix W
that is independent of W. The expectation is taken w.r.t. the matrix W. Note that
if W itself is a GUE matrix, then Ef(W)Wg(W) = 0, while for W with a general
distribution, this expectation is independent of the first two moments of WW. In other
words, the underline renormalizes the product f(W)Wg(W) to the second order. We
remark that the underline (4.143) is a well-defined notation if the ‘middle’ W to which
the renormalization refers is unambiguous. This is the case in our proof, since the
functions f, g are resolvents, i.e. not involving explicitly monomials in W.

Moreover, we note that EWRW = (R) “and furthermore, that the directional derivative
of the resolvent is given by 053G = —GWG. For example, in the special case f(W) =1
and g(W) = (W + D — 2)~! = G, we thus have

WG =WGaG+ (G)G

by definition of the underline in (4.143). Using this underline notation in combination
with the identity G(W + D — z) = I and the defining equation (4.39) for M, we have

G=M-MWG+ M{(G—M)G=M-GWM+ G(G — M)M . (4.144)

Moreover, we have the following lemma, the proof of which is given at the end of this
section.

YIn fact, for 21, 2o in the bulk of the self consistent density of states p(z) := 7~ lim, o+ (SM (z+1in))),
Proposition 4.3.1 has already been proven for so called regular matrices A in [33, Proposition 4.4]. Here,
we provide the proof uniformly in the spectrum and for arbitrary matrices.
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Lemma 4.A.3 (Representation as full underlined, cf. Lemma 5.6 in [34]). Under the
notations and assumptions of Proposition 4.5.1, we have that

My My((My BM,))
1= (M M)

(GlBG2 - (MlBMQ + )) - _(GlB/MQWG2>my + O-< (giso)
Ty

(4.145)
with Eigy = 1/\/N for some bounded deterministic matriz B’ € CN*NV.

Having this approximate representation of the lhs. of (4.41) as a full underlined term at
hand, we turn to the proof of (4.41) via a (minimalistic) cumulant expansion; see [37,
Eq. (4.32)] and [34, Eq. (5.24)].

Let p € IN be arbitrary. Then, abbreviating the lhs. of (4.145) by Qg,, we obtain

SEE|Q,[" + Y E=WJLA)
[1+> (Jud.)>2

+0L(&27), (4.146)

2p 2p—1—|JUJy|
| Q|

E|Qx,

where the summation in (4.146) is taken over tuples I € Z2, and multisets of tuples
J.J. € 225\ {(0,0)}, for which we set 9(1%2) := 002 |(I1, lo)| = i+ 1o, X J = Yje s |4

Moreover, we denoted

’(GlB’GlBGz)w(GIGg) ‘ + ‘(GlB’Gz)wy (G1BGyGs)_ ‘

== el N Y (4.147)
. ‘(GlB’G;B*G;)m (G;GQ)W‘ + ‘(GlB’G;)m (G;A*G’{Gg)yy‘
¥ :
and defined =(I, J, J,) via
= 1= NI 33 (61 B )0 (Ga), || (4.148)
ab
< [1|07(¢1BGs) | T |°(G3B°Gs) |-
jEJ el v

Now, by a simple norm bound, |G| < 1, we find that

=E<E. (4.149)
For Z, our goal is to show that
21, J,J,) < ELIORL (4.150)
First, we have the naive bounds
0 [(G1B)aa (Gg)byH + |07 (GlBG2>$y’ + |07 (G;B*G;)ym’ <1 (4.151)

and hence

= < NI+ OT)+/2 2 — E-I)/2 -+ 32 (0T)) /2 N(4_u|)/2(€ils;r2(JUJ*)'
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Thus, for |l| > 4, we find the naive bounds (4.151) to be sufficient for (4.150), since
trivially |J U J,| < Y (J U J,). For |l] < 3, we perform the summation >, a bit more
carefully, e.g., recalling the norm bound ||G|| < 1, as

> |Gaal < NV2 37 1Goal? = NY2(IG)za S NY2

instead of the naive Y, |G| S N. Indeed, using the condition |I| +>2(J U J,) > 2, we
can check all the cases |l| < 3 explicitly and find

Z‘@l{(G1B/)$a(G2)b ” H ‘3j(GlBG2) ‘ H ‘fﬂ(G;B*G;) ‘ < N2 N_(4_|”)/2,
“ v e Y jel. ye

from which we conclude (4.150).

Plugging (4.150) together with (4.149) into (4.146), using a Young inequality and recalling
that p was arbitrary, we deduce that

1
QiE <‘5’150277
9 < =

i.e. we have proven Proposition 4.3.1. O

It remains to give the proof of Lemma 4.A.3.

Proof of Lemma 4.A.3. Applying (4.144) to Go, we thus find that
G1BGy = G1BMy — Gy BMyW Gy + Gy BMy(Ga — M) Gy
for B = Xy3[B], where we introduced the linear operator
XolC)i= (1= (M, - M) (0] for C e @2V, (4.152)
Extending the underline to the whole product, we obtain

GléGQ :MléMQ + (Gl - Ml)éMg - GléMQWGQ
+ G BM3 (G — Mo))Gs + G1{G1BM:)Go,

from which we conclude

G1BGy =M, X15[B]Ms + (G1 — M) Xia[B]Ms — Gy X15| B]MoW Gy (4.153)
+ G1X12[| BIMy (G — Ma)Go + G1{((G1 — My)X12[ Bl M) Gs.

To proceed, we note that

(M BM,)

Bli=XalBl = B+ 0y

has bounded norm, [|B'|| < 1, since for |3z, |Sz| 2 1, X2 is a bounded opera-
tor (see [34, Lemma B.5] and [33, Appendix A.2]). Then, using the norm bounds [|G;|| <1
and ||M;]| <1 together with the single resolvent global law (4.40) (see also [69, Theo-
rem 2.1]) for the second, fourth and fifth term in (4.153), we conclude the desired. [
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5 Operator Norm of a Hermitian
Random Matrix with Correlated
Entries

We consider a correlated N x N Hermitian random matriz with a polynomially
decaying metric correlation structure. By calculating the trace of the moments of the
matriz and using the summable decay of the cumulants, we show that its operator
norm is stochastically dominated by one.

Published as J. Reker. On the operator norm of a Hermitian random matrix with
correlated entries. Random Matrices: Theory Appl., 11(4):2250036, 2022.

5.1 Introduction

Let H be a Hermitian N x N random matrix such that H = ﬁW, where W € CV*V
has matrix elements of order one. For Wigner matrices, i.e., when the entries of W are
identically distributed and independent (up to the Hermitian symmetry) with some mild
moment condition, it is well-known that ||H]| is bounded uniformly in N with very high
probability. In fact, it even converges to 2 under the normalization E|W;;|* = 1 (see [13]
and [8, Thm 2.1.22], as well as [81], [94], [139] for more quantitative bounds under stronger
moment conditions). Similar statements hold true for Wigner-type ensembles which allow
different distributions of the matrix entries and a more general variance profile, but
retain independence up to the Hermitian symmetry. Here, the operator norm converges
to the maximum of the support of the asymptotic density of states (see [63], [117]),
which, although possibly different from 2, is deterministic as well. In contrast, if the
entries of W are very strongly correlated, the norm of H may be as large as v/N.
Considering dependent random variables furher adds the technical difficulty of tracking
the correlations between the matrix entries explicitly throughout the analysis. The spectral
properties of correlated random matrices have been studied through global laws (see,
e.g., [9], [16], [50], [86], [70], [127] for the discussion of different models and correlation
structures), local laws and universality results (see [2], [7],[69]).

In this paper, we assume the entries of W to be correlated following a polynomially
decaying metric correlation structure as, e.g., considered in [69], but with a weaker,
merely summable correlation decay. This dependence structure is characterized by the
2-cumulants of the matrix elements W;; decaying at least as an inverse 2 + ¢ power of the
distance with respect to a natural metric on the index pairs (i, j). The higher cumulants
follow a similar pattern (see Assumption (A3) below). Under these mild decay conditions,
we show that ||H]|| is essentially bounded with very high probability.

This result was already stated in [69], indicating that an extension of Wigner’s moment
method applies. In the current paper, we carry out this task which turns out to be rather
involved. In [69], this bound was used as an apriori control on || H|| for the resolvent
method, leading to optimal local laws for H. We remark that it is possible the modify
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the proof in [69] to obtain the bound on || H|| directly, i.e., without relying on the current
paper. However, an independent proof via the moment method has several advantages.
First, it is conceptually much simpler and less technical than the resolvent approach
in [69]. Further, it only requires the summability of the 2-cumulants (see exponent s > 2
in (5.2) below), while [69] assumed a faster decay (s > 12, see [69, Eq. (3a)]). Lastly,
the current method can be generalized to even weaker correlation decays, resulting in
correlated random matrix ensembles whose norm grows with N but slower than the

trivial v/ N bound.

We start by giving some general notation and the precise assumptions on the matrix W
in Section 5.1.1 below. The bound on the operator norm of H is then formulated in
Theorem 5.1.5 and its proof is given in Sections 5.2 and 5.3. For simplicity, the argument
is carried out only for symmetric H € RV*¥. The Hermitian case follows analogously
and is hence omitted.

Acknowledgment: [ am very grateful to Laszlé Erdos for suggesting the topic and
supervising my work on this project. Partially supported by ERC Advanced Grant
“RMTBeyond” No. 101020331.

5.1.1 Notation and Assumptions on the Model

Throughout the paper, boldface indicates vectors x € CV and their Euclidean norm is
denoted by ||x||2. Further, the operator norm of a matrix A € CV*¥ is denoted by [|A]|.
In the estimates, C' (without subscript) denotes a generic constant the value of which
may change from line to line. We note the following assumptions on the matrix W.

Assumption 5.1.1 (Al). EW,; =0 foralli,j=1,...,N.

Assumption 5.1.2 (A2). For all g € IN there exists a constant p, such that E|W; ;|7 < p,
foralli,j=1,...,N.

The assumption on the correlation decay is given in terms of the multivariate cumulants x*)
of the matrix elements.

Definition 5.1.3 (Cumulants). Let w = (wy, ..., w,) be a random vector taking values
in R™. The cumulants k,, of w are defined as the Taylor coefficients of the log-charac-
teristic function of w, i.e.,

In E[e’ ]:;mm .
where the sum is taken over all multi-indices m = (my, ..., my,) € N and m! = [[}j_, (m;!).

For a multiset B C {1,...,n} with |B| =k, we also write k™ (w;|j € B) instead of K,
where m; is the multiplicity of 1 € B.

The cumulants of w satisfy the moment-cumulant relation

E(w...w,) = Y [] «")(w;|j € B), (5.1)
well, Ben
where II,, denotes the set of partitions of {1,...,n} (see, e.g., [111]). The complex cumu-

lants arising whenever w takes values in C" can be reduced to the above definition by
considering the real and imaginary part of the random variables separately. In particular,
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the complex m-cumulant of wj,,...,w;, is uniquely determined as a linear combina-
tion of the m-cumulants of the 2m random variables R(w;, ), S(wj, ), ..., R(w;,,), S(wj,,).
Writing w; = x; 4 4y; with j = 1,2, we have, e.g.,

5(2)(11}1711)2) = 5(2)(371, xz) + i/i(2)(3?17y2) - i/i(2)(y1, 1’2) — k@ (y1, 3/2)~

To keep the notation short, we usually view the cumulants as a function of the indices of
the matrix elements by identifying x®) (W, 4,,...) with s®(ajay,...) or k®(ay, ..., ay)
using ay, ..., € {1,..., N}?. Further, d denotes the Euclidean distance on {1, ..., N}?
modulo the (Hermitian) symmetry, i.e.,

d(ayas, azay) = min{|a; — ag| + |az — a4l |a; — a4| + |az — asl}.

In this notation, the conditions from the polynomially decaying metric correlation structure
can be formulated as follows.

Assumption 5.1.4 (A3). Whenever W is a real random matriz, the k-cumulants k*) of
the elements of W satisfy

C
(2) < K,2 5.9
K ajag, asa <~ , .
’ ( 1 s 4>| 1+d(a1a2,a3a4)5 ( )
(s an)l < G TT IKP(e), k233, (5.3)
eeTmin

for s > 2 and some constants Cy > 0 for k > 2. Here, T, is the (any) minimal
spanning tree' on the complete graph on k vertices labelled by o, . . ., oy, with edge weights
d(a;, o). If W is a complex random matriz, we assume the above conditions for the real
and imaginary part of W separately in the sense that k™ (M,,, ..., M,,) satisfies (5.2)
or (5.3), respectively, for any combination of M, € {R(W,), I(W,)}.

Note that a correlation decay of the form (5.3) arises in different statistical physics
models (see [59]).

5.1.2 Statement of the Main Result

With the notation established, we give the statement on the operator norm of H as
follows.

Theorem 5.1.5. Under the assumptions (A1)-(A3), we have that for all e >0, D >0
there exists a suitable constant C'(e, D) such that, for all N € N,

P(||H| > N°) < C(e, D)N "

Remark. In [69], the bound of Theorem 5.1.5 (for s > 12) is used as a priori control for
the operator norm in proving optimal local laws for random matrices with slow correlation
decay. As a consequence of these results, the eigenvalues of H are asymptotically confined
to the support of the self-consistent density of states with high probability. This improves
upon the above stochastic domination bound by replacing the N€¢ factor with a large
constant (see [69, Cor. 2.3]).

LA spanning tree is a graph that connects all the vertices without cycles. Any spanning tree with the
lowest possible sum of edge weights is called minimal.
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5.1.3 Setup for the Moment Method
We show that the assumptions (A1)-(A3) imply that
E[+ tr(H*)] < C(k), VkeN, (5.4)

from which the statement of Theorem 5.1.5 follows by an application of Chebyshev’s
inequality. As H is Hermitian, we have | H||* < tr(H¥) for all even k& € IN. This implies

E[|H]*] _ NE[ tr(H")] _ NC(k)

P(|H| > N < =L < SRR < S

and thus gives the desired bound if k is chosen large enough.

Expanding the term on the left-hand side of (5.4) using the relation (5.1) yields

E[ tr Hk Z E ai,as agag---Hak,m]

CLl, -

N-k/2-1 Z I UBD(a a;41|5 € B), (5.5)

welly, al,...,axy Bemw

where IIj, denotes the set of partitions of {1,...,k} and the index j+1 is to be interpreted
mod k, i.e., if j = k, then a;ja;;1 = ara;. Observe that all terms involving 1-cumulants
vanish due to (Al). Hence, one can restrict the sum to partitions = without singleton
sets. The cumulant expansion (5.5) is the main difference between the real symmetric and
complex Hermitian case, as considering H € CV*¥ requires replacing the cumulants by
their complex counterparts. However, one can always reduce the argument to the real case
by considering the real and imaginary parts of the random variables separately. Thus, from
now on we assume H to be real. We develop the estimates by first deriving suitable bounds
for the products that only involve 2-cumulants, which include the leading terms, and
then successively incorporating higher-order cumulants. The fast correlation decay from
Assumption (A3) implies that roughly half of the summations over the indices ay, ..., a
yield a factor IV, while the other half can be summed up with an N-independent bound.
To quantify this behavior, we introduce the following counting rule, which constitutes a
useful property of a term involving n € INy summations.

Counting Rule (CR). A term involving several index summations and a product of cumu-
lants satisfies the counting rule if every independent summation over an index a;,, ..., a;
yields a contribution of order v/ V.

n

Whenever one can show that (CR) holds for a given term, the counting rule allows to
replace explicit bounds by cruder power counting arguments, which simplifies calculating
the contribution to (5.5). Throughout the proof of (5.4), we, therefore, aim to show this
property for as many terms as possible. Note, however, that bounding the leading terms
requires an extra power of N compared to the counting rule (see the proof of Lemma 5.2.1
below). For these terms, the factor N=*/271 in (5.5) has to be canceled out completely.

5.1.4 Visualization Using Graphs

Following the discussion of the previous subsection, we aim to bound

> 11 &""(aja5:1j € B) (5.6)

ai,...,.ar Bew

N*k/Z*l
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for any given 7w € II;. Terms of this form can be visualized by considering a k-gon, where
the vertices are labeled by the indices ay, ..., a; and the edges by the successive double
indices (a1, as), ..., (ag,ay). In this picture, every j-cumulant combines j distinct edges
such that every edge appears in exactly one of the cumulants in the product. We say
that a vertex belongs to a j-cumulant, if it is adjacent to one of the edges associated with
it. A vertex (resp. the corresponding index) which only occurs in a single cumulant is
referred to as internal vertex (resp. internal index). We define the corresponding graphs
as follows.

Definition 5.1.6. The graph given by the reqular k-gon with vertices aq, . .., ay is denoted
as I'y. For any 7 € I, we define U'x(m) as the colored graph in which the j edges that
belong to the same j-cumulant are assigned the same color.

Examples of this visualization are given in Fig. 5.1 and Fig. 5.2 below, where the colors
are indicated by different linestyles. For later applications of algorithms on the graph, we
further introduce an ordering. Assume first that 7 is a pairing, i.e., I'y(7) has exactly
two edges of each color. Let Ej, = {(ai,az),...,(ax,a1)} denote the (ordered) set of
edges and ¢ : Ey — Eji be the function that maps every edge to the other one of the
same color. Starting with e; = (a1, az), we go through the elements of Ej and note the
pairing (e, ¢(e,)) whenever e, # p(e;) for all i < n to obtain k/2 pairs of edges. We
denote the pairings as an ordered set C'(7) := {(e1, p(€1)),- - ., (exy2, p(exs2))} and refer to
the edges in C(m) as paired edges. Similarly, we can extract a set C'(m) of j-tuples, j > 2,
for any partition 7 € II;.

Definition 5.1.7. For a partition m € 1y, we denote the graph with the (ordered) pairing
structure induced by m by the pair (I'y, C(7)).

Note that the above construction induces a one-to-one correspondence between cumulant
terms of the form (5.6) and colored k-gons. In particular, both I'y(7) and (I'y, C(7))
contain all information on the corresponding term in (5.6).

5.2 Proof of (5.4) for Terms Involving Only
2-Cumulants

In this section, we focus on the following special case.

Lemma 5.2.1. Let k € N be even and w € Il with |B| =2 for all B € w. Then,

S I 6@aj00li € B < C). (5.7)

ai,...,ar Bemw

N*k/271

Assume first that 7 is chosen such that the 2-cumulants occurring in the term do not involve
internal indices. We note the following general estimates whose proofs are elementary
from (5.2) and the fact that s > 2.

Lemma 5.2.2. Assume that (A3) holds. Then

Z kP (ayas, azay)| < C, Z kP (ayas, azay)| < C, Z kP (ayas, azas)] < CN,
ai

al,a2 ai,as

> IKP(a1as,a300)| <ON, 37 kP (w10, a3a4)| < CN?

ai,a2,a3 ai,...,a4

uniformly for any choice of the unsummed indices.
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Note that all estimates in Lemma 5.2.2 follow (CR), some of them are even stronger.
However, the summation over an internal index would, in general, not obey this counting
rule, since Zé\g:1|/ﬁ?(2)(a1a2,&2a3)‘ may be of order N if a; = as. This is the reason
why internal indices are treated separately. The key to estimating (5.7) in the given
case is a recursive summation procedure. We demonstrate the approach for the term
visualized in Fig. 5.1 below, where different linestyles indicate the edges associated with

the same 2-cumulant.

aq as

..
as ¢ \ ay
as \ b Qg
....

Qy Qs

--—-

-

Fig. 5.1. Visualization of x® (aiay, asag)s? (azas, agar)x® (asas, azag)k® (agas, aga;)

Example 5.2.3. To start the summation, estimate

S:=N7° Z |/<c(2)(a1a2,a5a6)/<;(2)(a2a3,a6a7)/ﬁ(2)(a3a4,a7ag)/<c(2)(a4a5,aga1)|
a1,...,08

< NP Z |/£(2)(a1a2,a5a6)ﬁ(2)(a2a3,a6a7)ﬁ(2)(a3a4,a7a8)ﬁ(2)(a4a5,a8a'1)|. (5.8)

/
ai,...,as,ay

Adding the extra summation label may a)] appear as an unnecessary overestimate, but
it gives a dedicated start and end point for the summation algorithm by breaking the
cyclic structure of the graph. Next, isolate the 2-cumulant involving a; by taking the
maximum over the remaining indices as, as, ag for the other factors. Together with a;, we
sum over all labels appearing in ) (ajas, asag). Note that, by Lemma 5.2.2, the counting

rule (CR) applies to this sum, giving a factor of (v/N)* = N? and the estimate

S < N°CN? Jax ( Z |/<;(2)(a2a3, a6a7)/‘€(2)(a3a4, a7a8)ﬁ(2)(a4a5, asaﬁ)o-
2,05,06
a3,a4,a7,a8,a}

From a4, continue counter-clockwise along the octagon to find the next index to sum over,
i.e., as. Identifying and isolating x® (asas, agay), sum over all remaining indices in the
factor, i.e., ag and ay. Again, Lemma 5.2.2 justifies the use of (CR), giving a contribution

of (v/N)? = N and the estimate

asz,as,ar

S < CN™% max ( Z |”(2)(a3a4,a7a8)ﬁ(2)(a4a57a8a'1)|)‘

/
a4,as,a;

Repeating the previous step, continuing along the octagon yields a4 as the next index.
Isolating £ (asay, ayag), we apply Lemma 5.2.2 to perform the summations over a4 and ag

using (CR). This yields a factor of (v/N)? = N and

a4,a5,a8

S <CN™' max <Z\/€(2)(&4a5>asa/1)|)-

Lastly, the summation over ay in | (a4as, aga))| remains. By applying the counting rule
, which can be estimated by a constant as

again, we obtain a final bound of order N~1/2

160



5.2. Proof of (5.4) for Terms Involving Only 2-Cumulants

claimed in Lemma 5.2.1. In particular, the pairing in Fig. 1 gives a subleading contribution
to (5.5). Note that introducing an additional index in the first step is affordable, as are
any overestimates from using (CR) over the explicit estimates in Lemma 5.2.2. The cruder
bounds allow to carry out every step but the initial one following the same pattern, which
reduces the final bound to a counting argument.

As this recursive summation procedure relies on Lemma 5.2.2, it cannot be applied directly
if summation over internal indices are present. To prepare for the general case, we extend
Lemma 5.2.2 to more general objects.

Definition 5.2.4. For x € RY, set
N
5(2)(Xa2,a3a4) = Z /Q(Q)<G10,27aga4)l'al
a;=1

and define any 2-cumulants with one or more indices replaced by a vector analogously.

We collect some estimates for 2-cumulants of this form below, where we follow the
convention that vectors only occur in place of the first index of an index pair and only
replace unsummed indices. However, the same bounds hold if the second index of the
respective pair is replaced instead. As in Lemma 5.2.2, no internal index is summed up.

Lemma 5.2.5. Assume that (A3) holds and let x,y € RN. Then we have
> 6P (xag, azas)| < Cllxll2, D7 6P (xaz, azas)| < ONY?|x [,
az

as
> K (xaz, asa)| < ONJxla. Y |5 (xaz, azas)] < CN[xo,

a2,a3 az,aq

> kP (xag, azas)] < CN*2x]y

a2,a3,a4

uniformly for any choice of unsummed indices. Similar bounds hold with two vectors, i.e.,
|62 (xaz, yas)| < Cllx[lallyll; D [+? (xaz, yas)| < CNYZ|[x]|a[ly]l2,
az

S |6 (xaz, yas)| < CN x|yl

az,a4
In particular, the estimates follow (CR).

Proof. Noting that max; |z;| < ||x||2, the bounds in Lemma 5.2.2 imply that

D16 (xaz, azas)] < flxl2 37 512 (@102, a304)] < Cfx]2.
a2

ai,a2

If the summation over a, is replaced by a summation over as or a4, we obtain a bound of
order N instead. Further, an application of the Cauchy-Schwarz inequality leads to

2
Z\m@)(xag,agm)\s||x||2JZ(Zm<2><a1a2,a3a4>|) <ON"xllo. (5.9)
as as

ai

Recalling that the summation over three indices gives a factor N, the bound for summation
over all three indices in |x® (xay, azay)| follows analogously.
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For 2-cumulants that involve two vectors, applying (5.2) yields

Cr|Tay Yas | CrlTay Yas|
(2) < < 51Ta1 Yas | Tay Yas >
K (xas, yaq)| < + . (5.10
677 ez, yau)| a%s L+lar —asl® + a2 —aal* 1+ a1 — as]* + |az — asl® (5.10)

Set € = ||y||2/||x]||2 and estimate the first term as

|Za, Yas | €lza, > + € ya,|? _
> — e <y —— < Clellxll3 + ¢ Hlyl3)
L lar —asls +lag —asl® — Sz 1+ |ag — as|

to obtain an N-independent bound. The estimate of the second term is similar.

Adding a summation over one index, e.g., as, two applications of the Cauchy-Schwarz
inequality and the third estimate of Lemma 5.2.2 yield

5 16 (xaz, yay)| < ||x||2||y||2¢2 (S (0102, as0)])

a2 as aip a2
< CN?|x[l2]ly |- (5.11)
Finally, it follows
Cre| oy Yas| Cr|Tay Yas |
@) ( R | )
K (xaq, yay)| < T '
Z | ( 2,Y 4)| Z 1+|a1_a3|5—|—‘a2—a4|5 1+|a1_a4|5+|a2_a3|8

az,a4 at,...,a4

Here, we obtain

al |$a y | N |;L’ y ’
1Ja3 < CN alJa3 < CN x ) y )
al,.;uﬂ 1+ |a1 - a3|s + |a2 — a4|5 - a1§:1 1+ |a1 _ a3|s—1 = || || || ||
and the estimate for the second term is similar. =

Lemma 5.2.5 is the key tool for estimating terms that include summation over internal
indices. Consider the matrix 7" € RV*" defined by its matrix elements

Toras = ZTcEan)g = Z 5(2)(611@2, asas) (5.12)
a2

az

and observe that |1}, .,| < C.N by (5.2), but also ||T']| < C'N, since
2
T3 < 3 (16 (0102, aza5)g] ) < (33 162 (ar02, azas) ) [ < €
ai as aip as

for x € RY, and ||T|| < 3, |T@)|. Next, we derive similar estimates for the ma-
trix TV € RY*N defined for 2 <j<k-—1by

TCE{],GQj_Q_l = Z n(z)(alag,anasz)Tj;;Qj. (513)
a2,a2;

Note that the superscript corresponds to the total number of 2-cumulants that are

rewritten to obtain Ta[Jl']ij. Again, we have |T(l[{]’a2j+1| < C'NY by a direct estimate, but
also
1T < ON? Vje{2,... k—1}. (5.14)
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As the argument is the same in the general case, we consider only 7 = 2. Define the
vector y* through (y*),, := N 'T,,0,, a2 =1,..., N and let

T2has . — Z K(Q)(ala% 405) Ty a4-

a2

Observing that ||y®||2 < C uniformly in ay, it follows that
2
T3 < (N6 oy, a)l) < ONly [3IxI3 < ONIlE (519

for x € RY, which implies ||T?|| < N max,, ||[T?|| < CN?. Note that the structure of
the matrix-vector multiplication in (5.15) does not allow for the usual convention of the
vector occurring only as the first index of an index pair.

We demonstrate the approach for treating general products of 2-cumulants for the terms
visualized in Fig. 5.2 below.

ai ai
a2 . Qo a2 - aio
//‘ . //' ~a
. A
N\ N
as ¥ Qo a3 » 9
ay e ,; as Qg e ,; as
- - - -
a Te” a a Te” a
5 ag 7 5 ag 7

Fig. 5.2. A crossing (left) and a non-crossing pairing (right) for & = 10.

Example 5.2.6. First, consider the term on the left of Fig. 2. Recalling the definition of
the matrix T from (5.12), rewrite the summation over the internal indices as, ay and a; as

N~° Z 5(2)(a1&2, G2a3)/€(2) (a3a4, a4a5)/€(2)(a5a67 a9a10)ﬁ(2)(a6a7, G1oa1)ﬁ(2)(a7a8, asag)
a,...,a10
=N Z Tfl,%/’i@)(as)%, agao)r? (agar, a1001) Ty a4
ai,as,a6,a7,a9,a10

=N Y k) (x" ag, y*a10)k (agazr, azoar), (5.16)

a1,a6,a7,410

where the vectors x%,y* € R" in the last step are given by

a1_1 2 =1

1
ar _ —
as 27 a1,as5’ as = N Yag = Torag, 9 =1,...,N.

X s N

e
To keep the notation consistent with the proof in the general case and Lemma 5.2.5,
we introduce the convention that vectors obtained from matrix elements are always
defined via the rows of the respective matrix. Recalling that ||T']] < CN, we have
1% |2, |l¥®7|]2 < C uniformly for any choice of a; and ay, respectively. Note that one
factor of N per power of T is written in front of the sum and that the convention chosen
for the vectors ensures that we always replace the first index of an index pair. Further, the
sum obtained from (5.16) does not involve summation over internal indices. Modifying
the recursive summation procedure from Example 5.2.3 by also taking the maximum
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over a; in the 2-cumulant involving x* instead of introducing the additional summation

label af, and using the bounds from Lemmas 5.2.2 and 5.2.5 yields

NS [P (x™ag, y*ain)xP (agar, aroar)]
a1,a6,a7,a10
<N max [@(x%ag, y"ay)| > kP (agaz, apay)|

a1,a6,a7,a10 a1,a6,a7,a10
,a6,A7,

<CN7N? max |k (x%ag,y7ay)| < ON71 < C, (5.17)

a1,a6,a7,a10

showing that the pairing on the left of Fig. 5.2 gives a sub-leading contribution to (5.5).

In contrast, observe that the non-crossing pairing on the right of Fig. 5.2 needs to be han-
dled differently, since treating 1" as before yields £ (x* ag, aj9a;) and £ (agar, y* ai),
which cannot be estimated using Lemma 5.2.5 due to the indices a; and a; appearing
twice in the respective 2-cumulants. However, the terms can be rewritten using the

matrices TV defined in (5.13). Recalling that || TV!|| < CN7 from (5.14), we obtain

N—G

2 2 (2
Z Tal,af,fi (asag, apa1)k" (agar, a9a10>Ta7,a9
ai,as,a6,a7,a9,a10

8] 2]
Z Tfllo ae (LG aio

a6,a10

_G‘tr( 31T21)]<0N SNN3N2 = C.

Hence, the term on the left of Fig. 5.2 yields a leading contribution to (5.5).

After all these preparations, we can give a complete proof of Lemma 5.2.1.

5.2.1 Proof of Lemma 5.2.1

Let k > 2 be even, 7 € II;, such that |B| = 2 for all B € 7. The proof of Lemma 5.2.1 is
structured into two main steps. In the first step (Lemmas 5.2.7 and 5.2.8), we generalize
the strategies from Example 5.2.6 to rewrite the term on the left-hand side to a form
that is tractable by a recursive summation procedure. We then carry out the required
estimates in the second step (Lemmas 5.2.9 and 5.2.10), showing that the final bound is

indeed of order one.

Step 1: Rewriting
The aim of the rewriting step is to obtain a term of the form

S I ®(aja54li € By = Y ( [T @ (b;b:115 € B) H]\/[b(ll)%) (5.18)

ai,...,ax BEm b1,....br ~ Bew’ i€

where k' < k, M® € RV*N and 7’ is chosen such that neither of the 2-cumulants on
the right-hand side of (5.18) involves internal indices and such that b;,, b;, always appear
in some 2-cumulant, but never in the same one. Recall that this structure was also
obtained in (5.16) of Example 5.2.6. Whenever the left-hand side of (5.7) does not involve
summation over internal indices, choosing k = k', # = 7/, and J = () in (5.18) allows to

skip the rewriting step (see Example 5.2.3).

Following the discussion in Section 5.1.4, the term on the left-hand side of (5.7) corresponds
to the tuple (I'y, C(m)). We aim to visualize the right-hand side of (5.18) as well by
associating it with a polygon on the vertices by,...,by. In this picture, any matrix

(@)

element Mb &, corresponds to an edge connecting the vertices b;,, b, and the two edges

164



5.2. Proof of (5.4) for Terms Involving Only 2-Cumulants

associated with the same 2-cumulant are assigned the same color. We further introduce
edge weights w to encode bounds of order N* on the corresponding matrices in the graph
for the following estimates. The rewriting procedure to obtain (5.18) thus corresponds to
an algorithm on (I'y, C'(7)), which we introduce in Lemma 5.2.7 below. An example is
given in Fig. 5.3.

Lemma 5.2.7. Let k > 2 be even, m € Iy, be a pairing and (I'y, C (7)) the correspond-
ing graph introduced in Section 5.1.4. Then there exists an edge-weighted graph Ty (m)
on k' < k wvertices with integer weights w; > 0 and an ordered set C~’(7r) of pairings such
that the following properties hold.

(a) Edges that appear in C(x) all have zero weight.
(b) Two edges with nonzero weight are never adjacent to each other.
(¢) Two adjacent edges in Ty (7) that both appear in C~’(7r) belong to different pairs.

(d) Whenever two edges are adjacent to an edge assigned a nonzero weight, they appear
in C(m), but belong to different pairs.

Proof. We obtain (T (), C(r)) from (T, C(x)) by assigning all edges of I’y the initial
weight zero and carrying out the following reduction algorithm.

Step I Check the set C'() for pairs that involve adjacent edges. If there are any, go through
them in the order they appear in C(7), replace the corresponding edges of 'y and
their common vertex by a single edge and remove the pair from C(7). Any new
edges created in this step are assigned the weight one. This ensures (a) and (c).

Step II Check the new graph for any edges of nonzero weight that are adjacent. If there are
any, identify the edges that involve the vertex a; for the smallest value [ € {1,... k},
replace the two edges and their common vertex by a single edge and assign it the
sum of the weights of the edges that were replaced. This step is repeated until (b)
holds. The validity of (a) and (c) is not changed in the process.

Step III Check the new graph for any edges assigned a nonzero weight, say w; > 0, that are
adjacent to two edges belonging to the same pair. If there are any, go through the
corresponding pairs in the order they appear in C'(7) and replace the pair and the
weighted edge, as well as the two vertices between them by a single edge. After
going through C(m) once, remove the pairs that were replaced from C(7) and assign
the new edges the respective weights w; + 1. As this may generate new subgraphs
of the same structure, repeat the step until (d) is satisfied. This does not interfere
with (a) and (c), but (b) may not hold any more.

Step IV Repeat Steps II and III until neither can be carried out any further. The graph
resulting from this procedure satisfies (b) and (d) simultaneously.

Denoting the (weighted) graph resulting from this procedure by Ty () and the collection
of pairs that remain in C'(7) after Step IV by C(7), we obtain a tuple that satisfies (a)
to (d). O
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Note that the above algorithm removes all subgraphs that correspond to a non-crossing
partition of a subset of {1,...,k} and replaces them by an edge with nonzero weight
each. In particular, C (m) = 0 whenever the pairing 7 is non-crossing. In this case only
one vertex connected to itself by an edge (loop) of weight k/2 remains, as the weight
assigned to an edge reflects the number of pairings removed from C(7) in obtaining it.
We demonstrate the algorithm for the example given on the right of Fig. 5.2 below. For
simplicity, the vertex labels and edge weights that are equal to zero are left out.

Fig. 5.3. The steps of the reduction algorithm with arrows indicating the steps.

Observe that there is a one-to-one correspondence between the graph (I (w), C(7))
obtained in Lemma 5.2.7 and a suitable right-hand side of (5.18). By considering the
algebraic counterpart of the graph algorithm, we obtain a bound for the norm of the
matrices involved.

Lemma 5.2.8. Let k > 2 be even. For every pairing © € Il exists an expression
of the form (5.18) with matrices M), i € J, that satisfy M| < CN™i. The num-
bers w; > 1 correspond to the edge weights of the graph (I'y (), C~’(7r)) that satisfies (a)-(d)
of Lemma 5.2.7.

Proof. Starting with the left-hand side of (5.18), we carry out the algorithm from
Lemma 5.2.7 on the corresponding graph and note the analogous steps for the 2-cumulants.
The matrices M® | i € J, are defined inductively along the rewriting procedure. Recall
that every pairing in C'(7) corresponds to a 2-cumulant and every vertex in I'j, represents
a summation over an index aq, ..., a,. An iteration of Step I thus corresponds to replacing

2
3" kN wma, arpiaie) = Topar,s,
ar41

i.e., applying (5.12) to carry out a summation over an internal index. Hence, every new
edge of weight one in Step I corresponds to introducing one matrix element of 7" and
defining

MY =T

for all + € J. The vertex that is removed from the graph matches the index over which
the summation was carried out. Recalling that ||T|| < C'N, the order of N in the norm
bound matches the edge weight as claimed.

Step II corresponds to matrix multiplication. Let M) and M(2) denote two matrices
corresponding to adjacent edges of nonzero weight in the graph and let a;, a,,,a, €
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{ay,...,ax} with a; # a,, and a,, # a,, denote the vertices adjacent to them. An iteration
of Step II corresponds to replacing

ZM(il) M) — (M(“)M(i?))al e M)

ap,am, Am, ,Qn, ap,an?
am
where M) denotes the matrix corresponding to the new edge and the vertex that is
removed matches the summation index. Since ||[M @] < [|[M@)|| ||M2)||, we obtain a
norm bound from the initial estimates. In particular, the exponents of N from the previous
bounds are added, matching the edge weight prescribed by the graph algorithm.

For Step III, let M@ denote the matrix corresponding to an edge of weight w; > 0 and
assume that the two adjacent edges belong to the same pair, which is represented by
the 2-cumulant £ (a;a;41, @mm41). An iteration of Step III corresponds to replacing

> Méﬁhamm@)(alalﬂ, A y1) =: ng’jgm, (5.19)

ar4+1,0m

where the matrix M) corresponds to the edge of weight w; + 1 introduced in the graph
algorithm and the summation indices a;41, a,,, match the vertices that are removed. Note
that the norm of the new matrix can be estimated by |M®)| < N|M®| < CNwit!
following an argument similar to (5.15) such that the power of N in the bound again
matches the prescribed edge weight. We have thus shown that the reduction algorithm
on (I'y, C(m)) from Lemma 5.2.7 translates to a rewriting procedure for the corresponding
cumulant term. In particular, an edge with weight w; appearing in any step of the graph
algorithm can be associated with a matrix M® with |[M®| < CNv:. O

Remark. Lemma 5.2.8 extends to arbitrary k& € IN and partitions m € Il by restricting
the algorithm in Lemma 5.2.7 to the pairs of C(7). The resulting graph (T (), C(r)) sat-
isfies (a)-(d) with the properties (c) and (d) restricted to the pairs in C(7). Further, (5.18)
generalizes to the form

Z IT "V (aja;:0j € B) = > (H £UBD (005415 € B) [ M ) (5.20)

-0k Bemw b1,..,byy Ber! ieJ

where none of the 2-cumulants on the right-hand side of (5.20) involve internal indices
and the indices b;,, b;, never appear in the same 2-cumulant.

After the rewriting procedure, summations over &’ < k indices remain. Matching (5.18),
we rename them as by, ..., by to indicate that the rewriting step is completed.

Step 2: Estimates via summing-in steps

Recall that the reduction algorithm in Lemma 5.2.7 terminates in one of two possible
states: either C(m) = (0 (if 7 is non-crossing) or C/(m) contains at least two pairings (if 7
is crossing). We estimate the corresponding contributions to (5.7) separately.

Lemma 5.2.9 (Leading Terms). Let k > 2 be even and 7 € Il be a non-crossing pairing.

Then
N—k/2-1

S I @ a]aﬁljeB)‘ C.

ai,...,ar Bemw

Proof. Whenever 7 is non-crossing, the algorithm in Lemma 5.2.7 reduces (I'y, C'(7)) to a
single vertex b; connected to itself by an edge of weight k/2. By the rewriting part of
Lemma 5.2.8, we thus have

Z H K(z)(ajaﬁ#l‘j € B) = ZMbhbl = tr(M)v

at,...,ar Bem b1
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where M denotes the matrix corresponding to the loop in Iy (7). Further, | M|| < CN*/2,
giving |tr(M)| < CN*/2*1 and the claim. O

Lemma 5.2.10 (Subleading Pairings). Let k > 2 be even and m € 1l be a crossing

pairing. Then
N_k/2_1 Z H fi(z)(ajaj+1|j € B) S CN_1/2.

ai,...,.ar Bemw

Proof. Whenever 7 is crossing, at least two pairings remain in C (m) after the algorithm
in Lemma 5.2.7 terminates. As the resulting term is claimed to be subleading, we aim
to show (CR) for the entire right-hand side of (5.18), possibly allowing an additional
summation, i.e., another factor of V/N. Let M® denote a matrix that corresponds to an
edge of weight w; in [y(7), i.e., |[M®| < CN¥ following Lemma 5.2.8. By defining

i 1 i
(X[M( )]bl>b = ﬁMlgly)bH—l’ bl+1 = 1, ceey N (5.21)
I4+1

with [ € {1,...,k'} and k' + 1 = 1, we obtain a vector that satisfies
HX[M“)]bng <C (5.22)

uniformly for any choice of b;. Going through the index set J, we rewrite every matrix
element on the right-hand side of (5.18) as a normalized vector and collect any separate
powers of IV in front of the sum.

Next, we sum in the vectors using the notation of Lemma 5.2.5. Going through the newly
introduced vectors (5.21) in increasing order of the corresponding [, we replace

> (X[M(i)]bl> K@ (pabia, bubm1) = 6@ (XM Py o brb),

b1 biy1

where b, # b;_1, by, b1 1, b2 denotes some other summation index. Since all vectors are
defined from the rows of the respective matrices in (5.21), we always involve the first index
of an index pair and thus replace at most two indices in each 2-cumulant by a vector. As
a consequence of Lemmas 5.2.7 and 5.2.8, the resulting term neither involves summation
over internal indices (cf. Step I) nor an index that occurs in the same 2-cumulant both
as a superscript of a vector and as an argument (cf. Step III). In Fig. 5.4 we visualize
the rewriting and summing in procedure for the term on the left of Fig. 5.2. The small
arrows in Fig. 5.4 point to the index that will be summed in. Again, edge weights that
are equal to zero are left out.

ai ai by

a2 . o . @10 - be
S . S . S -
as v a9  Step 1 2 » Qg 2 bs
: —>
ay e »as 1 1
" - .. - - .
- - e~ b
bs 4

a
ag ag ’ by

Fig. 5.4. Visualization of the rewriting and summing in for a crossing partition.

The term obtained after the sum-in procedure is now tractable by recursive summation
as illustrated in Examples 5.2.3 and 5.2.6. We give the algorithm below.
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Step i Identify the index b; in the sum with the smallest subscript [. After the rewriting
and sum-in steps, b; occurs in exactly two 2-cumulants. We distinguish two cases:

— Whenever both b;b;,1 and b;_1b; occur as index pairs in different 2-cumulants,
apply an estimate similar to (5.8) with b; in place of a;, and start the procedure
with the 2-cumulant that involves the pair b;b; 1.

— Whenever b; occurs as a superscript of a vector in one 2-cumulant and as an
argument in another, start the procedure with the 2-cumulant that involves o,
as an argument.

Step ii We distinguish two cases depending on the choice in Step i:

— Whenever the 2-cumulant does not involve any vectors, identify its four indices.
Separate the summations over these indices from the remainder of the sum
by estimating any occurrences of them in other 2-cumulants by a suitable
maximum.

— Whenever the 2-cumulant involves vectors, identify the indices that either
occur as the superscript of a vector or as arguments. Treat any summation
over indices that appear as arguments similar to the first case, then consider
the maximum for the remaining indices to isolate the term from the remainder
of the sum (see (5.17)).

Next, perform the summations that have been isolated using the uniform bound (5.22)
for any vectors that appear. Note that all estimates obtained from Lemmas 5.2.2
and 5.2.5 follow (CR), i.e., the final bound in each iteration reduces to a counting
argument.

Step iii Identify the index by in the sum which has the smallest subscript [’ and carry out
Step ii for the 2-cumulant that involves by as an argument. Repeat the procedure
until all summations have been carried out.

The above argument shows that all summations remaining after the rewriting and sum-in
procedure follow (CR), possibly up to a factor of VN if a summation is added in Step i.
Hence, the claim follows by showing that (CR) stays valid when the remaining summations
as well as the factors N obtained from (5.21) are taken into account. First, observe
that || 77|| < C'N?, while a matrix element of 77 is obtained by evaluating

J — (2) (2) ) ) . )
Taz,amj = Z K (alal—i-l; al+1az+2) - R (al+2]—2al+2]—17 al+2]—1al+2])
A 4150005 aj425—1

i.e., performing summations over 2 — 1 consecutive indices. Hence, these matrix elements
yield a factor v/N more than prescribed by (CR) if estimated trivially. Moreover, carrying
out a rewriting step corresponding to Step II or III on the graph does not change this fact.
Indeed, if the matrix elements of M) and M® are obtained from carrying out 2j; — 1
and 2j, — 1 summations and the matrices are bounded by CN/t and C'N’?? in norm,
respectively, then

MO = SN,

accounts for 2(j; + j2) — 1 summations while || MM @)|| < CN7+32. Similarly, if the ma-
trix elements of M) are obtained from carrying out 2j — 1 summations and || M@ || < C N7,

then the matrix elements of M) in (5.19) account for two more summations, i.c., 2(j+1)—1
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in total, while the power of N in the norm bound is increased by one. Since replacing an
index by a vector of the form (5.21) after the rewriting of the term also requires carrying

out one summation, the additional factor of v/ N per matrix is balanced out.

Hence, at most k + 1 powers of v/N are collected from bounding the k summations with
the extra factor vV N being obtained whenever an estimate similar to (5.8) is used in Step i.
Thus, the bound is of order N~1/2 here, giving the claim and showing that all crossing

pairings are subleading.

5.3 Proof of (5.4) in the General Case

Let now k& > 1 be arbitrary. We aim to show that

N—k/Z—l

ai,...,.ax Bemw

for all w € II;. This would complete the proof of (5.4) via (5.5). We start by proving the
necessary bounds for j-cumulants with j > 3 and give the proof of (5.23) in Section 5.3.1.

Note that no internal index is summed up below.

Lemma 5.3.1. Assume that (A3) holds. Then

Z |&(3)(a1a2,a3a4,a5a6)| <C, (5.24)
ai,a2,a3,a4

Z \5(3)(a1a2,a3a4,a5a6)| < CN, (5.25)
ai,...,as

> 163 (aya9, asay, asag)| < CN? (5.26)
ai,...,as

uniformly for any choice of the unsummed indices. In particular, the estimates follow (CR).

Proof. Applying (5.3) to the 3-cumulant in (5.24) and taking the maximum in a suitable

way in the resulting terms, we obtain, e.g.,

Z |/<(2) (ayas, a3a4)/{(2)(a3a4, asag)|
A1,e.e,04

< (E%%i( 3 Im(z)(alaz,agm)l) 3 1P (azaq, asag)],

ai,a2 asz,a4

as well as similar bounds for the terms corresponding to the other possible spanning trees.
Hence, the summation over up to two index pairs is bounded by a constant, giving (5.24).
The remaining estimates (5.25) and (5.26) readily follow, as the additional summations

yield a factor of N or N2, respectively.
Observe that the bounds given in (5.24) and (5.25) imply that, e.g.,

Z |’€(3)<G1a2,a2a3aa4a5)| < Z |/<a(3)(a1a2,a’2a3,a4a5)| <C<COVN (5.27)

a2 a2 7al2

uniformly for any choice of the unsummed indices. In particular, the estimates comply
with (CR) and there is no need to perform summations over internal indices separately as

in Section 5.2. The only exception occurs for k = 3, where one obtains

Z ’“(3)(a1a2702a3,a3a1)| < Z |ﬁ(3)(a1a2,a’2a3,aga’1)] < CN? (5.28)

a1,a2,a3 a1,a2,a3,a’ ,ak,a%
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instead of the bound of order N3/? prescribed by the counting rule. As (5.28) is the only
term for k = 3 due to (Al), and k/2 4+ 1 = 5/2, it follows that (5.4) holds for k£ = 3.
Hence, we can exclude the k = 3 case from the following analysis and assume that all
estimates for 3-cumulants with or without internal indices comply with (CR). We further
note the following definition.

Definition 5.3.2. For x € R", set

k3 (xaq, agay, asag) := Z k3 (a1a2, agay, asag)Tq, (5.29)
ay

and define any 3-cumulants with one or more indices replaced by a vector analogously.

Again, we follow the convention that vectors only occur as the first index of every index
pair. Similarly to Lemma 5.2.5, we obtain the following estimates.

Lemma 5.3.3. Assume that (A3) holds and let x,y,z € RY. Then summation over any
number of indices of |v®)(xaz, agas, asag)|, | (xas, yas, asag)|, or [v®)(xaz, yas, zag)]
satisfies (CR). Thus, for one vector we, e.g., have

Z |/<¢(3)(xa2,a3a4,a5a6)| < C’Nl/2||x||2, (5.30)
a2
Z |m(3)(xa2,a3a4,a5a6)\ < CNJx|2 (5.31)
az,a4

uniformly for any choice of the unsummed indices. Similar bounds hold if two or three
vectors are involved, respectively, e.q.,

> kP (xaz, yas, asag)] < ONV2|x]lyl2, (5.32)

as
3 163 (xay, yay, zag)| < CNY?||x|2|ly|22l2-
az

Moreover, we have bounds that are stronger than (CR) by a factor of VN for every
summation that is carried out over two consecutive indices belonging to different index
pairs, e.g.,

Z |/<;(3)(Xa2,a3a4,a5a6)\ < CNl/QHXHQ. (5.33)
a4,as5

> 1) (xay, agay, asag)| < CN*2?||x|2, (5.34)
az,...,ag

> k¥ (xa2, yas, asag)| < CNY?|1x]|a]ly]l2. (5.35)
a4,as5

In particular, for 3-cumulants, a summation over an internal index also contributes at

most a factor of V/N.

Proof. The proof is divided into three general arguments. First, as the bounds obtained in
Lemma 5.3.1 are stronger than (CR), estimating the vector elements by max; |v;| < ||v]|2
for v = x,y, z, respectively, and performing the summation directly yields the desired
estimate in most cases. Whenever this argument does not yield a sufficiently strong bound,
we apply the Cauchy-Schwarz inequality similar to the proof of Lemma 5.2.5. Lastly, it
remains to check that the estimates obtained are strong enough to satisfy the second part
of the lemma and also comply with (CR) if summation over internal indices is included.

171



5.

OPERATOR NORM OF A HERMITIAN RANDOM MATRIX WITH CORRELATED ENTRIES

As the latter can be treated by introducing additional summation labels similar to (5.27),
it is enough to derive suitable bounds for distinct a4, ..., ag.

Assume first that the 3-cumulant involves only one vector. Here, estimating |z;| < ||x||2
and applying (5.24) yields

> 1k (xay, asay, asag)| < x|l > k¥ a1z, asaq, asag)| < C||x||2, (5.36)

a2,a3,a4 at,...,a4

which immediately implies (5.30) and (5.31). The same N-independent bound as (5.36)
holds if one sums over as, as, ag instead. Whenever all three index pairs are involved in
the summation, Lemma 5.3.1 implies a bound of order N, i.e.,

) |k (xa2, azas, asag)| < ||x|2 > | (araz, agas, asag)| < ON||x[l2,  (5.37)

az,...,as a,...,as

and the same estimate holds if the summation over some other index as, ..., as is left
out instead of ag. In particular, all summations over two, three and four distinct indices
yield a bound of at most order N, which complies with (CR). The validity of (CR) for
summation over five distinct indices follows from (5.26).

Now we prove (5.33) and (5.34) by applying (5.3) and estimating one 2-cumulant in the
bound similar to (5.9) in the proof of Lemma 5.2.5. This leads to

Z ]xal/f(z)(alag, aszas)k? (aszay, asag)|
a1,a3,as

< (n}gxz ]ﬁ(Q)(a3a4,a5a6)|) 3 |z P (araz, azas)| < ONY2 x|,
as

ai,as

which, together with similar estimates obtained for the other possible spanning trees
on the complete graph on three vertices, proves (5.33). The estimate in (5.34) follows
similarly. Applying (5.27) and (5.37) implies the remaining stronger bounds for the second
part of the lemma, which completes the proof for £® (xas, asas, asas).

Next, assume that two vectors are involved in xk®). Here, estimating |z;| < [x]

and |y;| < ||lyll2, applying (5.24) yields

S 5 (xan, yas, asao)| < [xlallylls Y |5@ (@102, az0s, asa6)] < Clxllo[yllo- (5.38)

a2,a4 at,...,a4

Further, arguing similarly to (5.9) gives

37 | BayYay? (azas, asas) P (asas, araz)| < CNY2{|x][o|ly]l2,

a1,a3,as

which, together with bounds of at most order N/? for the terms corresponding to the
other possible spanning trees, implies (5.32). An analogous estimate holds for summation
over ag, showing the validity of (CR) for a single summation. The remaining cases for
summation over distinct indices follow similar to (5.38) by applying (5.25) and (5.26).

Note, however, that the above bounds are again not sufficient to imply (CR) for summation
over internal indices. Arguing as in (5.11) yields the stronger estimate

Z |$a1ya3ﬁ(2)(a1a2aa3@4)/‘6(2)(a3a4=a5a6)| < CN1/2||X||2||Y||2‘

a1,a3,a4,a5
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Again, one can estimate similarly for the terms corresponding to the other possible
spanning trees, which implies (5.35). Lastly, one needs to check that also

> kP (xaz,yas, asas)| < 30 6P (xaz, yas, djas)| < ONPZ[|x] |2y |2,

a2,04,05 az2,a4,a5,a}

which follows from a similar argument. This completes the proof for £ (xas, yas, asag).

For 3-cumulants that involve three vectors, note that writing out the term similar to (5.29)
already involves all three index pairs. Whenever two summations are carried out, the
estimates obtained from Lemma 5.3.1 comply with (CR), e.g.,

> 169 (xaz, yas, zag)| < [x[allylallzl: Y 15 (10, azas, asa)]

az,a4 ai,...,as

< ON|Ix|l2[lyll2/=]l2,

but a different argument is needed for estimating zero, one, or three summations. Here,
arguing as in (5.11) gives

Z Z |Ia1ya32a5/€(2)(a1a2,a3a4)ﬁ(2)(a3a47a5a6)|
az2 ai,az,as

< 1zl max 35 16 (a0, a506) ) 3 [y o (103, asas)| < ONV2 el el

as ai,a2,as3

together with similar bounds for the terms corresponding to the other possible spanning
trees. By a similar argument, we obtain an N-independent bound and a bound of order N
for zero and three summations, respectively. As internal indices cannot occur here, the
proof of the lemma is complete. O

Lastly, we derive the necessary estimates to incorporate cumulants of order four and
higher. As no exceptions similar to (5.28) occur, we directly include summations over
internal indices into the bound.

Lemma 5.3.4. Assume that (A3) holds and let j > 4. Then

Z |/<;(j)(a1a2, . ,agj_lagj)l S CN2

al,...,agj

Proof. After applying (5.3), bound the term by considering all possible spanning trees on
the complete graph on j vertices. Starting the summation at the leaves of the respective
tree, sum up one index pair of each 2-cumulant. Continuing the procedure until the root
of the tree is reached, an N-independent bound is obtained in every step. Finally, a
summation over all four indices of the last 2-cumulant remains, which yields the claimed
bound of order N? by applying the last estimate of Lemma 5.2.2. O

Note that Lemma 5.3.4 in particular implies that

> \/f(j)(alaz,czgag,aga4,...,ajal)] < > \/f(j)(alag,aéag,...,a;-a’l)| < CN?

. / /
Al,y...,a5 al,...,a]-,al,...,aj

for any j > 4 such that no special treatment is needed for (CR). Moreover, whenever j > 5,
the bound is stronger than (CR). However, Lemma 5.3.4 only gives a bound of N?
independent of the number of summations carried out.
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5.3.1 Including 3-cumulants

Throughout this section, assume that 7w € Il with |B| € {2,3} for all B € 7. Excluding
the cases in Lemma 5.2.1, we obtain the following bound.

Lemma 5.3.5 (Subleading Term with 3-cumulants). Under assumptions (Al)-(A3),
let k > 1 and choose a partition © € Il with |B| € {2,3} for all B € w that is not a
pairing. Then

NN T 16980 (aja,4415 € B)| < CN7Y2, (5.39)

ai,...,.ar Bemw

Proof of Lemma 5.3.5. We extend the proof Lemma 5.2.10 to include 3-cumulants and
show that (CR) holds up to a factor of v/N. The modifications to each step are given
below.

Step 1: Rewriting

Since the summation over internal indices in 3-cumulants does not interfere with (CR),
we restrict to rewriting the 2-cumulants that involve internal indices and obtain the
desired form via (5.20). Recall that certain properties only hold for the pairs in C/(x)
such that, e.g., two edges adjacent to an edge with nonzero weight may still belong to
the same 3-tuple. As before, we rename the remaining &’ summation indices as by, . .., by
and denote the matrices obtained along the rewriting procedure as M@ with i in some
index set .J. Recall that ||M®] < C N where w; # 0 is the weight of the corresponding
edge in the graph.

Step 2: Sum-In

In this step, we focus on the terms specific to 3-cumulants that are not covered by the
argument in Lemma 5.2.10. Consider the possible subgraphs in which an edge with
nonzero weight is adjacent to two edges that belong to the same 3-tuple. Here, rewriting
and estimating the term using the vectors in (5.21) fails similarly to the second part of
Example 5.2.6. We visualize the respective subgraphs in Fig. 5.5 below, where edges
belonging to the same 3-tuple are indicated by the same linestyle and w; (resp. wj,, wj,)
denotes some nonzero edge weight. For simplicity, edge weights that are equal to zero as
well as the labels of most vertices are left out and the remainder of the graph is indicated
by horizontal dots.

bl bl bl bl bl

U)J ——o /—< === wj -=-=-= wjl PP °
b ,
R

\ U)J = === === wh @rrannnn °

Type 1 Type 2 Type 3

g

<
-=-==-
= ===

Fig. 5.5. The only subgraphs not covered by previous estimates.

We gather the 3-cumulant and the matrix element(s) corresponding to the respective
subgraphs in Fig. 5.5 into one term that we refer to as type 1, 2 or 3, respectively. For
example, the left type 1 graph translates to the product

Mb(ljjl,bmf‘f(?’) (bibit1, bigobiys, birsbira)
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in the cumulant calculation while the left type 2 graph translates to
]\41;(3,3+1,bm+2 £®) (bibist, bmbmes1, bint2bmas).

Here, M) denotes the matrix that corresponds to the edge with weight wj, respectively.
Note that the two solid and two dashed graphs in Fig. 5.5 look very similar, but are still
not identical since the cyclic ordering breaks the symmetry. As a result of Lemma 5.2.8,
any matrix element that does not occur in a term of type 1, 2 or 3 can be treated using
the same sum-in procedure as in the proof of Lemma 5.2.10, i.e., by applying (5.21) and
performing the summation over the corresponding b;,; explicitly. Again, defining the
vectors by the rows of the respective matrices ensures that only the first index of every
index pair in the remaining 2- and 3-cumulants may be replaced by a vector. In particular,
estimates for the special cases in Fig. 5.5 and the counting rule are sufficient to cover any
term that is encountered. As an example, consider two interlaced type 1 subgraphs: If
the second type 1 term is added between the two solid edges of the first, the result can
be estimated using only bounds for type 1 and 2, respectively. Otherwise, the sum-in
procedure applies, as at least one edge of nonzero weight is no longer adjacent to two
edges from the same grouping.

At this point, any separate matrix element occurs in a term of type 1, 2 or 3. Note that
also up to one (types 1 and 3) or two (type 2) indices of the 3-cumulant in the respective
terms may have been replaced by a vector along the sum-in procedure.

Step 3: Estimates

To estimate the remaining summations, we apply a recursive summation procedure similar
to the proof of Lemma 5.2.10. Note that the summation over any number of indices
of a 2- or 3-cumulant follows (CR) by Lemmas 5.2.2, 5.2.5, 5.3.1, and 5.3.3, including
summations over internal indices in the 3-cumulants and any summation over internal
indices of 2-cumulants resulting in the sum-in of the vectors in (5.21). The only terms
not covered by the previous arguments are the terms of type 1, 2, and 3. We claim that
they, too, follow (CR) and show that applying the bounds from Lemma 5.3.1 or 5.3.3 for
the 3-cumulant compensates the additional factor(s) of v/ N obtained from estimating the
matrix element(s) trivially by the norm of the respective matrix.

Assume first that the summation on the left-hand side of (5.23) reduces to one single
term of type 1, with the internal index occurring, e.g., at by, or of type 3. We obtain from
Lemma 5.3.1 and (5.27) that

Z |’€(3)(b152,b3b4,b4b5)| < CN27 Z ”1(3)(blb2ab3b4vb5b6)| < CN*.
b1,...,b5 b1,...,b6

Observe that these estimates are better than the bound prescribed by (CR) by one or
two factors of v/ N, respectively. Hence, the final bound for the term follows (CR) again.

Whenever a term of type 1, 2, or 3 is encountered along the recursive summation procedure,
we argue similarly. Recall that Step ii used in the proof of Lemma 5.2.1 requires summing
over all remaining indices for every 2-cumulant that is encountered. For terms of type 1, 2,
or 3, we modify this step and sum up all but one (type 1 and 3) or two (type 2) indices
instead, always leaving the index b; for the largest value of [ in each connected subgraph
unsummed. The index or indices that are left out always belong to another 2- or 3-
cumulant or term of type 1, 2, or 3 and are thus considered in later steps of the procedure.
The summation rule is visualized in Fig. 5.6 below, where the large dots denote the indices
that will be summed up after estimating the matrix element(s) trivially.
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w; e PY ----9 W, @---@ W, @------ Y
L4
.\ w] @---- @---- U}j2 @ e .

Type 1 Type 2 Type 3

Fig. 5.6. The summation rule.

For the terms of type 1 or 3, leaving one index of the respective 3-cumulant unsummed
always allows for a bound of order N by Lemma 5.3.1 or (5.37), i.c., at least (v/N)?
better than (CR) would give, which compensates for the additional factor of /N or N,
respectively, from estimating the matrix elements. The same holds for terms of type 2.
Note, however, that due to the dashed subgraphs in Fig. 5.6 having two connected
components, we may also encounter the case that only two summations remain. Here, we
apply (5.24), (5.33) or (5.35) whenever the 3-cumulant involves zero, one or two vectors,
respectively. This allows to estimate the remaining two summations by a bound of at
most order N'/2, showing that (CR) holds again. Hence, we can apply a similar recursive
summation procedure as used in the proof of Lemma 5.2.1 given by the following modified
algorithm.

Step i Identify the terms of type 1, 2 or 3 in the summation. We distinguish two cases.

— Whenever terms of type 1, 2 or 3 are present, identify the summation index b,
in them that corresponds to the smallest subscript [ .

— Whenever no terms of type 1, 2 or 3 are present, carry out Step i as in the
proof of Lemma 5.2.10, possibly choosing an index occuring in a 3-cumulant.

Step ii We distinguish two cases depending on the outcome of Step i.

— Whenever the index b; occurs in a term of type 1, 2 or 3, estimate the cor-
responding matrix element(s) using the bound for the matrix norm, then
isolate the corresponding 3-cumulant and perform the summation according to
Fig. 5.6.

— Whenever the index b; occurs in a 2- or 3-cumulant, carry out Step ii as in the
proof of Lemma 5.2.10, possibly applying Lemma 5.3.1 or 5.3.3 if b; occurs in
a 3-cumulant.

Step iii Identify the index by in the remaining sum that corresponds to the smallest sub-

script I’ and carry out Step ii until all summations have been evaluated.

Note that starting the summation with estimating a matrix element breaks the cyclic
structure of the graph similarly to (5.8). Further, we have shown that all estimates
obtained in Step ii follow (CR). The final bound for the sum obtained at the end of the
procedure is thus at most of order N¥/2t1/2 which is the claim. O

5.3.2 Including Cumulants of Order Four and Higher

With the necessary tools established, we proceed to estimating the summation (5.23) in
the general case, i.e., when we have cumulants (tuples) of arbitrary order.
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Proof of (5.23). Let k € IN and 7w € II; be arbitrary. Excluding the terms already
considered, we can assume that k£ > 4 and that the partition includes at least one set of
four or more elements. As before, we start by identifying any 2-cumulants with internal
indices on the right-hand side of (5.23) and rewriting the term using (5.20). Next, we
carry out the sum-in procedure from Lemma 5.3.5 almost unchanged, i.e., (5.21) is applied
for every matrix element that can be incorporated into a 2- or 3-cumulant and the matrix
elements occurring in a term of type 1, 2 or 3 (see Fig. 5.5) are gathered together with
the corresponding 3-cumulant. Note that this step might leave some matrix elements
unassigned. We assume first that 7 is chosen such that this is not the case.

Recall that the counting rule established for 2- and 3-cumulants prescribes that every
individual summation yields a factor of v/N, while the estimate for higher-order cumulants
yields a contribution of N? when summing over all indices in the respective cumulant.
To apply both rules simultaneously, we divide the terms obtained from the rewriting
procedure into two factors F' and G, where GG collects the 2- and 3-cumulants, as well
as the terms of type 1, 2 and 3, and the additional factors of N obtained from the N7
normalization in (5.21), while the higher-order cumulants constitute F'. Whenever no
rewriting is required, we can split the left-hand side of (5.23) directly into

F<b17"'7bk> = H |’€(|B|)(b]b]+1’j € B>|7 G(bla"'7bk) = H "i(|B|)(b]b]+1|j € B)|
B 2153

Next, consider the set X := {j : b; appears in a cumulant that belongs to F'}. Abbrevi-

ating bx = {b; : j € X} and bxc = {by,..., by} \ bx, it follows that

S F(bx)Glbn,....by) < (bz F(bX)> <n%3xbz; Glby, ... ,bk/)>

b1,e.,byy
by taking the maximum over all indices in by in the factors that occur in G.

Let n > 1 be the number of factors in F'. Since every cumulant included in F' is of
order four or higher, each factor involves at least eight indices as arguments. As every
index belongs to two edges and, hence, has to appear exactly twice in the product of F
and G, there are at least 4n distinct indices in F'. By definition, the total number of
distinct indices occurring in F' is equal to | X| such that | X| > 4n. Introducing additional

summation labels b}, ..., b; to sum over all indices involved in the respective factors and
applying Lemma 5.3.4 thus implies
SSFbx) < Y Flbxb...,b) < C(N*)" < ONWI2, (5.40)
bx bx,bll,...,bi

For the summation involving G, we follow Step 3 from the proof of Lemma 5.3.5. This
yields

Irgaxz G(by,... by) < ONE=IXD/2H1/2 (5.41)
X bS(

from applying the recursive summation procedure, as all terms in the sum follow (CR).
Hence, we obtain a contribution of order v/N for every summation, including the ones
that were carried out along the rewriting and sum-in step, and possibly an additional
factor v/N from an estimate similar to (5.8). Combining (5.40) and (5.41) thus yields

N_'“/Q_I(ZF(Z)X)> (ngaxZG(bh - 7b/€/)> < CNTY2
bx * %
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In the previously excluded cases, there either is a term similar to the terms of type 1, 2
or 3 with the 3-cumulant replaced by a cumulant of order four or higher, or a matrix
element for which introducing vectors as in (5.21) would require summing it into a higher-
order cumulant. In both cases, we estimate the matrix element trivially by the norm of
the corresponding matrix, which yields a factor of v/ N more than prescribed by (CR).
However, the occurrence of the matrix element implies that the j-cumulant must involve
at least 7 + 1 distinct indices. Hence, one more summation than in the minimal case is
carried out when the summation over all indices in the cumulant is evaluated, i.e., the
additional factor v/N is balanced out. This implies that the estimates again follow (CR),
giving the claim in the general case. In particular, we obtain a sub-leading contribution
to (5.5) whenever the term on the left-hand side of (5.23) involves cumulants of order
four or higher. O
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6 Dynamics of a Rank-One
Multiplicative Perturbation of a
Unitary Matrix

We provide a dynamical study of a model of multiplicative perturbation of a unitary
matriz introduced by Fyodorov. In particular, we identify a flow of deterministic
domains that bound the spectrum with high probability, separating the outlier from the
typical eigenvalues at all sub-critical timescales. These results are obtained under
generic assumptions on U that hold for a variety of unitary random matriz models.

Preprint of G. Dubach and J. Reker. Dynamics of a rank-one multiplicative
perturbation of a unitary matrix. To appear in: Random Matrices: Theory Appl.,
online ready available at hitps://doi.org/10.1142/52010326324500072, 2024.

6.1 Introduction

The recent survey [71] offers an overview of a variety of exact results concerning rank-one
perturbations of random matrices. Among those are

(i) Hermitian perturbations of Hermitian operators, where the now well-understood
phenomenon of BBP transition occurs [14];

(ii) Generic perturbations of non-Hermitian operators, exemplified by the milestone
work of Tao [137];

as well as another, intermediate, class of models, namely,

(iii) Perturbations of a normal (Hermitian or Unitary) operator resulting in a loss of
normality.

Interest in these particular models has its origin in physics, as they are relevant to
scattering theory (see for instance the general introduction [77]), and as such, they have
been the subject of several studies in recent years, both from the mathematical and the
physics perspective. The model for which the most precise estimates are available to date
is the rank-one anti-Hermitian perturbation of a Hermitian matrix, namely

M(t) := H + itvv™, t>0, (6.1)

where H is a matrix with Gaussian entries independent up to the condition of Hermi-
tianity (the so-called Gaussian Unitary Ensemble, or GUE) and v a unit vector, sampled
uniformly on the sphere, and independent from H. This model was first studied in
the pioneering works [78, 79, 75]. Recently, the more general case of a Wigner matrix
was considered in [57]. It was shown that a unique outlier becomes separated for all
times ¢ > 1+ N~37¢ for any € > 0. Shortly thereafter, it was confirmed in [76], using
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exact expressions available in the integrable GUE case, that 1 + O(N _%) is indeed the
critical timescale for the emergence of the outlier.

Another relevant setting is the so-called U A model, or rank-one multiplicative perturbation
of a unitary matrix, first introduced by Fyodorov [73] (see also the review [80]). It is
defined by

W(a) :=UA, A = diag(a,1,...,1), a€]0,1], (6.2)
with the matrix U being Haar-distributed on the unitary group (the so-called Clircular
Unitary Ensemble, or CUE). This model was studied in [72] at the timescale a = O(N~2),
which happens to be the critical timescale for the emergence of an outlier at the origin.
The purpose of this paper is to conduct a dynamical study (replacing a € [0, 1] by ¢ € R,
considered as a time parameter) of such U A models under fairly generic assumptions on
the matrix U.

Fig. 6.1. Trajectories of the eigenvalues of the U A model of size 100 x 100. The evolution
of the time parameter ¢ € (—1,1) is represented by shades of red.

6.1.1 Definitions and Notations

Throughout the paper, tr(-) denotes the (non-normalized) trace and Sp(-) denotes the
spectrum of a matrix. We denote the open unit disc and an open disk of center z5 and
radius r by D and D(z,r), respectively. The boundary of a set S is denoted by 95 and
its complement by S°.

We say that an event (more precisely, a sequence of events) Q = QW) occurs with high
probability (w.h.p.) if
P (™M) — 1, (6.3)

N—oo

and that it occurs with overwhelming probability (w.o.p.) if for any A > 0,
1-P QW) < N4 (6.4)
for large enough N.

An important tool that we need is the notion of uniform stochastic domination, which is
defined as follows. Let

X={XxM(z): NeN,zeD} and Y={Y™M(z): NeN,zeD}

be two families of complex random variables that are indexed by N € N and z € D. We
say that X is stochastically dominated by Y, uniformly for 2 € .#™N) c D if, for all ¢ > 0
we have that

vz €. .7W) XM (2)] < Ny W (2)]
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with overwhelming probability. We denote this by X < Y, specifying over which do-
main ™) the uniformity holds.

We say that Gy has a strongly separated outlier towards the origin fort € T C [—1,1] if
there exist a; < aw, ¢1,co € (0,1) such that with high probability, for every ¢t € T

(i) D (O, ¢ %) contains exactly one eigenvalue of G (t);

(ii) D\D (O, 02%) contains N — 1 eigenvalues of Gy(t).

Whenever oy < 0, we say that Gy has a strongly separated outlier at the origin.

Definition of the Model and Statement of Results

Let U € Uy(C) be a unitary matrix and define
A(t) .= Iy — (1 —t)vv* € My(C) (6.5)

with t € R and a unit vector v € CV. We consider the multiplicative rank one perturbation

of U that is given by
G=G(t)=UA(t). (6.6)

Note that this model coincides with (6.2) if v = e; and |¢| < 1, taking a = t. It is readily
checked that G(t) is unitary for t = 1, so that its spectrum is in 0D. The eigenvalue
trajectories of G(t) for |t| < 1 lie in D by Weyl’s inequality (as the smallest singular
value of G(t) is equal to |t| while all others have modulus 1 by direct computation).
For ¢t = 0, the spectrum of G(0) coincides with that of a truncated unitary matrix, with
an extra eigenvalue at 0. Observing that, for ¢ # 0, G is invertible with G(¢)~! = G(t71)*,
the trajectories for |t| > 1 lie in the complement of D, and their properties are readily
obtained from the [t| < 1 case. We will hence focus our study of the spectrum of G(t)
tot € (—1,1), as represented on Fig. 6.1.

For U a unitary matrix and v a unit vector, we define the quantity

W™ = VNv*U*v (6.7)
and the functions
1 2U%)? w(N)
W (z) = U*my, Ws(z) == U*]]E[_Z)(]*U7 s1(z) =1+ ﬁz. (6.8)

Note that # is named by analogy with the ‘weighted resolvent’ in [57, Def. 2|, as it
plays a similar role in the analysis below. However, there are important differences in the
behavior and scaling of the two objects, which we address in more detail in the appendix.
It is immediate to check that

W (z) = s1(z) + #a(z). (6.9)
Our main results are stated using the following assumptions.

Assumption 6.1.1 (Simplicity). The spectrum of the random unitary matriz U is almost
surely simple; the unit vector v is independent of U and distributed with a non-vanishing
density on the sphere Sy_1(C).
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Note that the simplicity of the spectrum holds for all typical models of random matrices.
Whenever Assumption 6.1.1 is used, we denote the randomness in v by P,.. In Section 6.2.2,
we will work under the following regularity assumptions on U and v.

Assumption 6.1.2 (Regularity for #5). For any § > 0,

-2
Wi(z) < \/N(ll‘—]z]) (6.10)
holds uniformly for z € Ds :== D(0,1 — N~9).
Assumption 6.1.3 (Regularity for wy). For any e > 0,
Ne > w™| > N~ (6.11)

holds with high probability.

This is verified in particular for a Haar-distributed unitary matrix and a uniform unit
vector v independent from U, as will be proved in Theorem 6.3.1. Note that one of our

results (Theorem 6.2.7) does not rely on Assumption 6.1.3, but only on the deterministic
bound )
wi™] < N3, (6.12)

which follows from the definition of w%N), and U being unitary.

Our main result is a description of the different scales of these dynamics, under the

regularity assumption. In particular, the emergence of an outlier at the origin is connected
1

to the critical timescale t = O(N~2), in a way that can be described as follows:

Theorem 6.1.4. Under Assumptions 6.1.2 and 6.1.3, for any o > ¢ > 0, the following
holds:

e There is a strongly separated outlier at the origin for |t| < N3,
e With high probability, for all |t| > N_%J“O‘, all eigenvalues are in D\D(0,1 — N~*¢).

More precise statements are given as Theorems 6.2.7 and 6.2.8 in Section 6.2.2.

An Overview of the Method: Rouché’s Theorem and Isotropic
Local Law.

The method used in [57] to study the model (6.1) essentially relies on two key facts:

(i) The characterization of the spectrum at time t as the preimage of i/t by a random
meromorphic function #;

(ii) A uniform isotropic local law that allows to approximate % by a deterministic
function on a contour.

These facts together allow to locate the eigenvalues, and to isolate the outlier from the
rest of the spectrum via Rouché’s theorem, establishing that it is strongly separated!
at the proper timescales. The present case shares some important similarities. In

lwith the appropriate notion of ‘strong separation’ in this setting.
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particular, the analog of (i) (stated below as Lemma 6.2.1) holds with the appropriate
function #, and some of the resulting properties, such as the almost sure non-intersection
of trajectories, are analogous to the weakly non-Hermitian case as well. Apart from
these formal analogies between the two models, the UA model (6.6) also involves some
specific features. Especially, the isotropic local law (ii) is replaced by the regularity
assumption on #5 (Assumption 6.1.2), which plays an equivalent role, but holds in fact
more generally (see discussion in the Appendix). Another particular feature is the role
of the parameter wEN) and the corresponding Assumption 6.1.3, which do not have an
analog in the Hermitian setting.

Plan of the Paper.

Section 6.2 contains our results concerning the trajectories of the U A model (6.6). We
first derive general properties of the trajectories, only relying on Assumption 6.1.1, in
Section 6.2.1, and then establish precise estimates on these trajectories under Assump-
tions 6.1.2 and 6.1.3, in Section 6.2.2 — from which Theorem 6.1.4 follows. Finally, in
Section 6.3, we focus on the particular CUE case, proving that it verifies all relevant
assumptions, and also providing a simple proof that the timescales put forward in Theo-
rem 6.1.4 are optimal. The relevance and generality of Assumption 6.1.2 are discussed in
more detail in the Appendix.
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6.2 Study of the Trajectories

6.2.1 Properties of the Trajectories Under the Simplicity
Assumption

Lemma 6.2.1. Let z € D and consider the UA model (6.6) with t € (—1,1). Then
1
e
Proof. By definition, z is in the spectrum of G(¢) if and only if
0=det(G(t) — z) =det(U — z — (1 — t)Uvv™).

z € Sp(G(t)) & #(z)

As |z] < 1, this is equivalent to
det(Iy — (1 —t)(U — 2)"'Uwv*) = 0.

Using Sylvester’s identity and defining #(z) = v*(U — 2)~'Uv, we find that z is in the
spectrum of G(t) if and only if

1—(1—)#(2) =0

which is the claim. O
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This strong property is due to the perturbation having rank one. In particular, it implies
that the trajectories of the eigenvalues are given by the zero level lines of the imaginary

part of # | i.e.,
N

U@ :te(-1,1)} ={z €D : 3% (z) =0}. (6.13)
j=1
Another important property that follows from the simplicity assumption is the non-
intersection of the trajectories.

Theorem 6.2.2 (Non-intersection of trajectories). Under Assumption 6.1.1, for N > 5,
the trajectories of the eigenvalues almost surely do not intersect, i.e.,

P({3s,t € (~1,1), Ji,j € [LN] : (s,0) # (t,5), M(s) =N} =0.  (6.14)

Proof. The proof is analogous to that of [57, Thm. 2] with a few adjustments to account
for the different geometry. We prove it for any fixed U with a simple spectrum, only relying
on the randomness of v (i.e., according to the probability measure P,). If \;(s) = \;(¢)
for some i,j € [1, N] and s,t > (—1,1), Lemma 6.2.1 implies that

W (z) = = (6.15)

and thus ¢t = s. So we only need to consider the possible intersection of two trajectories \;
and \; (i # j) at the same time ¢. This implies that the function #/(z) — {1 vanishes

at z € D with multiplicity at least two. Hence, any intersection point zy lies in the set
S={zeD:X#(z)=0}n{zeD:#'(z) =0}.

We show that almost surely, there is no zy that satisfies both conditions. First, note that

N , o—if;
/ P . e —
W(Z) - Z|<u]|v>| (1 —287191)2’
7j=1
where ¢, ... e and w,,...,uy denote the eigenvalues of U and the associated unit

eigenvectors, respectively. Hence, the condition #”(zy) = 0 is equivalent to zy being the
root of a complex polynomial of degree 2N — 2 (PP,-almost surely) that does not vanish
on the unit circle. In particular, there is a finite number of such points. Allowing for

multiplicity, we denote them by (Z;)3Y; 2.

Next, note that 0 ¢ S by inspection. We may thus assume z # 0 and replace the
condition #'(z) =0 by 2#”(z) = 0. For any z ¢ 0D, define the real vectors

1 N ze

i0; N ze 10 N
Y, = (S— Y =R Y- =S
1(2) (Jl — ze™1 )]':17 2(2) <§R(1 - '26_16'7')2>j17 ) (J(l o Ze_lej)2>j1

as well as

X = (|(uglv) )75,
With this notation, the condition % (z) = 0 can be written as (X|Y1(z)) while z#”(z) =0
translates to (X|Y2(2)) = (X|Y3(z)) = 0. The remainder of the proof relies on the

following (deterministic) observation.

Lemma 6.2.3. Let N > 5. For any z € D\{0}, it holds that Y1(z) ¢ Spang (Ya(z), Y3(2)).
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Proof. For z # 0 with |z| < 1 denote

+ib; = _
GO T e
which can be rearranged to give
. 1
|2| = |ze7| = |1 — .
a; + ib;

i.e., (a; +1ib;)~" lies on a circle with center 1 and radius |z|. Hence, by inversion, a; + ib;
lies on a circle with center (1 — |z|*)~! and radius |z|(1 — |z|?)~!. We denote this circle
by €i.;. As the phases 6; are distinct by assumption, (a;, b;) are N distinct points on %.,.

Assume now that Yi(z) = aYs(z) 4+ BYs2(z) for some a, 5 € R. Since

ze~10; o 1-(1- ze™10)

N2 (i
(1—ze 0? — (1—ze719)” (aj 41ib;)" — (a; + ib;),

and Y;(z) = b;, we can rewrite the linear dependence condition as
bj = oz(a? - b]? - CL]') + 5(2(1/]‘[?]‘ - bj)

Note that this describes a hyperbola J%, 5 (in the degenerate case, we obtain a union of
two lines). Bézout’s theorem for curves gives a bound as to the number of intersection
points between this curve and a circle:

N <€ Not,| <4,
which is the desired contradiction. O
Lemma 6.2.3 implies that
VzeD, P, (3#(z)=0]|#'(z)=0)=0,

as Y; is linearly independent of Y5(z),Y3(z) and X is distributed with a non-vanishing
density on the simplex

N
{(xl,...,xN) X ZO,Z:L‘]' = 1}.
j=1

by Assumption 6.1.1. We aim to deduce that
P,(3zeD:S#(2)=0 N #'(2) =0)=0

to conclude that trajectories originating from two distinct eigenvalues P,-a.s. do not
intersect. Let m € Gyny be a uniformly random permutation and let P denote the
probability with respect to 7 as well as v. Moreover, define

N, =|{k : Zy =z}
and recall that the points Z; were defined as the zeros of #”, i.e., #7(z) = 0 if and only
if N, > 1. The randomness in 7 ensures that
2N -2 1

P(Zagy =2 | N2 1) = > PlZay =2 | No =m) > o
m=1
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so that we can write

0=P(SW(2)=0| N.>1)>PSW(2) = 0| Zniy = 2)P(Zngy = 2 | No > 1)

for fixed k =1,...,2N — 2. This implies P(3%(Z;) =0 | Zrx) = 2) = 0 and it follows
that
P(IW (Zy) = 0) =0

by integrating out the conditioning. As there are only finitely many choices for k, a union
bound yields

2N—2
P,(3k : SW(Z),) =0) = P(3k : SW (Zny) =0) < > P(SH (Znry) =0) =0,
k=1

implying P,(S) = 0. We conclude that
P,(3t e (—1,1),i#j: Ai(t) = Ai(t) =0
which completes the proof. O]

Non-intersection of trajectories is an essential input, as it allows to identify each (x(t) as
the unique continuous trajectory linking the eigenvalue % at time ¢t = 1 to one of the
eigenvalues at any time ¢. In particular, we may consider the trajectory of the eigenvalue
that eventually becomes an outlier (for ¢ approaching 0) and give meaning to concepts
such as the ‘origin’ of the outlier, the shape, and length of individual trajectories, etc. A
realization with two trajectories getting very close to one another is given in Fig. 6.2.

Remarkably, the evolution of the eigenvalues of the U A model is described by a closed
system of differential equations that governs the behavior of the trajectories. We provide
these equations below for ¢ € (0, 1] (the equations for ¢t € [—1,0) can be derived similarly).
Note that this result is not used as input for our main theorems. However, it is an
important feature of these dynamics, and may be of interest for future studies of this
model.

Theorem 6.2.4 (Differential Equations). Assume that U satisfies Assumption 6.1.1. We
denote its eigenvalues by €%, ... e with 0; € [0,27) and the associated unit eigen-
vectors by uy,...,uyn. Let v be a unit vector and t € (0,1]. Then the evolution of the
eigenvalues \(t), ..., An(t) of G(t) = U(Iy — (1 — t)vv*) is governed by the differential
equations

1— NP (L AAe(t) —1 ,
Ni(t) = ——1—— i (t) L j=1,...,N, (6.16)
0= (A0 ) GG
with initial conditions \;(1) = €% and
Ni(1) = ¥ {ugv)?, j=1,...,N. (6.17)

Proof. Let Ly,..., Ly, Ry,..., Ry be a bi-orthogonal system of left and right eigenvectors
associated with G(t). We start with the basic perturbative identity

Aj(8) = (LG ()| R;) = (L;|Ulv) (v| ) (6.18)
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to obtain a dynamic description of the eigenvalues (cf. proof of [57, Thm. 4]). Using
that (L;|(UA) = M\j(L,| and that A™' = I — (1 — ¢t~')vv*, the relation (6.18) can be
rewritten as

30 = 2 1) ol R, (6.19)

For t = 1, we have G(t) = U and the eigenvalues are given by \;(1) = e%. More-
over, L; = R; = u;, which yields the initial condition stated in (6.17). For t € (0, 1), note
that the quantity (L;|v)(v|R;) is invariant under a unitary change of basis. It is thus
sufficient to compute it for a Schur form 7" of G. W.l.o.g. let A\{,..., Ay be the order in
which the eigenvalues appear on the diagonal of T', i.e., \; = Tj;. By exchangeability, it is
sufficient to show (6.16) for j = 1. Writing G = ST'S* with a suitable unitary matrix S,
note that
TT* = SGG*S* = SAA*S = I — (t* — 1)Svv*S*

i.e., TT* is a rank-one perturbation of identity. Let v := Sv. By [56, Lem. 4], we can
express the columns of 7" as well as the entries of /2 — 17 in terms of the eigenval-

ues Aq, ..., Ay. In particular, the k-th column of T is of the form
Tk 9
Al =11
<Tk])§vzl = Ak , T = Ljﬁ(lﬂ—l)
0 Ak U

with 7*~Y) being the column vector containing the first k — 1 entries of ¥. As T is (upper)
triangular, we further have R; = e; and thus (0|R;) = v;. For the following argument,
denote Ly = (1,4,...,¢y) and Lgd) =(1,0,...,4y) for d=1,..., N. This vector satisfies
the recursion
1

A1 — Akt
where 75,1 denotes the first k entries of the (k4 1)-th column of 7. We use this connection
to compute (L1|0) recursively. The initial condition is given by

1 Deulr—1 B
(L) = 35— 2L o), (60)
1 k41 Ak+1Vk+1

€k+1 =

(L) =5
and we iterate the recursion by

<Lgk+1)|?7(k+1)> _ <Lgk)|1~}(k)> + L1 Vpg1

L e = 1) k) (~(k
=1+ LY |s®
( M= M1 e (L)

AAgy1 — 1

e (= M)

(LPp®)
using (6.20). This yields

N
(La]5) = (L) =5, [] ( Mk — 1 ) .
o \ A1 (A1 — Arg1)

Hence, by (6.19), we obtain for any ¢ € (0,1) that

30 = 2L ) =

M@)o lf_V[ ( MO e(t) — 1 )

(= 1) S \ MO (1) = M(D)

~+~

2
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Moreover, replacing |0;]* by

01" = (1= M) HIA B

using [56, Lem. 4], we obtain (6.16), which is a function of ¢ and the eigenvalues only. [

Fig. 6.2. Trajectories of the eigenvalues of the U A model
of size 500 x 500. The evolution of the time parameter

€ (—1,1) is represented by shades of red. On this partic-
ular realization, one extreme trajectory gets close to the
trajectory of the outlier, and appears to be repelled away
from it with high velocity, according to the singularity of
the ODE (6.16).

6.2.2 Estimates on the trajectories under the Regularity
Assumption

We now state and prove the estimates on the trajectories, under Assumptions 6.1.2
and 6.1.3, that constitute our main results. The method consists in comparing the
function # to its affine part s; — see definitions (6.7) and (6.8). As the eigenvalues are
characterized by # (= ) 1= (by Lemma 6.2.1), we denote by z; the unique solution of

the equation s(z) = 1, that is

VN t
2= ———, (6.21)
w™M1—t
so that, in particular, z; is the expected location of the outlier in the sub-critical regime;
but also, |z/| will appear as a relevant scale parameter in all regimes.

In order to deduce the location of eigenvalues from the comparison of #" and s;, we rely

on the classical tool of complex analysis known as Rouché’s theorem, which we recall:

Theorem 6.2.5 (Rouché’s Theorem). Let f and g be two holomorphic functions on a
domain Q C C with closed and simple boundary 02. If | f — g| < |g| on 0L, then f and g
have the same number of zeros (counted with multiplicity) inside .

The next proposition identifies a domain on which the Rouché inequality holds for the
functions at stake here.

Proposition 6.2.6. Under Assumption 6.1.2, for every n,d > 0, it holds with overwhelm-
ing probability that for every t € (—1,1), the functions

1

1
fillz) =W (2) = — and g(z) = s1(2) — —— (6.22)
1—1 1—1
verify the inequality | f; — g:| < |g:| on the domain %, N Ds, with
N7
By = {z x ’Tl‘ < Jwi™| |z—zt|} (6.23)
— |z
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Note that (6.23) defines a random domain, depending on w%N), and that Proposition 6.2.6
only relies on Assumption 6.1.2.
The proof proceeds by direct computation, unpacking the definitions of the objects and
using the relevant assumptions.

Proof. For any n > ¢ > 0 and z € %#,,, the following holds:

|fe(2) — g:(2)| = [#a(2)| (by definition of f;, g;, #2)
< LZP (w.0.p., by Assumption 6.1.2)
NACE) .0.p., 1.
wi™)|
< NE’"7N |z — 2 (by definition of %))
= N"|g(2)] (by definition of g;)
which yields the expected inequality as € < 7. O

We can now establish more precise versions of our main result (Theorem 6.1.4).

Theorem 6.2.7. Under Assumption 6.1.2, for any o > ¢ >0 and § > %, the following
holds with overwhelming probability:

(i) For |t| < |w§N)|N_%_°‘, exactly one eigenvalue is in Dy, while all other eigenvalues
are in D\ Dy, where Dy, Dy are defined as

N N Y
Dl =D (Ztapl = ’Zt‘zlw ’> ) D2 =D <Oap2 = (1 + |w |> ) . (624>
1 1

(ii) If lwi™| <
where

Nz, then for |t| € (2[w§N)]N*%, 1), all eigenvalues are in D\(D3 N Dy),

Ne o\
jwi [2¢]

The proof proceeds by a straightforward inspection of the Rouché domain %, ,, (with n < ¢)
in the different regimes.

1
2

Proof. For |t| < |w§N) |N~2~ by definition of z and using the deterministic bound (6.12),
we find
|2t

wi™]

so that in particular Dy C Dy C Ds. We now check that 9Dy, 0D, are in the domain %, ,,
with any n <ee.

2| < N~ <N 22 4 p<p<l—N (6.26)

1. For z € 0Dy, by inspection 1 — |z| < 1, |z| < |2|. Hence, the left-hand side of the
inequality in (6.23) is of order |z|?N", while the right-hand side is

jwillz = 2| = |a*N°

by definition of D;. The inequality follows as we chose n < . By Rouché’s
theorem, D, contains a unique eigenvalue.
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2. For z € 0Dy, the left-hand side of the inequality in (6.23) is N"7p3(1 — p)~! and by
inspection the right-hand side is of order |w;|p2, so that the inequality holds if

P2
]_—pg

= |(,<)1|]\/v_6 < |W1|N_77

which, again, is true as n < e. By Rouché’s theorem, D, contains a unique
eigenvalue, which was already isolated (in D; by the above argument), so that all
other eigenvalues are in D\ Ds.

Assuming \w%N)\ < %N%, and |t| > 2]w§N)]N*%, by definition of z;, we have |z > 2, so
that |2 — 2| < |2]. Consider z € dD3. As p3 < 1, we have |2|? < |z], and so

2
S _
1—1z] 1—|2] 1-

= N7 wnllze] < N7 [z

as 1) < €, proving that dDs is in the domain % ,. As s1(z)— i does not vanish inside Ds,
we conclude by Rouché’s theorem that all eigenvalues are outside D3 N Dy. O

Under Assumption 6.1.3, the dependence on w%N) can be removed from the domains

considered. Note the result now only holds with high probability.

Theorem 6.2.8. Under Assumptions 6.1.2 and 6.1.3, for any o > ¢ > 0, the following
holds with high probability:

(i) For |t| < N~27° exactly one eigenvalue is in D (z,|2|*N¥), while all other eigen-
values are in D\D (0, N~¢).

(ii) For |t| > N2 all eigenvalues are in D\D (0,1 — |z| ' N?).

Proof. This follows from Theorem 6.2.7 by choosing the parameters carefully: § > 0 from
Assumption 6.1.2 large enough and € > 0 from Assumption 6.1.3 small enough. O

6.3 Particulars of the CUE Case

Of particular interest is the situation where U is a Haar-distributed Unitary matrix — the
so-called Circular Unitary Ensemble (CUE). This is the case considered in particular by
the papers [73, 74, 80, 72, 71]. We first prove that our general regularity assumption
holds in this case; we then rely on the integrability of the model to give an argument as
to the optimality of the main theorem.

6.3.1 Proof of the Regularity Assumption for CUE

This section is devoted to the proof of the following theorem, which establishes that our
main results (Theorems 6.1.4, 6.2.7, 6.2.8) apply in particular to a CUE matrix.

Theorem 6.3.1. Assumptions 6.1.2 and 6.1.3 hold for U a CUE(N) matriz and v a
unit vector independent of U. More precisely, if U is an N x N Haar-distributed unitary
matrix, then

2
wi™|" = N U £ NGy < 1, (6.27)
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and for any 6 > 0, the stochastic domination
CAE;
v
In— 20"~ VN(I—[4])

holds uniformly in z with 1 — |z| > N7°.

Wo(z) := 0" (6.28)

By unitary invariance of CUE matrices, and v being independent from U, we can
assume v = e; in all proofs below. Also, throughout the Section, we denote the eigenvalues
of U by €, ... e and the corresponding eigenvectors by 7, ...,7y. To illustrate the
method, we first give a precise estimation of the variance of #5(z).

Proposition 6.3.2. For any z € D,N > 1,

2*
N(1—lz[)’
where < means that it is bounded above and below, up to an absolute multiplicative
constant.

E#s(z) =0, Var#s(z) < (6.29)

Proof. For any fixed z, the spectral decomposition yields

SU* 2267219;6
%(z)ze’{]}(v_) Zym\? — le > Zlem (6.30)

0>2

The expectation being zero follows directly by unitary invariance. For the variance, we
write

Var#s(z) = E Z |7’k11\ !Tk21| Z 15tz 110k, oil20,

k1,k2=1 01 ,02>2
N .
= 2 B (i Plrial?) X E (e =)
k1,k2=1 >2

where we have used the independence of eigenvectors and eigenvalues to split the expec-
tation, and unitary invariance to cancel the terms with ¢; # ¢5. The expectation of the
eigenvector term is obtained explicitly from Weingarten calculus, namely

L+ Ok k
2 2\ _ 1,72
E <|Tk11| |Tk'21| ) - N(N+ 1)
For the eigenvalues we invoke the fact (Proposition 3.11 in [110]) that
E|tr(U*)[* = min(¢, N) (6.32)
from which it follows in particular that
E (eie(elf@)) _min(t, N)-N _ (N—0);
N(N —1) N(N —-1)
Finally, by splitting the sum according to k; = ko and ky # ks, we deduce the following
exact expression of the variance of #5

(6.31)

(6.33)

1 —f
Var#s(z |z |2€ |z|2Z
; N+1)6>22 k; N+1Z -y
_ 2|Z|4 . iv: |2l
(N+1)(1—|z]?2) N N—I— 1)i=
2|z|*

NGES(ESERk
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which proves the upper bound; but also, from the same identity,

’Z|4 + ‘z|2N+2 + 1 i\f:ad%
(N+1D)(I =1z (N+1)(1—|2]?) NN+1) =
Els

TN 2

Var#s(z) =

which proves the lower bound on the variance. O

To generalize the above argument to all moments, we need the following lemma, which
generalizes the overall bound of order Nt in (6.33).

Lemma 6.3.3. For any m > 2, distinct ky, ..., k, and non-zero integer coefficients

ai,...,0y, we have
B (o2 0 )| <IN (6.34)

Proof. This follows from classical results on CUE as a determinantal point process (see for
instance Proposition 3.7 and Lemma 3.8 in [110]). The correlation functions of CUE(N)
are given by

pm (01, ..., 0y) = det (Kn(6;, Gk))?szl (6.35)
with the kernel
N-1
Ky(z,y) =Y e, (6.36)
=0

Note in particular that Ky (z,x) = N whereas for z # y it is a sum of exponentials, not
all of which will contribute — this is the reason behind Lemma 8 in a nutshell. It follows
in particular that

. m N — ‘ . m
E (el 21:1 alekl) = 7( m) /6121:1 a6 det (KN(QJ-, Qk))m d91 s d@m

= (]V:n) /6121:1 art; Z E(U) H KN(0j7 ga(j))del R d@m
' c€6m j=1
(N — m)l N-1 e .
B T > X 6(‘7)/elzlzl“lelelzy':lZﬂ'((’j*"cu))dgl ...d6,,

c€Gm 41 7---€7n:0

as each term gives +1 if and only if the sums in the exponentials exactly match, and zero
otherwise. We bound it by

. m — | S m m

o a)| < N m)! 0 €&, . =N (O — 6,
[E (el =) | < N 0< by, ...l <N—-1 ;‘”91 —lemeam 0;)

(N-—m)! |
< —NT mlN,

where = stands for equality as polynomials in 6y, ... ,6,,. Indeed, there are less than m/!
choice of o, N choices of /1, and at most one choice of ({s,...,¥¢,,) that works once o
and ¢, are fixed?. The claim follows. O

20ne could also note that the only choice of o that can possibly work is a large cycle, resulting in the
whole sum being of the sign of €(o) = (—1)™"!; but we do not use this particular fact.
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Lemma 6.3.4. For any M > 1, indices ki, kY, ... ky, Ky (not necessarily distinct) and
positive integer coefficients 1,0y ... Uy, Oy > 1,

. M
E <el S 40k, —Z;Ok;)

Proof. Let m = m(@,é}, k;, k:;-)j:le stand for the number of different 6), terms with
non-zero coefficient in the linear combination Zj]‘il 0Ok, — ﬁ;@k;. The key combinatorial

fact will be the following inequality, that holds for any choice of k, k', ¢, ¢’
k1, kL, ok, Ky <m + M with equality only if m = 0. (6.38)

< (2M)I NM—Ik kb by 3 (6.37)

Indeed, the difference between the cardinal |{ki, k1, ..., kar, k), }| and m is exactly the
number of f; terms that exactly vanish due to a correspondence between coefficients ¢, ¢'.
Due to the positive sign of these coefficients, this always implies that (at least) one term 6y,
and (at least) one term 6;, have canceled one another out, which can be the case for at
most M distinct coefficients, hence the inequality. Moreover, if such cancellations do
concern M distinct coefficients (equality case), then M distinct 65 terms vanish with M
distinct 6, terms, with an exact correspondence between the two sides — in particular, in
this case, the whole linear combination vanishes, and m = 0.

We now consider three possible cases: either m =0, m =1 or m > 2.

(i) If m = 0, the the Lh.s. of (6.37) is 1 whereas the r.h.s is at least (2M)! by
inequality (6.38).

(ii) If m = 1, the Lh.s is 0 by unitary invariance.

(iii) If m > 2, the linear combination has m distinct terms with non-zero integer
coefficients, and Lemma 6.3.3 gives

. M
|]E (el SN 40k, —49%)

Moreover, as m # 0 we are not in the equality case of (6.38) and so

<m! N™™ < (2M)! N~

The claim follows. O
Proposition 6.3.5. For any M > 1, z € D, for large enough N,

CM|Z’4M
NU(1L = [&])21

where Cyy is a constant depending only on M and not on N, z.

E[#4(2) ] < (6.39)

Proof. We start with the spectral decomposition, expand, and split the expectation as in
the proof of Proposition 6.3.2. This yields

E[#5(2)]*

N M Mo,
- Z I (H |7"1,kj‘2|7’1,k’.|2) Z ZZ;V;EJ?Z;V;E;]E (er_IEJekj 40%)
kKo k=1 \j=1 T ) 22
N M Mo, M 06, —00
DY E (H |7"1,k]-|2|7”1,k’.|2) > ’Z|22j:1ej I (ezj_l T k9>i7
k1K) ek k), =1 j=1 ") gty >0

o 4=>0 (1D)

@
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where we used that, by unitary invariance, only the terms with ij\il l; = Zj]\il e
contribute to the second sum. We now proceed in successive bounds.
The eigenvector term (I) is bounded by a general Weingarten bound
M
E (]1;[1 |7“17kj|2|7“17k;|2> < CyN—M (6.40)

with a constant C'y; that depends only on M. This can be obtained for instance from
Theorem 1.1 in [41], provided N > 2v/3M7/* (note that this requirement is the only
reason for the provision of N being "large enough" in the statement). Indeed, this theorem
gives a uniform bound on all Weingarten function Wg(o7~!, N) with (0,7) € &3%,. By
the fundamental theorem of Weingarten calculus, one can write the expectation (I) as a
sum of such Weingarten functions with admissible pairs (o, 7). Moreover, this sum has a
maximum of (M!)? terms — a number which only depends on M and is therefore absorbed
into the constant C);.

The eigenvalue term (II) is directly bounded by Lemma 6.3.4. The factor (2M)! is
absorbed into the constant ', so that together, these first two bounds yield

N
E|%<Z)|2M<CM|Z’4M Z N—2M Z NM—|{k1,k’1,...,kM,k§w}\‘Z|2Zjej
kl’kl17"'7k1\47k§w:1 Zl,éll,-..,fju,fllwz[)
24=224
C 4M N v
:% Yo NoHEELRek g S 1Z€jzz%|z|22j:1&
kl’kl17"'7k1\47k§\{:1 Z1,f&,...,f}u,f9\420

(IIT) (Iv)

The sum (III) can be written with a first sum over configurations of kq, &}, ... kar, k), i.e.
partitions 7 of [1,2M], and then a sum over choices of indices coherent with 7:

=Y S Nk Rk (6.41)

meP([1,2M]) (kj k)M~

where by (a;); ~ ™ we mean that a; = a; if and only if ¢, j are in the same block of =.
For a given partition 7, the number of possible choices of k;, k% is exactly

N(N _ 1) .. (N _ |71-| + 1) < N|7r| — N|{k17/€'17---,k1v1,k§u}|
so that (III) is bounded by |Z2([1,2M])|. Note that this constant depends only on M
and we can absorb it into C}y.

The last term (IV) can be computed exactly. Recall that the number of partitions of an
integer L > 0 in M > 1 parts is given by

M L+M-1
H i=1 M—1

The expression (IV) can hence be identified as a hypergeometric function of |z|?, i.e.,

2
S Sy, s = Y ) 1 = ams (31001 ).

£1,04 01,05, >0 L>0

L+M-1
M-1

(6.43)
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We remind the reader of the definition of the hypergeometric functions

(@)n(b)n 2"
S P M TR (6.44)
where (+),, is the rising Pochhammer symbol, defined for any ¢ € C by
1 itn=0
(Q)n—{q(qH)---(wn—l) it n > 1. (6.45)

One of the most celebrated identities of hypergeometric functions is Euler’s identity
oy (a,b;c;2) = (1 — 2) % F (¢ — a,c — b;¢c; 2) . (6.46)
Applying (6.46) to the parameters from (6.43) yields
oy (M, M; 15 127) = (1= [2P)! Mo Fy (1= M, 1= M; 1|2 P?)
1

_ = ((1 B M)n)2 P 2n
o (1 _ |z|2)2M71 nzzo nl2 | |

where the last equality follows from the definitions (6.44) and (6.45). The last term is a
polynomial with positive terms and hence bounded by a constant depending only on M
(for instance, its value at |z| = 1). This concludes the proof. ]

We can now give the proof of Theorem 6.3.1.

Proof of Theorem 6.5.1. For CUE, it is well known that w; = Uj 2 e /B n with

uniform # and an independent beta distribution (see, e.g., [110, Ch. 2] or [29]). This
implies (6.27).

It remains to establish (6.28). Observing that the desired stochastic domination bound triv-
ially holds at the origin, let z # 0 and consider the function #5(2) := 27 2#45(z). Fix { > 20
and let I C D be a lattice with |L| ~ N* such that for every z € Ds = D(0,1 — N~%) there
is some 2q € IL with |z — 20| < CLN —t/2. We start by establishing a stochastic domination
bound for #5 that holds point-wise at zp € L. N Ds. Fix ¢, A > 0 and let M € N such
that 2e M > A+ (. Using Markov’s inequality and the moment bound in Proposition 6.3.5
yields

1 Cu A
< < N—4-¢ 6.47
VN(1_|20|)> T NEME T (047

for any lattice point 2y with |z9| < 1 — N~%. By a union

P (772(20) > N*

. 2 2
In particular, #5(zg) < %
bound, (6.47) extends to

—~ 1
P (320 c LNDs: #(z) > N€M> <N A4
Next, let z € Ds. Recalling that we may assume v = e, compute
T (2) = (22U*(]];; —2U%) = 22(U*)°  (UY)? ) _ < —(U*)? )
22(In — 2U%)? 2(Iy —2U0%) ) |, (In —2U*)? ),
We estimate the derivative by
~ —(U*)3 1
75 ()] < H (In <_ z[)]*)2 S (1—|z))?
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where the last inequality follows from the spectral theorem and the fact that all eigenvalues
of U lie on the unit circle. Applying the mean value theorem for the analytic function #5(z)
yields

1

p%@)_ia%ﬂsyw—%meﬂ%ﬁo\:fekm4}§CkN*”u_44y

1

1— |zl

where we w.l.o.g. picked zy € LN Dy that is closer to the center of the disc than z. Hence,
the stochastic domination bound extends to all of Ds and we obtain
Ws(z) < !
2(% Iy ——
VN(1 - |2])

uniformly for z € D(0,1 — ) \ {0}. As multiplying both sides with |z|*> does not change
the stochastic domination bound, (6.28) follows. O

6.3.2 Optimality of the Critical Timescale for CUE

The estimates derived above from Assumption 6.1.2 (see Proposition 6.2.6) do not give
sufficient precision at the critical timescale. What holds in the CUE case (and is expected
more generally) is that, typically, for t = uN _%, several eigenvalues are at an order one
distance from both the origin and the unit circle, implying in particular that the outlier
is not strongly separated at the critical timescale.

Theorem 6.3.6. If U is Haar distributed, and v is independent from U, there is no
1
strongly separated outlier at time t = aN ™2

We give a short proof inspired by [80, Sec. 3.3] that relies on an exact formula from [73]
and a Poissonization trick. A more complete treatment of these statistics is provided
in [74].

Proof. Let t € [0,1]. It is known from [73] that the joint density of the eigenvalues of
the UA model at time ¢ is proportional to®

(1—*) N(5< H|zl|2> I 1z - (6.48)
1<j<k<N

with a normalizing constant that does not depend on ¢. We now assume the parameter ¢
to be random such that ¢* has distribution F(x)dx for some suitable density F. The
eigenvalues of the U A model at this random time ¢ have the joint density

(1—l_]]‘v[1]zl\2> F<f[1]zl|2> I 12—zl (6.49)

1<j<k<N
For any k > 1, we choose F'(z) = z¥7*(1 — 2)¥~! which is to say that ¢ follows a S x
distribution. The joint density of eigenvalues now simplifies to

NI | BT (6.50)

1<j<k<N

1-N

3Note that this density would be easy to handle, if not for the delta function. This condition is the
symptom of a dimensional mismatch, which we resolve by taking a random ¢ (‘Poissonization’), thus
adding a degree of freedom that we can later remove (‘de-Poissonization’) to prove the claim.
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e., they form a determinantal point process with radial symmetry. In this setting,
Kostlan’s theorem gives a particularly nice description of the distribution of the squared
norm of the radii, namely

{62 P = {Brs - Bran—11} (6.51)

with the § variables on the right-hand side being independent (see [98] for Kostlan’s
original paper in the complex Ginibre case, and [55, 90] for generalizations of this counter-
intuitive property and various comments). The relevant probabilities can now be computed
exactly. Assuming k£ = 1 for simplicity, the random time parameter is of order N ~2. More
precisely, for any b > a > 0 we have

o () (o (55) 2 0

a2 N bQ N 2 2
s 1 —_ — 1 P —a” —b
( N) < N> —e e’ >0,

using that ¢? is ) y-distributed. The probability of having either none or several eigenval-
ues at some distance from the origin or the unit circle can be given explicitly using (6.51).
For any a € (0,1), it follows that

N N N oo
(Vj 1] ) H Bj,1>a):H/ jr tde = [[(1 - &) H (1—a).
j=1 j=179 j=1 j=1

This last product is the inverse of the generating series of partitions of integers, which
is known to be convergent for |a| < 1. This implies that the above probability is non-
zero (i.e., there is a non-zero probability that a disk of order one is empty of eigenvalues),
and that this probability tends to 1 when a — 0.

Let Esj be the event that more than one eigenvalue is in D(0,b). Similar to the above
computations, we deduce the lower bound

P (E2,b) > P (51,1 < b2,5271 < 62) = —— 1.

b—1—

The claim now follows by contradiction. Assume there is a strongly separated outlier for
all times ¢ty > pN~2. Denote by pu > 0 the probability of the random time ¢ being in this
regime, recalling that ¢? follows a f; y distribution. In the given setting, we can choose
a radius a > 0 such that the disk D(0,a) is free of eigenvalue with probability larger
than 1 — These two observations result in a positive probability of both events (empty
disk and t > uN~ ) occurring simultaneously. Hence, the strong separation must hold
with oy > 0.

Similarly, we can choose a radius b > 0 such that there is a probability larger than 1 — £
of having two eigenvalues in D(0,b). By a similar argument, the strong separation must
hold with as < 0. This is a contradiction, as the definition of strong separation requires
that a1 < ae. O
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6.A On the Regularity Assumption

We would like to close this work with a few remarks about the regularity assumption
for #5 (Assumption 6.1.2) and how it differs from the isotropic local law used in [57].

First, note that this assumption holds for models beyond the CUE case and does not rely
on level repulsion. Indeed, the argument provided for CUE above applies, for instance,
to any unitary invariant matrix (i.e. U 4 QUQ* for any unitary ) with eigenvalues
distributed according to a generic a-determinantal processes with « € [—1, 1] (see [43, 109]
for a definition and history of these processes). In particular, we obtain an analog of
Lemma 6.3.3 with an a-determinant, provided only that |«| < 1. This covers the special
case of i.i.d. points (a = 0) and that of a permanental point process (« = 1), for which
repulsion is replaced by some amount of attraction between points. A natural question,
then, would be to find optimal conditions under which the regularity assumption holds.

Secondly, we contrast Assumption 6.1.2 with the stochastic domination bound for CUE:

(zU")? 2]

t
12U N2

(6.52)

which holds uniformly in Ds. The proof of (6.52) is straightforward from Johansson’s
lemma, which we briefly recall for the convenience of the reader.

Lemma 6.A.1 (Lemma 2.9 in [92]). Let U be a CUE matriz and f be a real function
defined on the unit disk. Further, define

~ N 1 2T ; i
£ = S MR Fo=g [ @) de.
keZ ™Jo

If | fllg < oo, then
B (e /0 < Mo+l

Note that (6.52) may be interpreted (up to normalization) as an averaged local law for
the same object as Assumption 6.1.2. The bound (6.52) is more precise and relies on level
repulsion (but not on any assumption concerning the eigenvectors, which do not play any
role here). It also follows from Lemma 6.A.1 that, in the CUE case, the bound in the
regularity assumption can be strengthened to |z|>(N(1 — |z]))~'/2, an improvement that
relies on level repulsion and so holds with less generality. Moreover, this does not affect
the estimates related to the emergence of an outlier, only the bound on all eigenvalues
close to the unit circle in the supercritical regimes.
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