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We consider the fluctuations of regular functions f of a Wigner matrix
W viewed as an entire matrix f(W). Going beyond the well-studied tra-
cial mode, Tr f(W), which is equivalent to the customary linear statistics
of eigenvalues, we show that Tr f(W)A is asymptotically normal for any
nontrivial bounded deterministic matrix A. We identify three different and
asymptotically independent modes of this fluctuation, corresponding to the
tracial part, the traceless diagonal part and the off-diagonal part of f(W)
in the entire mesoscopic regime, where we find that the off-diagonal modes
fluctuate on a much smaller scale than the tracial mode. As a main motivation
to study CLT in such generality on small mesoscopic scales, we determine
the fluctuations in the eigenstate thermalization hypothesis (Phys. Rev. A 43
(1991) 2046-2049), that is, prove that the eigenfunction overlaps with any
deterministic matrix are asymptotically Gaussian after a small spectral av-
eraging. Finally, in the macroscopic regime our result also generalizes (Zh.
Mat. Fiz. Anal. Geom. 9 (2013) 536-581, 611, 615) to complex W and to
all crossover ensembles in between. The main technical inputs are the recent
multiresolvent local laws with traceless deterministic matrices from the com-
panion paper (Comm. Math. Phys. 388 (2021) 1005-1048).

1. Introduction. The eigenvalues {)L,-}ZNZ | of large N x N Hermitian random matrices
W form a strongly correlated system of random points on the real line. One manifestation of
this feature is that their linear statistics, Tr f (W) = 1N=1 f(A;) with a regular test function
f: R— R has a variance of order one. In fact, it satisfies a central limit theorem (CLT) but
without the customary N ~!/2 scaling factor. Note that Gaussian fluctuations normally emerge
with the N~1/2 factor as a cumulative effect of N independent or weakly dependent random
variables. Thus it is quite remarkable that CLT holds for the strongly correlated eigenval-
ues and the anomalous scaling alone offsets all effects of these correlations, rendering the
fluctuations of >, f(X;) still Gaussian.

What about the fluctuations of f(W) viewed as a matrix and not just considering its
trace? In this paper, we show that f(W) tested against any bounded deterministic matrix A,
Al <1, is still asymptotically normal, provided that Tr AA* 2> N€. Our result holds in the
macroscopic and in the entire mesoscopic regime, including spectral edges. More precisely,
we consider the centered functional linear statistics

N
ey Ly(f, A):=Ti[f(W)A] =ETe[f(W)A] =" f(ui)(ui, Au;) —EL.. ],

i=1

where u; is the normalized eigenvector of W corresponding to A;. The statistics is called
macroscopic if f is N-independent, and mesoscopic on scale N~¢ with some exponent
a € (0,1) if f is of the form f(x) = g(N?(x — E)) with some N-independent compactly
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supported function g, that is, if f lives on a scale N™¢ around a fixed energy FE € [—2, 2] in
the spectrum.

One prominent motivation to study functional CLT on small mesoscopic scales is to under-
stand the fluctuation in the eigenstate thermalization hypothesis in physics [18], also known
as the strong quantum unique ergodicity (QUE) in mathematics [49]; see [16] for further
references. QUE for Wigner matrices asserts that a law of large numbers holds for the eigen-
vector that overlaps with deterministic matrices A, that is, that (u;, Au;) converges to the
normalized trace of A as N — oo. In our companion paper [16], we established the optimal
convergence rate of order N~!/>*€, for any € > 0, with a very high probability. In Theo-
rem 2.3 of the current paper, we prove that the overlaps (u;, Au;) are asymptotically Gaus-
sian after a small spectral averaging in the index i, which corresponds to the mesoscopic
functional CLT for (1) when f is a characteristic function supported on a small spectral in-
terval containing about N€ eigenvalues for any arbitrary small € > 0. We remark that the
Gaussian fluctuation of (u;, Au;) is expected to hold for each i individually, but this result
has only been proven for finite rank A using the Dyson Brownian motion for eigenvectors;
see [9, 10, 43].

For A = I, the quantity Ly (f, I) is the standard linear statistics of the eigenvalues that
have been studied extensively both in the macroscopic regime by many authors [3, 5, 8, 27,
32, 33, 40, 51, 54, 55] and in the entire mesoscopic regime a € (0, 1) by He and Knowles;
see also [1, 4, 6, 13, 19, 31, 35-37, 40] for related models on mesoscopic scales and [11, 12,
20, 21] for previous works on nonoptimal intermediate scales. It is therefore well known that
Ly (f, I) is asymptotically normal, that is, without a further N /2 normalization it satisfies a
central limit theorem with a variance given by essentially the H'/2-norm of f; see (17). Note
that the entire analysis of the special case A = I is tracial; it relies only on the eigenvalues
of W and is insensitive to its eigenvectors.

For the case of general observables, we decompose A as

. 1
2) A=(A)]+ Ad+ Aod, (A) ::NTrA,

where fid = Agq — (Aq) is the traceless component of the diagonal part Ag of A and
Aoq := A — Ay is the off-diagonal part of A. Following this decomposition, Ly (f, A) has
three different, mutually asymptotically independent Gaussian fluctuation modes, their ex-
pectations and variances are given in Theorem 2.4. On the macroscopic scale and for real
symmetric Wigner matrices, this result was essentially obtained by Lytova in [38]. In The-
orem 2.4, we extend [38] to complex Hermitian Wigner matrices including all crossover
ensembles, that is, following the dependence on the real parameter o := N Ew%2 in its en-
tire range o € [—1, 1] under the standard normalization E|w12|2 = %, Ewip = 0 for the
off-diagonal matrix elements of W.

Our main contribution, however, is to establish a similar decomposition of fluctuations for
the entire mesoscopic regime, a € (0, 1), since our Theorem 2.4 also allows for mesoscopic
test functions. The corresponding limiting variances are computed in Propositions 2.9-2.10.
For mesoscopic test functions f, the current paper contains the first results on the limiting
distribution of Tr[ f (W)A], with A # I. It turns out that the two traceless modes fluctuate on
a scale of order N ~%/2 in the bulk and N —3%/4 at the edge in contrast to the O(1) fluctuation
scale of Ly (f, I). Hence we not only need to explore the genuine off-diagonal fluctuations
involving eigenvectors, but we also need to work at a much higher accuracy to detect the
relevant fluctuations that are subleading compared with the previously explored regimes. This
is a major new complication not present in the a = 0 macroscopic scale in [38]. Furthermore,
we also show that mesoscopic linear statistics living on different scales are asymptotically
independent (Theorem 2.13).
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We explain the phenomenon of different fluctuation scales on the standard example of the
resolvents, G = G(z) = (W — z)~! with spectral parameter z € C \ R, that can be viewed
as a function f of W living on scale n := Jz > 0 around the point E := Nz. To understand
(GA) for a deterministic matrix A, we decompose A into its tracial and traceless parts as
A=:(A)+ A and write

3) (GA) =m(A) + (A)(G —m) + (GA),

where m = m(z) is the Stieltjes transform of the semicircle law. The first term is determin-
istic, the second one is asymptotically Gaussian on scale (G — m)(z)) ~ (N n)_l by [30].
We prove that the last term in (3) is also Gaussian, independent of the first one, and it has
size (GA) ~ (AA*)1/2/(Nn'/?), provided that (AA*) > (Nn)~!. In fact, it can be further
split into a diagonal and off-diagonal part following (2). Thus the fluctuation of the tracial
part is much bigger than that of the traceless part in the small n regime, however, the latter
determines the fluctuation of (G A) for traceless observables (A) = 0.

We now mention a few related works on general Gaussian fluctuations in Wigner matrices.
In contrast to the extensively studied linear eigenvalue statistics, this question received much
less attention in the random matrix community, although a Wigner matrix contains many
other physically or mathematically relevant random modes and most of them are expected to
be Gaussian (notable exception is the eigenvalue gaps that follow the Wigner—Dyson statis-
tics). Besides Lytova’s work [38], tracial CLTs for certain minors were obtained in [25]. Spe-
cial functional CLTs have been proven for Haar distributed matrices [52, 53], and for partial
traces of invariant ensembles [45]. The free probability community has systematically stud-
ied Gaussian fluctuations of traces of products of a Wigner matrix and deterministic matrices
via the concept of second-order freeness [17, 44]. This theory has recently been extended to
polynomials in several independent Wigner matrices ([42], Theorems 3—4). However, these
results rely on the moment method and handle only polynomials of Wigner matrices. It is
yet unclear if the moment approach can be extended to general functions on the macroscopic
scale; mesoscopic scales seem inaccessible.

Finally, we mention that the fluctuation of certain specific observables may be non-
Gaussian. For example, the fluctuation of matrix entries f(W);; of f(W) for regular test
functions f is a linear combination of w;; and an independent Gaussian of size N -1/ 2; see
[24, 40, 41, 46, 47]. In contrast, our result shows that Tr f(W)A is always asymptotically
Gaussian whenever |A|| ~ 1 and (AA*) 2 N ~1+¢ Hence, the non-Gaussian components of
f (W) are only visible for very low rank observables A.

The paper is structured as follows. After this Introduction, we present the main results in
the next Section 2. We start with our motivating Theorem 2.3 on the Gaussian fluctuation of
the overlaps (u;, Au;) after a small spectral averaging in i. Then we formulate our functional
CLT (Theorem 2.4) in full generality in the bulk and at the edge of the spectrum of W, from
the macroscopic scale down to the smallest possible mesoscopic scale just above the local
eigenvalue spacing. Our formulation exhibits the three distinguished fluctuation modes with
their own scaling factors. Simplified formulas in the mesoscopic regime for the expectations
and the variances of the limit Gaussian processes are given in Proposition 2.9 in the bulk
and in Proposition 2.10, respectively. We also include all the additional effects of the fourth
cumulant k4 = N 2E|w12|4 —2 — o2 of the off-diagonal matrix element wi,, the parameter
oc=N Ew%2 describing the crossover regime between complex and real symmetry class and
the size of the diagonal element wy; = N Ew%l. These three parameters appear in the exact
form of the limiting expectations and variances of the three different modes of Ly (f, A).
Some earlier works assumed special values of these parameters, for example, 0 =0, 1 and
wy = 1 + o is a typical choice in certain more restricted definition of the Wigner ensemble.
Consequently, some explicit terms did not always appear. We also identify the cases when
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some of these three limiting modes have vanishing variance and explain their algebraic ori-
gin in Appendix A. Finally, in Theorem 2.13 we show that fluctuations on different scales are
asymptotically independent. In Section 3, we present the necessary multiresolvent local laws:
some of them have already been proven in; some others, especially the ones involving three
resolvents, are shown here with some proofs deferred to the Supplementary Material [14],
Appendix D.2. The main technical input for all these cases is [16], Theorem 5, and its slight
extension in Theorem 3.5, proven in [14], Appendix D.1, that control the most critical fluc-
tuation term (the so-called renormalized “underlined” term) in the self-consistent equation
for products of resolvents and deterministic matrices. Some additional technical estimates
are deferred to [14], Appendix B. In Section 4, we prove a general CLT for resolvents; this
section is the technical centerpiece of the current paper. Finally, in Section 5 we convert the
resolvents into general functions by using Helffer—Sjostrand-type formulas, and thus prove
our general functional CLTs. The proof of Theorem 2.3 is given in full detail in Section 5,
while several technical calculations for the proof of the very general Theorem 2.4 are deferred
to [14], Appendix F.

Notation and conventions. We introduce some notation we use throughout the paper. For
integers k € N, we use the notation [k] := {1, ..., k}. For positive quantities f, g, we write
f<Sgand f~gif f <Cgorcg < f < Cg,respectively, for some constants ¢, C > 0, which
depend only on the moments of the matrix elements, that is, on the constants appearing in (5).
We denote vectors by bold-faced lower case Roman letters x, y € C¥, for some k € N. Vector
and matrix norms, ||x|| and ||A||, indicate the usual Euclidean norm and the corresponding
induced matrix norm. For any N x N matrix A, we use the notation (A) := N “ITrA to
denote the normalized trace of A. Moreover, for vectors x, y € CV we define

(X, )= Xiyi,  Axy:=(x,Ay),

with A € CV*V,

We will use the concept of “with very high probability” meaning that for any fixed D > 0
the probability of the N-dependent event is bigger than 1 — NP if N > Ny(D). Moreover,
we use the convention that £ > 0 denotes an arbitrary small constant which is independent
of N.

2. Main results. Let W be an N x N real or complex Wigner matrix with eigenvalues
A1 < Ap <--- <Ay and corresponding orthonormal eigenvectors #1, ..., uy. The eigenvalue
density profile is described by the semicircular law

4 — x2
2r

On the entries of W, we formulate the following assumptions.

“4) pP(X) = psc(x) 1=

ASSUMPTION 2.1. The matrix elements w,, of W are independent up to Hermitian

__ . . T d L, _
symmetry wgp = Wp,. We assume identical distribution in the sense that w,, = N 1/2

1/2

Xod>
for a < b, wy, 4 N7™"“x4, with xq being a real, and x,q being either a real or complex
random variable such that Exoq = Exq = 0, E|xoq/?> = 1 and o := Exgd € R. In addition,
we assume the existence of the high moments of x4, x4, that is, that there exist constants
Cp, > 0, for any p € N, such that

(5) Elxdl? + E|xoal” = C)p.
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Notice that o € [—1, 1]; the case o = 0 corresponds to complex Hermitian Wigner ma-
trices with Ewgb = 0, the case 0 = 1 corresponds to real symmetric matrices, and the case
o = —1 corresponds Wigner matrices W = D 4+ 10, with D being a diagonal matrix and O
being real skew-symmetric, that is, O = — 0.

Finally, in order to state our results compactly, we introduce the following notation to
indicate that two random vectors have asymptotically equal moments.

NOTATION 2.2. For two random vectors X = (X1, ..., Xy), Y =({1,...,Y), withk €
N, of N-dependent random variables we define of the concept of closeness in the sense of
moments and we denote it as

XZY +0n(N)
for some ¢ > 0, if for any polynomial p(x1, ..., xx) it holds that
Ep(X1.....X) =Ep(Y1.....Y)) + O(N~“*%),

for any small £ > 0, where the implicit constant in O(-) depends on k, &, the polynomial p
and the constants in Assumption 2.1.

2.1. CLT for eigenvector overlaps. As explained in the Introduction, the Gaussian fluc-
tuation of the eigenvector overlaps (u;, Au;) with a deterministic matrix A is a fundamental
question since it describes the fluctuation in the strong quantum unique ergodicity for Wigner
matrices. This problem has only been solved for finite rank A; see [9, 10, 43]. Our first theo-
rem establishes an averaged version of this CLT for general A.

THEOREM 2.3 (CLT for averages of eigenvector overlaps). Let A be a deterministic
N x N matrix with ||A]| <1 and let A := A — (A) denote its traceless part. Let € > 0 and
K € N with N¢ < K < N'=€. Then for some w = w(€) > 0 we have the CLT at the edge:

1 N
—= VN[ (ui, Aui) — (A)]
ﬁ i:Ng{—H
(0)
= N(o, ?[(M*) +1(0 = 1)(42)]) + Om(N72).

Moreover, for any § > 0 and SN < iy < (1 —8§)N and 0 > —1, we have CLT in the bulk:
1
—— > VN[(ui, Au;) — (A)]

V2K i <k
(7) o o o o
AA*Y+1(0c = 1)(AA
where the implicit constant in Oy (-) depends on §. Finally, in case o = —1 for any fixed

c € (8,1 — &) we have a slightly different CLT in the bulk:

1
N VN[(u;, Au;) — (A)]
V2K Ii—c%:sk
(8) o o o o
m (AA*) +1(c =1/2)(AA) "
_N@, ; )+OﬂN )

In the next subsection, we formulate the CLT for the functional linear statistics (1) in
full generality for regular test functions f. Theorem 2.3 is a special case of such CLT on
mesoscopic scales with f essentially being the characteristic function of an interval. While
this sharp cut-off test function formally does not satisfy the regularity condition imposed on
f in Theorem 2.4 below, in Section 5 we will show how to cover this special case as well.



452 G. CIPOLLONI, L. ERDOS AND D. SCHRODER

2.2. General functional CLT. Let g € Hg(R) be a compactly supported real valued test
function, then for 0 <a < 1 and |E| < 2 we define the test function rescaled to a scale N ¢
around E as

€)) f@):=g(N*(x — E)).

The scale a = 0 corresponds to the macroscopic regime. The scales 0 < a < 1 in the bulk and
0 <a <2/3 at the edges, |E| = 2, correspond to the mesoscopic regime. Our result holds
uniformly in E, that is, it also covers the entire transitionary regime between bulk and edge.

For deterministic N x N matrices A, and test functions! f: R— R defined as in (9), we
define the centered linear statistics

N N
(10) Ly(f. A) =) fOa)(wi, Au) —EY " f (1) (u;, Auy).

i=1 i=1
For the general CLT, it is natural to decompose the space of matrices in three mutually or-
thogonal subspaces. We will write a general matrix A as
A=Ag+ A= (A)] + Ag+ A,  A:=A—(A),

that is, as the sum of a constant multiple of the identity matrix, a diagonal traceless matrix
Ag, and an off-diagonal matrix Ayg. Given the decomposition of A, the linear statistics has
three modes

(1D Ly(f. A)=(A)Ly(f. 1)+ Ly(f. Ag) + Ly (f. Aca).

which we prove to be asymptotically independent Gaussians.
For the sake of shorter notation, we denote the expectation of a function f with respect to
the semicircular density and its inverse by

o V4 — 52 [ S
(f)se -—/_zf(X)TdX, (f)l/sc .—/‘_2”7 s

We also define the Stieltjes transform of the semicircle law

dx.

2
(12) m(z) = mee(2) :=f Pl 1 zeC\R.

-2 Xx—z
We set p(z) := %li‘vmsc(zﬂ and note that p(x + 10) = pgc(x).

Finally, we introduce some notation related to the distribution of the matrix elements of W.
We denote the normalized fourth cumulant of the off-diagonal entries, the expectation of the
square of the off-diagonal entries and variance of the diagonal entries of W and a certain
frequently used combination of them by

) ks =Elxoal* —2—0%  0:=Exd.
w2:=E)(§, Wy :=wy—1—o0,

respectively.

We now state our main result, the functional CLT in both the macroscopic a = 0 and
mesoscopic a > 0 regimes. In Theorem 2.4, we rescale the traceless diagonal linear statis-
tics Ly (f, fid) and the off-diagonal linear statistics Ly (f, Aoq) in such a way the limiting
processes are, to leading order, N-independent except for the explicit dependence on (| Ag|?)
and (AgqA}y), irrespective of the scaling parameter a for test functions of the form (9). In
Section 2.3 below, we provide explicit formulas for the mesoscopic limits of the processes in
terms of g, demonstrating the N-independence of Ly (f, fid), Ly (f, Aoq) to leading order.

1By linearity, there is no loss in generality by assuming the test function to be real valued.
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THEOREM 2.4 (Macroscopic and mesoscopic functional CLT). Let 0 <a < 1 and define
the scaling factor for any, possibly N -dependent, E = En € [—2,2] as

N“ W.E p(E+iN") a=>0,
— > Where py =py" =

Cy=C4F =

Note that Cy =1 for the macroscopic a =0 case. Let g € HO2 (R) be a compactly supported
function and set f(x) := g(N*(x — E)). Let A be a deterministic matrix with ||A|| < 1. Then,
in the limiting the regime Cy << N, the three centered linear statistics (11) are approximately
distributed (in the sense of moments)

(Ln(f, D), VCNLN(f, Ad), VONLN(f, Aod))

m ° C
= (Ee(f), Ea(f, Aa), Eoa(f: Aoa) + om( /WN)

as three independent centered N-dependent Gaussian processes &x(f), &a(f, fid),
&od(f, Aod) whenever (|Ad|2), (AodA%y) e CyN—1+€ for some € > 0. Their variances are
given by?

(14) Elgu(/) = V() + Va(f.0) + T2 = x) e + %(xfﬁ/sc,
Elsa(f, Ad)|” = CnllAaP) (VL (f) + VE(f. o)
()% + Kal (¥ = 1) £,
(16)  Eloa(f, Aot)|” = Cn ({Aca Al)Vd (f) + (AodAcd) VE(f. 0)),

with

15)

1 (2 fx) = FO)\2 4 —xy
1 e

(17) Vtr (f) o 47‘[2 //—2( X =Yy ) \/(4 _ x2)(4 _ yz) dx dy,

1 2
Vihor = [[ r@rmaa,

(18) =0y + (VA= 40 J4— y2)?

X log[ ] dy,
(x —oy)?+ (W4 —x2—0,/4—y?)?
(19) Vi) = (). — (HE,

1 2
Vitho) =1 [ f@ro
20)

(1- 02,/ —x) @ —y?)

dxdy — ()2,
o2(x2+y)+ (1 —02)2 —xyo(1+02) xdy = ()i

for |lo| < 1, and Vt% V012 are extended to o = %1 by continuity, th/d(f,:lzl) =

limg— 11 th/d( f,0). Moreover, for any & > 0, for the expectation of the linear statistics

2The Gaussians are scaled such that &(f), &a(f, Aa)/(1Ad1*)V/?, &od(f. Aoa)/(AoaA%y)!/? are of order one.

The N-dependence of Cy is exactly offset by the N-dependence of le( f) etc. in the mesoscopic regime; see
Section 2.3.
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we have the expansions

w2

“ 7((2_x2)f>1/sc

B} 0 =N(flset 2 {(x* =45 +2) 1)y =

_Etr<f,cr>+O(NS /C_N>
2 N )’

21

£
22) ‘Elz_m,-xui,Aodui) +‘ElZf(Ai)<ui,fidui> =O(%),
where

23 E =(r(1 1o 1

(23) w(f,0) = <f( _(1—|-<7)—2—0xz>>1/sc’ o] <1,

and Eq(f,£1) :=limy_ 1 Etr(f,a).3 The implicit constants in O(-) in all error terms
above depend only on the model parameters in Assumptions 2.1 and on ||g|| H2> | supp g|

(additionally in (22) the constant also depends on &), in particular they are independent
of E.

Theorem 2.4 is only meaningful in the regime where Cy < N, equivalently, when N ¢
is above the local eigenvalue spacing around E, by using that p(E +iN~%) ~ (||E| — 2| +
N~%)1/2_ Thus our result covers the entire mesoscopic range uniformly for any |E| < 2. In
particular, we allow for the range a € [0, 1) in the bulk regime, |E| <2 — €, and a € [0,2/3)
in the edge regime, |E| = 2.

We note that the expectation of Tr f (W) is typically of order N, hence much larger than
its fluctuation. However, Theorem 2.4 identifies the leading term of ETr f (W) to an accu-
racy beyond its fluctuation size. For both Tr f (W)fid and Tr f (W) Aqq, their expectations are
much smaller than their fluctuation.

For simplicity, we formulated Theorem 2.4 for linear statistics with one test function f
only. Our method, however, can handle linear combinations of test functions living on differ-
ent scales since the main input of Theorem 2.4, the resolvent CLT in Theorem 4.1, allows for
each involved resolvent to be evaluated at its own spectral parameter with possibly very dif-
ferent imaginary parts. Hence, by standard polarization, a multivariate variant of Theorem 2.4
directly follows.

COROLLARY 2.5 (Multivariate CLT). Let p € N, Ey,...,E, € [-2,2], 0 <ay,...,

ap <1,andlet gy,...,gp € HO2 (R) be compactly supported test functions and set
fi(x) == gi(N (x — Ep)).
Then for deterministic matrices Ay, ..., A, of bounded norms, || A;|| S 1 the joint linear

statistics (11) are approximately distributed (in the sense of moments)

(LN(fi’ DACHWE Ly (fiu (Aa).  Co B Ly (£, (Ai)od))ie[P]
= A icai,Ei
(50 (). i (Aa).Eoa(f (Ao + Om (| Ty )

3Note that Eq(f, £1) is defined as a limit ¢ — =1, which is different from plugging o = =£1 into (23). In
particular, 0 — E(f, o) is continuous on the closed interval [—1, 1].
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as centered Gaussian processes &y, £a, Eod of covariances obtained from the variances in
Theorem 2.4 by polarization, uniformly in E; € [—2,2]. The implicit constant in the O(-)
error term above only depends on the model parameters in Assumption 2.1 and on g via
llgill H2 and | supp gi|, in particular it is independent of E;.

REMARK 2.6 (Alternative representation of the variances in Theorem 2.4 via Chebyshev
polynomials). By a direct computation using the geometric series, we find

(24) Va(N) =2k f1dyser Valfio) = 3 ko™ (1) se,
k>1 k>1

(25) Vi) =) (furse,  Vifo) =Y o*(fun)L,
k>1 k>1

where t(x) := Tr(x/2), ug(x) := U (x/2) and Ty, Uy are the kth Chebyshev polynomial of
the first and second kind, that is, T (cos@) = cos(k8), Ui (cos@) = sin[(k + 1)8]/sinf. In
particular, we can recover the representation of E|&,( f)|? obtained in [5], equation (1.5), and
write

26) El(Hl = 2K+ O V10T e 204+ 14+ 0N f 02T e+ w2l F11)T e

Similarly, for the &4, £,q We obtain

E|éa(f, Ag) = <|fid|2>[2(1 oMY Fur)2 + wa(fun)
27 k=3

+ (ks + 14 02)(f142)§c],
(28) El&oa(f. Aoa)|” = Y () ((AoaAly) + 0¥ (AcaAca)-
k>1

Note, that (26)—(27) are sums of nonnegative terms since wy > 0 and k4 = E| xoq *—2—02>
—1—02dueto E| X0d|4 > (E| Xod|2)2 = 1. Similarly, (28) is a sum of nonnegative terms since
" (AodAod) = —[(AodAod)| = —(AcdAly).

REMARK 2.7 (Explicit formulas for o = £1). The limits of (23) are explicitly given by

2 -2
I R Y ST 0]

For the variances in case o = 1, we have Vt%(f, 1) = Vé(f) and de(f, 1) = le (f), while
for o = —1 we have

1 2 — —x) — —
V2(f,—1) = 1;;5‘/}:2 (f ) = fFONf(=x) = f(=y))
4

(x —y)?
X — dx dy,
Jé =)@ —y?)
VA, =) =) f (=), — (HZ.

REMARK 2.8 (Cases of vanishing variance in Theorem 2.4). From the Chebyshev rep-
resentation in Remark 2.6, we can easily identify the necessary and sufficient conditions for
the processes &, &4, §od tO vanish:*

(30)

4Note that in case o = —1 the condition on f differs for the three processes. For £,4q and symmetric Ayq = Agd
any odd function f results in £,q( f, Aoq) = 0, while for &4 and & only odd functions f orthogonal to x + x with
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(a) &:(f)=01if and only if f is of the form

f(x)=1(<7=—1)<¢(x)— + b+ 1(wy =0)cx

€1y
+1(kg=—1—0%)dx?

for some odd function ¢ (—x) = —¢(x) ar&d b,c,d e R. .
(b) For each fixed® N, we have &q(f, Ag) = 0 if and only if either (i) Aq =0, or (ii) f is
of the form

(32)  f(x)=1(0 = —1)(p(x) — (¢px)scx) + b+ 1wz = 0)cx 4+ 1(kg = —1 — %) dx?

for some odd function ¢ and b, c,d € R.
(c) For fixed N, we have &,q(f, Aoq) = 0 if and only if either (i) Aog = 0, or (ii) Aoq =
—Aly, 0 =1,o0r(iii) Agg = ALy, 0 = —1and f(x) = b + ¢ (x) for some odd function ¢.

In Appendix A, we will comment on why these cases naturally yield vanishing variances.

2.3. Computation of the expectations and variances in the mesoscopic regime. Theo-
rem 2.4 identified the expectations and the variances of the limiting processes &, &4, &od
in terms of the test function f € HOZ(R). In case of mesoscopic test functions of the form
f(x) =g(N%x — E)) with some scaling exponent a > 0, reference energy E € [—2, 2] and
a compactly supported function g € HOZ(R), we may compute the leading terms of the vari-
ances in terms of g. The result is different in the bulk (| E| < 2 — € for any € > 0 independent
of N) and at the edge (E = £2), therefore here we explicitly distinguish these two regimes.
We note, however, that all error terms in our main Theorem 2.4 are valid uniformly in E, so
this distinction is made here only in order to obtain simple limiting formulas. The variances

can be conveniently expressed in terms of the L2 and H'/? inner products on real valued
functions
JFx) =) gx) —g(y)
(fg)2i= [ Fogdx, (g = [ dx dy.
R R -y X=y

PROPOSITION 2.9 (Bulk scaling asymptotics). Fix an a € (0, 1) and an € > 0 (indepen-
dent of N) and recall f(x) = g(N*(x — E)). Then for any |E| <2 — €, the variances and
expectation in Theorem 2.4 have the following large N asymptotic behavior:

2

llgll 71/2
Va(f) = 4;’2/ +O(N™),
gl
Vi(f.o)=1(c = DTHZ/
(33) 1o = —D)I(E =0) {8(x), g(=x)) 112 L O,

472
CnVi(f)=lgll7. + O(N™Y,

CyVi(f.0)=1(c = Dlgl?, + 1o = —DI(E = 0)(g(x), g(—x)),2 + O(N %),

g(0)
2

Ex(f.0)=1(c = —1)I(E =0)=— + O(N~9).

respect to (-)sc and (-} /sc, respectively, result in &g, &¢r to vanish. Thus, for example, £,4 (x3) =0, Ed(x3 —2x)=0
and & (x> — 3x) =0.
SRecall that the processes &4, £,q depend on N through /id, Aod-
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The implicit constants in the error terms depend only on a, €, || g|| HY> |supp g| and on C),
from (5) and they are uniform in E, o in a specific sense explained in Remark 2.11.

PROPOSITION 2.10 (Edge scaling asymptotics). For® E =2, that is, at the right edge,
and any 0 < a < 2/3 the variances and expectation in Theorem 2.4 we have the scaling
asymptotics

lg(=x*) 1312 »
Vti(f) = TZH + (’)(N /2)’
||g(_x2)||2'1/2 —a
Vi(f.0) =10 = h——a g =+ O(N~/2),
2 2
(34 CNle(f):M_{_O(N—a/Z)’
2 2

CNde(f, o)=1(c = 1)M + @(N—a/z)’

Etr(f, O’) = 1(0’ = 1)# + O(N—a/Z).

The implicit constants in the error terms depend only on a, || g|| H2 | supp g| and on C, from
(5) and on o in a specific sense explained in Remark 2.11.

REMARK 2.11. Our proof also gives uniformity of the dependence on the constants E,
o in the error terms in (33)—(34) in the following sense. In those formulas among (33)—(34)
that contain 1(c = 1), the error is uniform in 0 < 1 — € for any fixed € > 0 when o # 1.
Similarly, the presence of a factor 1(oc = —1) in the formula comes with uniformity for any
o > —1 + € whenever o # —1. Finally, in terms with 1(E£ = 0) in (33) we have uniformity
for any |E| > €, whenever E # 0. In all other terms, our result is uniform for all |E| <2 —e€.
See also Remark 2.15.

REMARK 2.12. In contrast to the macroscopic scale, note that on the mesoscopic scale
the limits in Propositions 2.9-2.10 are independent on x4 and wj and their o-dependence
is via a very simple characteristic function. This shows that the mesoscopic fluctuations are
less sensitive to the details of the ensemble, in agreement with the general paradigm that
more local statistics are more universal. In fact, for 0 > —1 the appearance of 1(c = 1)
in the variance V2, V. corresponds to a factor of 2 difference between real symmetric and
complex Hermitian symmetry classes. Furthermore, for o = —1, assuming w; = 0, we have
W =i0, where O = —O" is a real skew-symmetric matrix, in particular the spectrum of W
is symmetric with respect to zero, that is, the eigenvalues around some energy E and —E
are strongly dependent. On the mesoscopic scale, this feature is relevant only for £ = 0 and
it changes the expectation and the variance. In particular, for antisymmetric test functions,
g(x) = —g(—x), we have Ly(f, A) =0, and indeed, the variances in Proposition 2.9 add up
to zero in this case.

Additionally, we prove that the linear statistics for test functions living on different scales

are asymptotically independent. The proof of the following theorem follows by standard argu-
ments completely analogous to the proof of Theorem 2.4 and is presented in [14], Section F.3.

5The case of the left edge, E = —2 is completely analogous upon replacing —x2 by x2 in the formulas (34).
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THEOREM 2.13. Let € >0 and E1,E; € [-2+¢€,2 —€],0<aj; #ar <1 and let
g1, & € HO2 (R) be compactly supported functions and set fi(x) := gi(N% (x — E;)). Then the
limiting Gaussian processes & (f1), & (f2) from Theorem 2.4 are asymptotically independent
in the sense

(35) |Cov(&e( 1), Ex(f2))] S NIl

Similarly, for bounded deterministic matrices Ay, A the processes &4, Eoq are asymptotically
independent in the sense

(36) |Cov(a(f1), £a(f2))| + |Cov(Eoa(f1, A1), Eod(f2, A2))| S NTl1—a2l/2,

To make our presentation simpler, we stated this result only in the bulk, but our proof
naturally yields the independence of linear statistics living on different scales uniformly in
the spectrum. Moreover, the same argument also yields independence of linear statistics living
on the same scale at distant energies, that is, for a; =ay =a and |E| — E2| > N4,

Theorem 2.13 together with Theorem 2.4 imply the asymptotic independence of linear
statistics living on different scales 0 < a; # a» < 1 in the sense

(37) |Cov(Ln(f1, 1), Ly(f2, D)| < N7lai—al p y@=/2 4 n@=D/2

and similarly for /Cn Ly (f;, Ad), VCNLN(fi, Aod). We note, however, that for large |a; —
ay| the estimate on the covariance of linear statistics in (37) may be larger than that of the
limiting processes in (35) owing to the error terms from Theorem 2.4.

2.4. Related earlier results and miscellaneous remarks. The linear eigenvalue statistics
> i f(x;) have been extensively studied, and a CLT has been proven for macroscopic test
functions as well as for mesoscopic test functions down to the optimal scale both in the
bulk and at the edge, hence our results on &;(f) are not new, and we only listed them for
completeness. More precisely, the explicit form of the variance E|£.(f)|?> for macroscopic
test functions in (14) exactly agrees with [39], equation (3.92), for wy =2/ and with [51],
equation (1.10), for the case when wj # 2/ 8. Note that the parameter 8, customary in random
matrix theory distinguishing between the real symmetric (8 = 1) and complex Hermitian
(B = 2) symmetry classes, corresponds to 8 = 2/(1 + o) with our notation in the cases
o=0,1.

For mesoscopic test functions, the variance E|&;(f )|2 in (14) with (33) in the bulk and
with (34) at the edge exactly agree with [36], equation (2.22), and [36], equation (2.23), [29],
equation (2.6), respectively, in case of o = 0, 1. Our formulas for general o agree with the
results in [28] for o € (—1, 1]; however, the final formula for the variance in case 0 = —1
appears to be wrong in [28] (probably the error stems from [28], equation (6.25), overlooking
that |f| is not far away from zero, in fact |T| ~ 7 in this case).

As far as the expectation (density of states) is concerned, the explicit formula for
EY"; f(A;) in (22) with (23) exactly agrees with the formula given in [2], Theorem 1.1,
for o € {0, 1} and with [5], equation (1.4), for the general case. We also mention that for the
Gaussian case explicit N-dependent formulas are obtained in [5S0] on the density of states by
supersymmetric methods.

The joint linear statistics of eigenvalues and eigenvectors with observable A # I, that
is, quantities Tr[ f(W)A] =Y, f(Ai)(u;, Au;) are much less studied. For macroscopic test
functions f, the variances E|&4(f, fid)lz, E|&a(f, Aod)|? in (14) exactly agree with [38],
equation (4.16), equation (4.19), in the real symmetric case. For mesoscopic test functions
f, the current paper achieves the first results on the limiting distribution of Tr[ f (W)A], with
A # I, in particular, explicit formulas for E|&4(f, fid)|2 and El|&yq(f, Aod)|? in (15)—(16),
with their limiting behavior in (33) and (34), are new.



FUNCTIONAL CENTRAL LIMIT THEOREMS FOR WIGNER MATRICES 459

REMARK 2.14. In (9), we assumed that g € HOZ(R) is compactly supported to make
the proof cleaner. The proof of the functional CLT (Theorem 2.4) on the macroscopic scale
(a = 0) presented in [14], Appendix F, would work exactly in the same way if f € H*(R).
The only difference is that throughout the proof we have to replace f by its cut-off version,
fx == fx, with x a smooth cut-off function that is equal to one on [—5, 5] and equal to zero
on [—10, 10]°.

REMARK 2.15. The formulas in Propositions 2.9-2.10 indicate a somewhat different
limiting expectation and variance when ¢ = %1 in contrast to the |o| < 1 case. With our
methods, it is also possible to study the transitional regime, where 1 — |o| vanishes as an
N-power, as it was done for the tracial part in [28], but we refrained from doing so in order
to keep the paper more transparent.

3. Local laws for multiple resolvents. Given a Wigner matrix W, we define its resol-
vent by G(z) := (W —z)~!, with z € C\ R. In this paper, we consider resolvents allowing the
spectral parameter z to have a positive or negative imaginary part, in order to conveniently
account for possible adjoints of the resolvent since G(2)* = G (7).

In this section, we prove local laws for one resolvent and for certain products of two or
three resolvents that will be used as an input to prove the central limit theorem for resolvents
in Section 4. These local laws are stated in Propositions 3.2-3.4. Additionally, in Lemma 3.6
we present an improvement for the bound of (x, GAW G y)? in (46), which we need only in
a second moment sense. The main inputs for the proof of these local laws are the bounds in
[16], Theorem 5.

As N — 00, the resolvent G becomes approximately deterministic (local laws). Its deter-
ministic approximation is given by m(z) = m(z), with mg:(z) being the Stieltjes transform
(12) of the semicircular law pg. defined in (4). In particular, m = m(z) is given by the unique
solution of the quadratic equation

1

(38) —— =z+m, Sm(z)Iz > 0.
m

Recall that the density p(z) is defined as p(z) := P |Sm(z)].
In order to formulate the local laws concisely, we introduce the commonly used notion of

stochastic domination.

DEFINITION 3.1 (Stochastic Domination). If
X=XMuw)|NeNueU™) and Y=T™Mwu)|NeN,ucU™)

are families of nonnegative random variables indexed by N, and possibly some parameter u,
then we say that X is stochastically dominated by Y, if for all £, D > 0 we have

sup P[XM@w)>NYyMw)]<NP
ueUw)

for large enough N > Ny(&, D). In this case, we use the notation X <Y and X = O (Y).

In addition to the O« (-) notation indicating a stochastic domination in the sense of arbi-
trary high moments, in this proof we introduce two related new notations, O (), Oi(-),
indicating domination only in first and second moment sense. More precisely, we write

2 1 : 2 2 :
X=02()and X = O_(y) ifE|X|- S Néy? and E|X| < N&yr, respectively, for any &€ > 0
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and some deterministic 1. We note that we trivially have the following product estimates:’

(39a) X=02$),Yy=02@) = XY=0.0y),
(39b) X=0%p),Y=0-(¢) = XY=0L0y),
(39¢) X=0%¢).Y=0-(y) = XY=0%0¢y),

so that by (39a), in particular, X = (’)i (¢) implies X = OL(i//).
We start with the statement of the local laws for single resolvents.

PROPOSITION 3.2 (Single G local laws). Let z € C\ R with® Nnp > N for some § > 0,
where we use notation 1 := |3z|, p = p(2), m = my.(2). Then for any deterministic matrix A
with |A|| S 1 and (A) = 0, we have the averaged local laws

1 P
(40) (G —m)| < —, |(GA)|<L.
Nn N/n
Additionally, for any deterministic vectors x, y such that || x|+ || y|| < 1, we have the isotropic
law

[ p
(41) |(x, (G —m)y)| < o

The averaged and isotropic law for G — m have been proven in [7, 26, 34]. The local law
for (G A) in (40) is quite recently proven in [16], Theorem 3.
Next we state averaged and isotropic local laws for products of two resolvents.

PROPOSITION 3.3 (Local laws for two G’s). Fixany § > 0. Let 71,22 € C\ R with L :=
min; (n; p;) > N® where ni .= |5zil, pi := p(zi), m; ;= my(z;). We introduce the notation
G, :=G(zj) and K := Nn.p* > L, ns :=n1 A2, p* := p1 V p2. Then for any deterministic
matrices A, A’ with | A|| + | A’|| < 1 and (A) = (A’) = 0 we have the averaged local laws®

1
<GIG2>=M+O<( )

1 —mm N

42) 1ma /7)7:772
(GlAGzA/> = mlmz(AA/) + O (ﬁ)
mims 1(c ==£1) 1 p*
43 Gigy)=—"1"2_ Lo (7+1a<1[_A ])
) e e S U w2 " U
@44)  (G1AGLA) = mimayAA))+ O (%)
We also have the following bound:
JP1P2

(45) (G1G2A)| + |(G1GLA =02(7).

| ’ |< 2 >| < m

"In (39b)—(39c), we additionally need to assume that |Y| < N C, for some large C > 0, which will hold in all
our applications.

8Actually the tracial local law |(G — m)| < (N n)_l holds true for any n > N™
local law |(x, (G —m)y)| < +/0/Nn + 1/Nn with the additional error term 1/N7.

9The second error term in (43) is uniform in o as long as |o| < 1 — €’ for any fixed €’ > 0.

100, and so does the isotropic
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Moreover, for any deterministic vectors x, y such that || x|| + || y|| < 1 we have the isotropic
laws

mimy A p* >
9G G = ) O T . I
(6. G1Gay) = T2 e y) 0~

(46)

*
|(x, G1AGay)| < ;’—

*

where n* :=n1 Vv ;.
Now we state averaged laws for certain products of three resolvents.

PROPOSITION 3.4 (Local laws for three G’s). Fixany§ > 0. Let 71,20 € C\Rwith L :=
min; (n; p;) > N? where ni = 13zil, pi = p(zi), m; = my(z;). We introduce the notation
Gi:=G(zj)and K := Nnyp* > L, ny :=n1 Ana, p* := p1 V pa. Then for any deterministic
matrices A, A" with || A|| + ||A’|| < 1 and (A) = (A’) = 0 we have the averaged local laws

mym Ox
47 GiG3)l=——2—+0 (—)
@7 (G1Ga)= (1 —mim2)> "\ Lnn
m mz (AA)
(48) (G1G2AG 1 A') = ( )
1 —mimy VELnin
m1m2 01
(49) G (G} + O« < )
( 1( )> (1—0’“1"12)2 «/— nin2
AA) JP1
(50) (GIGLAG A') = ':% + (9<< )
—omymy Lnin
Additionally, we have the following bound:
(51) (G1G3A)| + (G| G3A )|_02( i )
L/nin2

The local laws and bounds in (42)—(46) and (47)—(51) all have the structure that the first
term in the right-hand side is the explicit leading term. The error term in the right-hand
side is smaller than the typical size of the leading term using L > 1, the fact that |m| ~ 1,
|m’| ~ p~!, and the bound

(52) );‘5 1/p%, sgn(Jz1) = sgn(Jz2), < /01,02’
1 —mymy Vpip2/ninz, else, nin

which follow from elementary calculus. In the sequel, we will often use these local laws in
their weaker form just as an upper bound for the left-hand side in terms of the upper estimate
on the leading term on the right-hand side. For example, (42) together with (52) implies

(G1Ga)| < [2122,

nin2

and similarly for all the other local laws.
For any given functions f, g of the Wigner matrix W we define the renormalization of the
product g(W)W f (W) (denoted by underline) as follows:

(53)  g(WWF(W) :=g(W)WF(W) —Eg(W)W @ £)(W) — E@j2) (W)W £ (W),
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where 07 f (W) denotes the directional derivative of the function f in the direction W at
the point W, and W is an independent copy of W. The definition is chosen such that it
subtracts the variance term in the cumulant expansion, in particular if all entries of W were
Gaussian then we had Eg(W)W f (W) = 0. Note that the definition (53) only makes sense
if it is clear to which W the underline refers, that is, it would be ambiguous if f(W) =

In our applications, however, each underlined term contains exactly a single W factor, and
hence such ambiguities will not arise.

The key inputs for the proof of the local laws with two or three G’s are strong bounds for
renormalized products of the form (WG B1G>...G;B;). In Theorem 5 of our companion
paper [16], we proved such estimates but they are in terms 7, the minimal of all n’s, that
is, no distinction among different n’s is made. To remedy this situation, in the following
Theorem 3.5 we prove a generalization of [16], Theorem 5, which allows for the proof of
the local laws for two and three G’s with distinguished n-dependencies as stated above. This
distinction is necessary when we insert these local laws into the Helffer—Sjostrand formula
that involves integrals of all spectral parameters. Furthermore, for a few specific terms we
need a somewhat stronger bound than our general Theorem 3.5 gives, but we need them only
in variance sense in contrast to the high probability bounds in Theorem 3.5. These specific
bounds are listed separately in Lemma 3.6. The proof of Theorem 3.5 is presented in [14],
Appendix D.1, and the proof of Lemma 3.6 in [14], Appendix D.2.

THEOREM 3.5. Fix§>0,letl,ny,....,neN,z1.1,...,21,n,,22,15-.-2,n, € C\Rand
fork ell], j € [ni] let

Gk € {Gr.1Gk2  Gin» (Gk1Gr2- - Gn)' ), Gr,j €{G(zk,j). 3G (z, )}

and let By be deterministic N x N matrices, and x, y be deterministic vectors with bounded
norms || Bi|| S 1, [lx|| + Iyl S 1. Set

(54) L:= Nr}{liln(nk,ipk,i), p* = max p ;. My 1= rgilnnk,i,
with ng ;i == |Szk,il, pk.i = p(zk,i) = |Sm(zx,i)|/7 and assume L > N® and e S 1. Leta, t
denote disjoint sets of indices, a Nt = &, such that for each k € a we have (By) =0, and for

each k € t exactly one of Gi, Gr+1 is transposed, where in the averaged case and k =1 it is
understood that G+ = Gy. Then with a = |a|, t := |t|, we have the following bounds:

(avl) For a=t= & we have

min; 7,
(55) (WG1B1G2By --- G By)| , 1_[ L
T]* kell] Nk,1 - Nk, ny

(av2) Fora,tC|[l], |aUt| > 1, we have the bound

Nn. )+t * in; e
(56) |<ngBlg232~~ngl)| ~ (\/7)7*) \/NT 1—[ min; 7Nk,
1 ke[l

Nnl Mk Mkony

(iso) For a,tC [l — 1] and for any O < j <, we have the bound
[(x,G1B1---GjBjWGj+1Bjt1-- Bi—1G1y)|

57) L WN n*)““ | p 1—[ min; 1,
]’)* Nn* ke[l] nk,l “'nk,l’lk’

where the j = 0 case is understood as (x, WG1B1--- Bj_1G;y).
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Moreover, for any 1y > 1 we have the bounds

min; 7,
(WG1B1G2Bs - -G By)| 7 I1 Al
* kG[l] 77k 1 77k I’lk

(58)

mlnl Nk,i
(x,GiB1---GjBjWG11Bjt1--- Bi_1G1y)|
| jBiWYj+1b; Nl/z’?i kle_[[l] Mot Tem

LEMMA 3.6. Let z,z1,z2 € C\ R with L := N min; (n; p;) > N for some & > 0 and
let G = G(2), G; = G(z;). Then, for any fixed deterministic vectors x, y and matrix A with
(A) =0and |All + llx]| + [lyll S 1, we have

P
(59) |(x. GAWGy)| = O (Nm )
and
pl/Z 1
t _m2 *
(60) (WG 1G2A)| +|(WG1GLA)| = (’)<<an/2 mnz)’
N SRR
(61) WG1G1G2A)|+ (WG 1G1GLA =(9( >
{WG161G2 )|+ [WG1G1GaAl| = O Nni/* iz
p1/2 1
(62) (WG1G2AG 1 A)| + |(WG1GLAG A =(92( - )

Notice that the bound in (59) is better by a factor ./p/Nn compared to (57). The bounds
(60)—(62) improve upon (56) in two aspects: First, they depend on p, rather than p*, and
second, in the cases including transposes the bounds distinguish different n’s (note that in
Theorem 3.5 it is not allowed to have both G, G! within one G-block, hence the bound is
purely in terms 7).

We conclude this section with the proof of Propositions 3.3-3.4.

PROOF OF PROPOSITION 3.3. The local laws for (G1AG2A"), (G1AG5A’), in (42),
(44), respectively, and the bound for G; AG> in (46) follow by [16], Proposition 2, together
with [16], Theorem 4. The bounds in (45) follow by exactly the same proof of [16], equation
(22), but using the new bound (60) instead of [16], equation (62), for the underlined term.
Also the local law for (G G%) with error term p*K~1/2 for |o| < 1 in (43) follows by [16],
Theorem 4, Proposition 2. Hence, in order to conclude the proof of Proposition 3.3 we are
left with the averaged and isotropic law for G{G3 in (42) and (46), respectively, and with the
proof of the remaining cases for the local law for (GG}) in (43).

We first consider the local laws that involve no transposes, then at the end of the proof of
Proposition 3.3 we explain the necessary changes when the transposes are considered.

By the self consistent equation for m in (38), and by G(W — z) = I, we have

(63) G=m—-—mWG—-m(G)G +m(G —m)G.

As a special case of (53), we have that
/ —

G'G wy .
(64) G=WG+(G)G+o N + ~ diag(G)G,
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where for any matrix R in this section we let diag(R) denote the matrix of its diagonal that
was denoted by Ry earlier. We recall the parameters o, w> from (13). Then by (63) and and
(64), it follows that

mo ., . @
(65) G=m—-—mWG + WG G+mﬁdlag(G)G+m(G—m)G.

We now start writing the equation for generic products of two resolvents G|B;G» B3,
where G; = (W — zi)_1 and Bj, B, are deterministic matrices. Using the equation (65) for
G B and writing G = my + (G2 — m3), we obtain

G1B1G2By =mmaB1By +m 1 B1(Gy —m3)B;
—miWG1B1G2By +m{(G1B1G2)G2 B

mio
(66) +mi(G —ml)G1BleBz+#GﬁG131Gsz
mio ;
+T(GIBIG2) G2 By

miw, . m1W;
"2 §iag(G1)G1 B1G2By + 12

+N N

diag(G1B1G2)G2 By,
where we used that

(o)
WG1B1Gy,=WG1B1G2+{(G1B1G2)G2 + N(GlBlGZ)tGZ

(67) &
+ Wzdiag(GlBle)Gz,

with WG from (64). The identity in (67) follows by the definition of underline in (53).

PROOF OF THE LOCAL LAW FOR (G1G») IN (42). We divide the proof of this local law
into two cases: (1) Jz13z2 < 0, (i1) Jz13Izp > 0. The difference in these two cases is that in
(ii) the stability factor 1 — mm, is bounded from below by p*, while in case (i) the stability
factor is bounded from below only by n* and so it is not affordable to invert it.

We start with Jz13z2 < 0, in this case we can use resolvent identity and the local law
(Gi —m;)| < (Nn;)~! from (40):

G — Gy
(G1Gy) = ——
21— 22
mp—m 1
(68) = ¥+O<<—)
21—22 Nnylz1 — z2]

mm 1
1 —mmy Nnslz1 — 22|

where we used that the self-consistent equation (38) for m1, m in the third equality. This
concludes the proof of the local law for (G1G2) when Jz;3z2 < 0.
We now consider the case Jz13z2 > 0. Choosing By = B> = [ in (66), and using |(G; —

m;i)| < (Nn;)~!, we find that
1
(G1G2)
Nn*ﬂ

|:1 —mimy +O<<
=mimy —m1(WG1Gz) + mi((G2 — my))
(69) mio
TN

miwy

mio
(G1G1G2) + —]i, ((G1G2)' G2)

+ TP {diag(G1)G1Go) + T diag(G1 G2)Go).
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Using a Schwarz inequality, we readily conclude that
1 1 o1
N N Ny’
where we used that (IG;) < p;, that n1 G1 G| = IG by Ward identity, that [(G1G2G5GT)| <

1G2G511(G1GY), and that [|G; || < ;" We also prove that [{(G1G2)'G2)| < pa(Nnim2) ™!
using exactly the same computations. Additionally, we get that

(70) (GLG1Gy)| < —(G GG 1G2G5GF)* <

A/ P12
Nmm

where we used that |G;;| < 1, and that |(G1G2)ii| < v/ p102/(n112) by a Schwarz inequality
and Ward identity. The bound for |(diag(G1G,)G>)| is completely analogous and so omitted.
Combining (69) with (70)—(71) and using that [{(G, — m2)| < (N m) ", we finally conclude
that

1 1
(1) ~llaiag (661G = ‘mDGl)ﬁ(Gle)ﬁ <

mims mi
(G1Go) =

1 1
(WG1Ga) + O ( + )
“\Nnim | Niwp*

l—mmy 1—mmy

where we used that by easy computations we have |1 —mm,| > p* and that p* > NLH*, by
K = Nn,p* > 1, to divide through the multiplicative factor in the left-hand side of (69).
Finally, using that [(WG1G2)| < p*(Nnin2)~! by (55), |1 — myma| > p* once again, and
that (0*)% > n*, n«n* = 0112, we conclude that

(72) (G1Gy) = —1"2 ( ! )
12) = ——"7— .
1 —mimy “\Nnin O

PROOF OF THE LOCAL LAW FOR (x, G{G3y) IN (73). The proof of the isotropic law
for GG, is very similar to the proof of the averaged law above, hence we explain only the
minor differences. Similar to the averaged local law, the case Jz13z2 < O trivially follows by
resolvent identity. In the opposite case, choosing B; = B, = [ in (66), and that |(G; —m;)| <
(Nm)_l, we find that

1
|:1 + O<(Nn*>:|(x, G1Gay)
(73) =mima(x,y) —mi(x, WG1Gay) + mi(G1G2)(x, G2y)

o*
+0 ( )
“\Nnin

where we used that the terms with a prefactor ¢ or wy — 1 — o can be estimated by
N1 o*(n 1772)_1 using a Schwarz inequality similarl to (70)—(71). Then using that

mimy 1
<Gle>=—+o<( )
1 —mymy Nnin

by (72), and that |[(x, WG 1Gay)| < «//o”‘(Nn*)_l/z(n*)_1 by Theorem 3.5, we finally con-
clude that

mimy p* 1
x,G1Gay) = 2 +o< vor_ | )
(x,G1G2y) l—mlmz( ) +0< TN Nup? 0

In order to conclude the proof of Proposition 3.3, we are left with considering transposes.

PROOF OF THE LOCAL LAW FOR (GlG’z) IN (43). The proof of this local law is divided
into three cases: (i) o = 1, (ii) 0 = —1, (iii) |o| < 1. The main difference compared to the
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proof of (G1G?>) is that the two body stability factor is now given by 1 — omm> instead of
1 —mms.

For o =1, there is nothing else to prove since in this case W is real symmetric and so
G =G».

The proof of the local law for |0 | < 1 is completely analogous to the proof of (72), modulo
the bound for the underline term that is now given by (WG 1G’2)| < p*(N nﬁ)_l, since the
only thing we used in this proof is that the stability factor 1 — mm; is bounded from below
by p*. This is also the case for 1 — omm, when |o| < 1, since |1 —omim3y| >1—|o].

We are now left with the case o = —1, when the stability factor is given by 1 + mm>.
Note that when o = —1 we can write W = D 4 10 with D being a diagonal matrix and O
being a real skew-symmetric matrix, that is, O’ = —O. If D =0, and either Jz;3z > 0 or

Q213722 < 0 and |z; + z2| = n*, using the notation R(z;) := (10 — z;)~" and that R(z;)’ =
—R(—z;), by resolvent identity we conclude
(G(z1)G(22)") = —(R(z1) R(~22))

(R(z1)) — (R(—2z2))
(74) B 71+

. ommy < 1 )
T l+mmy “\Nnylz1 + 221 )

where we used that m(—z;) = —m(z;), and the local law for R;, that holds even for Wigner
matrices with zero diagonal. For 3713z, < 0 and |71 + z2| < n*, using that R(z3)" =
—R(—2z2) we proceed exactly as in the proof of the local law for (G;G») above in case
(69)—(72). This gives the local law for (G1G5) in (43). In order to conclude the proof, we are
now left only with the case D # 0. In this case, we use the following lemma whose proof is
postponed to [14], Appendix B.

LEMMA 3.7. Fixe > 0. Let W = D +10 be a Wigner matrix with D being diagonal and
O real skew-symmetric. Denote G; = (W — zi) Vand R = 10 — ;)Y with z1, z20 € C \R

such that 0y = |3z1| A |S22] = N7 and n* := |3z1| V |Sz2|, then for o = —1 it holds
(75) (G1G5) = (R1RS) + a(i[% A l])
Nnsllzi +2z2|  n*
Moreover, we also have
(76) (GﬁG%):(R§R§>+O<< lm [ L A iD
Nn«l3z2lLlz1 + 22l n*

In Lemma 3.7, we stated the result for three G’s as well (76) even if not needed for the
proof of the local law of (G| G’z). We will use (76) later in (C.3).
Finally, combining (75) with (74), we conclude the proof of the local law for (G G’z). O

This concludes the proof of Proposition 3.3, modulo the proof of Lemma 3.7, which is
postponed to [14], Appendix B. [J

We conclude this section with the proof of the local laws for certain products of three
resolvents. We will prove the estimates without transposed resolvents, the analogous results
with transposes are proven in [14], Appendix C.
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PROOF OF PROPOSITION 3.4. We start writing the equation for general products of three
different resolvents G|, G, G3 and deterministic matrices By, B>, Bj3:

G1B1G2ByG3By;=m1B1GyB,G3Bs —m WG 1B1GyB,G3 B3

(77)

where we used that

+m1(G1B1G2)G2B,G3B3
+mi{(Gy —m)G1B1G2B2G3B3
+m1(G1B1G2B2G3)G3B3

mio
N
mio /

+ T(G1B1G232G3) G3B;

mio
+ thGlBleBzG3B3+T(GlBle)thBzG3B3

miwy
+

diag(G1)G1B1G2B2G3 B3

miwy

+ diag(G1B1G2)G2B2G3 B3

miwy

+ diag(G1B1G2B2G3)G3 B3,

WG1B1G2B,G3 =WG1B1GyB,G3 + (G1B1G2B2G3)G3

(78)

O
+ N(GlBleBst)tGa

wy ..
+ Wzdlag(GlBleBzGﬁG&

with WG B1 G, from (67). The identity in (78) follows by the definition of the renormaliza-
tion (denoted by underline) in (53).

PROOF OF THE LOCAL LAW FOR (GIG%) IN (47). Similar to the proof of the local law
for (G1G»), the proof of the local law for (GlG%) is divided into two cases: (i) Jz13Jz2 <0
or Iz133zp > 0 and |z — z2| = n™ (i) Jz13z2 > 0 and |71 — z2| < n*, where we recall that

n* =1 Vo, n;i =13z

Similar to (68), if either Jz1Jz2 < 0 or Jz1Jz2 > 0 and |71 — 22| = n* we use the resolvent

identity twice to get

(G1G3)=

(G3) — (G1G»)

22—

/
n,

(G1) = (G2)

(79

/
m,

2 =2 (z1 — 22)? <<N77%|Z1—22|)

mp —m3

1
+0 ( + )
22—z (21 —z22)? ANz — 22l Nnslzi — 222

mm ( P )
=M Lo (),
(1—mim2)? "~ "\ Lmn

where in the first line we used the local law for (G%) in (42), and the identity m/, = m%(l —
m%)*l, and to go from the second to the third line we again used the equation of m, my. We
remark that to estimate the error terms to go from the second to the third line we also used
(80) below. The proof of this bound is postponed to [14], Appendix B.
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LEMMA 3.8. Letz1, 22 € C\ R such that |z1 — z2| > n*, then it holds

1 < p* ,
Nn2lzi —z2| ~ Lmnz

(80)

where n; = |3zi|, N« =101 A N2, px = P1 A P2, N =11 V2.

Next we consider the last remaining case Jz;3z2 > 0 and |z; — z2| < n*. By (77) with
Bi = B, = B3 = I and G3 = G3, we have that

(1 —mm)(G1G3) = m1(G3) — m (WG 1G2Ga)
+m[(G1 —m1) + (G2 — m2)](G1G3)

(81) +m1(G1G2)(G%>+(’)<< r )
Nnzm

m m/ *
=12 +O<< P~ )
1 —mymy Nnym
where to go from the second to the third line we used the local laws for (G1G7) and (G%)
in (42), together with (52), and we also used that |(G; — m;)| < (Nm)_1 by the first local
law in (40), and that |(WG1G%)| < ,o*(anm)_1 by (55). We remark that to go from (77) to

(81) we used that all the terms with a prefactor N —1in (77) are bounded by p*(N n%m)_l.
To make this clearer, we show this bound for two representative terms:

*

1 1 12 12 P
—(G'G1G2Gr)| < —(G1GN*G1G2GLGEGEGH? < ,
1, . 1 o*
N‘(dlag(Gl)GleGzﬂ = 'ﬁ Z(Gl)ii(GleGz)ii < m,
i ny Ny

where we used a Schwarz inequality, the norm bound |G2G2G5G3| < n, 4 and that
—1/2_—3/2
(GDiil < 1. [(G1G2G )il < p*ny "y 2.
Note that the error term in the right-hand side of (81) is smaller than our goal p, (L7 172)*1

in (47), since for |z1 — z2| < n* we have that

Nnam ~ L

This concludes the proof of the local law for (G*Gy. O

PROOF OF THE LOCAL LAW FOR (G{G2AGA’) IN (48). Consider the equation in (77)
for G3 =Gy, and By =1, By = A, B3 = A’, with (A) = (A’) = 0. Before proceeding with
writing the equation for (G1G2,AGA’), we bound two representative terms with a prefactor
N~Vin (77):

(GLG1G2AG 1 A')| < (G1G})HG2AG A'GY(G})*A'GAGS)

1 Np1. /P2
(83) < ﬂ <3G2AG1A/SG11A/GTA>1/2 < fﬂl ,02’
N /mn2 /M

[diag(GNG1G2AGIA) < = ) _[(GDaa(G1G2AG1A)) | < m,

a
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where in the first estimate we used [16], Lemma 5, to bound
|<3G2AG1A/3G1A/GTA)| < Npi1p2,

and in the second estimate we used that

N
(X, G1G2AG1y)| < [x, G1GTx)*(y, GIAGEGLAG y)/? < | 2212
nn2

by [16], Lemma 5, again. The bound of all the other terms with a prefactor N —lig analogous
and so omitted. Then, by (83) and (77), we conclude that

1
|:1 + O<(N )](GIGQAG1A/) = m1<G2AG1A/> — M1(WG1G2AG1A,>
Nx

+ml(G1G2)<G2AG1A/)

+m1(G1G2AG)(GA') + 0<< VAP )

(84) v Lnin
2
= T2 AN — i (WG1GLAG A')
1—mimy —_—
JP152
+O< 9
v Lnin

where we used that

*
(GzAGlA/> = m1m2<AA/> + O<( d >,

(85) «/IZ
mimsy
G1G))=—+ 0 ,
\G162) 1—m1m2+ (Nmnz)
and
’ A/ P1
86 Gi1A —_.
(86) (G >}<N«/ﬂ

The local laws in (85) follow by (42), while the bound in (86) follows by (40).
Finally, using the bound |(WG{G2AG1A)| < p*K~1/2(»*)~! from [16], Theorem 5, we
conclude that
2

mini / P
(87) G1G2AG 1A\ = —1—=_(AA)+ 0O ( )
G 14) 1—m1m2< > “\VLnn

where we recall that K = Nn,p*, and L = N(p1n1 A p2n2). This concludes the proof of the
local law (48) for (G1G2,AG 1Ay, [

PROOF OF THE BOUND FOR (G1G2G2A) IN (51). Consider the equation in (77) for
Gz =Gy and By = B, =1, B3 = A, with (A) = 0. Proceeding similar to (83) to estimate the
error terms with a prefactor N —1 we conclude that

(G1G2G2A) =m(G2G2A) —mi(WG1G2GrA) +m (G —m1){G1G2GLA)

+m1(G1G2)(G2G2A)+m1<G1G2G2)(G2A)+0<< Ve )

L/nin2
(88) 202( VOi L p*@)
“\Lymm  Kmin
2< VPs )
“\Lynim)’
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where to go from the second to the third line we used that
p*N/p* >
K./mn2

1«hGpM|=C£(4i§%), (GiGa)| < |22,
Nn, nn2

(G1G2Gay| < Y2122

32"
i, /
The first bound in (89) follows by (45), while the second and the third bound follow by a
simple Schwarz inequality. This concludes the proof of the bound for (G1G2G2A). O

(WG1G2GrA)| = Oi(

by (61), and that

(89)

The remaining statements of Proposition 3.4 involving transposed resolvents are proved
similarly. For completeness we included those proofs in [14], Appendix C. This concludes
the proof of Proposition 3.4. [J

4. CLT for resolvents. We now formulate the resolvent CLT identifying the joint distri-
bution of (G — EG), ((G — EG)A) for multiple z’s and traceless A’s. An analogous result
for only (G — EG) factors was proven in [29]. Let p <g € Nand let Ay, ..., A, be matrices
with (A;) =0, |A;]l <1 and let a@; denote the vector of the diagonal elements of A;. Let

21, ...,2¢ € C\ R be spectral parameters. We then set
1
Gi:=G(z), m; :=m(z;), pi = ;|f«~5mi|, ni == 3zil,
(90) X; :=([G; — EGilA;), Y :=(G; — EG)),
Xs:=[]X. Ys:=[]V,
ieS ieS
so that from the local laws in (40) we have the a priori bounds:
Xs|<Ws,  |Ys|<Ws,  Wg:=]]W,
ieS
/01/2 1 ,
v, = 1/21(1 p)+N -1 (> p).

l
i

The following theorem identifies the leading terms of the joint moments of X’s and Y’s up
to an error term that is smaller than the a priori bounds. For notational simplicity, we write
[pl:={l,....p}and (p.q]:={p+1,....q}.

THEOREM 4.1. Forany &,§ > 0 and N® < L := min; Nnjp;, we have that

1 . Ntw
91) EX[P]Y(Pst]zm Z l_[ Vij(A”A ) 1_[ V’J+O( ﬁ)’
PePair([p]) (i,j}eP {i,jleQ
QePair((p,q])
where we set V := V|1, define
2.2 t
‘m5(A;A;) omm (AA )
Vf}(A,-, Aj) = R A + + [/<4m3m3 + w2m2m%](aiaj>,
I —mim; l—omim;
(92) / / / / .
m.m’, om.m’, K .
Vij o= o b e S ) () D3

1—mim;)?  (1—omim;)? 2
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and Pair(S) denotes the set of pairings of a base set S. Moreover, the expectation EG is given
by

1 (m} om? N,
o mm T i) 0 T )
NS W;

Note that the first (leading) term in (91) has a natural size of order W whenever
(3z;)(Jz;) < 0 for every {i, j} in the pairings P, Q.
Within the proof of Theorem 4.1, we use the classical cumulant expansion in the form

R-1
k(ab, o
(94) Ewg, f(W)=)" > k—Ea o f (W) + Q.
k=1 ac{ab,ba}* ’
where « (ab, o) denotes the joint cumulant of wgp, Wy, ..., Wy, for e = (ay, ..., ax). Here,

for any cut-off index R the error term Qg has an explicit integral representation [23], Propo-
sition 3.2. For our application, where f(W) is a product of resolvents, the error term can
easily be estimated by |Qg| < N~R+D/2 This is due to the fact that the kth cumulant scales
like N—%/2_ and each derivative creates an additional resolvent entry, which can be estimated
by O(1) due to the single resolvent local law. In the sequel, we will omit the cutoff R from
the formulas and we simply write a cumulant expansion with a formally infinite sum over &,
but technically we always estimate the truncated sum.

PROOF OF THEOREM 4.1. Recalling from (65) that

t

G'G
95) G=m—-—mWG+m(G—m)G+mo N

+ 2 diag(G)G

m-— 14 k)
N g

it follows that (with n = |3z|, p = p(2))

(1=m?)(G —m) = —m(WG) +m(G —m)?* + %(GfG) + m%(diag(G)G)

°6) om?

mwG) + 2 (71_0 -+ @am )+0<(—NnLl/2)

from (43) and (diag(G)G) = m?+ O (W p/Nn) due to (41). Using the cumulant expansion
(94), we prove below in Section 4.1 that

VLT T SEELG,

k>2 ab aefab,ba}k

3/2
m* p p
_ . m £
Y +O<N <N277+N3/2771/2>>’

where we ignored the irrelevant error term Qg. Note that the K = 1 summand has been can-

celed by the variance term which is included in the definition of the “underline” renormaliza-

tion. Then the first claim in (93) follows immediately from (97) together with (96).
Similarly, from (95) we obtain

o7

(1—=m(G —m))(GA) = —m(WGA) + %(G’GA) + m%(diag(G)GA)
(98)

o
_m(WGA)+ O<(N3—/2n)
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from (45) and

(diag(G)GA) = m(G A) + (diag(G —m)GA) = O<( N%)

For the underlined term in (98), it follows exactly as in (97) that
k(ab, ar)

E(WGA) = ZZ > — Ed(GA)a

k>2 ab ge{ab,ba}k

3/2
_ gf_P p
_O(N <N2n + N3/2n1/2))’

where the term corresponding to k4 vanishes due to (A) = 0. Together with (98), the second
claim in (93) is also proven. This concludes the computation of the expectation.

We will now prove an asymptotic Wick theorem and explicitly compute the variance. Us-
ing (40) and (98)-(99), we replace X1 = ([G1 — EG{]A) with its leading term (WG A1),
that is,

(99)

([Gi —EG1]1A))= —m(WG A1) + mE(WG 1 A}) + a(Ln)

N3/2
(100)
0
Then for
101 NEw
(101) EX[p]Y(p’q] —m1E<WG1A1>X(1 1Y, q]+O(L1/2)
we perform a cumulant expansion of (WG A1) to obtain
NSW
EX( 1Y (p.q1 = Z mEE(WG1A)(GiWG;A; YX oLy Y (pog1 T C’)( L1/2>
ie[pI\{1}
(102) + Y mEEWGIANGWGH)XpnmYp.ani
ie(p.q]

k(ab, a)
=22 2 oy Elelmi(GirADwXpmm Y.l

k>2 ab ge{ab,ba)k
We note that for arbitrary matrices U, V independent of W we have
~ ~ ~ 1

(103) E(WUY(WV) = m((UV) +o(UV') + Wa(diag(U) diag(V))),
so that it follows that
N*E(WGA1)(GiWG;A;)

=(G1A1G;A;G;) + G(G1A1G§A§G§) + @(diag(GlAl) diag(G,-A,-G,))

_mim; 2(A1A;) N omm?(A;AY) Nzw{l,i}>

1 —mm; 1 —omim; JL
from (48), (50) and

(104)

+m1m?@(a1ai) + Oi(

<diag(G1A1)diag(G,'A,‘G,‘)> ml(dlag(al)G A G

\"3

=m1m2(a1a, + O<(

A
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due to the second bound in (46) and the second local law in (42). Similarly, for the second
line on the right-hand side of (102) we obtain

N’E(WG1A)(G;WG;)
=(G1A1G})+0(G1A1(G})') + ia{diag(G1 A1) diag(G7))

NV
:(’)2(#)
< \/Z

(105)

from (51) and

1 1
diag(G1 A}) diag(G?)) = m(di G|+ O« —=— ) =0<(—
(G141 diae(@2) = mi i@ 67+ 0-( L) =0-( )

due to (45) and the first local law in (46).

It remains to consider the third line in (102) where due to the Leibniz rule many terms can
arise from the derivative. For k > 2, the derivative may act on G or any of the X;, ¥; and we
consider the corresponding terms separately as in

k(ab,a)
2.2 2y lalmiGrADXpmm Y.l

k>2 ab qe{ab,ba)k

=Y Y XapnseoY(pansey) Ex(Px, Py),
(106) k>2|PxUPy|<k

Er(Px, Py)

m1(G1ADpa O, X 0u, Vi
_ZZK(ab (X)(aocl lkl‘Nl b )( H p >( 1_[ —‘>

ab o ieS(Px) ieS(Py) ki!

where Py, Py are unordered multisets with support S(Px) C (1, p], S(Py) C (p, q]. The
last summation ), indicates the summation over tuples a € {ab, ba¥*1, a; € {ab, ba}i
with k; > 1 denoting the multiplicity of i in S(Px U Py) and k; :=k — |Px U Py| > 0. We
will prove below that

Wius(pyUP
Er(Px, Py)=0 (M)

VL
— m?m?(alai)%l((k, Px, Py) = (3,{i,i}, @).i € (1, p)).

(107)

By combining (102), (104), (105), (106) and (107), we obtain from induction on the num-
ber of X-factors

1 NEW
(108) EXpYp.q1 =EYp.g15 Z n (Az’ Aj))+0
NP L1/2
PePair([p]) {i,j}eP

where we recall that V,°, o defined in (92) is given by the sum of the leading terms in (104)
and (107). Here, we used that for X (1 ,1\s(pPy) and Y(, 41\s(py) We have the high probability
apr10r1 bounds |X(l,p]\S(PX)| < \I/(Lp]\s(Px) and |Y(p,q]\S(Py)| < \p(p,q]\S(Py) and therefore

V)] V7] NEW
1 (YuspyUPy) 1 YILg)
E X(LP]\S(PX)Y(P,q]\S(Py)O<(#)‘ =EO ( L ) < Vi
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In order to complete the proof of the theorem, it remains to compute EY(,, 4. For convenience
of notation, we relabel Y, ;41 to Y[;] with r =g — p + 1 and obtain, analogously to (102),

K4
EYj = ) —EE(WGl)(G WGH) Y — lemlEY[zr]
ief2.r) "1
(109)
k(ab,a)

: m
-y > WEaa[m_](Gl)buY(l,r]]'

k>2 ab qe{ab,ba}*

For the first term on the right-hand side of (109), we obtain with (103) that
N?E(WG1)(GiWG;)

10) =(G1G2) + 0(G1(G")?) + Waldiag(G ) diag(G2))

mym’

/
; omm;

~ L1
+w2m1m/-+(’)<( >,
l v Lnini

T A—mm)? (= omm)?
where in the last step we used (47), (49) and
. . 2 _ 2 pl _ / IO]

(diag(G) diag(G;)) = mi(G;) + O< <LT217,> =mim; + O (LTzn)

due to (41), the first local law in (42) and the first local law in (46).
For the second line of (109) we distribute the derivative according to the Leibniz rule as

k(ab, a) [m’l ]
———Eoy| — (GDpaY(1r
Z Z N o m]( DbaY(1,r]

ab ae{ab,ba}k

(111) = Z EYq,m\scpy) Pk (Py),
| Py | <k

K(ab o) (GDba 805[ Y;
PulPr)i=) 2 ( o )( [ = >
ab o ieS(Py)

where Py is a multiset with support S(Py) C (1, r], and the summation ), indicates the
summation over tuples | € {ab, ba}’, a; € {ab, ba}*i with k; > 1 denoting the multiplicity
of i € S(Py) and ky :=k — | Py| = 0. Similar to (107) (but in high probability sense), we
prove below that

v /
®r(Py) = O (%) — (m}) (m?)'
K4

lemll((k Py) = (3, 9)).

1((k, Py) = (3, {i.i}).i € (1,r])
(112) 2N2

By combining (109), (110), (111) and (112), we conclude

1 N,
(113) EY[r]:W > I Vlj+(9< i )
QePair([r]) {i,j}€Q

Therefore, the claim (91) follows immediately from combining (108) and (113) and the
proof of the Theorem 4.1 is complete, modulo the proofs of (97), (107) and (112), which we
present below. [
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4.1. Auxiliary calculations: Proof of (97), (107) and (112).

PROOF OF (97). For k =2, the summation in (97) has either two or none diagonal G’s
and from (41) we estimate the corresponding terms by

ab

N2 3/2
and

032
<N P /
NZ3/2

N-5/2

Z be Gaa Gba
ab

Here, the first estimate uses only |G| < 1(a = b) 4+ +/p/Nn, while the second one uses
G =m + (G — m) and the isotropic resummation procedure. More precisely, by this we
mean the idea of summing up the free indices into constant vectors, that is,

Z be Gaa Gba
ab

= Z[mz +m(G —m)gq +m(G —m)pp + (’)(L>]Gba
ab N?]

2 P o P
=m"Gy1+m G1 O( —) +m Gbl(9< —) + (’)(—)Gba
(114) Za: O\ ¥ Xb: o %} o
_ 12 [ P P
_O<|G11|+N /Nn,/(GG*)H—i-NNn\/TrGG*)

N1/2,3/2
=0 (N * 7737; )
where we used a Schwarz inequality, and in the last step the isotropic local law for the all-one
vector 1 =(1,...,1) of norm ||1|| = +/N. Thus we obtain a bound N ~3/2 + N_2,03/2/n3/2
for the k = 2 terms in (97).

Next we consider the k = 3 terms which give a contribution of p N —2p~1 whenever there
are at least two off-diagonal G’s. In order to achieve only diagonal G’s, & is necessarily one of
(ab, ba, ba), (ba,ab, ba), or (ba, ba, ab), for which we obtain « (ab, ba, ba, ab) = /(4/N2
for a # b. The derivative then is given by

(115) 8ocha = _aba aabibGaa = 2aba Gba beGaa = 2G2 be + -

where the neglected terms contain two off-diagonal G’s and can hence be neglected. There-
fore, the k = 3 contribution of (97) is given by

1

3/2

2 2 K44 P P
—23Ka3 > GGy = -+ O< <N2n + N3/2n1/2)
By estimating the k > 4 contribution trivially via |G,p| < 1, this concludes the proof of (97).
O

LEMMA 4.2 (Auxiliary a priori estimates). For X;, Y; from (90) and their derivatives
0u Xi, 04 Y; for any multiindex o, we have the high probability a priori estimates

12
p 1
[0oYi| < —,

Nn;

i
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and the more precise expansions for the first and second-order derivatives

5, o2
— / a j
8ain——mi7+O<<W),
(117) 3
Doy = 22000 o (P
abOcd Xi = =Mini; N + O (eri)3/2

Moreover, we have the expansions
o 2 (AD)ba 2 Pi
aale = —m,- N + O<(NT2)7[)’

3 (Ai)dadbe + (Ai)bcbda 2 Pi
: = + 0% 37 ):

(118)

0abOca Xi =m

in variance sense.

PROOF. We first establish an isotropic local law in variance sense using (59) of the form

2 2 P
(119) (GAG)xy=m Axy+O<(N1—/27])
which is proved analogously to (73). The claims (117)—(118) then follow directly from (119),
the first local law in (46), and
GBG

(120) 8»(G B) :—%

and

(GBG)pa _ Gpe(GBG) g+ Gaa(GBG)p,

N N
The claim (116) follows inductively by the second local law in (46) since each additional
derivative just adds an additional factor of G which is at most of order 1. [

(121) dab0ca (G B) = —0ca

PROOF OF (107). We prove (107) by considering the following five cases, which cover
all possibilities: (i) odd k1, k > 4, (ii)) even ky, k>3, (1)) k=3, k1 =1,({v) k=3, k1 =3
and (v) k = 2. Before considering each case separately, we outline a few ideas that are used
repeatedly in the argument. The first idea is that we often replace diagonal resolvents G,
and (GA),, using the isotropic local law (x, Gy) =m(x, y) + O« (\/Nzn) in order to make
the leading term independent of the summation index a, as was done in (114). For example,
for > ", G4qaG4x this allows us to sum up the index a into the constant vector 1 =(1,...,1)
of norm +/N (isotropic resummation), effectively gaining a factor of \/p/N7 over the naive
estimate since

[ P 1Y
GuuGax =mG @) — G, =0 N |[—).
; x=mGiy + << Nn;l x|> << Nn)

The second idea is that for off-diagonal resolvents we use a Schwarz inequality, followed
by the Ward identity to effectively also gain a factor of /p/Nn over the naive estimate, for

example,

N
3 Gaxl| < VN [Y1Gul? = VN J(G*G),, = /T/(SG)” <N /Nin.
a a

Finally, we also frequently use a simple parity consideration to count off-diagonal resolvents
since the local law gives a stronger estimate for them. For an odd number of G’s, each eval-
uated in one of the entries aa, bb, ab, ba with a # b in total occurring equally often, at least
one of the G’s has to be off-diagonal.
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Case (i), ky is odd, k > 4. In this case, we estimate |0y, (G1A1)pa| < 1 by the isotropic
local law |(x, GA1y)| < |lx|IlA1y]l < |lx||ly|l in the definition of E in (106) and obtain from
(116) that

|2k (Px, Py)| < N~ PI2N2Wgp ipy SNTED200,05p00py)s
from N~! < ,oll/zN_lnl_l/z, confirming (107).

Case (ii), ky is even, k > 3. Since k| = |ot1| is even, it follows by parity that at least one
G or G A factor is off-diagonal, hence by the local law we have that

106, (G1ADba| < [(G1)ap| + |(G1ADbal

and, therefore, by (116) and a Ward-estimate it follows that
|Ex(Px, P)| < N~E2 3 7(1(G1ADba| +[(G1)ab ) Wscpyupy)
ab

< N—k+D/2p2 VP
VAN

< N D290, 05pyupy).s

Ws(pyupy)

confirming (107).

Case (iii), k = 3, k1 = 3. The three derivatives acting on (G1A1)4p results in one G1A
and three G| factors with a total of four @ and four b indices. By using the local law, we
replace each G| by m and obtain

Z m?(Al)aa

ab

_ Wi
<N7? /Z|(Al)ab|2+L
ab ﬁ
_ 280!
— N2 A AT 4+
( 1 1) ﬁ

again confirming (107).

|83(2,2)| <N + N3

> mi(ADab

ab

o (%)

Case (iv), k =3,k; = 1. For k; =1, the derivative of (G1A1)p, is given by

Z Oa; (G1ADba = —(G1)pa(G1AD)ba — (G 1)pp(G1A 1 aa

o]
=—m? o1
_ 1(1+8ba)(A1)au+O<<\/N:m>'

If Px ={i, i} for some i € (1, p], then we obtain from (118) that

3 (ADpy + (A7) . b
S baXi = Bpa.apXo = mi =T+ O )
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while both the 9,5 45 and 0pq b, derivatives lead to delta functions 6, and are therefore lower
order after summation, and thus

8s({i, i}, @) = —mim? 3 «(ab, ba, ab, ba )(Al)““ (Aiaa + (Ao 02(‘1’{1:})

2
ab N L/
_ ka3 3 N A AY) + o2 (PiLi
——mmlmi(«llal)"i_( 1)< l>)+ < L1/2
K4 Wy
= sz?mS(ala,)-f—OZ(L{l/;}),

giving the leading contribution to (107).
If Py ={i,i} for some i € (p, q], then we obtain from the leading term of (117) that

Babba¥i = Opa,apYi 2 o (A
ab,bati = Oba,ab —mmN+ <<W )
with the other derivatives again being lower order, hence

- .. (Al)aa 2 Wi
E3(2, {z,z})——mlmm Xl;/c(ab ba,ab, ba)——— N+O<<L1/2>

_ ok Wi

Vi1,
-o- (Lm)

Finally, if Px U Py = {i, j} for some 1 < i < j, then we either obtain a §,; from (117) or
a (A;)pq from (118) and, therefore, due to

> |(ADba] <N Z|(Ai)ba|2=N3/2 (Ai A7)
ab ab

-1/2

the leading term is at most of size Wy ; j}L and we obtain

206 0. 2)| +[3(2. 11 )|+ [s(00, )] = OL (M),

Here, we used (39a), so that in case Py = {i, j} with i # j, the error terms from (118) can be
multiplied. This concludes the proof of (107) for the case k; =1, k = 3.

Case (v), k =2. In case k = 2, there are five subcases to consider; k1 = 2, Px = {i, i},
Py ={i,i},ki=1or |S(Px U Py)| =2.
If k; = 2, then the derivative is given by

3%(G1ADpa = (G1)(G1)(G1A))

with three a and three b indices, so that by parity either all three matrices have indices ab,
ba, or only one with the remaining two having aa, bb. For all three matrices having ab, ba
indices, we can gain two factors of /p1/Nn; via Ward-estimates over the naive size N —1/72
in order to obtain p; N -3/ 2171_1 < W{]}L‘l/ 2 If two matrices have indices aa, bb, then we
perform an isotropic resummation, that is, replace one diagonal resolvent by m as we did in
(114) and estimate, for example,

S/ZZ(Gl)bb(GlAl)aa(Gl)ba_mlN S/ZZ(GlAl)““(Gl)I“JrO (N3p/12m>
ab

1/2

_ P _ Yy
= O<(N3/2ni/2> - O<<L1/2)’
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and similarly for all other index distributions. Thus we obtain

Next, if Py = {i, i}, then we obtain from (118) that
mi(G1ADpa  3(Ai)aa + (A)pb Oz( 11})

Ex({i, i}, @) :%K(db,db,bd) N m; v i

Wiy
(D) (3
a

2 i}
=0 <L1/2)

again using isotropic resummation and that

la:|| := || diag A; | < N/ /(AxA;).

The case Py = {i, i} is completely analogous, except that using (117) the constant 1 vector
is summed up instead of @; and we obtain

\IJ1}
|B2(2, {i,i})] < Ll/lz

The case k; = 1 can be estimated by

182({i}, @) S N2 [(G1op(GrADaa + (G1)ba(G1A)5a)(Gi AiGi)pa

ab

<N~ WZKGAG)MHN 7/22 N L (GiAGi)pal

1/2
Nn}/2 N3/277i

< Yy

~ 12

and similarly

|E2(2 i) SN2

Y (GDer(G1AD aa + (G Dba(G1ADa) (G,
ab

SN2 (6Y), |+N7/22 ’”| oal
a

1/2 3/2
/01/ pi/
SR 3/2

N, N3/2’7i/
< Yoy
~ L1/2

from (120).
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For the final case |S(Px U Py)| = 2, we estimate for i # j,

|EZ({i’j}’®)|r§#%}(GlAl)bﬂ('(A]i\;bﬂ +Oi<1\,3+1|771|>>
X(K%ﬁmﬂ%_oi(ﬁigmﬁ)>
12
=OL(N_1/2\/?,;I|(N1/2 + N3;)2i|77i|)N|'(:7jj|1/2>
—oL ().
12

L. _ Sba P;
o < 5/2 _va -
22026, D| S8 DiG a0l (5 + 0« )

5 pi/?

ba Jj

Sa o (S
X(N*'<Qmmmﬂ»

12
<~ N-5/2 1 L NTS2N2 P1 Pi 1
Nlnjl Nnil (N[n;i|)3? Nn;|

Vi, j)
112

and similarly

([ Wi j)
|52({l}a{]})|20i< Ll;zj )
This concludes the proof of (107). [J

PROOF OF (112). The proof of (112) is very similar to that of (107) and we again con-
sider the cases (i) odd k1, k >4, (i) even k1, k>3, (i) k=3, ki1 =1,(Av) k =3,k =3
separately.

Case (i), k1 is odd, k > 4. In this case, we estimate |dy,(G1)pq| < 1 and obtain from
(116) that

|21 (Py)| < p; ' N N2 W p,) S NTEI2W0104p,),

from N~! < ,01N_1n1_1, confirming (112).

Case (ii), ky is even, k > 3. Since kj is even it follows by parity and the local law that
|0, (G 1)pal < [(G1)ap| and, therefore, by (116) and a Ward-estimate it follows that

o N/ e
|Dk(Py)| < py'N (k+3)/2N2ﬁWS<PY)§N E=2201y0s(py)

confirming (112).
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Case k =3, k; =3. The derivatives acting on (G1)gp results in four G factors with a
total of four a and four b indices and we obtain

3(2) = — mlN P (602G + 0o 1N3Z|<Gl>ab|>
ab ab
=3 +0 1
- oN “\N32 /o
K4 \11{1}>
St vo. (M),
N i VL

which gives one of the leading terms in (112).

Case (iii), k =3, k; = 1. For k1 = 1, the derivative of (G1)p, is given by

S 00y (G1)ba = —(G1)2a — (G (G 1)aa = —m3 (1 + 8pa) + 0<( i)
o] N771

If Py ={i,i} for some i € (1, r], then we obtain from (117) that
1/2

)
while both the d,4p 45 and 0p4 p, derivatives lead to delta functions 6,4, and are therefore lower
order, and thus

.. 1,i}
O3({i,i}, @) = —mymim;m, Zblc(ab ba, ab, ba) (’L( Ll/z)
a

, 2
aab,baYi = aba,ain = mim + O (

=y o (),

giving the other leading term in (112). On the other hand, if Py = {i, j} for some 1 <
i < j, then we obtain a §,5 from (117) and, therefore, the leading term is at most of size
\IJ{Li?j}L_I/Z and we obtain

. Wi, j)
@37, j})] :O<< Ll;zj )
This concludes the proof of (112) for the case k1 =1, k = 3.

Case (iv), k = 2. In case k = 2, there are four subcases to consider; k; =2, Py = {i, i},
kiy=1or Py ={i, j} fori # j.

If k1 = 2, then the derivative is given by 92(G1)pa = (G1)? with three a and three b in-
dices, so that by parity either all three matrices have indices ab, ba, or only one with the
remaining two having aa, bb. For all three matrices having ab, ba indices, we can gain
two factors of «/p1 /N7 via Ward estimates over the naive size N~'/2 in order to obtain
N_3/2n1_1 < \I!{l}L_l/z. If two matrices have indices aa, bb, then using isotropic resumma-
tion we estimate

P N2 (G0 (G 1) aa (G1)pg = miN ™ 5/22(G1)aa(G1)1a+0 <N3K;12m>
ab

1/2

_ Pi _ iy
= O<<N3/2ni/2> - O<<Ll/2>’
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in order to conclude

Yy
|®2(2)] < T2

Next, if Py = {i, i}, then we obtain from (117) that

mlm I’I’l

Dy ({i,i}) =

1 ab

_m/lm,-mi 2k3 i}
= Gy + o<1

Vi)
_(9<( Lm)

The case k; = 1 can be estimated again by isotropic resummation as

~7/2
|D2({i})] < : > (G Dob(G1)aa + (G13a)(G?) g
L Vab
P1
N P1Pi Xa] P1Pi %;: |
1/2
p'> o < Yy

771/2 N3/2p; ~ LUZ

For the final case Py = {i, j} with i # j, we obtain from (117) that

NS/ Sba 2%\ (b
o, (17, )| < (G 1)y ( +o. (%))(—Jro
| (i, Jj )| P10iP; %] a| (Nn;)3/? N <
ViLi, )
2

This concludes the proof of (112). [J

5. Functional CLT: Proof of Theorems 2.3-2.4. In this section, we prove our main
results, the functional central limit theorems using the resolvent CLT, Theorem 4.1. Via stan-
dard representation formulas this involves fairly standard but tedious calculations. We first
give a detailed calculation for the case sharp cut-off case in Section 5.1 using the less-known
Pleijel’s formula which proves Theorems 2.3. The proof of Theorem 2.4 in Section 5.2 relies
on similar calculations using the more conventional Helffer—Sjostrand formula; the details

are deferred to [14], Appendix F.

5.1. Proof of the functional CLT for the sharp cut-off. PROOF OF THEOREM 2.3.

A:=A — (A), and define
(122) 1k i, (i) := 1(|i —io] < K).

We recall the rigidity bound (see, e.g., [22], Lemma 7.1, Theorem 7.6, or [26], Section 5):

1

(123) ki =¥l <

LY k(ab, ab, ba )(Gl)b" ey (

12

(

)

1/2
/Oj/

(Nn ;)32

)

Let
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where 7 :=i A (N +1—i). Here, y; are the classical eigenvalue locations (quantiles) defined
by

(124) fjj ,o(x)dx:%, i €[N],

where we recall p(x) = pgc(x) = (27[)_1,/ (4 — x2),. We now present the proof in the bulk
regime, the edge is completely analogous and so omitted. Define ng (y;,) implicitly by

K .
Np iy +ink (Viy))

which is the local scale around y;, containing roughly K eigenvalues. Then, by (122) and
(123), we readily conclude

(125) Nig = Nk (Vig) =

Z u,,Au, = Zleo(l) ul7Aul>

(126) |l io|<K
N3/2 .
=——(P(W)A)+ O<<

1

where we defined the spectral projection
(127) P(W) =1(viy = nig = W = Vig + i),

and used that |{u;, /iui)| <N~1/2 by [16], Theorem 1.

Using Pleijel’s representation formula of the spectral projection of a Hermitian matrix in
terms of contour integral of its resolvent in [24], equation (13), (see also [48], equation (5)),
we find that (see Appendix E for more details)

3/2

V2K 2miv/ 2K /I"K o

with 'k ;, the contour oriented counterclockwise and defined by

(128)

(P(W)A)= (G(2)A)dz + O <N"°),

JK

(129) Tk.ip :={z € CI Nz € [Viy — Nig» Vio + Mip] and |Iz| = M}
U {z € CI Nz € {yiy — nig» Vip + Mip} and |Iz| € [no, M1},

for any M > 0, and with some parameter 7o such that N~! « no <« K'/?/N.
By Young’s inequality, for any p > 2 and § > 0, we get from (128) that

. N3/2 o
P(W)A ‘
’_ZK( )
(130)
N3/2 nal” 1o N\ P
= (G@A)dz| + (( ))
( «/2[( T'k.ig ) VK
By (91), it follows that for even p (for odd p the leading term is zero) we have
N3/2 N
E P(W)A
e )
N \P/2
e =N R A A
PePair((p]) (i, jlep ¢ ’TKig Tk.ig
22,82
mim=5(A“) am me (AA)
(131) x ( VAT T D i)
L —mim; l—omim;
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3 3,0 o
+K4mimj(a,-aj))

ol () () (52 )

for any &,8 > 0, with @ := diag(fi). In estimating the error term coming from (91), we used

that
(11 h, ) I v el () (50) 7

i€[p]

where (MN/K)I”/2 comes from the vertical lines of the contour I'k ;, and (MN/K)_P/2
from the horizontal ones. Note that in order to apply (91) we had to choose 79 > N~!,
which ensures L = N min; (|n;|p;) ~ Nn, > 1 (since we are in the bulk regime), with 7, :=
min; |;|. It is clear that we can choose £, § and n9 < K'/2/N, M <« K /N so that the error
term in (131) is bounded by N ~¢(7-€) for some constant c¢(p, €) > 0, where N < K < N!~¢,
In the following, no <K M < K /N ensures that only the horizontal lines of Ik ;, contribute
to the integral, the vertical lines are negligible giving a contribution M N /K.
We start computing

Yip+1ig ! om?m3 O‘mzm_g2
/ / dx dyn =2 e
Vi l—ommmy 1—omimy

) 7’10

y10+7]l0
/‘/): 4—x2) (4—y?), dxdy

ig ~Nig

2Nm Yig+1ig
—i—l(a_:l:l)—// J (4 —x2 oy dxdy
Vi Ox=oy

()
N [ [Vt (1—02),/(4—xD) (4 —y2),
__//0 R 7o e \/ 22 5 TOWM).
vy 0202+ y2) + (1 —a2)? —xyo(l +02)
In particular, for K <« N we get that the right-hand side of (132) is equal to

(132)

2N K
8721(c =1)+ 1(o :—1)—”/ 4—x2dx—|—(’)(\/M+ —),
K Ui, N
with Iy := [¥iy — Nigs Vie + Nig) N [=Viy — Nig» —Vio + Miy]- Note that for ip = [¢N we have
2N
K Ji

4Nrm K
4—x2dx = ——|I; (’)(—).
] ! ' K | l0| " N

We now distinguish two cases: (i) ¢ # 1/2, (ii) c = 1/2. If ¢ #£ 1/2, then |y;,| 2 lc — 1/2]
and so /;; is empty, that is,
2Nm

K Ji

0

4 —x2dx =0.
On the other hand, for ¢ = 1/2 we have

2N / K
n/ —dex_ |It()|+0< )=87T2+O(N),

where we used that for ¢ = 1/2 we have |I;)| = 2n;, + (’)(N_l), as a consequence of y;, =
O(N~1), and that p(ini,) = a4+ OWiy), with 9, S KN~! in the bulk. By analogous
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computations, we conclude that in the edge regime the right-hand side of (132) is equal to
1(oc = 1)8v272/3.

For mesoscopic scales, the third and of the fourth term are negligible. This concludes the
proof of Theorem 2.3. [

5.2. Proof of the functional CLT for smooth cut-off. PROOF OF THEOREM 2.4. For
simplicity, we present the proof in the macroscopic scale and in the mesoscopic scale in the
bulk. The computation of the leading term and the estimate of the error terms at the edge are
completely analogous and so omitted.

For any z = x + i € C, we define the almost analytic extension of f € H? by

(133) fc(@) = felx +in) :=[f(x) +inds f(x)]x (N7),

where y is a smooth cut-off equal to 1 for n € [—5, 5] and equal to O for n € [—10, 10]¢. Note
that

(134) |9z fcl < N21g"[Inl + N“(Igl + N[g'[1n])
where 207 := 0, +10,.
By the Helffer—Sj(istrand formula, we have that
f*fc(Z) —W‘/ / zfc@@)
Ry

A—2z

(135) f)=

’

where d’z = dx dn is the Lebesgue measure on R?. We recall the following notation:

N N
(136) Ly(f.D=) f0)—EY_ f(h)
i=1 i=1
Ly(f. A)=Ly(f. Ag) + Ly (f. Aod)
(137) N . N .
= fO)(wi, Au) —E Y fOu) (i, Au;).
i=1 i=1
Using (135), we write

2N
Lu(f. D)= =0 / f 3 fo ()G (x +in) — EG (x + in))dn dx,

(138)
Ly(f, A) = —‘R/ / fc@((Gx+in) —EG(x +1in))A )dndx
Using that |(u;, Auj)| < N~1/2 writing G in spectral decomposition, we conclude
o 1O [y, Aug)l 1 1
(139) G(x +inA) < — < (1 + _)
I =y ~w e

for any n > N~100 where we used that the local law for |(G — EG)| < (Nn)_1 holds for any
n=> N—100 (e.g., see [15], Appendix A).

Then, using (139), (134) and the local law [(G — EG)| < (Nn)*l, we readily conclude
that

2N Na
Lu(f. 1) == /R 0 fo ()G (x + in) — EG(x +in))dydx + O (noN%),
no

o 2N a
(40) v A) = 79%/11 ' 3z fe()((G(x +in)
70

—EG(x +in)A)dndx + O (g3 N/>T9),
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where we defined
no:=N""¢ 5, :=10N"",

for some small € > 0 such that ny < 7n,. Note that in (140) we used that x'(N%n)=0onn €
[0, no] since o < N4, and so that |9z fc| < Nzan by (134). We remark that the regime n <
N2—100 in (140) is bounded trivially by N ~109+2¢ ysing that [(GA)| < n~! and that |3- fc| <
N=%n.

With the formulas (140), we thus reduced the proof of the functional CLT for general test
function f to the CLT for resolvents as given in Theorem 4.1, modulo detailed calculations
of the leading terms. These calculations are deferred to [14], Appendix F, and with their help
we conclude the proof of Theorem 2.4. [

APPENDIX A: CASE OF VANISHING VARIANCES IN THEOREM 2.4

In this section, we give a short explanation for the cases of vanishing variances in Theo-
rem 2.4 as listed in Remark 2.8.

The fact that for constant f the limiting processes vanish is obvious since in this case
Tr f(W)A is deterministic. Similarly, for linear f(x) = bx and w, = 0 the diagonal processes
&, &q vanish since Tr f(W)Aq = b'Tr WA4 = 0 almost surely if wy = 0. For the case of
quadratic f(x) = ex?and kg = —1 — o2, that is, |wi2| = l/ﬁ almost surely, we have

T2 Aa = Y (Ao S wasna ) = X (Aahaa( " + 2, )
a b a

almost surely, so that Var(Tr W2Aq) < (|Aql?) /N.For o0 =1 and real skew-symmetric Ayg =
—A!;is clear that 2 Tr f(W)Aoqg = Tr f(W)Aoq + Tr(f (W) Aoa)" =Tr f(W)(Aoa + ALy =
0 due to W, f(W) being almost surely real-symmetric.

It remains to consider the cases of vanishing variances for 0 = —1, that is, when W =
D + iR for some real diagonal D and some real skew-symmetric R = —R’. If D =0, then
by the exact symmetry of the spectrum, A; = —An41—; and u; = uny11—; (up to phase),

we immediately see that all three linear statistics are constant for odd functions f. In case
D # 0, the variance is not algebraically zero but it is vanishing for large N. To illustrate this
mechanism, we consider the odd function ¢ (x) = x3. Then (a)—(c) in Remark 2.8 are saying
that Tr(W3 — 3W), Tr(W?3 — 2W)Ad and Tr W3 Aq fluctuate on a scale < 1. Indeed,

TrW3A = Tr DA +iTr(D*R + DRD + RD*)A
—Tr(DR*+ RDR + R*D)A —iTr R°A
so that
Tr(W? —3W) =Tr D® — 3Tr D(1 + R?)
is < 1 since (R%)yq = — Y ab Rﬁb ~ 1. Similarly,
Tr(W? —2W)Ag =Tr D>Ag — Tr(2D(1 + R?) + RDR)Aq
since TrR3Aqg=0dueto R=—R" and Aq = Aé and the right-hand side is < 1 since

|Tr RDRA4| = SNV 442,

Y RZ, Dy (Ad)aa
ab

Finally,
TrW3Aog =iTr(D*R + DRD + RD?) Aoa

—Tr(DR*+ RDR + R*D)Aog —iTr R® Aoq

is SN —1/2 [AodALy due to Aoq being off-diagonal. A similar argument works for any odd
polynomial.
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SUPPLEMENTARY MATERIAL

Supplement to “Functional central limit theorems for Wigner matrices” (DOI:
10.1214/22-AAP1820SUPP; .pdf). Appendix B: Proofs of Lemmata 3.7-3.8. In this sup-
plement, we prove two technical lemmata. Lemma 3.7 is relevant only for the very special
o = —1 case where the local laws with two and three G’s with one transpose require a sepa-
rate argument that is outside of the main methods of the paper. Lemma 3.8 is a simple calculus
exercise. Appendix C: Proof of remaining estimates for Proposition 3.4. In this supplement,
we present the proofs of the local laws and estimates for chains of three resolvents involv-
ing some transpose G’ in Proposition 3.4. These computations are similar to those presented
in Section 3 without transposes. Appendix D: Proof of the refined bounds on renormalized
alternating chains: Theorem 3.5 and Lemma 3.6. In this supplement, we prove two simple
extensions of the general high probability bound [16], Theorem 5, on renormalized alternat-
ing chains of resolvents and deterministic matrices. Theorem 3.5 refines [16], Theorem 5, by
distinguishing different n’s in the estimates by essentially bookkeeping them more carefully.
Lemma 3.6 gives a slightly stronger bound albeit only in variance sense in a very special case
of two resolvents. We present its proof in full details mostly for pedagogical reasons, since the
actual novelty is only a somewhat different estimate of one single term. Appendix E: Proof
of the Pleijel’s representation formula in (128). In this supplement, we give a detailed proof
of integral representation (128) for (P(W)/i), with P (W) defined in (127). Appendix F: Cal-
culations for the functional CLT for smooth test functions. Starting from (140) and using the
explicit formulas in Theorem 4.1 in this supplement we complete the proof of Theorem 2.4
by computing the expectations and variances of the limiting Gaussian processes explicitly.
The calculations are mostly mechanical albeit delicate since singular integrands need careful
regularizations.
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