Mathematical Physics, Analysis and Geometry (2024) 27:10
https://doi.org/10.1007/s11040-024-09483-y

®

Check for
updates

Fluctuation Moments for Regular Functions of Wigner
Matrices

Jana Reker!

Received: 23 August 2023 / Accepted: 3 May 2024
© The Author(s) 2024

Abstract

We compute the deterministic approximation for mixed fluctuation moments of prod-
ucts of deterministic matrices and general Sobolev functions of Wigner matrices.
Restricting to polynomials, our formulas reproduce recent results of Male et al.
(Random Matrices Theory Appl. 11(2):2250015, 2022), showing that the underly-
ing 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 (Reker in Preprint, arXiv:2204.03419,
2023). and thus allow identifying the fluctuation around the thermal value in certain
thermalization problems.

Keywords Wigner matrix - Global fluctuations - Fluctuation moments - Annular
non-crossing permutations - Free probability

Mathematics Subject Classification 60B20 - 15B52 - 46L.54

1 Introduction

In his seminal work [32], 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—=27"lofa 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., [5] and references therein for a collection of recent results).
It was recently shown (see [5, 6]) that a similar concentration holds for alternating
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products of the form
Fiig = filW)A; ... fil(W) A, (1.1)

where Aq, ..., Ay are bounded deterministic matrices and fi, ..., fx are regular test
functions, allowing in particular for fj(W) = G(z;). Apart from resolvents, two
choices of f; are of special interest in this setting. First, consider the case f;(x) = e'/i*
with #; € RR. 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

Ar) := ™ Ae7W

describes the Heisenberg time evolution of A. For k > 2, (1.1) hence describes the
time evolution of multiple observables, possibly to different times, in the same quan-
tum system. Considering the regime where the differences between the individual
times are large links the matrix product to thermalization problems in mathematical
physics (see [6, Sect. 2.1] and [5, Rem. 2.8]). Second, products of the form (1.1)
with f; (W) replaced by (polynomials of) the random matrix itself play a key role
in free probability theory, 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, ¢1) consisting of a complex unital algebra .A and a tracial linear functional
¢1 : A — C with ¢;(14) = 1, where 14 is the unit element of the algebra. One
particular example is the space (A, 1) = (Mpyxny(L®7 (2, P)), E(:)) of N x N
random matrices, where (€2, IP) is a classical probability space, M yxn(S) denotes
the N x N-matrices with entries in S, the space

L (Q,P) := ﬂ LP(Q,P)

1<p<oo

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 (¢ (@) with the joint distribution of multiple elements of
A being defined analogously. Recent work by Cipolloni, Erd6s and Schroder [6]
established that the structure of the limit of IE(F{; x}) as in (1.1) matches the formulas
obtained in free probability, and reproduces known results for the alternating moments
E(W1 Dy ... WD) of a finite family of independent Wigner matrices (W;); and a
finite family of deterministic matrices (D;); (see, e.g., [22, Sect. 4.4]) in the case
fj(x) = x. More precisely, in the large N limit, the leading-order term my[F[1 k1] of
IE(F{1,k) 1s of the form

mi(Fugl= Y. (H(]‘[A/»@S,”(fl,...,fk), (1.2)

7eNCP(k]) “Ber 'jeB

where NC P([k]) denotes the non-crossing partitions of the cyclically ordered set
{1,...,k} and the functions <I>,(,1) only depend on f1,..., fr and m € NCP([k]).
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Hence, the right-hand side of (1.2) is a sum of terms that factorize into a contribution
of the deterministic matrices resp. the test functions appearing in the product (1.1) with
the underlying combinatorics matching the results obtained for the case f;(x) = x
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 [6] thus show that the underlying combinatorics continue to apply in
a more general context. In particular, evaluating (1.2) for f;(x) = elli* with ¢ i €R
implies a closed formula for the thermal value of quantities such as (ei’ WA, e i WA2>,
which allows for a direct analysis of the r >> 1 regime relevant for thermalization (see,
e.g., [6, Cor. 2.9]).

After considering the concentration of (1.1), the next natural step is to study the
fluctuations around the deterministic value. It is well-known that the linear statistics
Tr f(W) = Z?’Zl f () with a regular test function f : R — IR have a variance of
order one (first observed in [14]) and, in fact, satisfy a central limit theorem (CLT) with
a Gaussian limit, as shown, e.g., in [15] for the Wigner case and in [13] for invariant
ensembles. By now, the statistics Tr (W) are well-studied on both macroscopic and
mesoscopic scales (see, e.g., [1-3, 11, 12, 16, 18, 19, 29-31] for the Wigner case
and [7, 27] for further references on previous results for Wigner matrices and other
models). However, while the fluctuations of Tr[ f (W) A] are known for general regular
functions f (see [17] and [7]), traces of products of the form (1.1) for k > 2 have so
far only been studied for f; being polynomials in the context of second-order freeness
(see, e.g., [22, Chap. 5] or [8, 20, 21]).

We remind the reader that a second-order non-commutative probability space is
a triplet (A, ¢1, ¢2), where the functional ¢» : A x A — C is bilinear, tracial in
both arguments, symmetric under the interchanging of its arguments, and satisfies
wa(a, 14) = ¢2(14,a) =0 for all @ € A. The second-order probability distribution
of a € A is characterized in terms of (¢, (a", a())k,g, called the fluctuation moments,
with the joint moments of multiple elements again being defined analogously. As
a canonical example, we remark that My .y (L7 (2, IP)) may be endowed with
the functional ¢5(-,-) = 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 [21, Thm. 6], as well as [7, 25, 26]). In
particular, we observe a breaking of universality compared to the first-order problem of
computing It(-). The joint fluctuation moments of Wigner and deterministic matrices
are explicitly known (cf. [22, Thm. 13 of Ch. 5] for the GUE case and [21, Thm. 6]
for general Wigner matrices).

A functional CLT for traces of products of the form (1.1) has recently been estab-
lished in the companion paper [27] and the limiting covariance is derived using
a recursion. In the present paper, we supply the combinatorial argument neces-
sary 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
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term Mo [ F1 k)| Fle+1,k+¢1] of the covariance of Tr(Fy ) and Tr(Fiiy1,k+¢)) (With
Fle41,k4+¢] = Jk+1Ak+1 - - fkteAkse of the same build as (1.1)) is given by

Mo [Fia Fie+ 1kl = ; ( [1 < [1 A/>>¢’512)(.f17 coos Siero)

neNCP(k,t) “Bem 'jeB

LU DI U 1 R ¥4 €081 K1)

Ty XmeNCP(k)xNCP(£) “Bjem,Byemp ' jeB] Jj€By

x®Z L (fis s firo). (1.3)

Here, m(k, £) denotes the non-crossing permutations of the (k, £)-annulus and
the functions <I>7(T2 ) resp. @;Zl)xnz only depend on fi, ..., fr+¢ and the underlying
permutation resp. partition. Similar to (1.2), we thus obtain a sum of terms that factorize
into a contribution of the deterministic matrices resp. the test functions appearing in the
product (1.1) with the underlying combinatorics again matching the results obtained
for the case f;(x) = x in free probability theory (see [24]). Moreover, we show that
the overall structure of (1.3) continues to hold if W is chosen to be a Wigner matrix
with W;; 4 N=12y,4 fori < j and Wij 4 N~1/2y, for general entry distributions
Xoa and x4. In the general case, however, the sum in the first line of the right-hand
side of (1.3) splits into four summands CD,(,GU ), K4<I>J(TK), JCDJ(,G), and ) <I>,(,w) which
have different prefactors in terms of the deterministic matrices Ay, ..., Ax+¢. Here,

,(TGUE) corresponds to the GUE case in (1.3) and the remaining contributions are
associated with the parameters

ks =Elxoa* =2, 0 =Expy, dr=Exj—1-o (1.4)

of the Wigner matrix W. A similar decomposition is also observed for @f,zl)xnz in (1.3).
In particular, we find that the closed expression obtained from solving the recursion
in [27] has the same overall structure as the formulas in [21, Thm. 6]. This shows
that the analogies [6] 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 (1.3) in a closed form, thus yielding a fully explicit formula for the
limiting covariance in the GUE case.

We remark that the main results of the present paper, i.e., combinatorial formulas
for ma[ F11 k1| Fik+1,k+e1] such as (1.3), are applied to obtain an explicit limiting covari-
ance structure for the multi-point functional CLT [27, Thm. 2.7]. Here, replacing the
recursive definition of the limiting variance by a closed formula allows for an eas-
ier 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 [27, Cor. 2.12] is
sufficiently simple and could be derived without additional combinatorial tools, char-
acterizing 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 compan-
ion paper [27] are of analytic nature and that their main technical difficulty lies in
including functions with a mesoscopic scaling of the form

fix) =gj(N"(x — E)) (1.5)
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where g; is a regular N-independent function, £ € IR lies in the bulk of the limit-
ing 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 (1.5) is possible using the techniques from [27],
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 [27, As. 1.1] corresponds to setting 0 = @, = 0 in (1.4), while Assump-
tion 1.1 matches the setting of [7, 21] with general o € [—1, 1] and @, > —2, thus
generalizing the formulas from [27].

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
Assumption 1.1. We then give a brief overview of the combinatorics needed to identify
the deterministic approximation of (77 ... T) where T; := G(z;)A, and the multi-
resolvent local laws needed for the analysis of the fluctuations (Sect. 1.2) as well as the
definitions from free probability that are used to characterize the limiting covariance
of (T ... Tx) — E(Ty ... Tx) and (Tyy1 . .. Tige) — E(Tkt1 - .. Tete) (Sect. 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 2.3). The role of the limiting covariance in
the theorem is played by a recursively defined set function my[-|-] (Definition 2.1),
which is the main object of interest in the present paper. We study the recursion in
detail in Sect.2.2 and obtain the main results, explicit combinatorial formulas for its
solution (Theorems 2.4, 2.6 - 2.8). In Sect.2.3, we extend the CLT to more general
test functions (Theorem 2.9 and Corollary 2.10) to discuss the connection to free
probability theory in detail. In particular, we apply the results to the case f;(x) = x
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 2.11) as
given in [21]. Lastly, the proofs are given in Sects.3 and 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 A.1) and the proof
of the resolvent CLT in Theorem 2.3 (Appendix A.2) which are similar to previous
results in [6] and [27], respectively.

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 (-) = N ~1Tr(-). We further denote the covariance of two complex random
variables X1, X» by Cov(X1, X7) and follow the convention

Cov(Yy, Vo) = E(Y; — EY)(Y2 — EY»),

@ Springer



10  Page 6 of 65 J. Reker

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 € CV*V_ the traceless part of A is denoted by A := A — (A)Id
where Id denotes the identity matrix. Further, a := diag(A) denotes the diagonal
matrix obtained from extracting only the diagonal entries of A and A; © A, denotes
the entry-wise (or Hadamard) product of two matrices A; and A,. For a Hermitian
matrix W and spectral parameters zj,...,2r € C\ R, we write the corresponding
resolvents as G; = G(z;) = (W —z j)_l and index products of resolvents using the
interval notation

Grap] i=GaGag1...Gp

for a,b € IN with a < b. Recalling that angled brackets indicate that an edge point
of the interval is excluded, we write G4 5] and G4 py to exclude G, or G, from
the product, respectively. Moreover, Gy is interpreted as zero. Note that this notation
differs slightly from [5, 6]. As we often consider alternating products of resolvents with
deterministic matrices Ay, ..., A, define T; := G;A; and apply the same interval
notation as above to write

Tky:=T1...Tx = G1A1...GrAx, Tiap) = TaTot1 ... Tp. (1.6)

Again, angled brackets are used to exclude T, or 7 from the product, respectively,
and Ty is interpreted as zero. We call a product of the type (1.6) resolvent chain of
length k.

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

Assumption 1.1 The matrix elements of W are independent up to Hermitian symmetry
Wij = W_], and we assume identical distribution in the sense that there is a centered
real random variable yx, and a centered real or complex random variable y,4 such that
Wi 4 N—1/2 Xod fori < jand W;; 4 N—1/2 Xd respectively. We further assume that
E|x.q|? = 1 as well as the existence of all moments of xg and x,q, i.e., there exist
constants C,, > 0 for any p € IN such that

Elxal” + Elxoal” < Cp.

We remark that Assumption 1.1 matches the model considered in [7] and [21].
Compared to the conditions It ng =0and E x§ = 1in [27], we allow for arbitrary
values of the parameters o = Exfd e[—1,1]1and wp = ]Exj > 0. This description
includes real symmetric 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
(0 = —1). We further introduce the notation

kg =Bl xpal* — 2 (1.7)
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for the normalized fourth cumulant of the off-diagonal entries as well as
0y =w) —1—o. (1.8)
The eigenvalue density profile of W is described by the semicircle law

/4 — x2
pye(x) == Txﬂ[—z,z] (x) (1.9)

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

m() ::fp“(x)dx, € C\R. (1.10)
<
We remind the reader that m(z) is the unique solution of the Dyson equation

— L =m(z)+2z, S[JzI(m(z)) >0 (1.11)
m(z)

and that its derivative satisfies

, m(z)?
= 1.12
m'(z) @2 (1.12)
Given fixed z1, ...,z € C\ R, setm; = m(z;) and m’j = m/(zj), respectively. We
further introduce P
inm;
gij = ———, (1.13)
] 1-— mimj

and remark that ¢, j = m’; whenever i = j.

1.2 Preliminaries Part 1: First-Order Quantities

In this section, we briefly summarize the definitions and results from [5, 6] which are
needed to characterize the deterministic approximation of (77 k).

Definition 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 7
witha,b € B,c,d € B',anda < ¢ < b < d, otherwise we call it non-crossing. The
set of non-crossing partitions is denoted by NC P (S) and we abbreviate NC P (k) :=
NC P([k]). For each non-crossing partition # = {Bj, ..., By}, set || := 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
7w € B consider the convex hull Pp of the points s € B. Then m is non-crossing if
and only if the polygons {Pg|B € 7} are pair-wise disjoint. Because of this, we also
call the elements of NC P (k) disk non-crossing to distinguish them from their annulus
analog defined below. We further recall the definition of the Kreweras complement
(see Fig. 1 for an example).
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10  Page 8of 65 J. Reker

Fig.1 The non-crossing

partition m =

{{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. (Color figure

online)

Definition 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 7 € NCP(S). Then
the (disk) Kreweras complement of 7, denoted by K (7), is the element of NC P (S)
such that r, s belong to the same block of K () if and only if the arcs labeled r, s are
in the same connected component in the complement D \ Upc, Pp of the polygons
{Pp|B € m} in the labeled disk D.

Observe that D \ Upc, Pp has | S| — || 4+ 1 connected components, hence || +
|K ()| = |S| + 1. Further, K2 = K o K recovers 7 up to arotation of D, i.e., K2(7)
is the partition where for § = {s1, ..., s¢} the elements in each block of 7 are shifted
by s1 > $2 > --- > s; > s1. In particular, taking the Kreweras complement is
invertible as a map on NC P (S).

Definition 1.4 (Free cumulant function) Fix k € IN, denote the power set! of [k] by
‘P([k]) and let ( f;,), 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
(fn)n through the relation

fisitS1=" > ] founlBI (1.14)

meNCP(S) Ben

for any § C [k]. For simplicity. we associate the sequences (f,), (resp. (fo,n)n)
with a single function f (resp. f,) by setting f[s1, ..., Syl := ful{s1, ..., Sn}] (resp.
Jolsts ...y snl = foullsi,...,sn}]) and call f, the (first-order) free cumulant func-
tion associated to f.

We emphasize that Definition 1.4 does not require the functions f, to have any
particular symmetries. However, in the free probability literature, f usually arises from

I 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 family of tracial functionals and is hence symmetric under the cyclic permutation of
its entries (cf., e.g., [22, Ch. 2]). The implicitrelation in (1.14) can be recursively turned
into an explicit definition of f,. Alternatively, we may also invert (1.14) explicitly using
the Mobius function associated with the lattice of non-crossing partitions. Recall that
NC P(S) is alattice with respect to the refinement order, i.e., the partial order in which
7 < vifand only if for each B € r there exists B’ € v with B C B’. Moreover, there
are unique maximal and minimal elements given by Og := {{s}|s € S} and 15 := {S},
respectively. The free cumulant function can then be written as

1 T=vV

SfolS] = w(m, 1s) | | fIBl, w(r,v):=1{" ’
ne];f[&'] ’ Qz _Zn<t§v u(r,v), m<v,
(1.15)

using the Mobius function p : {(7w, v)|[r < v € NCP(S)} — Z that is recursively
defined by (1.15). We remark that (7, 15) can be given in a closed form using the
Catalan numbers (see, e.g., [6, 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 (1.9).

Definition 1.5 (Divided differences) For finite sets {z1, . . ., zx} C C\RR werecursively
define
. m[Z21"'aZk]_m[le"-vzk—l]
mlz1, ..., 2] == .
Zk — 21
The definition readily extends to multi-sets {z1, ..., zx} C C\R by setting
(k—l)( .
, .M zj)
mlzj, ..., zj] = * D!
k times

whenever an element z; occurs with a multiplicity greater than one. Here, m%=D
denotes the (k — 1)th derivative of the function m in (1.10). Note that m[-] is well-
defined in the sense that m[z1, ..., zx] is independent of the ordering of the multi-set
{z1, ..., 2x}. We abbreviate m[1, ..., k] :=m[zy, ..., zx].

We emphasize that m[-], and hence m,[-], have full permutation symmetry, which
is much more than what was assumed for f in Definition 1.4. The following example
illustrates the combinatorial formulas (1.14) and (1.15) for f = m[-].

Example 1.6 (First-order free cumulants) In the case k = 1 we simply have m[1] =
m(z1). For k = 2, the only non-crossing partitions are (12) and (1)(2) such that

mo[1,2] =m[1,2] —mima, m; :=m[j]=m[z]]
while for k = 3 we have

moll,2,3] =m[1,2,3] —mim[2,3] —moym|[1, 3] — m3m[1, 2] + 2mmoyms.
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6

Fig.2 An element of NCG(10) and its connected subgraphs

The quantities m and m, were studied in detail in [6], yielding a close connection
to non-crossing graphs. We recall the definition and give an example in Fig. 2. 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.

Definition 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), (¢, d) € E witha < ¢ < b < d, otherwise we
call it (disk) non-crossing.> The set of all (disk) non-crossing graphs with vertex 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]).

Emphasizing that Definition 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 T is itself a (disk) non-crossing graph.

Lemma 5.2 of [6] proves the representations

m[S]=(]‘[ms) > Il 4 (1.16)

seS FeNCG(S) (i,j)eET)
mo[S] = (Hm) Yoo Il @ (1.17)
seS FeNCG.(S) (i,j)eET)

in terms of the weights g; ;j in (1.13). Here, E(I") is the edge set of the graph I'. Note
that (1.16) and (1.17) 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

2 The 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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Fig.3 The graphs contributing to the sum on the right-hand side of (1.16) (top and bottom row) and (1.17)
(bottom row only) for the multi-set S = (1, 1, 2). Note that the prefactor is given by ]_[Ses mg = m%mz

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).

A key technical tool in the proof of our main results is the optimal multi-resolvent
local law [5, 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 1, = min|3Jz;|. Recall the commonly
used definition of stochastic domination.

Definition 1.8 (Stochastic domination) Let
X=(XMwWNeNueUM andY = {YNMw)|N e N,u e UM}

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

sup P(XMw) > NoYNMw) <N€

ueyw)
for large enough N > Ny(¢, C).
Theorem 1.9 (Macroscopic version of [5, Thm. 2.5]) Fix k € IN and pick spectral

parameters z1, ...,z € C\R with [3z;| 2 1 and max; |z;| < N0 4s well as
deterministic matrices Ay, ..., Ay € CN*N with |A;|| < 1. Define’

M= Y <]‘[ <1‘[A,~> T Ai)(l"[mo[m), (1.18)

neNCP(k) “BeK(n), ' jeB ieB(\{k} Ben
k¢B

3 The noncommutative product HjeB Aj for B = (ji,..., jr) is defined as Aj, ... A in the order
inherited from B C S.
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where B(k) is the block in K (1) that contains k. Recalling that T; = G j A j, we have
the averaged,* local law

1
(Tink) = (Mg Ak) + O< (ﬁ> (1.19)
and for x,y € CN with ||x|, lyll < 1 we have the isotropic local law

(x, Ti1,kyGry) = (X, Mgy) + O< (ﬁ) (1.20)

As we frequently encounter (M) Ax) in the following sections, we introduce the
notation
w7y, ..., Tkl = mylzr, Ars .o 2k, Ak i= (Mg Ag). (1.21)

In particular,

[T, = Y (]_[ <1_[Aj>>(nmo[8]) (1.22)

neNCP(k) “BeK(x) ' jeB Bem

and we have m{[G1, ..., Gx] = m[l,..., k] as a consequence of (1.14). Compar-
ing (1.22) with the formulas in [22, Sect. 4.4], the set functions m and m, may be
interpreted as the moments resp. free cumulants characterizing the limiting non-
commutative probability distribution of resolvents (G ;); while my[-] describes the
limiting joint distribution of resolvents (G ;) ; and deterministic matrices (A;);.

We further apply (1.19) or (1.20) for a product Ty, ... Ty, , G, that is indexed by
a (cyclically) ordered set S = (s, ..., s;) instead of an interval. In this case, the
deterministic approximation is denoted as

Mg = M(Slw-u?k)

with the same definition as in (1.18).

Remark The quantities m[1,..., k], mo[l,... k], m{[T1,..., Tx], (M), and
|Mix;ll are of order one for any k € IN and i, j € [N] in the macroscopic regime
(cf. Lemma 2.4 and Appendix A of [5]). Theorem 1.9 asserts that the deterministic
My is the leading order approximation of 7{j xyGy. In particular, the error terms
in (1.19) and (1.20) are smaller than the natural upper bound on their leading term by
a factor of 1/N and 1/+/N, respectively.

We further need a generalization of the averaged local law (1.19) that includes
transposes.

4 Recall that (-) carries a N —1 normalization factor, but (-, -y does not. For A := |y)(x| with two unit
vectors X, y € CV, we hence have (xG(2)y) = Tr[G(z)A] and (G(2)A) = N1 (x, G(2)y).
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Theorem 1.10 (Global law for resolvent chains with transposes) Let k € IN and pick
spectral parameters z1, . .., zx with |3(z;)| 2 1 and max; |z;| < N0 as well as

deterministic matrices Ay, ..., Ap with |A;|| < 1. Moreover, let GSI- denote either the

resolvent G j = G(z;) or its transpose G;. and denote by # the binary vector that has
a one in jth position if G ;= G’j and a zero otherwise. Then,

(GiAL...GiA = Y ( I1 <HA1>)<H"1§’G[B])+O<<%)

neNCP(k) “BeK(w) ' jeB Ben
(1.23)

where m§'5[~] denotes the free cumulants associated with the set function m*o[] by
Definition 1.4. Here, m*o[]is defined to satisfy m* (@] = 0 as well as the recursion

m*o(, ..kl =m (1 +qf,k)

k
x (m#"’[Z, kDY e mPolL L jImPe ,k]) (1.24)
j=2

myimj
1—mymy

with qf’k =qik = whenever #| = #y, i.e., either both G and Gy occur as

transposes in the product Gﬁi . G,% or neither of them, and qlIj K= lam'm" otherwise.

—omimg
Similarly, c1,j = 1 whenever #; = #; and c1,; = o otherwise. Recall that 0 = Exfd
where o4 is the real or complex random variable that specifies the distribution of the

off-diagonal entries of the Wigner matrix W.

The proof of Theorem 1.10 is, modulo careful bookkeeping of the transposes, similar
to the proof of the averaged local law in [6, Thm. 3.4]. For the convenience of the
reader, a brief sketch of the argument is included in Appendix A.1. We remark that the
same result may be obtained on mesoscopic scales with optimal error bounds following
the strategy of [5] (cf. [5, Rem. 2.2]) and that several examples in the cases k € {2, 3}
are considered in Proposition 3.4 and Remark 3.5 of [4] as well as in Propositions 3.3
and 3.4 of [7].

Note thato = 1implies that the matrix W isreal and its resolvent satisfies G; =G;.
Hence, the statement of Theorem 1.10 reduces to that of an averaged global law for real
symmetric Wigner matrices in this case. Due to the structural similarity between (1.22)
and (1.23), we will slightly abuse notation and write the right-hand side of (1.23) as

mi[GiAL....GiAd = Y ( [1 <]_[Aj>)<]_[mﬁ’"[31). (1.25)

meNCP(k) “BeK(w) 'jeB Ben

Moreover, by Definition 1.4, we have ml[GE, R G,%] = m#"’[l, ..., k] and (1.24)
reduces to the divided differences in Definition 1.5 whenever # is the zero vector.
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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 [22, Ch. 5]) as well as some
related quantities appearing in the CLTs.

Recall that the key picture for describing the expectation of (71 j) 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 (77 k1) and (T{x+1,k+¢]), consists of two concentric labeled circles. Let
k, € € IN and arrange the numbers 1, ..., k equidistantly in clockwise order on the
outer circle and thenumbers k + 1, ..., k 4 £ 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. 4). The labeled
points will often serve as vertices of a graph. In this case, any edges connecting two
points are drawn inside the annulus.

Definition 1.11 (Annular non-crossing permutations) Let k, £ € IN. We call a permu-
tation of [k + £] an annular non-crossing permutation if we can draw its cycles® on
the (k, £)-annulus such that the following conditions (see [22, Def. 5 in Ch. 5]) are
satisfied:

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

(i1) 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 P (k, £). Any cycle
that connects both circles is referred to as connecting cycle.

We remark that m(k, £) can be fully characterized by the avoidance of certain
crossing patterns (cf. analogous geometric characterization of NC P (k) below Def-
inition 1.2) and an algebraic analog of the standardness condition. This equivalent
definition is discussed, e.g., in [23, Sect. 3], but we will not use it here.

Definition 1.12 (Annular non-crossing partitions) Let k, ¢ € IN. We call the parti-
tions induced by the cycles of NC P (k, £) annular non-crossing partitions. The set of
annular non-crossing partitions is denoted by NC P (k, £). 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 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 permu-
tation in NC P (k, £) and the partition of [k 4 ¢] induced by its cycles, as, e.g., both
permutations (123) and (132) correspond to the partition {{1, 2, 3}}, but give rise to

5 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, ¢), ..., (x,a)}.
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Fig.4 The labels of the 1
(4, 3)-annulus

different pictures due to the orientation induced by Definition 1.11(ii) (see Fig. 5).
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. [23, Sect. 4]).

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 NC P (k) x NC P ({), and introduce an artificial connection by
marking one block on each circle.

Definition 1.13 (Marked non-crossing partition) Consider 1 € NCP (k) x NCP(£)
that naturally splits into 7 = 7y X 1o withry € NCP (k), 12 € NC P (£). We pick one
block of 71 and one of 3, 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| - |m2| possibilities to mark the blocks of 7 =
w1 xmy € 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. 6).

Fig.5 The non-crossing permutations (123) and (132) on the (1, 2)-annulus. They are different as permu-
tations, but their cycles induce the same non-crossing partition
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2

Fig.6 A visualization of {{1}, {2}} x {{3}} and {{1}, {2}} x {{3}}. Marking is indicated by a dashed line

We further recall from [22, Ch. 5] that there is a second-order analog of Defini-
tion 1.4.

Definition 1.14 (Second-order free cumulant function) Let (fm. n)m.n be a sequence
of functions such that f, , maps tuples (S;, S2) of two finite (cyclically) ordered sets
of integers with |S1| = m and |S>| = n to C. Assume further that the functions are
symmetric under interchanging of the two arguments in the sense that f,, ,[S1|52] =
Ja.m[S2]81] and cyclic, i.e., finn[S1l{s1, .-, Sn}] = fu.nlS11{s2, ..., Sn, s1}]. More-
over, we assume that f, o[S119] = fo..[¥]S2] = 0. Similar to Definition 1.4, we
associate the sequence ( fy,.,)m., With a single function f by setting

fls1, ..., Sm|sm+h ey Sm+n] = fm,n[{sh ceey Sm}|{5m+h ceey Sm+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 (U1, U>) that satisfies

fI81185:] = > [] 78

meNCP(|S11,182]) Ber

+ > feolUlU2] [T £o[B1 (1.26)
T XmeNCP(|S1)xNCP(]|$2]), Bem\U;
U, em,Uyemy marked Um\Uz

for any finite Si, S>. Here, f; is the first-order free cumulant function introduced in
Definition 1.4.

Note that we use a set function f that is symmetric under the interchanging of its argu-
ments instead of its skew-symmetric version f[S1]S2] = f[S2]S51] typically used in
the free probability literature to mimic the covariance functional (cf. [22, Ch. 5]). This
choice will simplify the computations by reducing the number of complex conjugates
arising in the intermediate steps.

Similar to (1.14), the implicit relation (1.26) may be turned into an explicit definition
of fo. by recursion. Note that the term foo[[k] | [k + 1, k + £]] in formula (1.26) with
flk]| [k + 1,k 4 £]] 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
express 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 Mobius inversion to express
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foo, we remark that it is possible to include both 17579 (k, £) and the marked elements
of NCP(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 (1.26)
to a structure similar to (1.14) and obtain a closed formula similar to (1.15). We refer
to Sects. 4 and 5 of [8] for the full construction.

Similar to (1.14) above, the relation (1.26) 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 ,k]) and (Gk+1,k+¢]) in a similar way that the divided differences
m[-] arise for the expectation of (G x7). In particular, m[-|-] satisfies the symmetry
and cyclicity assumption in Definition 1.14. We give a recursive definition of 7[-|-]
for now, however, closed formulas are later obtained in Sect.2.2.

Definition 1.15 Let S} = (z1,...,zx) C C\Rand S5 = (241, ..., zr+e) C C\R
be two finite ordered multi-sets. We define mi[-|-] to be the set function taking values
in C with the properties (i)—(iii) listed below. Similar to m[-] in Definition 1.5, we
interpret m[-|-] as a function of the indices of the spectral parameters.

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

ml(i,z € B)I(j,zj € Bo)l = nil(j, zj € Bo)I(i,zi € B1)].
(i1) Initial condition: For any sets B; € S1, B» € S we have
ml(i, zi € BVl =mld(j, j € B2)] =0. (1.27)
(iii) Recursion: Let By € S and B, C S, be ordered subsets with |Bj| = k < k’ and
|By| = £ < {' elements, respectively. For simplicity, we index them by [k] and

[k + 1, k + £]. The function mi[-|-] satisfies the following linear recursion

mll, ... klk+1,...,k+¢]

:L(ﬁ[z,...,mkﬂ,...,kw]

1 —mymy
k—1

+ Y Al kL kAt Lml K] (1.28)
j=1

k
+ Y mll ol Kk Lk £+ SGuE + se + S +sw>
j=2
where the source terms in the last line are given by

4
soue =y mll ...k k+j...k+lk+1,.. k+]]
j=1
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k
Si 1= K4 m[l,...,r]
> X

r=1k+1<s<t<k+¢
xmlr,...,klm[s, ..., tlm[t,....k+ £, k+1,...,5]

14
so =0y mPL L kk gk kL k]
j=1
4
So=@ y 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}¥+¢+1 g
givenby #] = --- = #, = 0 and #;41 = --- = #r+e41 = 1. Recall that m[-]
denotes the divided differences as introduced in Definition 1.5 and that m*°[-]
was introduced in Theorem 1.10.

Note that the recursion for 7i[-|-] is linear with different types of source terms in
the last line of (1.28). Therefore, we may introduce the decomposition

ml-|-1 = mguel-|-] + kamc[-]-] + oiig[-|-] + @2 [-|] (1.29)

where mgye(-|] satisfies (1.28) for k4 = 0 = @y = 0 and k4, [-|-], oy [-|-], and

@pM[+|-] satisfy (1.28) with s, s, and s, as the only source term, respectively.
Note that the right-hand side of (1.28) only contains divided differences and

m[Bi|By] for |Bi| + |B2| < k + £, so (1.28) indeed defines m[-|-] recursively. The

symmetry assumption in (i) then extends (1.28) to the second entry of mi[-|-]. More-

over, all source terms in the last line of (1.28) are fully expressable as a function of

mi, ..., mgse by (1.16), making mi[-|-] eventually a function of my, . . ., mg4¢ as well.
As an example, setting 0 = @, = 0 and applying the recursion once gives

o mim3 mim3
2] = > > S+ > >
(I =—mD)A —m3)(1 —mimy) (I =mDA —m3)

g o .
= m +K4m1m1m2m2 ( . )

with m; = m'(z;). We remark that migyg[1]2], seen as a function of (z1, z2), is

sometimes referred to as the second-order Cauchy transform of the GUE ensemble in

the free probability literature (cf. [10]). The corresponding first-order object is —m (z),

which is obtained by applying the usual Cauchy transform to the semicircle law.
We consider another special case in the following example.

6 The Cauchy transform of a probability measure p is given by ¢(z) = f]R 1Y) 4nd hence only differs

7—X
from the Stieltjes transform by a sign.
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Example 1.16 Whenever k4 = o0 = @y = 0 and one argument of migyg[-]-]is a
singleton set, only the fourth line of (1.28) gives a non-zero contribution. Rewriting
this term using (1.16) (cf. Lemma 1.17) yields the closed formula

041
~ nj . .
mguelll2, ..., C+1] = oy E m[l,..., Joooos 41,1
=2

()2 1)

FeNCG([£+1)) (a,b)eE()

+1 / /

' m',
X /E mi ;j(] + E q,-,j>. (1.31)
For ¢ = 2, we hence obtain

- mY (mym3(1 — mym3) + mam5(1 — mymy))
mGuell]2,3] = ——-2 3 .

(1 =mim2)%(1 — mim3)*(1 — maym3)

Note that the right-hand side of (1.31) is f%xpressed 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 (1.31) is immediate from the following combinatorial lemma which
may be of independent interest. We give its proof in Appendix B.1.

Lemma1.17 For j € {l,...,k}, k > 1, we have

/

m'.
Lo g, ok jl=m[l,.... k1 A 1.32
mil,....j A=ml 1( + > q,,z)m‘ (132)

lelkI\{j} /
with q; j as in (1.13).

We also give some examples to illustrate the combinatorial formula (1.26) for the
choice f[-|]1 = mguel-|-].

Example 1.18 (Second-order free cumulants) Let k4 = o = @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 (1.26), we
thus get

Mool 112] = mi[1]2] — m[1, 2] + mm;.
Similarly, considering k = 1 and £ = 2 yields

Mmool1]2, 3] = m[1]2, 3] — m[1|2lm3 — m[1|3]m — 2m[1, 2, 3]
+2mim[2, 3] + 2moym|1, 3] 4+ 2m3m|[1, 2] — 4dmmoms3.
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Fig.7 The 18 elements of NCP(2,2)

In the case k = £ = 2, there are 18 distinct non-crossing annular permutations (see
Fig. 7) and 4 elements in NC P(2) x NC P(2). However, the second sum in (1.26)
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 m o[ 1|3, 4]m2 and mq.[2]3, 4]m |, respectively,
which do not need to coincide. In total, the formula defining moo[1, 2|3, 4] has 27 terms
on the right-hand side of (1.26).

We conclude this section by recalling the Kreweras complement for annular non-
crossing permutations from [23] (see Fig. 8 for an example). Similarly to the disk case,
taking the Kreweras complement is an invertible map on NC P (k, £).

Definition 1.19 (Kreweras complement, annulus case) Consider the (k, £)-annulus

and label the midpoints of the arcs between the points 1, ..., k 4 £ (black in Fig. 8)
alsoby 1, ..., k + £ (red in Fig. 8). Respecting the orientation of the two circles, we

arrange the new labels such that the arc s follows the point s. Let 1 € NCP(k, £)
be visualized on the (k, £)-annulus as in Definition 1.11. The (annular) Kreweras
complement K(mw) € NCP(k,?) is defined as the maximal annular non-crossing
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Fig.8 The annular non-crossing
permutation w = (1275)(34)(6)
in black and its Kreweras
complement

K () = (1)(2456)(3)(7) in red.
(Color figure online)

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 ()
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 |7 |+|K ()] = k+ £ forany w € m(k, £) (see, e.g., [23, 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., [23, Sect. 1] for a discussion). Therefore, we will only consider
the 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 w1 x mp € NC P (k) x NC P (£) by applying Definition 1.3 circle-wise.
In this case, we write K () = K (711) x K (7).

2 Main Results

The main focus of the present paper lies in determining the limiting covariance struc-
ture arising in the CLT for the centered statistics

Xo = (T11.01) — E(T{16) = (G1A1 ... GrAr) —E(G1A; ... GrAg), 2.1
Yo :={fiW)A; ... fi(W)Ar) —E(fi(W)A; ... fi(W)Ag). (2.2)

Here, o = ((z1, A1), - - ., (2ks Ap)) tesp. a = ((f1, A1), ..., (fk, Ax)) is a multi-
index containing bounded deterministic matrices Ay, ..., A; and either the spectral
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parameters zi,...,zx € C\R with |Jz;| 2 1 appearing in the resolvents or the
test functions fi,..., fr € H*T'(R) with Il /il S 1. Whenever we need to refer
to the number k of resolvents (resp. test functions) in the product X, (resp. Yy ), we
carry the parameter k as a superscript and write Xék) (resp. Yé")). Recall that we set
T = GjA; = G(zj)Aj as well as Tj; jj = T;T;y1 ... T;. Similarly, we introduce
Fj := fj(W)A; and use the interval notation

F[i,j] = fi(W)A; ... fj(W)Aj

fori < jaswellas Fy = 0.

2.1 Resolvent Central Limit Theorem and Recursion

We start by identifying the joint distribution of multiple ngi ) with different k; and
«;. To state the limiting covariance structure, we introduce a recursively defined set
function my[-|-], which we later identify as the deterministic approximation of the
(appropriately scaled) covariance of (771 xj) and (Z[k+1,k+¢]) similar to M[x) and my[-]
arising for the expectation of 71 ) Gy (see Theorem 1.9 as well as (1.21) and (1 22)).7
Note that @ = ((z1, A1), ..., (zk, Ar)) contains the same information on the spectral
parameters and deterministic matrices involved as the set of matrices (T;, j € [k]).
We will, therefore, occasionally abuse notation and use (zj, A;) and T; = G;A;
interchangeably. In particular, we write

malo|Bl =ma[T1, ..., Til Tt -« -5 Tited

where the two multi-indices « and B index the spectral parameters and deterministic
matrices in 77, ..., Ty and Ty4q, ..., Tr+e, respectively. At this point, we only give
a recursive definition for mj[-|-], however, explicit formulas are later obtained in
Sect.2.2. Note that the case 0 = @y = 0 of Definition 2.1 was already given in [27].

Definition 2.1 Let S| = (T, ..., Ty) and S2 = (Ty'41, - - - » Trer) be two (ordered)
finite sets of complex N x N-matrices of the form T; = G ;A ;. We define m[-|-] as
the (deterministic) function of pairs of sets S, S» with values in C and the following
properties:

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

w[(T;,i € B)|(T, j € Bo)l =ma[(T;, j € Bo)|(T5,i € By)l.
(i1) Initial condition: For any sets By € S1, By € S we have

ma[(7;, i € B)|W] = m2[01(T;, j € B2)] =0. 2.3)

7 Note the similarity between the notations mp[-] and m;[-|-], which take one and two resolvent chains as
arguments, respectively.
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(iii) Recursion: Let By € S| and B, C S5 be ordered subsets with |B| = k < k" and
|By| = £ < ¢ elements, respectively. We index the matrices in B; by [k] and the
matrices in B by [k + 1, k 4 £]. The function my[-|-] satisfies the following linear
recursion

ma [Ty, o, Tl Thg1s - - -5 Tiege]
=mj (mz[Tz, coos Ti1, GrAR AL Ty, - -y Tiye]
+qi o1, ..., Ti—t, GrA Ty, - -5 Tirel(Ak) 24
k=1
+ Zm2[Tl» cois Tim1, G| Tht1s o s Thepe]
Jj=1
+ ([T, ..., Til + qiema [T, - .., Te—1, Gil(Ar))

k
+Y il T, GAMIT), o Til Trsts - T
j=2

+qiomTj, ..., Ti—1, Gl Tit1s - - -, Tkatl{AK)) + SGUE + Sk + S + 50)

where the source terms sGy g, S, 5o, and s, are given by
¢
SGUE ‘= Z(ml[Tl, cois Ty Teyjo ooy Tij—15 Gy ]
j=1

+aqiomi[Th, ..., Te—1, Gi, Tkt js - - s Tirj—1, Gt j1(AR)) (2.5)

k k+e s
Sei=kay D ( D My © M kytkrt..n) (M i Ar) © Miz 1)

r=1 s=k+1 >t=k+I
k+e
+ Z(M[r] O Mg n)((Myr k1Ak) © M, ... kvek+1..., s)))
t=s

k4t s

k
+Kaqk Z Z ( Z (M) © Mg, k041,00 (Mir k) © Mz 51)
r=1 s=k+1 >t=k+I1

e+t
+ ) (M © Mig. ) (M) © M. k+€,k+l,4..,s)))<Ak>~ (2.6)
r=s
¢
S5 =0 Zml[Tl s Tk Gl Akt -+ Glg Akt -+ Gl j 1 Al G
j=1

4
t t t t
+qii0 Zmlm s Tt G, Gy ALy 0 Gl Al
=1

cees G§(+‘I‘71A;¢+./‘7 Gk+j]<Ak> (27)
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+qa@2 Y _(Mig) © My j ket ekt ki) (AL (2.8)
=l

Recall that © denotes the Hadamard product, g1 x was defined in (1.13), and M)
was defined in Theorem 1.9. Moreover, recall that m;[-] was defined in (1.21) and
the notation with transposes was introduced in (1.25).
Note that setting A; = - - - = Ax4¢ = Id reduces (2.4) to (1.28), showing that
m[Gy, ..., GlGryt, oo, Grael =m[l, .. klk+1, ... k+£].

We use the linearity of the recursion and the different types of source terms to
introduce the decomposition

mo[-[-] = mguel-|-]+ kam[|-] + omg [|-] + @omy[-]-], (2.9

where mgyg[-|-] satisfies (2.4) for ks = 0 = @, = 0, and «kgm,[-|-], omy[-]-] resp.
wymy,[-|-] satisfy (2.4) with 5., 5, resp. s, as only source term. Note that sy g + 5, +

S5 + 8, in (2.4) is fully expressible as a function of Ay, ..., Agye and my, ..., myye
by (1.22), (1.17) and Lemma A.2, eventually making m»[-|-] a function of the same
quantities.

Recallthatweset X, = (T ... Tp)—IE(T ... T}) witha = ((z1, A1), ..., 2k, Ak)).
Before stating the CLT for X,,, we note the following definition.

Definition 2.2 Consider two functions of the Wigner matrix W in Assumption 1.1,
which we denote as N-dependent random variables X V) and Y (M), We say that X V) =
YN 4 O(N~) with ¢ > 0 in the sense of moments if for any polynomial P it holds
that

EP(XM) = EP(Y ™) + O(N~F%),

for any smal ¢ > 0, where the implicit constant in O(-) only depends on the polynomial
‘P and the constants in Assumption 1.1.

We now give a CLT for X, in (2.1). As the main interest of the present paper
is the deterministic approximation mp[-|-], we restrict the discussion of the CLT to
the macroscopic regime (|3Jz;| = 1) for technical simplicity. Note that this implies in
particular that my[-|-] as well as its components mgy g[-|-1, my [-]-1, me [-]-], and mg, [ -]-]
are of order one. The proof of Theorem 2.3 is analogous to that of [27, Thm. 3.6]. For
the convenience of the reader, we include the necessary modifications for adapting the
proof in [27] to the generalized model in Assumption 1.1 in Appendix A.2.

Theorem 2.3 (Macroscopic CLT for resolvents) Fix p € N, let ay,...,a, be
multi-indices, and let W be a Wigner matrix satisfying Assumption 1.1. For each
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j = 1,..., p pick a set of spectral parameters zg'/), A zl,({‘i) with |i‘sz§j)| > 1 and
max; [zj| < N0 gs well as deterministic matrices Alj), R A,g) with ||A§] <1
Then,

p e
NP]E(]_[ xaj) = > ] mleilej1+ O<NT) (2.10)

j=1 QePair([p]) {i.jleQ N
for any ¢ > 0. Here, Pair(S) denotes the pairings of a set S and my[-|-] is a set
function that satisfies Definition 2.1. Equation (2.10) establishes an asymptotic ver-
sion of Wick’s rule and hence identifies the joint limiting distribution of the random
variables (Xq;); as asymptotically complex Gaussian in the sense of moments in the

limit N — o0.

By (2.9), Theorem 2.3 implies in particular that
Jim N?E(XaXp) = meuElalf]+ kamelo|f] + omo o] f] + Bomy [|B].

We remark that my[-|-] is cyclic in the sense that
o [(T;, j € SOIT1, ..., Til = ma[(T, j € SDIT2, ..., Tk, Th]
and that further

w[(T, j € SOIT1, ..., Tr—1, Gkl
(T}, j € SOITs, ..., Tr—1, Gk A1l —ma[(T}, j € SOITh, ..., Ti—1]
% =21 '

whenever z; # zx, Ay = Id, and 0 = 0. These identities can be obtained from
the “meta argument” below [5, Lem. 4.1] (see also [27, Cor. 3.7]) using that the
analogous formulas for the original resolvent chains are trivially true by resolvent
identities. However, any additional information on m;[-|-] has to be obtained from the
recursion (2.4) directly.

2.2 Solution of the Recursion

After identifying my[o| 8] as the deterministic approximation of IE[X, Xg], we con-
sider Definition 2.1 in detail. In this section, we derive the main result, which is a
solution to the (deterministic) recursion (2.4). 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 decom-
position (2.9), it is sufficient to consider the components mgy g[-|-1, me[-|-1,mg [+]-],
and m,[-|-] separately. We start by studying mgyg[-|-]. The proof consists of two
steps that are carried out in Sect. 3.
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Theorem2.4 Let o = ((z1,A1),..., (@A) and B = ((Zk+1s Ak+1)s
wovs (Zhtt, Akgp)) for some k, £ € IN. Then,

mouelalfl= ) ( I <1‘[Aj>>]_[mo[81

7eNCP(k,t) “BeK(n) ' jeB Ben
+ > ( I1 <]'[A_,—><]'[Aj>>moo[ul|uz]
71 xmeNCP(k)xNCP(L), ~BieK(m), ' jeB JEB2

Uy eny,Uremy marked Br€eK ()
<[] melBilmelB:] (2.11)
Biem\Uy,

Brem\Ua

with mo and m., being the first and second-order free cumulant functions as defined
in (1.14) and (1.26), respectively.

Observe that the right-hand side of (2.11) reduces to the combinatorial expression
in(1.26)if Ay =--- = Agye =1d.

Remark Note that the right-hand side of (2.11) is symmetric with respect to inter-
changing of ((z1, A1), ..., (zx, Ax)) and ((Zk+1, Akt1)s -+ - (Tkte, Akte)), which
is consistent with the symmetry of mj[-|-] in Definition 2.1(i). We can check this
directly from (2.11) 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 1.15). Moreover,
this symmetry of mgyg[-|-] implies that mo.[-|-] is also invariant under interchang-
ing ((z1, A1), ..., (2, Ax)) and ((Zk+1, Ak+1), - - - (Zhtts Arge)) since mgyel-|-]
determines mo[-|-] uniquely by Definition 1.14.

Example 2.5 (Asymptotics of covariances for GUE) We consider a special case of
Theorem 2.3. Let p = 2, ki = ko = 1, and assume that W is a GUE matrix.3 By
decomposing A and A3 into a tracial and a traceless part, the deterministic approxi-
mation for the covariance follows directly from [7, Thm. 4.1], giving

N2E(T1) — BE(T1)(T2) — E(T2))

2.2
myn,

—+(A)(A)< iy i )+0<N—8)
A—mmy) A = mma)? (A= mumy) JN

(“1“2)“10[1’ 2] (“1)(‘12>‘ lOO[1|2] O< Ng >7
\/N

where the last equation follows from the formulas in Examples 1.6 and 1.18. Note that
the error bound ¥/ VL in [7, Eq. (91)] evaluates to O(1/ VN ) on macroscopic scales.

= (A1Az)

8 Note that we are only using that W satisfies Assumption 1.1 and k4 = 0 = @y = 0.
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We remark that the deterministic leading term matches the formula for mgy g[71|72]
obtained from applying (2.4) to the initial condition mgy g[71]9] = 0.

Next, we consider the recursion for m,[-|-]. We obtain a closed solution similar
to Theorem 2.4, i.e., a sum of terms that factorizes into two parts depending only
on the deterministic matrices A1, ..., Ax4¢ and the spectral parameters zy, . .., Zk+¢,
respectively. The proof of Theorem 2.6 is given in Sect. 4.1.

Theorem 2.6 Let @ = ((z1, A1), ..., (2k, Ar)) and B = ((Zk+1, Ak+1)s - -+ s (Thtes
Aj+e)) for some k, £ € IN. Then there exist

—

(1) afamily (Yz B)Ben Of functions Yp r : CBl - C for everym € NCP(k, £) and

(i) afamily (Yz,u,,0,) U, kLU Clk+1.k4) Of functions Yz v, v, - OV x CIV21 — €
that are invariant under interchanging of the two arguments as well as functions
(Wm,Bl)Blem\Ul and (wﬂz,Bz)Bzenz\Uz with Kﬁn,-,B,- : C‘Bi‘ - (Dfor every w =
w1 X o € NCP (k) x NCP (L) with marked blocks Uy € w1 and Uy € m>

such that
my[a|B] = ; 1_[ <( l_[ Aj)@( 1—[ Aj>>
neNCP(k,0) BeK (1) '\ jeBNIk] jeBNk+1,k+e]
X 1_[ Y, B(zjlj € B)
Bem
+ > ( I1 < I A.,~>< I A‘,>) (2.12)
nm=m XmeNCP(k)xNCP (), B1eK(ry), ' jeB] JjEBy
Uy eny,Uzemy marked BreK (m)
X Y uy,U,(zjlj € U UUy) 1—[ Yy, B, (2jlJ € BV, B,(2j1) € Ba),
Byem\Ui,
Byemp\Us

where © denotes the Hadamard product.

Theorem 2.6 is a purely structural result which shows that m,.[|-] can be written in
terms of non-crossing permutations and partitions similar to mgy g[-|-]. Despite the
obvious similarities between (2.11) and (2.12), considering the minimal example

ma[T1|T2] = mguelTh|T2] + kamy [T1|T2]

A >( iy i )
= 1A2) 7 1 2 -
(I —mima) (I =mym2)? (1 —mmy)

+ ka({arag)mim3 + (A1) (A2) @mymmamh — mim3))

with 0 = @, = 0 already shows that the functions ¥; describing the dependence on
the spectral parameters do not coincide with the free cumulant functions m,[-] and
Moo[-|-] in general. However, (2.4) implies that the functions v; themselves satisfy a
recursion. Theorem 2.6 hence reduces the computation of m,[-|-] from iterating (2.4)
to an inductive computation of the part that only depends on the spectral parameters.
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We continue by deriving an explicit formula for m,[-|-]. As the source term s, in
the corresponding recursion is, up to transposes, identical to sy g, the solution of the
recursion is analogous to Theorem 2.4 but uses m*9[.] instead of the iterated divided
differences m[-]. We give the proof in Sect. 4.2.

Theorem 2.7 Leta = ((z1, A1), -5 (Zks Ak)), B = ((Zk+1> Akt1)s - - - » Tkt Akte))
for some k, £ € IN and abbreviate

mell, ... klk+1,....k+ €] :=mus[G1,...Gi|Grs1, ..., Grrel
—_—
inthe special case A1 = --- = Ayye¢. If B € misaconnecting cycleofm € NCP (k, £)
decomposedas B = (i1, ...,iy)o(j1,..., jo) withiy, ..., i, C[kland ji, ..., js C

[k + 1, k + £], we introduce the notation

By :=(i1,...,0ir) o (Js, -\ J1)-

Then,
'
melelfl= ) ( I1 < I1 A,»( I1 A,-) >) []m1Bs1
TeNCP(k,l) BeK(m) ' jeBNk] jeBN[k+1,k+/] Bern
+ > < [ < I A,>< I Aj>> (2.13)
w1 XxmeNCP(k)yx NCP(£), ~B1eK(my), 'jeB JEB2
Uy emny,Uremr marked ByeK (m2)
X (me)oolU1|U2] [T mbo1B1ImE (B2
Biem\Ui,
Brem\Us
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,
mﬁ"’[-] denotes the free cumulant function associated with m*9[] via (1.14) and
(Mg )ool-|-] denotes the second-order free cumulant function associated to my[-|-] and
m* 0[] via (1.26), respectively.

Note that the set function m4[-|-] satisfies the same factorization property as
mgyEel-|-] and m,[-]-]. For k = £ = 1, it readily follows that

2.2 2.2
Mo [T1|Ta] = (A ALY — ™2 14 (A mmy _mim
o[T11T2] = (A1A3) + (A1) (A2) 3 .
1 —omimy (1 —omimy) 1 —ommy

We further remark that (2.9) evaluates to my[-|-] = mgyg[-|-]+ ms[-]-] in the case
of GOE matrices (0 = 1 and k4 = @» = 0).
It remains to consider m,[-|-]. The proof of Theorem 2.8 is given in Sect.4.2.

Theorem 2.8 Let o = ((z1, A1), -, (2, A)) and B = ((Zk+15 Ak+1)s - - -5 Tkt
Aj+e)) for some k, £ € IN. Then there exist
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—_—

(i) afamily (W B)Ber of functions Wp  : C!Bl — C foreverym € NCP(k, £) and

(i) afamily (Vx.u, 05U, Clk),UsClkt1,k+£) Of functions Wz y, v, : CIV1 x €121 — €
that are invariant under interchanging of the two arguments as well as functions
(\pm,Bl)Blem\Ul and (\Ijﬂz,Bz)Bzenz\Uz with \IJJT,',B,' : CIB” - Cfor every w =
w1 X mp € NCP(k) x NC P () with marked blocks Uy € 7\ and U, € )

such that

mylalB] = ; l_[ <( l_[ Aj)@( 1—[ Aj>>
7eNCP(k,0) BeK () '  jeBN[k] jeBNk+1,k+€]
< [] ¥s.x(zjli € B)
Berm

+ y (T (TTa)1T4))
m=mxmeNCP(k)xNCP¥), “BieK(my), jeB Jj€B
Uyeny,Uzemy marked BreK (mp)
X Ve 00,21 €UtVU) [ WayB (2l € B)Way B, (zj1j € Ba).

Biem\U1,
Byem\Us

(2.14)

Similar to Theorem 2.6, Theorem 2.8 is a pure structural result. It shows that the
last contribution m,,[-|-] satisfies the same factorization property asmgy g[-|-1, me[-|-],
and mg[-|-]. In the case k = £ = 1, we have the formula

mu[T11T2] = (araz)mim3 + (A1)(A2) (mymhy — mim3).

It further follows from (2.4) that the functions W; themselves satisfy a recursion.
Theorem 2.8 thus reduces the computation of m,,[-|-] to the inductive computation of
the part that only depends on the spectral parameters.

2.3 General Test Functions and Applications to Free Probability

We conclude the discussion by comparing the explicit formulas from Sect.2.2 to the
free probability results in [21]. To do so, we generalize the CLT for resolvents in
Theorem 2.3 to a full multi-point functional CLT for (N-independent) test functions
fis ..., fx,1.e.,aCLT for the statistics Yy in (2.2). Given Theorem 2.3 and the formulas
fron Sect. 2.2, the proof follows from a classical application of the Helffer—Sjostrand
formula (analogous to the proof of [27, Thm. 2.7]) and is hence omitted. Note that we
restrict Theorem 2.9 to real-valued test functions only for simplicity. Extending the
results in this section to complex-valued test functions only requires minor modifica-
tions to the argument.

Theorem 2.9 (Macroscopic multi-point functional CLT) Let k € IN and pick deter-
ministic matrices A1, ..., Ay € CN*N with Al < 1. Let further W be a Wigner
matrix satisfying Assumption 1.1 and let fy, ..., fv € H**'(R) be real-valued com-
pactly supported test functions with || ;| S 1. Then, for any ¢ > 0, the centered
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statistics (2.2) are approximately distributed (in the sense of moments) as

NY®RD = g@) + O(j}%) (2.15)

with a centered (N -dependent) Gaussian process &(a) satisfying

Bé@EB) = ) ( I1 <l_[Aj>><D7(TGUE)(f1,..., fir)

neNCP(k,0) “BeK(n) ' jeB

wox {(ma)e( 1 w)

7eNCP(k,l) BeK(m) '  jeBN jeBNk+1,k+¢]
x Y (fi,..., fire)

t
ve > (I (Oa( T )
7eNCP(k,t) “BeK(w) ' jeBN[k] ]

jeBNk+1,k+j

X O (f1, .., fire)
+ & _Z I <( Il A,)@( I A,>>
neNCP(k,0) BeK () * \ jeBNIk] jeBNk+1,k+¢]

X @ (f1, ..., fire)

R )

myxmeNCP(k)xNCP(L), “B1eK(my), ' jeB] jE€By
Uyemn,Uremy marked ByeK ()
X Doy Uy xUs (15 -+ -5 frere)- (2.16)

Here, B denotes another multi-index of length £ containing the deterministic matri-
ces Agyl, ..., Akge satisfying ||Ajll S 1 and the test functions fiq1, ..., five €
HYLY(R). The Sunctions @z and P, xx, .U, xvU, in (2.16) can be computed recur-
sively and only depend on the underlying permutation resp. marked partition, the
functions f1, ..., fr+e and the model parameters k4, o, and @;.

For the later applications, we note the following formulas for the case
k4=0=awp= 0. Corollary 2.10 is proven in [27] by explicitly evaluating the integrals
that are obtained from the Helffer—Sjostrand formula in the proof of the functional
CLT.

Corollary 2.10 (Cor. 2.9 in [27]) Consider Theorem 2.9 for a GUE matrix” W. In this
case, we have

QECUE(fi, ..., fire) = [ ] scolBI, .17

Bem

9 We only use that W satisfies Assumption 1.1 and k4 = 0 = @ = 0.
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where sc,[-] denotes the free cumulant function associated with
2 n
sclit, ..., in] == fz[]_[ﬁ,-(x)]psc(x)dx, (2.18)
—2 L5

with pse as in (1.9), and

Doty sy Uy <0 (f1s - firt) = 5Coo[U1|U2] - []  scolBilsco[Bal,  (2.19)

Biem\Ui,
Brem\U»s

where SCoo|-|-] denotes the second-order free cumulants associated with sc[-] in (2.18)
and

(2.20)
by Definition 1.14. The kernel u : [—2, 2] x [-2, 2] — R is given by

(V4 =22+ /4=y (ry +4 — VA4 — 22 /4 - y2>]

(VA —x2 = J4—yD)2(xy + 4+ V4 —x2 /4 —y?)
2.21)

1
u(x,y) = = ln|:

We remark that the formula (2.21) also appears in [9] and [28] (see also [27,
Cor. 3.8)).

Whenever fj(x) = x forall j = 1,...,k + £ or, more generally, f; is an (N-
independent) polynomial,'” the N — oo limit of (2.16) describes the second-order
limiting distribution of GUE and deterministic matrices in free probability. It is readily
checked that Theorem 2.9 indeed coincides with the free probability literature in this
case. The computations to obtain Corollary 2.11 are included in Appendix B.2.

Corollakry 2.11 Under the assumptions ofCOroléabry 2.10let fi(x)=" "+ =fr+e(x)=x,
ie, Yo = (WA . WA —B(.. ) and Y\"" = (WA ... WAe) — B(..).
Then,

lim N2E<Y(§k’“)Yg’b)> =

N—o0

(L) e

neNCPy(k,l) “BeK(w) ' jeB

— —
where NC Py (k, £) denotes the pairings in NC P (k, £).

10 we implicitly assume f; to be compactly supported by setting fi(x) = fj(x)x(x), where f; is a
polynomial supported on all of IR and y 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) = f, (W) with high probability by eigenvalue rigidity, we may
use f; and fj interchangeably here.
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We remark that the limit in (2.22) reproduces the well-known result of second-
order freeness of GUE and deterministic matrices from [24]. Moreover, computations
similar to Corollaries 2.10 and 2.11 for the GOE (6 = 1 and k4 = w» = 0) yield

lim N2E(y&oy?
N—o0 ¢ p

<2, LI T

e el )

TeNCP(k,0) “BeK(w) ' jeBNk] jeBNk+1,k+]]

which is the (real) second-order freeness of GOE and deterministic matrices estab-
lished in [26]. Apart from these two special cases, the deterministic approximation
in Theorem 2.9 mirrors the overall structure of the joint second-order distribution of
Wigner and deterministic matrices described in [21, Eq. (3)]. We remark that resol-
vents and functions with an N-dependent mesoscopic scaling (1.5) as considered
in [27] are usually not accessible in free probability theory as many of the standard
techniques rely on explicit moment computations. Theorem 2.9 and its mesoscopic
analog [27, 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 2.9 and [21] 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-mixing marked partitions for n colors (cf. Remark [27, Cor. 2.11]).

3 Proof of Theorem 2.4 (Formula for mgyg[:|-])
The proof of Theorem 2.4 consists of two main steps:

(1) Solve the recursion for mgyg[-|-] in the case A; = -+ = Ag4¢ = 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 m gy g[-|-] and, by Definition 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 (2.11) and show that it satisfies the recursion for mgy g. Checking that
this ansatz also satisfies the remaining properties in Definition 2.1 yields equality
between the two sides of (2.11).

We address the two steps in Sects. 3.1 and 3.2, respectively.
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3.1 Step 1: Graphs

As we only consider mgyg throughout this section, let k4 = 0 = @ = 0 and
thus mgyel-|-1 = m[-|-]. Recall from (1.16) and (1.17) that both m[-] and m[-] are
expressable in terms of disk non-crossing graphs. In this section, we give analogous
combinatorial formulas for 71[-|-] and m,[-|-]. 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. [22, Thm. 8
in Ch. 5]).

Definition 3.1 Fix k, ¢ € IN, 1 < j < ¢, and consider a disk with the k + ¢ + 1 labels
1,....k,k+j,....k+£¢,k+1,..., k+ jequidistantly 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 4 j on the inner circle.

(2) Remove the slit to obtain an annulus.

(3) Merge the two copies of the label k£ + ;.

We visualize 7 for an example in Fig. 9. The two labels k + j are denoted as 6
and 6’ to distinguish between them more easily.

The map t 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 I' 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. 10. 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 2.4. In analogy to the disk non-crossing graphs in Definition 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. 10 and Example 3.4).

6/ 1 1 1
5 2 conformal map 5 remove slit
— 4 & 2 oy 2
join vertices
7 3
6 4 3 3

Fig.9 The geometry of the transformation t for k = 4, £ = 3, and j = 2. (Color figure online)
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L /2

map to annulus join vertices
— —

3~ 3
2 2

Fig. 10 Construction of (") fora graph ' € NCG ({1, 2, 3,3})

Definition 3.2 For k, £ € IN 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 pos-
sible loops or double edges that is obtained from the following recursive construction:

(1) Forany S C [k] and S> C [k + 1, k + €] we have
G(S1,9) =G, $) = 9. 3.1

(i) The multi-set G([k], [k + 1,k + £]) can be constructed from the multi-sets
G(S1, [k+1, k + £]) with S1 C [k] as follows: We define

OG-0 =01 UG UGz UGy, (3.2)

as the disjoint union of the sets

G :={L U{I}T € G(12, k], [k + 1, k + £])}
k
G2 == [ J{T =T ULl € NCG([L, jD)
j=2
with edge (1, j), T2 € G([j, k], [k + 1, k + €]},
k—1
Gy = (JID =Ty U0y € 6L, j1. Tk + 1.k + £])
j=1
with edge (1, j), T» € NCG([j, kD)),
4
Gy = Ur({l‘eNCG({I,‘..,k,k—i-j,...,k—i-é,k—i-1,..‘,k+j—1,k+j})
j=1

I 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'{ U I'; in G, and G3 refers to the graph with the vertex set
{1, ..., k + £} and the edge set given by the union of the edge sets of I'] and I'>,

1 The graph ' may be obtained in several different ways from the recursive construction. This is reflected
by the multiplicity of I' in the multi-set G([k], [k + 1, k + £]).
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respectively. Further, recall T from Definition 3.1. We remark that all elements of
31, ..., Gy are planar graphs. Next, let

Ga .k ={LU{, D} € G-}

where the union is to be understood as adding an edge (1, k) to each graph in
G-(1.k)- Observe that the resulting graphs are again planar. Finally, we define

Gk [k + 1,k +£]) :=Ga k) U G-1,k)s (3.3)

where any graphs that occur more than once are counted with multiplicity. In par-
ticular, whenever the same graph occurs in both G(; x) and G—(1 1), the multiplicity
of I € G([k], [k+1, k+£]) is the total number of occurrences of I in both subsets.

(iii) G(S1, $2) = G(S3, Sp) forany S| 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(Sy, $>) to
its counterpart).

We abbreviate G(k, £) := G([k], [k + 1,k + £]) and refer to its elements as good
graphs. The subset of connected good graphs is denoted by G, (k, £). Any edge (i, j)
withi € [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. 11. To avoid
overcrowding, labels and edges that are not prescribed by the definition are left out.

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—(1 k) with the highest number of edges lie in G4 and that I" € G4
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 forI" € G4 is2(k+£¢+1) -3 =2(k+¢)— 1. As (3.3)
may add another edge to I, 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 3.2 does not introduce crossings

Fig. 11 Schematic visualization of the elements of G, G, G3, and G4 (left to right). Different subgraphs
are indicated by different line styles
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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 3.5(d) and Fig. 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 G4
as a kind of source term. In view of Lemma 3.3, the multi-set G(k, £) gives an annulus
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 For fixed k, £ € IN, we have

k+¢
n~1[1,...,k|k+1,...,k+£]=(Hms> oIl 4 (3.4)
s=1 regk,e) (i,j)eEM)

Proof As g; j = q;,; by (1.13) and G(k, £) = G(£, k) by Definition 3.2(iii), it readily
follows that the right-hand side of (3.4) is symmetric under the interchanging [k]
and [k + 1, k + £]. Similar to the proof of [6, Lem. 5.2], we use the combinatorial
formula (3.4) as an ansatz to solve the recursion given in (1.27) and (1.28). First,
observe that

<ﬁms> > Il qi,j=(ﬁms) > Il ai=0

s=1 reg(s:.,9) (i,j)eET) s=k+1 reG®,52) (i,j)eET)

for any S; C [k] and S> C [k + 1, k 4 £] due to the sums being empty. Hence, the
initial condition (1.27) is satisfied.
It remains to check (1.28). We introduce the notation

qr = l_[ qdi,j

(i, HeET)

and conclude from the decompositions (3.3) and (3.2) that

Y ar=0+qx Y ar

regk.0) G-
=(1+41,k)<ZQF+Z‘ZF+ZC]F+ZCIF>~ (3.5
reg reg, Fegs red,

Noting that the vertex 1 in I € G; has no adjacent edges, we may write

Z qr = Z qr.

reg FeG((2,k], [k+1.k+L])

Further, the transformation t only changes the geometry underlying a graph I", but does
not influence its edge set. By the definition of G4, anyI' € NCG([1, ..., k+£, k+j])
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used in the construction must have at least one edge (1, k + j). As a consequence, the
product gr always includes the factor gy x4 ; = mimg4j(1 + g1 i+ ;). This yields

¢
Z qr = Z(mlmk+j Z qr).

ey j=1 FeNCG([1,....,k+L,k+j])

Note that theidentity gy x4 ; = mim j(1+q1 k4 ;) 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 G3 as qr,ur, = qr,qr,
for the union of graphs introduced in Definition 3.2. With these replacements, (3.5)
can be written as

1
1 +q1k Z a

regk,0)
k
= Z 6]F+Zm1mj< Z 61F>( Z 61r>
TeG((2.k], [k+1,k+¢]) j=2 FeNCG([1.j]) TeG((j.k].lk+1,k+£])
k=1
+Zm1mj< Z fh“)( Z Clr)
j=1 PeG(1. /). [k+1.k+€]) FeNCG([j.k])

¢
+Zmlmk+j< Z CIF>.
Jj=1

TeNCG([L,...k+0,k+j])

Multiplying both sides with ]_[Is‘l'f mg and noting that 1 +¢1,; = (1 — mlmj)_l, we
see that the right-hand side of (3.4) satisfies (1.28) as claimed.

Example 3.4 We have |G(1, 1)| = 8. The graphs are visualized in Fig. 12.

In particular, we readily reobtain (1.30) by evaluating gr for every graph in the
above list. Note that decomposing (1.30) into the form mm> Zl"eg(l,l) qr is possible
in multiple ways. However, picking graphs that contain a connecting edge yields the
set G(1, 1) in Fig. 12 as the smallest possible set.

1 1 1 1
1 1 1

Fig. 12 The elements of G(1, 1)
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We state a few properties of the elements of G(k, £). In Lemma 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 3.6.

Lemma3.5 Letk, ¢ € IN.

(a) The connected components ofany " € G(k, £) give rise to a non-crossing partition
of the (k, £)-annulus. In particular, ' contains a connecting edge ifk, ¢ > 1.

(b) T' € G(k, £) 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.

(d) G(k, £) is a genuine multi-set unless k = € = 1.

Proof (a) We use proof by induction. First, note that the elements of G(S1, %) = ¢
and G(¥, Sp) = @ with S; C [k] and S» C [k + 1, k + £] clearly give rise to an
annular non-crossing partition. Moreover, Example 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 — | and a fixed £ > 1. We aim to
show that the connected components of any I' € G(k, [) also correspond to the blocks
of some w € NCP (k, £). Due to the symmetry induced by Definition 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—(j k) or, equivalently, for the sets Gy, G», G3, and G4 in (3.2).
First, note that the transformation t 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
forT' 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 G, 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 G, too, behaves as claimed. The argument
for G, and Gz 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 NC P (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,¥) = ¥ and G(#, S») = @ with
Si Clkland S, C [k+1,k+£],aswellasall T" € 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—(1 x).
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By Definition 1.7, a disk non-crossing graph does not contain any loops. Hence,
any loops of I' € G| UGy UG5 must occur in the subgraph in G(Sy, [k + 1, k + £]) with
S1 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 I' € Gy, note that applying 7 to an element of NCG({l, ..., k,
k+j,....k+j—1,k+j}) yields an annulus graph with a loop if and only if the disk
non-crossing graph contains an edge (k + j, k 4 j). As the latter must also contain an
edge (1, k + j) by definition, a loop in I" is always adjacent to a connecting edge.

We remark that the loops in I € G(k, £) are a consequence of the definition of t
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 G4 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.

(c) Again, the elements of G(S;,d) = ¥ and G, S) = @ with §; C [k] and
S» C [k+ 1,k + £], as well as all ' € G(1, 1) have the claimed structure. We
further note that any double edges of I' € G| U G, U G3 must occur in the subgraph
in G(S1, [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}) hasavertex 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 i, i’ connected to
both copies of k 4 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—(1 ) have the claimed structure.

It remains to consider G(j ), 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 3.4, 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'; and ', 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. 13).

Hence, G(1, 2) is indeed a multi-set. By Definition 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, &) = Ggec(k, £) U Ggec (k, £), (3.6)
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3’ 3 3’

Fig. 13 Two disk non-crossing graphs (left) that give rise to the same annulus graph (right)

where Gy, (k, £) denotes the graphs in G(k, £) that have double edges or loops and
G—dec(k, £) denotes the graphs that do not have either. We refer to the elements of
Gaec(k, £) as decorated graphs.

Lemma3.6 Letk, ¢ € 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.

(b) Whenever T' € G(k, £) has exactly one connected component with a connecting
edge and T is not decorated, the same identification as in (a) holds, but it is
no longer unique. If T'1 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| - |Uz| different ways to identify the connected components
of T with a disk non-crossing graph.

Lemma 3.6 translates between a graph I' € G(k, £), the partition induced by its
connected components and the cycle structure arising in (2.11). We give a schematic
of the construction of the disk graphs in Fig. 14. Recall from Definition 1.11 that any
cycle of an annular non-crossing permutation encloses a region homeomorphic to the
unit disk with the boundary oriented clockwise.

Note that the assignment of the orientation in the second step on the left of Fig. 14
is not unique if 7 has only one connecting block (cf. [23, Prop. 4.6], see Fig. 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

1 1 1 1
2 2 2
— —
9 39 39 3 9 3
Fig. 14 A subgraph of I € G(k, £) with the induced partition 7z and a possible permutation 7T1/—\ (left) as

well as the disk non-crossing graph obtained for a connected component of I" (right)
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are not covered by Lemma 3.6. The proof of (a) further shows thatany 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. 14.

Proof of Lemma 3.6 (b) It follows from Lemma 3.5(a) that the connected components
of I give rise to a partition rr € NC P (k, £). By Propositions 4.4. and 4.6 of [23], any
element of NC P (k, £) may be identified with an annular non-crossing permutation,
i.e., its blocks can be given an orientation (see the left of Fig. 14). This orientation
of the individual cycles is naturally induced by the orientatm))f the inner and outer
circle. However, the identification between NC P (k, £) and NC P (k, £) is only unique
whenever the underlying partition has more than one connecting block. If there is only
one connecting block Uy UU, with Uy C [k], Uy C [k+1, k+£], there are |U | - |U3|
possibilities t(L(kI)ltify s with an annular non-crossing permutation (cf. Fig. 5). We
fix one nli € NCP(k, £) that is associated with 1 in this way.

By definition, the cycles of n} 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 1.7. We may use the same transformation to map a
connected component of I" to a disk non-crossing graph (see Fig. 15). Note that this
transformation cannot induce any crossings of the edges of I', however, any loops or
double edges of the original graph are kept. Hence, we only obtain a disk non-crossing
graph in the sense of Definition 1.7 if I' does not contain any loops or double edges
to begin with.

(a) Assume next that I' € G(k, £) has at least two connected components that
contain a connecting edge. It follows from Definition 3.2 that this structure can only
arise from G4 in (3.2) 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.0.g. that I" arises from G4 directly.
To have two connecting blocks, I" must have at least two connecting edges (i1, i2) and
(i1, 15) where iy, i} € [k],i2,i% € [k + 1,k + €] and i| # i{, i # i}. Note that either
(i1, i2) or (i 1+ i5) may coincide with the edge (1, k 4 j) prescribed by the definition.

LetI' e NCG({IL,...,k,k+j,....k+j—1,k+ j}) denote a disk non-crossing
graph such that ‘L'(F) = I'. Here, t denotes the map introduced in Definition 3.1.
By construction, T also has two edges edges (i1,i2) and (i, i) with i1, i} € [k],
i7, é elk+1,k+¢]landi; #i i, i # ié. This structure imposes several restrictions
on I', as can be seen from Fig. 16.

1 1 1 1
2 2
1@ oy
9 3 9 3 9 3 9 3
Fig. 15 Transformation of a cycle of nll € m(k, £) to a circle (left) and the induced transformation of

a connected component of I" € G(k, ¢) into a disk graph (right)
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k+j—1

12 11

-/
3 31

k+j k

Fig. 16 A schematic visualization of T (left) and its mapping to the original graph I" = (M) (right). (Color
figure online)

First, there cannot be an edge (1, k) € T without violating the non-crossing con-
dition. Together with (3.3), this implies that ' = () has at most a single edge
(1, k). Further, T" cannot contain a vertex that connects to both copies of k + j. This
implies that I' = 7(T') cannot have any double edges. Lastly, I' cannot have any
loops, as r containing an edge (k + j, 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 1 € NCP (k, £).

Lemma 3.7 Foreverym € NCP (k, £) there is at least one T € G(k, £) for which the
vertex sets of the connected components coincide with the blocks of . If T has exactly
one connecting block, then there is at least one such graph in Gg..(k, £) and one in
G—dec(k, L), 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. 17, the
remaining connected components of the graph are readily added using steps corre-
sponding to G, G», and G3 in Definition 3.2 and the symmetry under interchanging of
the inner and outer circle.

1 1
7 1
@ T @
— — —
7 2 7 \ ‘S 2 7 2
2
Fig. 17 The construction of an element of G(2, 1) (right) from the connecting block of an annular non-

crossing partition (left)
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Proofof Lemma 3.7 Fix m € NCP(k, £) and assume first that 77 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.0.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 3.2.

Under these assumptions, there exists 7 € NCP({l,...,k, k+j, ..., k+j — 1,
k + j}) such that the transformation 7 in Definition 3.1 maps the blocks of 7 to the
blocks of . This is readily seen from Fig.9, as 1 and k 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 k 4+ 1 occurs as a singleton set. Finally, define
T e NCG({L,....,k,k+1,...,k 4+ £,k + 1}) by considering each block B =
{i1, ..., i} € 7 separately and adding the edges (i1, i2), ..., (i1, i) to the graph.
By construction, the vertex sets of the connected components of T coincide with the
blocks of 7. Considering I';, = T(F) now yields the element of G(k, £) with the
claimed properties (cf. Fig. 17, where the procedure is sketched for a single block).

Next, consider 7 € NC P (k, £) that has only one connecting block U = U; U U;
with Uy C [k], Ua C [k + 1, k + £]. Similar to the first case, we can construct a disk
non-crossing graph I'y for which t(I'y) € G.(|U1], |U2|). As t(I'y) is only required
to have one connecting edge, there is also a choice for I'yy containing a (k + j, k + j)
edge (cf. Fig. 15). In particular, we obtain at least one graph in G, —4..(|U1], |U2|)
and one graph in G; 4..(|U1], |U2]), respectively. The remaining connected subgraphs
of I'; are then added recursively by alternating between adding an isolated vertex (cf.
G1) and a disk non-crossing graph (cf. G, and G3) to 7(I'y). Note that starting from
T(T'y) € Ge—dec(|U1], |U2|) yields a graph that is not decorated while starting from
T(Cy) € Ge.gec(|U1], |Ua|) yields a decorated graph.

Using the properties of I' € G(k, £) from Lemmas 3.6 and 3.7, we obtain an explicit
non-recursive combinatorial formula for m,.

Lemma3.8 Letk,{ € IN. Then,

k+¢
Mooll, ... klk+1,... . k+€]= <l_[mv> > cerar. (3.7)
s=1 reGe(k,t)

with suitable constants cr € Z. In particular, cr = 1 for T € Ggec(k, £).
Note that the constants cr for I' € G_gec(k, €) are readily obtained from the multi-

plicity of the corresponding graph in the multi-set, however, their exact values are not
needed for the proof of Theorem 2.4.
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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 compo-
nent of I" that only involves vertices from either [k] or [k + £] cannot contain loops
or double edges (cf. (b) and (c) of Lemma 3.5) and we may identify it with a disk
non-crossing graph.

To simplify notation, decompose any B € S1US, asaunion B;U By with By C [k],
By C [k + 1, k + €] and associate it with a tuple (B, B») if neither of the subsets is
empty. This allows us to use the common notation N C G (B) for both disk and annular
graphs by setting NCG(B) = G(B1, By) whenever B contains elements from both
[k]land [k + 1,k + £],and NCG(B) = NCG(B;) resp. NCG(B) = NCG(B») if it
does not. Splitting the sum in (3.4) according to the underlying partition, we can write

k+€
n~1[1,...,k|k+1,...,k+£]=(Hms> > ar

s=1 eG(k,t)
- > N[(Mm) = «fos
7eNCP(k,t) Ben seB FeNCG.(B)

where NCG.(B) denotes the connected graphs in NCG(B). By Lemma 3.7, none of
the sums on the right-hand side are empty. However, there may be multiple permuta-
tions in NC P (k, £) as well as a marked element of NC P (k) x NC P (£) associated
with a given annular non-crossing partition w € NC P (k, £). To obtain the same struc-
ture as in (1.26), we thus need to decompose the sum over 1 € NCP(k, £) on the
right-hand side of (3.8) further.

Distinguishing by the number of connecting blocks of 7 yields

> T[(Im) ¥ ol @

neNCP(k,l) Ber seB FeNCG:(B)

- > T(T») = o
7eNCP(k,0), Ber - “NseB FeNCG.(B)
1 conn. block

cox 0le) ¥l
weNCP(k,l), Bem seB 'eNCG.(B)
>2 conn. blocks

As an annular non-crossing partition with at least two connecting blocks uniquely
corresponds to an annular non-crossing permutation (cf. [23, Prop. 4.4]), we may
replace NCP(k, ) by NCP(k,£) in the summation if we interpret a cycle as an
ordered set. Together with Lemma 3.6 and (1.17), it follows that

>, IiIe) % o)

neNCP(k,l), Berm reNCG.(B)
>2 conn. blocks
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(I m) >
7eNCP(k,0), Ber - “seBlUB, FeNCG.(BIUB)
>2 conn. cycles

]‘[ mo[B;1 U Bal. (3.10)

neNCP(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, inter-
preted as (Uy, Up) with Uy = U N [k], Uy = U N[k + 1, k 4 £], yields

> TI[(TTm) > o
TENCP(k,L), Ber = “seB FeNCG(B)
1 conn. block

> o|(0m) x o] T [(Mm) % o]
TeNCP kL), = NseU reG.(U) Bem\{U} - “seB FeNCG.(B)

1 conn. block

> [(l;ljms) > CIF:| [T mel5] 3.11)

7eNCP(k,L), reg.(U) Bem\{U}
1 conn. block

by (1.17). Note that B # U cannot involve both sets [k] and [k + 1,k + €], as U is
the only connecting block. Using (3.6), we decompose

ZCIF= Z qr + Z qr

reg.(U) regc.dec(U) Fegc,—\dec(U)

and recall from Lemma 3.7 that neither sum on the right-hand side is empty. Note
that the split induced by (3.6) also decomposes the right-hand side of (3.11) into two
terms.

Next, consider the term corresponding to G —gec(U) and recall that any I' €
Ge.—dec(U) can be identified with a disk non-crossing graph by Lemma 3.6(b). How-
ever, this identification is not unique. Decompose U into Uy = U N [k], Uy =
U N[k+1, k+£]. Then there are |U;| - |U;| different disk graphs that can be obtained
from a given I' € G —g0c(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 7 € NCP (k, £) is equal to |Uj| - |U>| by [23, Prop. 4.6].
We thus write

Y ar=IU| |y > agr+ Y. crqr.

Fegc,—*dec(U) FENCGC(UIUUZ) 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
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{(1,2), (1, 3), (2, 3)}. Hence,

dYooar=10l-1al ) ar+ Y ergr. (312)

reg.(U) FeNCG(UUUy) reg.(U)

where we set cr = 1 for I' € G¢ 4o (U). Note that the contribution of the first term
of (3.12)to (3.11) is

> [(Sl;[]ms)IUlI'IUzI > 61r:| [T meiB]

weNCP(k,0), FeNCG.(UUUy) Ben\{U}
1 conn. block U

= _Z Hmo[BluBz]. (3.13)

meNCP(k,l), Bemr
1 conn. block

Putting everything together, the right-hand side of (3.9) reads

mll, .kl 1 k] = [ molB]
7eNCP (kL) Ber

+ > [[ moBiUBI

7eNCP(k)xNCP (), Ber\{U;,Ua}
U;,U, marked

X[Q;[] ms) > er[‘:|. (3.14)

rege(U)

with cr € Z as in (3.12) and U = Uj U U,. The first term on the right-hand side
of (3.14) is the sum of (3.10) and (3.13). The second term is obtained from the second
term in (3.12) 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 in (1.26), we obtain (3.7) by comparing term-by-term.

We finally have all the necessary tools to prove Theorem 2.4.

3.2 Step 2: Conclusion

Proof of Theorem 2.4 Let { denote the right-hand side of (2.11). We recall that the
initial condition (2.3) is immediate from Definition 3.2(ii) and that the symme-
try in Definition 2.1(i) follows from the remark on Theorem 2.4 above. Hence, it
only remains to check that § satisfies the recursion (2.4). To simplify notation, we
interpret f as a function of the multi-indices « and B.

Similar to the proof of [6, Lem. 4.4], we use (1.17) and (3.7) to write out the first
and second-order free cumulant functions in terms of suitable graphs. This yields

Sy (n(ma)n( s )

! kb L eNCP(ke) \BeK(x) ' jeB Ber “TeNCG.(B1UB)
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oy (m{na)( X )
TeNCP(k)x NCP (), BeK(m) 'jeB FreNCG.(U;,Up)
Uy ,U, marked

< J] ( > qr). (3.15)

Ber\{U1,Us} “TeNCG.(B|UB)

To collect the terms involving the deterministic matrices Ap, ..., Ag, we define
Foy =[] (]A4» (3.16)
BeK (') jeB

for any e NCP(k,{) that has more than one connecting block. Here, n’ €
NCP(k, ) denotes the unique permutation for which the blocks of 7’ coincide
with 7. Further, we define

Fr) = ; ( I <]—[A,->>+ [1 <]‘[A,-> (3.17)

7' eNCP(k.t) “BeK(n') \jeB BeK(x") ' jeB
blocks(n')=m

for any 1 € NCP(k, £) that has exactly one connecting block U. Here, 7" is the
marked partition obtained from 7 by splitting the connecting block into Uy = U N [k]
andU, =UN[k+1,k+£],and marki&)Ul, U, on the respective circles.

Next, we decompose the sum over NC P (k, £) in (3.15) according to the number
of connecting cycles in the permutation and rewrite the right-hand side as

flelpl ) ﬂ’”H( ) qr)

! kb L eNCPK.0) Ber “TeNCG.(B)

using (3.16) and (3.17). Recall that any connected component of I' € G(k, £) can
either be identified with a disk non-crossing graph or itself satisfies Definition 3.2. We
can thus interpret NCG.(B) as a connected component of a bigger graph and rewrite

> f(n)]‘[( > qr>= Y. Fergr. (3.18)
TeNCP (k,0) Benr “TeNCG.(B) regk,0)

Here, 7 denotes the partition arising from the vertex sets of the connected components
of I'.
Using (3.3) from Definition 3.2, decompose the right-hand side of (3.18) as

Y Farar= Y. qr(Fer) +quiF o). (3.19)
regk,o) Feg—.(Lk)

Recall that I" U {(1, k)} denotes the graph obtained from adding an edge (1, %) to "
and that, therefore, gru1,x)} = ¢q1,kqr. Next, apply (3.2) to split the right-hand side
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of (3.19) into contributions corresponding to Gy, G2, G3, and G4. This yields

Z F(rr)qr = Z gr (F(r) + g1 F(Truga,))
reG(k.0) TeG(2.K]. [k+1.k+])

k
+y > qr (F(rr)

J=2TeNCG, j)[1.jDxG(j.kl.[k+1,k+L])

+ g1,k F(ruga,ny))

k—1
+> > qr(F(rr)

J=1TeGq j([1.jLIk+1,k+HDXNCG([}.k)]

+ g1,k F(ruga,ny))

l
+y > gr (F(rr)

J=ITENCG (s jy (LKt jr okt )
+ g1 FTruia,ny)), (3.20)

where the edges prescribed in the definitions of G», G3, and G4 are added as a subscript
to NCG and G, respectively. It remains to compare (3.20) with (2.4).

Computation of the  first line of (3.20): Recall that
> reg 4T= 2_reg2.kLik+1.4+¢)) 9r- As any I' € Gy has an isolated vertex 1, the set
{1} appears as a singleton block of the underlying partition 7. Let 7. denote an annu-
lar non-crossing permutation with blocks given by zr. Then (...k1...) € K(7{.),
i.e., 1 and k appear in the same cycle of the Kreweras complement. This gives

[ < [ A./> = I < I A’,> (321)

BeK (nf.) ' jEB BeK ()1 kuik+1.k+e1  JEB

where A’j =Ajforj=2...k—1land j € [k+ 1,k + €], but A} = AzA;.
Considering F(mry(1,k)), hote that adding an edge (1, k) to the graph I" implies that
(k) € K(mruia,k)))si.e., {Ag) always occurs as a separate factor in 7. Hence, whenever
sr has more than one connecting block we can use (3.16) to evaluate

F(mr) + q1 e F(rruga,iy)

= [1 <1_[A//‘>+CI1,k<Ak) I1 <HA]‘>
BeK (m[)|(1 kutk+1.k+6]  JEB BeK (m[)|1 kyutk+1,k+¢]  JEB

(3.22)

with A’j as in (3.21). In the remaining cases, 7z has only one connecting block U, and
JFis asum of two terms. As the first term of (3.17) can be evaluated similarly to (3.22),
we only consider the second term. Let nf’ 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

@ Springer



Fluctuation Moments for Regular Functions of Wigner Matrices Page 49 of 65 10

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-t
<l—[ms> > qr (f(ﬂr) +q1,k-7:(771“u{(1,k)})>

s=1 reg((2,k),[k+1,k+£])
=m(F[T2, ..., Ti—1, Gk Ak A1 Tt 1, - - . s Tiesee
+quiFlT2, ..., Ti—1 G At Tit1s - - -, Tigeel(Ak). (3.23)
Computation of the second line of (3.20): For the contribution arising from G, recall

thatI’ = MU with'y € NCGq ) ([1, j)and > € G([j, k], [k+1, k-+£]) implies
qr = qr,qr,, i.e., the weights factorize. Further, the term involving I'| evaluates to

> gr, = —L Yo an=mmj Yy ar, (3.24)

= I :
FeNCG ;) ([1,7D) +QI,] I'eNCGI1,j] 'eNCGI[1,j])

as gr, always includes a factor g1, ; if I'y € NCG j([1, j]).

Let ir € NCP(j) x NCP(k — j + 1, £) denote the partition associated with a
graph I' € NCGq j([1, j1) x G([j, k], [k + 1, k + £]) in the second term of (3.20)
and let 7r[. is be an annular non-crossing permutation with blocks given by 7rr. Since
the edge (1, j) must occur in I', the vertices 1 and j must be associated with same
cycle of n’r. Hence, the elements in [1, j) and [, k] are in different cycles of K (71}).
Moreover, none of 1, ..., j — 1 can be part of a connecting cycle in K (zr{.). This
implies the decomposition

0 (Oa)=( 1 (Ta)( T (M)
BeK(n}) ' j€B BeK ()1, ;1) ' i€B\{J} BeK (mpl1j autk+1.k+e)  1€EB

Again, the only difference between F () and F(rrruj(1,k)}) is the fact that (A;) must
occur as a separate factor in the second case. Thus, we can argue as in (3.22) and
evaluate

F(mr) + g1 F(rruga,ey)

SLORE U v AL 11 )

BeK(mrin,jp) "i€B\{ BeK (mpl1j quik+1.k+e)  1€EB

+611,k(Ak)< l_[ < l_[ Aj>>

BeK (mr|p, 1) ' i€B\{j}

(LT ()

BeK (tf-|ijaukrihre)  i€B\K)

whenever 7 has more than one connecting block and (3.16) applies.

@ Springer



10  Page 50 of 65 J. Reker

In the remaining cases, F(rrr) is evaluated using (3.17). Here, the first term can
be treated similarly to (3.25), leaving only the contribution of the marked partition
JT’F’ . Recalling that [1, j) and [, k] lie on the same circle and that K (n}’ ) is evaluated
circle-wise, we can argue as in the permutation case. In particular,

. . . , :
neNCP(k,t) ~BeK(x}lj1, ) ' i€B\(j) BeK (] |(j uik+1.4+¢)  1€B
blocks (n|.)=mnr

BLORE N 0GR 1 S 11 0)

BeK (|, ;1) ' i€B\ BeK (11} k1Utk+1.k+¢1)

(I (1 sl

BeK (mrp, ) ‘i€eB\{j}

i.e., F factorizes similar to (3.25). Here, I'; denotes the subgraph of I € G, that lies
in G([j, k], [k + 1, k + £]). Using (1.22) and (1.17), we evaluate

k-t
<l_[ms> Z qr (f(ﬁr) +611,k]:(7fru{(1,k)})>

s=1 TeNCG ([, jDxG(j k1, Tk+1,k+£1)
=mm[Ty,...,Tj_1, Gj]<F[T', ooy Tl Tie1s - -+ Tietee]
+q1kFITj, ..., Te1, Gl Tty - - - Tk+/é](Ak)>- (3.26)

Computation of the third line of (3.20): The contribution from Gz can be treated
similarly to the second line of (3.20).

Computation of the fourth line of (3.20): For the term that arises from Gy, recall
that T 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 (1.22) and (1.17). As the only difference between F(rrr) and F(mruy(i,k)}) is
again the fact that (A;) must occur as a separate factor in the second case, we obtain

k+¢
(Hﬁ%) Z qr <7:(7Tr) +Q1,kf(ﬂru{(1,k)}))

s=1 PENCG (1 kg ) (ot fr ookt okt 1)
=my(my[Ti,.... Tk, Tetjs oo Tt j—1, G jl
+qrmalTy, ..., Ti—1, Gk, Tig s oo, T j—1, Grg j1{AR)). (3.27)

Similar to (3.24), I" containing an edge (1, k + j) ensures that the contribution has the

prefactor m.
Putting (3.23), (3.26), and (3.27) together, we see that (3.20) is equivalent to (2.4)
with f[-]-] in place of my[-|-]. We conclude that {[-|-] satisfies the same symmetry
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and initial condition as m;[-|-], as well as the same recursion. Recall that these three
properties uniquely identify f[«|B] and my[«|B] for any multi-indices «, 8. It now
readily follows by induction that f[r| 8] and m;[«| 8] indeed coincide for all &, B, i.e.,
that f[-|-] = ma[-|-], as claimed.

4 Proof of the Formulas for m,[-|-], ms[-|-], and mg[-]-]
4.1 Proof of Theorem 2.6

We use proof by induction over the length of the multi-indices and the recursion
for_n;t,([-|~] from (2.4). First, recall that by definition of NCP(k), NCP(£), and
NCP(k, £) both sums on the right-hand side of (2.12) are empty whenever either
a or B is empty. Observing that Definition 2.1(i) together with Theorem 2.4 implies
that m,[S1]9] = m,[@]S2] = O, the base case is established. As the formula on the
right-hand side of (2.12) is further symmetric under the interchanging o and g (cf.
Remark Theorem 2.4), it is sufficient to only carry out the induction step for one of
the arguments in m,[-]-].

Fix k, £ € IN and assume that (2.12) holds for multi-indices & of length 1, ..., k—1
and B of length £. Recalling that k4m,[-|-] satisfies (2.4) with s, in (2.6) as the only
source term, we can use the recursion to express m,[«|B] in terms of mi[-] and
m, [a'| 8] with multi-indices «’ 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 (2.12). We
start by considering the summands on the right-hand side of (2.4) separately and then
check that their sum, i.e., m,[-|-], is of the same form. To facilitate keeping track of
the individual contributions, we start with the terms on the right-hand side of (2.4)
that do not contain the prefactor g1 x and abbreviate

Ky i=mmw [T, ..., Ti—1, Gk Ak AL Tiq1s - - o5 Tigel
KY = mimel Ty Ty, Gl Tig o T[Ty, Tl o€ Tk — 1]
K = mimy[Ty, o iy, Gjmel Ty, o, Tl Tests - Tisels J € [2,K]

KY’S”) =mi(M) © Mis, )My 1 Ak) © M, k0 k+1,....5))
relkl, k+1<s<t<k+¢

As the argument is similar, we fix j resp. r, s, t and omit the superscripts for the
following discussion.

Structure of Kp: By the induction hypothesis, m, [T, ..., Tr—1, GrArA1|Tk+1,
..., Tx+¢] factorizes into expressions involving only deterministic matrices or spectral
parameters, respectively, and further has the structure specified on the right-hand side
of (2.12) in terms of z7, ..., zk4+¢ and the matrices As, ..., Ax—1, Ak A1, A1y .-
Aj4¢. As a consequence, the matrices Ay and A always occur together in the matrix
products. On the level of the mes of the deterministic matrices, we may reinter-
pret this as an element 1 € NCP(k, £) with a cycle (...k1...) or an element of
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m € NCP(k) x NCP(¢) with a block {...,k, 1,...} depending on the rest of the
underlying structure. The treatment of the two cases is identical and we consider them
in parallel. As the indices 1 and k always occur together in K (7r), the index 1 must
occur separated in K —1(7), either as a fixed point (1) or a singleton set {1}, to match
the structure in (2.12). Note that the spectral parameter z| only appears in the prefactor
m. Hence, setting the functions ¥ x—1(,) (1) 1€8P. Y x—1(x) (1) €qual to m(zy) yields
the missing contribution. It follows that K| matches the structure on the right-hand
side of (2.12). 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 K.

Structure of K>: We apply the induction hypothesis for m, [Ty, ..., Tj—1, G}
Tit1s ..., Tigel as well as (1.22) for my[77, ..., Ti] to rewrite K7 as a sum of terms
that naturally factorize into expressions involving only z1, ..., Zk4+¢ Or A1, ..., Ak+e,
respectively. It remains to check for the structure on the right-hand side of (2.12),
i.e., that each summand can be associated with an annular non-crossing permuta-
tion 7 or a marked element m € NC P (k) x NC P (£) such that the terms involving
spectral parameters factorize according to cycles resp. blocks of 7w and the contri-
bution of the deterministic matrices factorizes according to the cycles resp. blocks
in the Kreweras complement K (;r). As treatment of the cases # € NCP(k, £) and
m e NCP(k) x NCP(£) is identical, we consider them in parallel.

Observe that the induction hypothesis and (1.22) already prescribe the desired
complement structure for the indices of the spectral parameters and deterministic
matrices occurring in mym[T1, ..., Tj—1, Gj|Teg1, - .., Tipel and my [T, ..., Ti],
respectively. As we may visualize the elements of NC P (j) with their Kreweras com-
plement on an interval by cutting the boundary of the labeled disk (cf. Fig. 1), we can
draw both factors of K> onto the same annulus. The result is visualized on the left of
Fig. 18. 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. 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. 18. This leaves k + ¢
labels at the midpoints of arches along the annulus, one associated with each matrix
A1, ..., Akse. On the level of the indices of the deterministic matrices, each term in
in K; can thus be identified with an element ¥ € NC P (k, £) 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. 18. Note that the labels now
match Definition 1.19 exactly.

It is readily checked that the cycle resp. block structure obtained from merging the
two labels j matches K ! (;r) and that any cycles resp. bloik__)sthat were connected
in this step can be interpreted as a cycle of an element in NC P (k, £) resp. a block
of an element of NC P (k) x NC P (£). In particular, the contribution of the spectral
parameters factorizes as claimed on the right-hand side of (2.12). Comparing the
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Fig. 18 Visualization of the indices in mymg[Ty, ..., Tj—1, Gj|Tg41, ..., Tg4¢] (dashed) and in
m[T;, ..., Tx] (dotted) before the rewriting (left) and the indices after merging the two labels j (right).

(Color figure online)

permutations resp. partitions contributing to each Kéj ) and noting that the right-hand
side of (2.12) is linear in each v;, the sum ) F Kéj )"also has the desired structure.

Structure of K3: The treatment of K3 is analogous to that of K».

Structure of Ky: From the formula for M in (1.18), it follows that K4 can be
written as a sum of terms that naturally factorize into expressions involving only
Z1y« -y Zk4e OF Ay, ..., Akyg, respectively. In particular, the part that involves deter-
ministic matrices always consists of two factors of the form ([ ] ;c;, A)NO([ ¢, A)))
with index sets I1 C [k]and I» C [k + 1, ..., k + £] due to the Hadamard product in
K4. It remains to check for the structure on the right-hand side of (2.12).

Using the same trick as for K, and K3, we can visualize the terms involved in K4
on the same annulus. The result is sketched in Fig. 19. 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.

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. 19.
Note that this leaves k + £ labels at the midpoints of arches along the annulus, one

k "~ Loy
N
:w Se ot
/, Id . /I
— N
r Id

Fig. 19 Visualization of the indices in m | (M[1© M[s 11} (dashed) and (M 1) AR) O Mt kt0,k+1,....5))
(dotted) on the outer (left) and inner circle (right) of the (k, £)-annulus (pictured separately). (Color figure
online)
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associated with each matrix Ay, ..., Ax+¢, such that we can reinterpret the structure
on the level of the indices of the deterministic matrices as an element 1 € NC P (k, £)
resp.m € NCP (k) x NC P(£). Since the two copies of r, s, and t are now placed right
next to their counterpart, we merge 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 ~! (r) and that any cycles resp.
blocks that were conn&tec}l by merging two identical labels can be interpreted as a
cycle of an elementin NC P (k, £) resp. a block of an element of NC P (k) x NC P(£).
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 (2.12).
Comparing the permutations resp. partitions contributing to each K ir’s’[) and noting
that the right-hand side of (2.12) is linear in each y;, summing over r, s, t preserves
the structure of the term.

The remaining terms with prefactor g x (Ax) can be rewritten similarly. As the
factor (Ay) always occurs separately, the structure underlying the indices of the deter-
ministic matrices is an element 1 € NCP(k,£) resp. 1 € NCP(k) x NCP({)
with a fixed point (k) resp. a singleton set {k}. Hence, K~ must contain a cycle
(...klL...)resp. ablock {..., &, 1,...} in which 1 and k occur together. Recalling

that g1 = 1:”’::”‘7’ -, it is ensured that the part of the term depending on zy, ..., z
contains a factor v¥; (..., zx, z1, . . .). With this modification, we can use the same
argument as for Ky, ..., K4 to conclude that all terms contributing to the recursion

match the structure on the right-hand side of (2.12). Comparing the permutations resp.
partitions contributing to each term and recalling that the right-hand side of (2.12) 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

4.2 Proof of Theorems 2.7 and 2.8

The proofs of Theorems 2.7 and 2.8 are similar to those of Theorems 2.4 and 2.6,
respectively. We, therefore, mainly focus on the necessary modifications below.

Proof of Theorem 2.7 The overall argument is analogous to the proof of Theorem 2.4
in Sects. 3.1 and 3.2 up to the definition of the graphs appearing in the combinatorial
formula for 71, [-|-]. Recalling that the structure of the recursion for 71, [-|-] is similar
to the one for Mgy g[-]-], the multi-set of graphs can be constructed as described in
Definition 3.2. However, since the source term involves m™7[.], the resulting multi-set
of graphs will carry the same kind of vertex coloring. By replacing G4 in Definition 3.2
by

4
ot :=Ur({r‘eNCG#({I,...,k,k+j,k+j—1,...,k+1,k—|—£,k+j})
j=1

I" has edge (1, k + j)}).
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where # = (0,...,0,1,..., 1) with k zeros and k + ¢ + 1 ones, we obtain a family
G° (k, £) of graphs with the desired properties. Recall that map T was introduced in
Definition 3.1. An example in the current setting is given in Fig. 20. Note the different
arrangement of the indices on the left compared to Fig. 9, which results from the
structure of the source term in the recursion for 71, [-|-]. Further, T does not influence
the coloring of the vertices.

Similar to the proof of Lemma 3.3, we obtain

k+L
r%g[l,...,klk—i-l,...,k—i-ﬁ]:(Hms) > I 4

s=1 reg (k) (i,j)eE()

where q . is as in Lemma A.2, i.e., ql =i, ] = 1 — .2~ Whenever the edge (i, j)
im;j

omim
connects two vertices of the same color and q, = W otherwise. From here,

the remaining steps are carried out as in the proof of Theorein 2.4.

Proof of Theorem 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

Ks(j) = (M Ar) © My, k0.k+1,. k+))» J € [£]

is of the form (2.14) and that summing up the contributions on the right-hand side of the
recursion (2.4) does not break the structure. We start by noting that each K5 ) contains
the matrices Ay, ..., Ax4¢ 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 (1.22)
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 k 4+ j occurring twice in
My j, ... k+ek+1,..k+j) does not influence the structure of the Kreweras complement.
When visualizing the term on a labeled disk, the two vertices labeled k£ + j 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
productin My, ... k+ek+1,.k+j) 1S evaluated.

6 1 1 1
7 2 i .
confo% map 4 87 Z 9 remﬁ)sht 4 9
5 3 J join vertices
6 4 3 3

Fig.20 The geometry of the transformation 7 for k = 4, £ = 3, and j = 2. (Color figure online)
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A Proofs for the CLT in the Resolvent Case
A.1 Proof of Theorem 1.10 (Global Law with Transposes)

The proof of Theorem 1.10 is, modulo careful bookkeeping of the transposes, similar
to the proof of the averaged local law in [6, 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 o = 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. [4] and [7]). Let

Wf (W) := Wf(W) —EW@5f)(W) (A.1)

with W an independent copy of W. This yields, e.g.,

~

o w
WG1 = WG) +(G1)G1 + +-GiGi +W2diag(cl>cl, (A.2)
k
o '
WTi...Ti = WG 1A Tx + Y _ (TG ) Tija + ~ TG i) Tijm
j=2
@
+ o diag(Ti, G HTij k- (A3)

Note that a simpler renormalization can be obtained by choosing W to be an inde-
pendent GUE matrix instead of an independent copy of W. For the formulas (A.2)
and (A.3) above, the difference between the two renormalizations is negligible. How-
ever, it becomes significant if the matrix product involves at least one transpose of a
resolvent (cf. [4, Rem. 4.3]). As an example, consider the normalized trace of

1 @3
WG} = WG|+ GG +0(G1)G| + ﬁzdiag(Gl)G’I

where o (G1)* ~ 1.

To obtain (1.23), we rewrite G?Al ...G,EAk in terms of WG%Al ...G,j(Ak and
estimate the resulting terms. We start by considering the case A; = --- = Ay = Id.
For k = 2, we obtain, e.g.,

| —_
WG1G5 = WG, Gl + N(Gthz)thz +0(G1G5)Gh + %diag(Gthz)Gtz

which yields

1 t o, M t '
1—ommy+ O v (G1G2):mlmz—mlWGle—i-W(G(GlGle)

+ @2 (diag(G1)G 1 G}
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1
+ diag(G1G5)GY) + O (ﬁ)

by (A.2), the resolvent identity WG — zG = Id, (1.11), and the local law for (G ).
Noting that |(WGt1 G1)| = O-(N~1) following the bounds in [4, Thm. 4.1] and

that the term with prefactor N ~1is also of lower order (cf. [7, Eq. (69)—(70)]), we
obtain (1.23) with

myimj
m[G1, Gyl = m®Po11.2] = =

Note that the only effect of the inclusion of transposes lies in the emergence of the
stability factor 1 — omm>. However, as |l — omms| > 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 [6, Thm. 3.4], the above argument allows us to extract a recursion that is satisfied by
the deterministic approximation of (G? e G,jc) up to an O (N 1) error. By defining
m*7[.] to satisfy this recursion exactly, i.e., defining it by (1.24), yields the desired
statement. The recursion for my [G%Al, e, G,%Ak] is obtained analogously.

The explicit formula (1.23) now follows by solving this recursion. As the treatment
of the deterministic matrices is completely analogous to [6, Thm. 3.4], we restrict the
discussion to the case A| = - -- = Ay = Id, i.e., to (1.24). Here, we obtain that m*“ -]
and the associated free cumulants have a representation in terms of non-crossing graphs
that mirror (1.16) and (1.17).

Definition A.1 (Bicolored NCG) Letk € IN and denote by # a binary vector of length k.
For every I' € NCG (k), color the vertex je{l, ..., k} red if the jth 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 N CG* (k).

LemmaA.2 Let k € IN and fix a binary vector # of length k. Then

k

m#"’[l,...,k]=<Hms> > gt (A4)
s=1 TeNCG* (k)
k

mﬁ’”[l,...,k]:(ﬂms> > 4t (A.5)
s=1 TeNCG#(k)

where NCGf (k) denotes the connected graphs in NCG* (k)andqr = ]_[(i,j)E]E(F) qf’j
with E (") denoting the edge set of T'. The edge weights qﬁj are such that q?ﬁj =

_ _mim;
qi,j = 1—m;m

- whenever the edge (i, j) connects two vertices of the same color and
J
omim;

4ij = Tomm; whenever (i, j) connects a red vertex to a black one.
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The proof is analogous to [6, Lem. 5.2] using the recurswe structure of NCG (k).
Note that the modified edge weights as well as the factors q 1., and ¢y, in the recur-
sion account for the stability factor 1 —om;m ; arising whenever the product Gjj Gt
involves both resolvents and their transposes. We illustrate Lemma A.2 with an exam-
ple.

Example A.3 Let k = 3 and pick spectral parameters z1, 22, 23 € C with [Jz;] 2 1
as well as Ay = A = A3z = Id. By Theorem 1.10, the deterministic approximation
of (G1G%GY%) is given by m*9[1,2,3] with # = (0, 1, 1). We visualize the elements
of the set NCG*(3) in Fig. 21. For a better overview, the edges are drawn as solid or
dashed according to their contribution to q#. We use this sketch to compute

myimams3

m™o[1,2,3] = mimoms Z

chzn (—omma)(L—omym3) (1 — mams3)’

Note that we thus reobtain [7, Eq. (49)] on macroscopic scales if zo = z3.

It remains to consider the case 0 = —1. Here, the Wigner matrix is of the form
W = D + i§ 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;) = (iS—z j)_l satisfies
R(z;)" = —R(—z,). This allows treating the proof of (1.23) for (R(z1)*... R(zx)*")
with R(zj)ti € {R(zj), R(z;)"} analogous to the case (G ...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

(G}...G}) = (R@D*... R(z)®) + O
.

Fig.21 The elements of NC G#(3) for# = (0, 1, 1). The solid edges contribute a factor of

7N

1
N) (A.6)

l mm thF

mim;
ldmm

while dashed edges contribute a factor . (Color figure online)
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which reduces the proof of (1.23) to the previously considered case D = 0. The proof
of (A.6) is given for (G1G}) in [7, App. B]. By expanding G’,..., G,E analogously,
the argument readily extends to k > 3 resolvents. O

A.2 Proof of Therorem 2.3 (CLT for Resolvents)

We follow the general outline of the proof of [27, Thm. 3.6] to identify the necessary
modifications for the general model described by Assumption 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 [27, Lem. 2.3] that
characterizes the difference between (77 1) —mi[71, . .., Tx] and (171 k1) —IE(T]1.47)
thus connecting the statistics X, back to the local law (1.19).

LemmaA.4 Let k € IN and fix spectral parameters z1, ..., z, with |Szj| 2 1 and
max; |z;] < N9 a5 well as bounded deterministic matrices Aj, . . ., Ay such that
(Ax) = 0. Then,

1 N°¢
E(Ty ... T) = my [Ty, ..., Tx] + NS[T], vy Ix] +O<W> (A.7)

with my[-] as in (1.21) and a set function E[-] that satisfies E[@] = O as well as the
recursion

k-1
8, ..., Tl =m ([T, ..., Tj_1, G AA1] + Zf[Tl, T, G [Ty, ., T
=1

~
135
+ jE_zml[Tl ,,,,, Ti—1, G;ET;, ..., Tl + v jE_I(M[j] O (M 11A®))

o
+ > omlGhAY . GLAY, G, Tj, ..., Ti

s Y (M © M) (M ) © (M i A)),

1<r<s<t<k
where © denotes the Hadamard product and wy[-|-] is interpreted as in (1.25).
Proof We note the following modifications to the proof of [27, Lem. 2.3]. Using the

renormalization in (A.1) with w being an independent copy of W (compared to the
independent GUE matrix W used in [27]), we obtain the relation

(Thiky) — T, ey Ti]l = mi(—(WT1x)
+{(TxGrAkArL) —my [T, ..., Ti—1, GrArAr])

k—1
+Y (T jGj) —mulTi, ..., Tjy, GmlTy, .., Til
j=1
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+Zm1[T1 ..... Ti—1, Gj1(Tyjx) — mulTy, ..., Ti])

k
1
+w2 Z(dlag(T[l ])G )T[] k])) + 0<(N2>. (AS)

Recall that the deterministic approximation my[-] is independent of the value of o and

@> (cf. [6, Thm. 3.4]). The terms in the last line of (A.8) involve an additional factor
of N~!. Applying Theorem 1.10 as well as the isotropic local law (1.20) thus yields

1
((T[]’j)Gj)tT[j’k]) = m][G;Atj_l, e, GtzAtl, G, Tj,....,Ti] + O<<ﬁ>

N
. 1
(diag(Ti1,jyG ) Tij.k)) = N Z(T[l,j)Gj)rr(T[j,k])rr

r=1

N
1
—Z(M,])rr(M[, KA + O ( W)

r=1

and we can replace the respective terms in (A.8) by their deterministic approximation.
Note that this also changes the error term to O (N ~3/?). Computing the expectation
of (A.8) is now analogous to [27, Lem. 2.3]. In particular, the cumulant expansion

NEWTuag) =Y, Y. Y. %Eavmlmm

n>2 x,ye[N]ve{xy,yx}"

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 X g. This yields an
analog of [27, Lem. 2.5] for the model in Assumption 1.1 on macroscopic scales and
thus constitutes the base case for the induction argument in the proof of Theorem 2.3.

LemmaA.5 Fix k, ¢ € IN and let a, B be two multi-indices of length k and ¢, respec-
tively. Assume that the Wigner matrix W satisfies Assumption 1.1 and pick spectral
parameters 71, . . ., Zk+e With |Sz;| 2 1 and max |z;| < N0 g5 well as determin-
istic matrices Ay, ..., Agyo with |Aj|| S 1. Then, for any s > 0,

Nx‘)
N2EX®D x G0 o) 10| B] + O( )
o B /—N

with my[-|-] as introduced in Definition 2.1.
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Proof of Lemma A.5 The proof is analogous to that of [27, Lem. 2.5] with one key
difference. When evaluating the cumulant expansion

¢ Kk(xy,v) ¢
NE(WTn X =N D0 3 =BT X)),

n>1x,ye[N]ve{xy,yx}"

the second moment structure of the model in Assumption 1.1 has to be taken into
account for evaluating the n = 1 term. We obtain

4
N YT ky B (Tapye Xy )
x,yE[N]ve{xy,yx}
14
= = > BT T ko Ty Giee ) + 0 (T T ka1 T ey Gier 1))
j=1
+ @2 (diag(T1 kD diag(Ti+j k+e1 711, k+7) Gr+-j)))s

which, compared to the computation in the proof of [27, Lem. 2.5], additionally
involves o and @;. The deterministic approximation of the terms follow from (1.19),
Theorem 1.10 and (1.20), respectively, which yields the source terms sGy g, So, and
5, in (2.4). The rest of the expansion evaluates exactly as its counterpart in [27] since
the term does not involve any second moments of the entries of W.

The rest of the proof of Theorem 2.3 is analogous to that of [27, Thm. 3.6], i.e., we
apply induction on the number of factors in (2.10) using EX, = 0 and Lemma A.5
as base cases. O

B Additional Proofs and Computations
B.1 Proof of Lemma 1.17

Using (1.16) for the ordered multi-set S = {z1,...,2;,..., 2, 2}, rewrite the left-
hand side of (1.32) as

m[l,...,j,...,k,j]:ml...mj_lmimj_s_l...mk Z l_[ qa.b-
FeNCG{1,...k, j}] (a,b)eE(T)

(B.1)
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 cross-
ing, even in an arbitrary planar graph on the given vertices (see left of Fig. 22).
Hence, for any non-crossing graph with edges {ey, ..., e,} # e, the graph with edge
set {e1, ..., en, 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 [
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U
Fig. 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). (Color figure online)

among 1,...,j—1,j+1,..., k that is connected to both copies of j, as having two
distinct vertices Z, I’ with this property results in a crossing (see right of Fig. 22).
Consider the disjoint decomposition

NCG{L,....j....k.jh=Su( | s
IelkN\j)

where S;l) contains all ' ¢ NCG({1,...,j,...,k, j}) for which the vertex [ €
[£] \ {j} is connected to both copies of j and S| contains any remaining I". This
implies

Z 1_[ qa,b=Z 1_[ Ga.b + Z Z l_[ Ga,b-

FeNCG[{1,...k,j}] (a,b)eE(T) IeSi (a,b)eE() [EkI\ (]} s (@ b)EET)

(B.2)
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

_ J o
4j.j = 1_m2 —mj (B3)

where the second equality follows from (1.12), we can factor out (1 +m’j) on the right-
hand side of (B.2) and reduce to summation over N C G (k) without further restriction.
Note that this also results in the edge (/, j) doubling whenever I" € S(l) ,1.e., we obtain
an extra factor of g ; in this case. Hence,

I1 Qa,b:(l""m/j)( > I1 qa,b><1+ > Qj,l>-

FeNCGI{1,...k,j}] (a,b)eE(T) FeNCGI{1,....k}] (a,b)e E(T) le[kI\{j}

Noting that (B.3) is equivalent to m (1 + m’j) = Z—; and applying (1.16) to recover
mll, ..., k] yields (1.32). ' O
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B.2 Proof of Corollary 2.11

We start by evaluating sc[iy, ..., i,] and sc[iy, ..., inlin+1, - - -, int+m] before consid-
ering the associated free cumulant functions. First, note that

0, if n odd,

2
scliy, ..., ix]l = / xnpsc(x)dx = .
-2 Cpj2, if n even,

where Cy, C1, Ca, ... denote the Catalan numbers. In particular, sc[iy, ..., i,] coin-
cides with the number of non-crossing pairings of the set [r]. It readily follows
that sco[i1,i2] = 1 and that sc.[if,...,i,] = O whenever n is odd. Moreover,
SColi1, .., in] = 0 for any even n > 4. The latter follows inductively from (1.14) by
writing

sColit, .. in] =sclit. ... il = > [ seolB1. (B.4)

7eNCP(n)\{[n]} Ben

and observing that only pairings contribute to the sum on the right-hand side of (B.4),
i.e., the two terms cancel.

Next, we compute sc[ii, ..., inlin+1s - - -, in+m]. Observe that by (1.26) and The-
orem 2.9,

SClity -y inlinets - ooy bnam] = lim E[(Tr W" — EW™")(Tr W" — EW™)].
N—o00

The limit on the right-hand side is well-known in the free probability literature
(see, e.g., [21]) and hence readily identified as the number of non-crossing pair-

ings of the (n,m)-annulus. Solving (1.26) for Scoolit, .-, inlintls---»intml, it
follows inductively that scoolit, - .., inlint1, -, inym] = O for any n, m. Hence,
q)JT1><JT2,U1><U2(fla ey fk+£) =0and

. —_—
1, ifmr e NCPy(k, 1),
0, otherwise,

D (f1,-os fore) =

which is the claim. Note that the error in (2.16) evaluates to O(N~1/2) as || f; || yg» for
i=1,...,kresp. || fjllga for j =k +1,..., k + £ are N-independent constants in
the macroscopic regime. O
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