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GOE statistics for Anderson models on antitrees and
thin boxes in Z? with deformed Laplacian*
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Abstract

Sequences of certain finite graphs - special types of antitrees - are constructed along
which the Anderson model shows GOE statistics, i.e. a re-scaled eigenvalue process
converges to the Sine; process. The Anderson model on the graph is a random matrix
being the sum of the adjacency matrix and a random diagonal matrix with independent
identically distributed entries along the diagonal. The strength of the randomness
stays fixed, there is no re-scaling with matrix size. These considered random matrices
giving GOE statistics can also be viewed as random Schrodinger operators PA +V on
thin finite boxes in Z> where the Laplacian A is deformed by a projection P commuting
with A.
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1 Introduction

In the theory of randomly disordered systems there are two very important fields of
research, the Anderson model introduced in [And] and random matrix ensembles such
as the Gaussian Orthogonal Ensemble (GOE) introduced by Wigner [Wig]. The latter
one model the observed repulsion between energy levels (eigenvalues) in large nuclei.
This is characterized by the local eigenvalue statistics which for the GOE is given by
the Sine; process in the limit where the matrix size goes to infinity, see e.g. [Meh]. This
type of limiting statistics is expected for a wide range of disordered systems of the same
symmetry class which is referred to as a universal behavior or simply universality. The
GOE statistics applies to models with time reversal symmetry in delocalized regimes.
Without time reversal symmetry (for instance in presence of magnetic phases) disordered
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GOE statistics for Anderson models

systems are expected to follow the local statistics of the Gaussian Unitary Ensemble
(GUE) given by the Sine; process.

Let us introduce some of these concepts more precisely. For further details we refer
to the common literature, e.g. [Meh, AGZ, For]. The Gaussian Orthogonal Ensemble
GOE = (GOE(N))nen is given by the collection of Gaussian distributions GOE(N)
with density proportional to e~ T(*) on the set of real symmetric N x N matrices
Sym(N) for N € IN. The distribution GOE(N) is invariant under orthogonal conjugation,
OTGOE(N)O 4 GOE(N) for O € O(N) = {O € Mat(N,R) : OTO = Iy}, where Iy
denotes the N x N unit matrix. If the random matrix Hy is drawn from GOE(N) this
means that it has real entries, (Hy) jk for j > k (entries above and on the diagonal)
are independent Gaussian random variables with mean zero and variance 1/N for
the off-diagonal variables and variance 2/N for the diagonal. The other entries are
determined as Hy is symmetric. Similar, the Gaussian Unitary Ensemble is defined in
a way that the distribution is Gaussian and invariant under unitary conjugation. The
normalization in N assures that in the limit N — oo the (random) density of states
measures vy = & ZZV: 10\~ converge to the Wigner semi-circle measure =V4 — A2 dA
supported on [—2,2]. Here, {\Y : i =1,..., N} is the (random) set of eigenvalues of the
random matrix Hy and J, denotes the delta measure supported at A\. The distribution
of these eigenvalues for finite NV follow the S-ensemble rule, that is, the symmetrized
distribution of (AY,...,A¥) € RY is proportional to ¢=#N/4 ;A [Lie; i = N1° T dN
where § = 1 for GOE and 8 = 2 for GUE.

The Sineg processes emerge as limits of the local statistics of these joint distribu-
tions. For some value in the so called bulk spectrum )y € (—2,2) one can consider the
eigenvalue process around )\, that is the shifted eigenvalue process spec(Hy — Ally) =
{AN — )Xo :i=1,...,N}. According to the semi-circle law, the number of eigenvalues in
a fixed small neighborhood around g is proportional to N+/4 — A(Q] and the distance of
Ao to the next eigenvalue is roughly proportional to 1/(N/4 — A3). So in order to get a
limiting point process it is reasonable to consider Xy := Ny/4 — A\3/(2) spec(Hpy — Aoll).
We view this random discrete set as a random counting measure oy = > 5. 0, that is
on(A) =|Xy N A| for A C R. Thus, we have a probability distribution My on the set of
discrete counting measures on R. In general such a distribution is called a point process.
Ny converges weakly, Ny = Sine; (or ¥y = Sine;) for N — oo. Weak convergence of
point processes is given by convergence of the Laplace functional U, (f) — Y (f) for
non-negative continuous functions f with compact support, where

Upr(f) = Enlexp(—o(f))) = / AN (o) (exp(—o(f))

In essence, this functional replaces the role of the characteristic function (Fourier
transform) for probability distributions on R. Now, in the considered case, the pro-
cesses Ny and Sineg are also uniquely characterized by their moment measures (or
joint intensities) which all exist and one obtains vague-convergence of those. Under
certain growth conditions vague convergence of finite moment measures is sufficient for
obtaining weak convergence!. For a point process N the finite moment measures are
given by the expectations over the power measures, this means for a bounded Borel set
A x Ay x -+ x Aj, C RF the k-th finite moment measure is given by

k k

i=1 i=1

IThis is similar as the comparison of weak convergence vs. convergence of moments for probability
distributions on R.
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Sine; is a so called Pfaffian process where all the finite moment measures are absolutely
continuous and their densities are given by a certain Pfaffian. If Hx where drawn from
the GUE we would have convergence to the Sine, process which is a determinantal
process given by the famous Sine-kernel, K(z,y) = % giving the name Sine
processes. This means, the finite moment measures are given by

/dSin62<U)(O'k(f)) = /f(.’L‘l,...,(I}k) det[K(xi,xj)]lgigk,lgjgk dl‘l,dxg-"dl‘k.

Universality (limiting Sineg process) has been proved for many random matrix ensem-
bles, e.g. [DG, ESY, TV] and particularly very recent works by Ajanki, Erdés, Kriiger and
Schroder allow very general profiles of covariance structures and dependencies with
slow correlation decay of the random entries [AEK, EKS]. However, these ensembles are
still far from ensembles of very sparse matrices (many zero entries) or matrices with
randomness only along the diagonal, both of which apply for Anderson models.

The Anderson model is supposed to describe the quantum motion of electrons in
randomly disordered solids like doped semi-conductors. Unlike the random matrix
ensembles, here, one considers operators on an infinite dimensional separable Hilbert
space. Typically it is given by ¢2(Z<) or ¢2(G) for some countable graph G and the
random entries just appear on the diagonal. This means that one considers a random
operator H = A + V given by the sum of a real random diagonal multiplication operator
VY (in the canonical basis) with independent identically distributed entries along the
diagonal and a graph-Laplacian or adjacency operator A. The physically most relevant
models are given by the sum of a random potential and the discrete Laplacian on Z¢,
d = 1,2,3. There are also continuous analogues defining Anderson models on L?(R%)
where A is the actual Laplacian on R¢ and V a random multiplication operator made out
of a sum of bump like potentials centered around lattice points and multiplied by i.i.d.
real random variables.

For Anderson models one can also consider eigenvalue statistics if one restricts
the model to sequences of finite cubic boxes in Z¢ or adequate finite sub-graphs of G
approaching the infinite graph. Restricting the Anderson model to a finite box gives a
random matrix. However, the sequences of such random matrices are very different
from the random matrix ensembles mentioned above. The random entries are only on
the diagonal and the variances are constant and not re-scaled with the size of the matrix.
The off-diagonal entries are typically very sparse? describing the graph structure (edges,
edge-weights).

For one and quasi-one dimensional models, e.g. [GMP, KuS, KLS] and for large
disorder or at band edges in any dimension, e.g. [FS, AM, DLS, Klo] the Anderson
model localizes. This means one has pure point spectrum and exponentially localized
eigenfunctions, a phenomenon called Anderson localization. In regimes of Anderson
localization one finds Poisson type statistics (i.e. limiting Poisson point processes)
[Min, Wan, GK].

While there is a huge literature on Anderson localization, there is still a major open
problem concerning delocalization. For Anderson models of low disorder on Z¢ for
dimension d > 3 it is expected that some absolutely continuous spectrum persists®.
Moreover, in these delocalized regimes one also expects some form of universality (GOE
statistics) for the eigenvalue statistics along increasing boxes approaching Z¢. However,
so far even the existence of this delocalized regime for models on Z? is mathematically
unproven.

2meaning most off diagonal entries are zero, the non-zero entries are sparse

3The non-disordered Laplacian has purely absolutely continuous spectrum

EJP 23 (2018), paper 76. http://www.imstat.org/ejp/
Page 3/24


http://dx.doi.org/10.1214/18-EJP187
http://www.imstat.org/ejp/

GOE statistics for Anderson models

Existence of a delocalized regime for Anderson models was first shown for infinite
dimensional regular trees (Bethe lattice) and then extended to similar tree like structures
and tree-strips [Kle, ASW, FHS, KLW, AW, KS, Sal, Sa2]. Only recently some examples of
graphs with finite d-dimensional growth rate (d > 2) have been introduced with rigorous
proofs of absolutely continuous spectrum for Anderson models on them. These are so
called antitrees and similar graph structures [Sa3, Sa4]. The word antitree describes that
these graphs are far from trees as they have some local complete-graph-like structures
in them. These can be viewed as local mean-field structures which give a local averaging
effect on the random potentials preventing localization.

A connection from Anderson models to GOE statistics has been found by considering
long strips within Z? and re-scaling the random potential in relation to the graph size.
Originally one also had to modify the Laplacian slightly [VV] which was later resolved in
[SV]. In this paper we combine methods from [Sa3] with [VV, SV] to construct examples
of sequences of Anderson models on finite graphs with fixed disorder strength that show
GOE statistic in the limit. An additional re-scaling of the randomness (in relation to
the non-random parts) as in [SV, VV] is not needed. The graphs are tensor products of
two-dimensional grids and a complete graph with normalized edge weights. As tensor
products of such a complete graph with the line Z or half line Z, are special cases
of antitrees as described in [Sa3], we call these graphs antitrees as well. The locally
averaging graph structure of the complete graph part replaces the re-scaling of the
randomness in [VV, SV]. In some sense this sequence of considered models lies in
between the theory of random band matrix ensembles and the Anderson models on Z?.

1.1 The considered graphs and related random matrices
Let us introduce more precisely the graph structures we will consider.

Definition 1.1. a) A discrete weighted graph (G,W) is a countable or finite set G
together with a symmetric, real valued weight function W : G x G — R. Two distinct
points x # y € G are considered to be connected by an edge if and only if W (z,y) # 0
in which case W (z,y) = W(y,z) € R is the edge weight. The diagonal elements W (z, x)
will be referred to as point weights. One may think of W as a real symmetric matrix
indexed by points in G. This is the adjacency matrix of the weighted graph.

b) The complete graph of s-elements with re-normalized edge weights (K, P;) is given
by K, := {1,...,s}, Ps(j, k) = % for any j,k € K,, thus any point is connected to any
other point and the weights are normalized by % With this normalization, Ps; can be
viewed as a rank one orthogonal projection and thus || Ps|| = 1 independent of s.

c) If (G, W) is a discrete weighted graph, then the G-antitree of constant width s is given
by the tensor product (G, W) ® (K, Ps) = (G x K, W ® Ps) where W ® P, ((z, ), (y,k)) =
W (z,y)Ps(j. k) = t W (z,y).

S

In part c), the G-antitree of constant width is basically obtained by replacing any
vertex z € G by a set S, of s vertices and the edges between z and y by s? edges
connecting all points in S, and S,. Doing this procedure where |5, | is not constant we
would get a general G-antitree (of non-constant width |S,|). The antitrees we worked
with in [Sa3] would all be Z -antitrees in this sense where Z is the half line of positive
integers with edges only between neighbors. Therefore, we also use the term antitree
here as well.

We will consider such antitrees of constant width (tensor products with IK;) for
(long) two-dimensional strips. Such adjacent matrices can also be obtained through
some deformation of the Laplacian of 3-dimensional (thin) boxes as we shall see. More
precisely, the n X r strip Z, , with point weight w is the set {1,...,n} x {1,...,r} C Z?
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with weight function
0 ifllz—yl>1
Wy (z,y) = q1  ifflz -yl =1

w ifz=y

The corresponding Z.,,«, antitree of constant width s shall be denoted by AY and

nxr,s
the corresponding nrs x nrs adjacency operator by Ay, , ., i.e. (A} A

nxr,s’ nxr,s) =
(Zpsir, W) ® (Ks, Ps). To represent it in matrix form, we will split the nrs x nrs matrix
Alxr s into rs x rs blocks and each of these blocks is split into s x s blocks. Identifying

the base space with

anrxs :{(l'l,xQ,fL's) €Z37 1 le §n7 1 SxQ Sru 1 Sxd §8}7

Al s can be considered as an operator on 0?(Zinxrxs) and we use the canonical or-
thonormal basis (dx,,+,,z;) With lexicographical order to represent Aj, , . as a matrix.
We start with the mean-field vector
1 1 .. 1
1
ls ;= — | :| € R* andnotethat P, =1,1] =~ |: e RS . (1.1)
: s |

Then, define the rs x rs matrices with s x s blocks

PS . .
P =1,QP = and Ay, = ‘ ' ' . (1.2)
P, o b
P, wP;

Here, I, is the r x r identity matrix and A}, is block-tri-diagonal with s x s blocks. Finally,

we have A}, , . as a block-tri-diagonal nrs x nrs matrix structured in 7s x rs blocks:

w
Ar,s PT75

P, Av -

N B (1.3)
' ' P’I‘,S
Pr,s A;fjs

Let be given a probability distribution v on R. The Anderson type model on A} .
with single site distribution v is given by the random real symmetric matrix

Hy . o= Asrs + Vars (1.4)

where V,,,.s is a nrs X nrs real diagonal matrix with independent identically v-distributed
random variables along the diagonal. We will assume that the distribution is compactly
supported. This is a family of random band-matrices with randomness only on the
diagonal, size N = nrs, band-width 2rs and sparse structure in the entries, but with
some local mean-field setup within groups of s x s blocks.

1.2 Main results

Let us start with naming our main assumptions:

Assumptions. (A1) We assume that the distribution v of the single site potential (diag-
onal entries of V,,,s) is compactly supported, say in the interval [—o, o].
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(A2) Furthermore let us assume that the distribution is centered, E(v) := j vdv(v) =0,
and non-trivial E(v?) = [v?dv(v) > 0.

We will often need averaged quantities over the distribution v or products thereof
v®* as the diagonal entries of V,,,.; are all independently v distributed. When the random
variables and their dependence on these entries are clear, we will denote the expectations
values by E. Furthermore, in these expressions a variable v will express a v-distributed
independent random variable. Now let us introduce the harmonic mean

o= (5(5)) = ([ i) 1.5

and define the interval

I, == {AER : [\ >0 and |hy—w|<4}. (1.6)
The harmonic-mean to arithmetic-mean inequality gives |hy| < |A| for |A\| > ¢ and we find
[—4+w,d4+w] \ [-0,0] C Ly, . (1.7)

So for small ¢ or large |w| the set I,, , will not be empty.

Theorem 1.2. Let H};, ; be the Anderson models on the antitree A}, ,. . with single site
distribution v under the assumptions (Al) and (A2). For almost any A € I,,, there exist
sequences s > ny > 1, — 0o, and normalization constants N, such that

Ny spec(H,, . . —A) = Sine; fork — oo
The growth of s /n; — oo and r, — oo can be chosen as slow as one wants, meaning that
for any increasing function f(n) growing towards infinity one finds sequences sy, N, r'
satisfying this limit with si/ny, < f(ng) and ri, < f(ng).
Remark 1.3. The spectrum spec(H,; ,, ;. — ), i.e. the eigenvalues of H};, . . — \are
considered as a random point process and the convergence holds in the sense of a weak
limit of random point processes as described in the introduction for the GOE case.

Let us go back to blocks in Z? and consider the set Z, s as introduced above, a
n x r x s grid within Z3. Now let us introduce the discrete Laplacian Ap s ON Zpxrxs
but with periodic boundary conditions in the last coordinate direction. For the other
directions we use Dirichlet boundary conditions. This corresponds to introducing an
additional edge from points (z1, z2,1) to (z1, z2, ) for any x;, zo. All the edges get weight
one and we have no point weights. This means the matrix (or weight function) associated
to A, , s is given by

1 ifjlza—ylhi=1
<5r; An,r,s 5y> - AnL,n,T(xvy) = 1 if {$37y3} = {175} and (Il,ig) = (y17y2)
0 else

Using the same basis structure as before we obtain

An,r,s =
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where in general I,,, will denote the m xm identity matrix and A, ; is an rsxrs tri-diagonal
block matrix made of s x s blocks given by

0 1 0 1
AP T
1
p ..
Ar}s = Hs As Where Ag — 0 0 c RSXS .
AR :

I, A? - 1

1 0 1 0

Because of the periodic boundary condition in the third coordinate we use the superscript
‘p’ for AP, This periodicity is reflected by the top-right and bottom-left entry 1 in AZ.
This Laplacian commutes with the orthogonal projection P onto the functions which are
constant along the third coordinate direction, i.e.

S

1
PA, s =0y P where Py(xi,z0,23) = 5 Z¢(m1,x2, k).
k=1
In matrix form using s x s blocks we have the block structure P = diag(Ps, ..., Ps) with

nr such blocks. Using AP1, =2 - 1, implying PsA? = APP, = 2P, and I, P, = P,I, = P,
we find

PAn,r,s = PAn,r,sP = Aixr,s .

Here, the A2 is not the the square of A, , rather in our notation as above it means

nXr,s

that we take the adjacency matrix AY of the Z.,,«,-antitree with the point weight

nxr,s
w = 2 on Z,x-. This leads to the following corollary:
Theorem 1.4. For almost all A € I,,, in particular almost all energies A € [-2,—0) U
(0,6], there are sequences sy, > ny, > 1, — 00 (1 — 00, Si/nE — 00 can grow as slow
as wanted in comparison to the growth of ny) such that with the correct normalization
N we find

Ny spec(PApy npri + Vingngrs — A) = Siney .

Remark 1.5. (i) The Laplacian A on Z? or IN? can be seen as some sort of limit of
A, s for n,r,s — oo and has spectrum [—6,6]. Indeed, for any n,r,s € IN we have
spec A, s C [—6,6]. However, the projection P reduces to the subspace with top energy
for the Laplacian in the z3 direction leading to spec PA,, ;. s C [-2,6] and for n,r, s — 0o
one fills this interval.

(ii) Modifying the proofs slightly one can replace A, , s by the Dirichlet-Laplacian Afl{ s

on the nxrxs grid. However, since Afz r.s does not commute with 7 one needs to consider
PAP, ;P + Vurs and a similar calculation as above shows PAD, P = Ai;i/ 2. So the
whole difference is a further s-dependence which in the limit s — oo has no influence.
This resembles the fact that in the limit towards infinity the boundary conditions of the
Laplacian do not matter.

(iii) This result can not be seen as a limiting statistics for boxes on some fixed Anderson
model on a separable, infinite dimensional Hilbert space because there is no limit of the
projections P = P(n,r,s) in ¢*(Z?). Furthermore, there is no operator limit of PA,, ;.
for boxes of size n x r x s approaching Z?3.

(iv) With s /ny and r, growing very slowly, less than any power of ny, the corresponding
subset Z,, . .s, of Z> look like very thin rectangular shaped boxes in Z3.
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2 Transfer matrices

The block structure of A}, . will allow the analysis of the eigenvalue equation

through transfer matrices of similar type as in [Sa3]. In order to see this, let us identify
Y € € = (€)™ with (¢;)™,, ¥; € C™ and let ¢y = 0 = 1,,,1. Moreover, let us
write the random diagonal matrix V,,,s in diagonal block form of n blocks of size rs,
Vors = diag(Vy, Va, ... V,,). Then, we find

(Hff,r,sw)i = Pr78(¢i+1 + wi—l) + (A:js + Vz) i .

By definition of the random diagonal matrix V,,,.s, the V; are i.i.d. random diagonal rs x rs
matrices where each V; has diagonal entries that are all i.i.d. real random variables and
v-distributed. The projection P, ; can be written as

1, 0
P,=®,,® where &, = € R™*" (2.1)
0 1,

’

is a rs x r matrix. Recall that 1, € C* is the normalized ‘mean-field column vector
1,=1/y/s(1,1,...,1)T. Note that &, &, , =1,.
For ¢ = (¢;)1_; € C™*, ¢; € C™ let us define

@ = (1) =@} 4 € C", (2.2)

then, the eigenvalue equation HY . v = z1 gives

(Z — A;,ljs — V;)’Lbl = (I)r,s (’L_L'i+1 —+ 'L_L‘i,l) . (23)
For z ¢ spec(A}’; — V;)) it follows that
U= P, (2= AL, = Vi) Py (@1 + W) - (2.4)

For z € C, Im(z) > 0 we have J(z — A¥, — V;)~! <0, where 3(A) = (A — A4*)/(2) is the
imaginary part in the C* algebra sense. Using that ®, , is injective we get Im(v*@ls (z —
AP, —V;)71 @, ,v) <0 for non zero vectors v and therefore, ®,  (z — AY, — V;) "' &, is
invertible. Hence, it is defined and invertible for all but finitely many values of z € R
as the determinant is a rational function of z. If it is invertible we can re-write the
eigenvalue equation in the following form,

i i T -1 -1
7.L1_‘+1 — TW? _,Ul ’ T2 . (®T73 (Z]L,«S — A’lrljs — ‘/Z) (I)r,s) -1, . (2.5)
a; 68 \ 74 57,8 I, 0

We call Tzwri the i-th transfer matrix at energy z of A}, .. We write the energy or

spectral parameter z as an upper index because the dependence on z is somewhat of the
same flavor as the one on w.
Now let Q) be an s x (s — 1) matrix such that (15, Q) is orthogonal, meaning that

1512 + QSQ;F = ]Is 1:@.9 =0.

Then, we let

Qrs = implying  ®,,,®, + QrsQ, =L, .
Qs
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Hence, (®, 5, Q) is orthogonal. If M is an invertible rs x rs matrix where @ISMCI)T_,S is
also invertible then the Schur complement formula gives that

(BT M, =T MB, — ] MQs (QF, MQ,.) QI M®,,. (26

Applying this to M = 2l — A}’ — Vi, and using P;Qs = 0, A},Q, s = 0 we obtain

-1

1
(@], (s = AX, — V)T ) = 0l Ar @+ (0] (L - Vi) ) 2)

Using 1] P,1, =1, (1.2) and (2.1) we get
P AY @, = AP + wl,

where AP is the Dirichlet Laplacian on the line Z, = {1,...,r} which is slightly different
from the periodic one A? used above,

1 0
The diagonal matrix Vj, can be further partitioned into s x s blocks to obtain

z

Ui,l;s

(QTT,S(Z]I'I"S - %)71(1)7“78)*1 =V = e (2.8)

;8

z
7,8

(%

where 1
v, = (100, = Vi) ')t = 123371 (2.9)
2,7:8 ° S S 2,7 s s P ”— Ui,j,k .

with v; ; , being the random potential at the point (i, j, k) so that

Vi,l Vi,5,1
Vi = € R"™*"™  with ‘/i,j = c R%*% . (2.10)

‘/i,r Vi,j,s

Therefore we finally obtain

w,z ‘/iz - w]I'r - A{? _]I'r
Tivs = ( I 0 ) : (2.11)

For some parameters z = A € R some of the inverses in the definition of the transfer
matrix (2.5) are not defined. However, whenever possible we define it by analytic
extension of the map z TzwrzS Note that by definiteness of the imaginary parts in the

occurring inverses there is never a problem for non-real parameters z ¢ R. For this
reason we define:

Definition 2.1. The value A € R (spectral parameter) is called singular for H' . . at the

n,r,s
i-th slice if the map z ~— T}, is not defined in \ after analytic extensions. We call A € R
singular for Hy/, ; if it is singular at some slicei =1,...,n.

Note that by (2.9) and (2.11) the finite set of singular parameters for H" . . is con-

n,r,s

tained in the convex hull of the support of v and hence inside the interval [—o, o].

EJP 23 (2018), paper 76. http://www.imstat.org/ejp/
Page 9/24


http://dx.doi.org/10.1214/18-EJP187
http://www.imstat.org/ejp/

GOE statistics for Anderson models

3 The spectrum

For the spectrum and the determination of singular energies we may first split off
some (trivial) part of the matrix H,’, .. For calculating the appearing Schur complement

in the ¢-th transfer matrix it is sufficient to consider the subspace

V; := span U ran ((Affjs + Vi)k @T’S) (3.1)
k=0

which is the union of all cyclic spaces of A’; + V; associated to the column vectors
of ®, .. It is clear that Aﬁjs + V; leaves the (random) subspace V; and its orthogonal
complement V;- invariant. Now, writing ¢ € C""* as (;)"_, with ¢; € C™* we use the
fact that C"¢ = []!"_, C"*. With this isomorphy we can identify the product V of the V;
as subspace of C""* and we also have a natural embedding V;* of the complements V;-
into C™"%,

n i—1 n
V= [[Vic e and Vi :=[J{0} x Vi x ] {0}. (3.2)
i=1 j=1 j=i+1

This means, ) € V & Vi : ¢, € V;, and, ¢ € V} & (v, € Vi Apy =0forj #i). We
should mention that it is possible that Vi- = {0} for all i and V = C""* is the full space.
In fact, for continuous distributions v of the single-site potentials this will happen with
probability one.

Proposition 3.1. We find including multiplicities that

spec(H,. ) = spec(H;f’T,S|V) U U spec(V; |Vf‘) .

n,r,s
i=1

where V; is non-trivial and spec(V; | Vi) non-empty if and only if there is j € {1,...,r}
such that V; ; has a multiple eigenvalue with V; ; as defined in (2.10).

Proof. Since ran®, ; € V; for any ¢ = 1,...,n we see that H;’, ; leaves V invariant.
Similarly, for any ¢; € Vf we have P, ;1; = @r,sq):,si/h' = 0 giving that H}’,  also leaves

all the spaces V- invariant and the restrictions of H?, , to Vi is isomorphic to the

restrictions of A, +V; to Vi. Now for¢; € Vi € C* we can split up v; once more into
r-parts (¢; j)_, by C™* = (C*)" and use the block structure for A}’ asin (1.2) and @, ;
as in (2.1). Then

.
1, i 1 i
0=20 ¥ = : = :
1s ¢i,7' lzwi,r
implies 1] 1; ; = 0 for all j = 1,...,r. This in turn implies Ps1; ; = 1514, ; = 0 and from
(1.2) we get A’ +b; = 0. Therefore we have
AP |Vi =0 implying (AP, +V;) | Vi = Vi| V.

By the considerations above we have

HY, = HY Ve @Vi|vH

n,r,s
=1

in terms of an orthogonal sum of operators (in fact matrices). The spectral decomposition
follows.
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Moreover, by construction, V3 is non-trivial precisely if there is a non-zero eigenvec-
tor ¢; of A}’ + V; which is orthogonal to all column vectors of @, ;. By the calculations
above this is equivalent to finding j and v; ; # 0 such that 1;r¢i’j = 0 and ¢, ; is an
eigenvector of V; ; as defined in (2.10). Using the fact that V; ; is diagonal, you can
find such an eigenvector precisely if V; ; has an eigenvalue with multiplicity more than
one. O

Considering the eigenvalue equation (2.3) and (2.4) a solution ¢ = (¢;)_; can be
obtained from a solution (;); of the transfer matrix equation by taking ¢; = ¥, ;u; where
¥, ; is a rs x r matrix given by

-1
Vo= (g = AR, = V) 0 (0], (s — A2, - V) T @) L (33)

Lemma 3.2. For any non-singular energy A € R the matrices ¥, ; are defined or can be
defined by analytic extension of z — V¥, ; at z = A.

Proof. Let A be non singular for H,’, .. If A & spec(A;’; + V;) then the statement is clear
by existence of the first inverse in (3.3) and existence of the last term at least by analytic
extension in A. So let A be an eigenvalue of A;‘js +V;. In order to show that ¥, ; is defined
by analytic extension, it is sufficient to show that ¢ ' ¥ i can be defined by analytic
extension for any eigenvector ¢ of the real symmetric matrix A}, + V; because there
is an orthonormal basis of eigenvectors. So let (A}’ + Vi) = Aoy. Then, for e # 0, [¢]

small,

To, _
elnes = 1o (2 (A — 4, — V) @)
0

Ad+e—A
For A\ # )\ it is clear that the limit ¢ — 0 exists as A is non singular and therefore the
limit of the second term exists. Let us now assume A\ = )\g. We need to use some Schur
complement formulas. Since <I>I +®rs = I, we can choose some orthonormal basis for
C"¢ and C” such that @, ; = (}). We may work in these bases and give EI — AP =V
and ¢ the corresponding block structures

w o A B _ (¥
)\]I’r’s — Ans — ‘/:L = (BT D> and Y = (g02> .

The symbol = shall remind that this is not how the matrices are defined but their
appearance after some basis change putting @, , in the block structure as indicated.
Then the eigenvalue equation for ¢ transforms to

Ay + By =0, BT+ Dpy =0 (3.4)
and we find using the Schur complement formula
(T (A + )Ly — A, = Vi)', ) @, 00 = (A+el — B(D +¢l)"'B )y
= ep1 + Apy + B(D + ) 'Dypy 23 Apy + Bps — BPyerps = —BPyer 0o

where Py, is the orthogonal projection onto the kernel of D (note that D is self-adjoint).
We know that the limit B(D + eI) "' BT exists as ) is not singular. Hence, for any vector
v we have that

lim(BTv) " (D +el)"'BTv exists which implies B'v € (ker D) .

e—0

Therefore ran BT C (ker D)+ and BPy., = (Py.,B")" = 0. Hence,

(A+el —B(D+el)"'BT)p; — 0 for ¢—0.
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This implies

1
(¢TWrred) = Wi = - (A+el=BD+e)7'0) 1 —

i |:((I>7Tg(Z]L"9 - A:fjg - ‘/i)il(pr,s )71 (I)T,SSD:|

dz =

for ¢ — 0, which exists because the extension of the Schur complement is analytic in
z= A\ O

Let us now introduce the products of the transfer matrices:

XUE = TR T o T T2 (3.5)

7,8 ir,s —i—1;r,s 1;r,s

We finally obtain the key Proposition of this section

Proposition 3.3. Let A € R be non-singular for H}/, ;. Then, A is an eigenvalue of Hy,.
if and only if we have either

det ((]IT 0) X¥, (%)) =0 (3.6)

or \ is an eigenvalue of V| Vil forsomei=1,...,n.
Particularly, if |\| > o then ) is an eigenvalue of HY,. , if and only if (3.6) holds.

n,r,s
Note that the second statement follows immediately as ||V;|| < o = spec(V;) C [—0, 0]
and all singular energies are also inside the interval [—o, 0].

Proof. First let A\ € spec(H),, ), either A € spec(V;|V;) for some i = 1,...,n or A €
spec(H,,, .|V). For the letter case let ¢ = (1;);.; be a corresponding non-zero eigenvec-
tor, note ¢ € V.

Claim 1: For some i = 1,...,n we have @; = ®| .¢; # 0. If® ¢ =0foralli=1,...,n,
then HY, .4 = A\ also implies V;¢); = A\; and we have ¢); € V;- and hence ¢ € V*
implying v» = 0 as ¢ € V as well.

Claim 2: (@;); = (@Isqpi)i satisfy the transfer matrix equation (2.5) at z = A with
Uy = Upy1 = 0. If all appearing inverses in the definition of Tzwr’: in (2.5) exist for all

1 =1,...,n then this is clear so we focus on the case when the transfer matrix is defined
only by analytic extension. The eigenvalue equation for A leads to

Vi = (A+e)l— A — Vi) H (@ s (Tig1 + Tim1) + e0;)
which after multiplying with @I , from the left gives

1
-1 - N - T
(I)r,s) Uy = Uip1 +Ui—1 + Wy o,

(cI)?—”r,s (()‘ + 5)11 - A;”ljs - Vl)
In both equations we have to set iy = 0 fori=1and Upy1 = 0 for i = n. With Lemma 3.2
the limit ¢ — 0 shows that (;); satisfies the transfer matrix equation with the transfer
matrices defined by analytic extension to .
As not all of the @; are zero, and uy = 0, we find that «; # 0 and we have

(L. 0) XU, (E)) i = 0. 3.7)

This implies (3.6).
Conversely, assume (3.6), then we find @; # 0 satisfying (3.7). We again focus on
the case where one or more of the transfer matrices at z = X\ are only defined by
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analytic extension. We let @; = @; (A + ¢) be defined by the transfer matrix equation, i.e.
(iifl) = XwAte (%1 ) Note that we will have @, 1(\) = 0 by (3.7). Let us define

wl()\—i-E) = ‘Il/\+a,i ﬁl()\—‘rE) and w()\—f—E) = (wl()\—i-zf))?:l

For ¢ # 0 and small where all inverses in the definition of the transfer matrix exist we
obtain

(Hyrs = A+ )lnps) $(A+2) = p(A+e) = (@i(A+2))i,
where
0iA+e)=0 for i=1,...,n—1 and @,(\+¢) = —®, A1 (A +¢).
In the limit ¢ — 0 with Lemma 3.2 we obtain that ¢/()\) is a non-zero eigenvector for the
eigenvalue \. O

4 Effective energy, effective potential and elliptic channels

For |\| > o the random variables (v;';.,);,; are well defined and independent identically
distributed, the distribution depends on A and s. Moreover, the law of large numbers
gives for |A\| > ¢ and s — oo a limit distribution concentrated on the point ). From
(2.11) we thus define the effective energy by

E=EQ) = hy —w. (4.1)

Also note that h, ' = E(l/v;\,j;s) = E(1/(A—v)) where v is a v-distributed random variable.
Another important quantity will be the A\-dependent variance

1 1)?
o3 = /(()\ D h;l)2 dv(v) = E ()\ — h,\) (4.2)
Moreover, let us define
1 N 1 N 1
EWS(A) = E(vi’j;s) — h), and ﬁym;s()‘) = Vs — hy — ;WS()\) (4.3)

From now on we mostly make considerations for a fixed A ¢ [—o, o] and will omit the
A-dependence most of the time. Note that E(Y; ;,;) = 0 and in (¢, j) we have a family of
real (for A real), independent identically distributed random variables. Harmonic mean
estimates for bounded random variables as in Theorem A.1 give

Wi(\) = hi a3 + O(1/s) (4.4)
E(Y?.,) = hyoi + O(1/s) and supE(Y?,) < C, . (4.5)
e s€eN .

The error bounds are uniform in A on compact sets outside [—o, o] (including compact
subsets of C).
The upper left r x r block entry of the transfer matrices are given by

1 1
El, + —Y;., + - W, I, — AP 4.6
+ 75V g ; (4.6)
where
Yti;s = diag(m,l;sy-nayri,r;s) (4.7)

is the effective random potential in the i-th slice. In the s — oo limit the eigenvalues and
eigenvectors of El,. — AP will classify some of the asymptotic behavior of the products.
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Let us note that A € I, , implies E(\) € (—4,4) . Moreover, E(\) is a continuous and
strictly monotone function of A in I, ,. As in [SV] we now separate elliptic and hyperbolic
channels and diagonalize A by the orthogonal matrix

Ojr == V2/(r+1)sin(njk/(r+1)), jk=1,...,r.

The corresponding j-th eigenvector of AP corresponding to the j-th column vector of O
is given by
a;j = 2cos(mj/(r+1)), j=1,....r
so that
O" AP O = diag(ay,...,a,) .

We focus on the case —4 < E(\) < 0, the other case is symmetrical. In this case
E — a; < 2. In the notions of [SV] we have a parabolic channel if there exists j such that
|E — aj| = 2 which in this case means F — a; = —2. For any given r, there are r such
values of F (and of A\). The union over r» € IN gives some countable set of values in E and
A respectively. We will omit these values. Then, if there is no parabolic channel, there is
rn = mh(r, E) such that

E—a; < -2 for j=1,...,m, (hyperbolic channels)
—2<FE—-a; <2 for j=rm+1,...,7 (elliptic channels)

So we have 7}, hyperbolic and r, := r — r}, elliptic channels. Note that for any fixed £ and
r — 00, Te = 1o(r, E) is of the order of r, r, ~ cr for some ¢ > 0. Then we define y; € R

aHdeGC, Zj|:1by
v+ = E-a, vl <1, for j=1,....m,
Zj+z;1:E—aj+rh, |z;| =1,Im(z;) >0, for j=1,...,7¢

and as in [SV] we define

I = diag(v,--- ), 2 =diag(z1,...,2r.) (4.8)
as well as
r r-!
z* ~ O zZ* 7
= ( Z) , O:= ( O) and Q := I, I, . (4.9)
L. I,

e e

Here, U is a 2r, x 2r. diagonal matrix, Oa?2rx2r orthogonal matrix written in r x r
blocks and Q a 2r x 2r matrix where the rows are divided in 4 blocks of sizes ry,, 7e, T, Th
and the columns in 4 blocks of sizes ry, re, T, 7. All the non-zero blocks indicated
above are diagonal square matrices. These matrices depend on A. In order to get the
eigenvalue processes we will have to vary the spectral parameter around A but we will
use these fixed Q O and U to describe our basis change cf. (5.2).

But primarily let us set one more demand on the choice of A or better E()\), re-
spectively. For fixed r the value r, changes exactly at the points F = E(\) where we
have some parabolic channel. Hence, I(rg) := {\ € I, : re(r, E(A)) = 1o} is a union
of intervals where 7, and r. are constant and Z = Z()) is an analytically dependent
diagonal g x ry matrix.

Definition 4.1. We say that the matrix Z = diag(z1, ..., 2,,) with |z;| = 1,Im(z;) > 0 is
chaotic, if all of the following apply for all 4, j, k, 1 € {1,...,r.}

zizjza 1, Zizjawam # 1,
Zizjzz #1 unless {i,j} = {k,1}.
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Then [SV, Lemma 5.2] gives the following.

Lemma 4.2. For each ro > 0 and Lebesgue almost all A € I(ry) we find that Z as defined
above is chaotic and moreover for any unitary diagonal ro X ry matrix Z, there is an
increasing sequence (ny);, of integers such that Z™*1 — Z, for k — oc.

So we will consider X and r such that we have elliptic channels?, there is no parabolic
channel and such that Z is chaotic.

5 The limit of thin boxes with fixed width

We will first look at the situation s = mn with m and r constant and consider the
eigenvalue process for n — oo. Furthermore, we scale energy differences to A by
(h/\a/\ + 1) (cf. (A.5)) and define
X o= A+ —— " sothat E(X) = EQ)\) + - + 0O e (5.1)
n n(h3o3 +1) ne n n? '

Here, the error bound is uniform for ¢/n varying inside a compact set so that A, € I, ,.

Let us map out the correspondences between notations here and in [SV] in order

to understand the relations of the propositions. In principle s amounts to the disorder

strength and 1 corresponds to A% or better to 02A? in [SV, Section 5], m amounts to o2

Note in particular that the use of A as in this paper does not correlate to the use of A in

[SV]. But E()) is the more important quantity here which corresponds to E in [SV], the

use of ¢ is the same. The size of the transfer matrices r here corresponds to d in [SV],
moreover 1, and r, correspond to dj and d. in [SV], respectively.

Since s = mn from now on, we will omit the index s and replace it by m and n.
Because of the different roles of m and n we will place the indices differently. This way
notations correspond somewhat to the ones used in [SV]. Then using the definitions (4.8)
and (4.9) for some fixed A (without parabolic channel such that Z is chaotic) we define

TEm . Q71T TN 0Q. (5.2)

miryn ’L T,mn

For € = 0 the limit s — oo gives the non-random matrix

r

T, = lim To™ = U (5.3)

sroo | BTHS I‘—l

written in blocks of sizes r, 2r., r,. Note that the upper block has the eigenvalues of
size (absolute value) < 1, the middle part the eigenvalues of size 1 and the lower part the
eigenvalues of size > 1. Hence, when considering products the upper part is decaying,
the lower part growing and the middle part stays of order 1. For the products we will
look at the same basis changes and scaling and define

XE o = Q OT X:}r)\mn O Q TE e 726 T 7-1 NN (54)

T,n 17T

We also have to consider the impact of the perturbation in the spectral parameter. From
(4.3), (4.6), (5.1) we obtain using s = mn that

I 1 em e Wem g2
T T+\nym+(n+mn>vv+0( ) (5.5)

where

)/;;7an,()\%)

e,m T 0 2 em ., __ € L —1 HT
Vi = Q7 1O < 0 O) 0Q, Wi = Win(X,), Wr = Q ( 0) Q.

4this will be the case for fixed \ € I, and r big enough

EJP 23 (2018), paper 76. http://www.imstat.org/ejp/
Page 15/24


http://dx.doi.org/10.1214/18-EJP187
http://www.imstat.org/ejp/

GOE statistics for Anderson models

The error term is non-random and the bound is uniform for ¢/n varying in compact
sets where A stays outside [—o,o]. Equation (5.5) is in essence the analogue of [SV,
equation (5.5)] where 1/,/m here plays the role of o there. Some difference is that here
the randomness and the drift-term have some dependence on ¢ and m, however, this
dependence will not matter in the limit. Note that by construction IE(J)Z’:L ) = 0. Using
(4.4) and (4.5) we find for ¢ varying inside compact sets that

Wem = hio? + O <mln ;) ;B (Y0(X0)) = hiod + O <mln Z) . (5.6
The error terms mean that the reminder terms are bounded by C(1/(mn) + |¢|/n) with a
uniform C as long as ¢/n stays inside some compact interval so that always A%, € I, ,. In
particular for any compact set K there is N such that for n > N and ¢ € K this bound is
uniform.
Using these bounds, the moment bound in (4.5) and the independence of the Y; .,
we see that Theorem B.1 is applicable towards an SDE limit for the products Xf;;lm for
fixed e, m with scaling i ~ n. More precisely, from the decomposition of 7, in (5.3) define

,P<1 _ (]Irha-2m> c ]R27‘><(rh+2rc) ,

and let
e,m ]Irh T e,m -1 -1
Xi'r’n = Ufi (PSI [ernxo} Pgl)
where X)) is some adequate r x r matrix such that the Schur complement
—1

Xo = (P4 Xy "P<1)

exists. Then, Theorem B.1 (i) gives a weak limit of stochastic processes

g,m n—roo O . e,m 2 o 2 o
Xitn)irm — ( Af,m) Xo for ¢t >0 with A}™ € Ce**"
being some stochastic processes with Ag"™ := I, which for (¢, m) fixed satisfy some

SDE (stochastic differential equation) in ¢. A special choice of Xy and hence Xj as in
[SV] is needed for proving the limiting eigenvalue statistics mentioned further below.
The covariance structure of the matrix Brownian motions appearing can be calculated
as in [SV, Proposition 5.3 and Section 5.3], especially [SV, eq. (5.37)], as we have almost
the same type of random matrices here with the same elliptic and hyperbolic channels
and the same diagonalization of AP, This gives the following.

Proposition 5.1. Let )\ be such that Z is chaotic. The family of processes A;'"" satisfy
SDEs in the evolution in t of the form

g,m hio-/z\ —4q ]Ire g,m 1 dAt dBt e,m
dAy™ = (e+m >S( —JL-Q> AP dE + NG ( i —dAt> AD

where

77‘7 -1

e G

A; and B; are independent matrix Brownian motions, At is Hermitian and B; complex
symmetric, i.e.

A::At, B::Bt
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with covariance structure

3 ify =7
E|(B)ii? = BI(A)]i” = B((Ais(An)y5) = hiodt {f i£i 4 j
ifi#£j

All covariances which do not follow are zero.

Note, the occuring factors hic3 come from the variance of Y; ;,; as compared to

the variance 1 for the potential used in [SV]. As in [SV] for energies close to A all
the eigenvalues of HY, , are given by the zeros of \' — det((I, 0) Xf;{?; (%) (see
Proposition 3.3). Note that for some C' = C()) and |¢/n| < C we have that X € [, , C
R\ [0, 0]. Using the calculations in [SV, Theorem 5.4] one can change the analytic
function in € characterizing the eigenvalues along adequate sub-sequences to get another
characterization of this point process in the limit using Theorem B.1 (iii). This leads to

the following.

Proposition 5.2. Let &, , s be the process of eigenvalues of H,, , ; — Al,,,; re-scaled by
the factor n(h3o% + 1), i.e. let

En,r,s = n(hiai + ].) spec (Hn,r,s — )\]Inrs) .

Fixing r let XA € I, , be such that Z (as defined in (4.8)) is chaotic, let n;, be some strictly
increasing sequence such that Z™*+! — Z, for k — oo. Then, Eny.,r,mn,, converges to the
zero process of the determinant of a r.(\) X r.(\) matrix,

Enp rmny  —  zeros. det ((Z* Z*) AT (E]TI“ )) for k— o0
Th

The important part here is that the SDEs can be jointly solved in £ with unique
analytic versions in ¢ (distributions on the set of analytic functions, see Theorem B.1 (ii) ).
Therefore, the random set of zeros, zeros. f (A7) = {¢ € C : f(A]™) = 0} for an analytic
function f is well defined (as a distribution on the set of sets) and makes sense as a point
process if P(f(A7™) =0Ve € C) = 0.

The factor (h303 + 1) occurs here because it also occurs in the perturbations A% of \.
Note that with fixing r and letting s ~ n going to infinity of the same order we basically
look at a sequence of graphs resembling a quasi-two-dimensional limit.

6 The GOE limit

Let us now explain how from Propositions 5.1 and 5.2 one can get to the limiting
GOE statistics as in [SV, VV]. Formally, the first step is like a derivative of the SDE in
Proposition 5.1 for small 1/,/m when replacing ¢ by £/,/m meaning that we zoom in
more locally. Then in the m — oo lots of (groups) of eigenvalues of this process will move
to infinity and some group is left which spaces like the eigenvalues of a random matrix
with Gaussian entries. These random matrices are almost like in the GOE ensemble,
there is just a bit of a different covariance structure and some dependence. Afterwards,
the r — oo limit will finally lead to the Sine; process. So all together with the limit in the

previous structure, it is a triple limit process leading to the GOE statistics.

Fixing r we look at the process /m (Xf;iﬁ’m — Xjp) in @ m — oo limit. On the level

of the limiting process A;"" as in Proposition 5.1 let us note that

Ki,m — m (Ai/\/m,m _ ]I2re)
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satisfies the SDE

- h2 2 Ks,m
dA;™ = (e— 7{’/% q) S (ﬂre 0 ) (Jrn = 1127«8> dt

d.At dBt K?m . Ae.m
+ S (—dB;‘ —dAt> (ﬁ + Iy, with Ag™ =0.

In the limit m — oo the SDE can be easily solved and one finds as in [SV]

Ne,m M—o0 S ]I?”e .At Bt
JR =Sy 5t$( —L) +S (_B: At> .

Now taking A such that 7 is chaotic as in Proposition 5.2 and taking a sequence nj; with
Z™ 1 1, we find the limiting eigenvalue processes

Enp romna koo Erm 1= zeros. det ((]I,,e ]Ire) AT™ (E]TIC )) )

Then, working with analytic versions in € and 1/+/m for this family of processes one finds
as in [SV]

I
VméEem ™= & = zeros. det ((]ITC L) Af ( ]TIC )) = spec Re(By — A)
~I,.
Using the calculations as in [SV, Lemma 5.5] in combination with Theorem B.1 (iii) one
can get to this limit with a double sequence ny > m; — oo, more precisely:
Proposition 6.1. Let A\ be such that Z is chaotic, let nj, be a strictly increasing sequence
of natural numbers such that Z™+1 — I,. and let m;, — co be some increasing sequence
towards infinity such that \/my, || Z™**! =1, || — 0. Then fort > 0, jointly int € (0,1] and
€ varying in any finite subset of C we find

ﬁvmk k— o0 0
VM <XLtn:j;7‘,nk — X0> - < Ai) Xo .
Moreover, for the re-scaled eigenvalue process &, . s as defined above we find

VM Eng rmni =t - spec Re(By — Ay) .

Let us note that from the process it is obvious that given any (slowly) towards co
increasing function f(n) one can choose to consider only sequences such that m;, <

f(ng).

Proof of Theorem 1.2. Let b be some standard Gaussian variable and K = K(r.) be a
independent real symmetric 7, x 7, matrix with Gaussian entries such that E((K;;)?) =
and E((K7;) = 1 for i # j. Then in distribution,

n
5
1

%Q(Bl - Al)

As explained in [VV], using methods of [ESYY] the local eigenvalue process converges to
the Sine; process for r, — 0o, more precisely,

VTe spec(K (1) + b)) "= Sine; .
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Now, for almost all A € I, i.e. almost all E(\) € (—4,4) we find that forall r € N, Z is
chaotic and there is no parabolic channel. Let us fix such a A. Then for » — oo we also
find r.(r, E) — oo and hence

(r+1re

E. — Sine; .
hiU,\ "

This convergence and the convergence mentioned in Proposition 6.1 happen in the
topology of weak convergence for point processes. Therefore, one can construct some
diagonal sequence my, ny, ri — oo such that with s, = myny and re j, = re(ry, E) we find

mg(re + 1) ek k=00
Enp e = Sineyp .

hiJA
This proves Theorem 1.2 with the normalization constant

(h3o% + 1) \/ngsk(re + Dre g
h?\or)\ .

Np =

Now let f(n) be any (slowly) increasing function with f(n) — oo for n — co. In Proposi-
tion 6.1 one may choose my < f(ng) and start the sequence with ny > f(r) . Therefore,
we may choose my < f(ng) and ri < f(ng). O

A Harmonic means of random variables

In the transfer matrices we see effective potentials that are harmonic means of
certain independent identically distributed (iid) random variables. Certain estimates
are crucial for the proofs. We therefore consider in this section independent identically
distributed random variables X, € [a,b], 0 < a < b, k € IN. These variables correspond to
E —v; ;. We will consider the harmonic means V, and the harmonic average h defined
by

1 1
Vs = ——+, h = ——
DV RE E(1/Xk)
where [E denotes the expectation value. V; corresponds to the random variables v;\’ jis @S
in (2.9) and h corresponds to h). The second and third moment of the centered random
variable 1/X; — 1/h will be of some importance, therefore let

o™ = E((1/Xy — 1/R)™) .

Note 01 = 0 and o3 is the variance of 1/X}, and corresponds to 0% in the application of
the following estimates.

Theorem A.1. There exists a continuous function C = C(a,b, h,02,03) such that uni-
formly in s,

th 2 h3 2
0<E(V,-h) < 2 ’E(vs—h)— e (A1)
S S S
212 212 2 4 2
T s < TEE L e - T2 < G0 @

Moreover, for the higher moments we find

| H2m p2m
and E((V, —h)*™) < Cm)th™ o™ 1 m >2. (A.3)

- 2mmlag?m ™

BV, —h | < &

)
82
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Proof. Using b > a > 0 we find V; € [a,b] and V; < %Zkzl Xy as well as h < E(Xy) by
the arithmetic-harmonic mean inequality. Let Y = 1/V, —1/h = 1 355, (¢~ — 1/h), then
E(Y) =0, E(Y?) = 02/s and E(Y?) = 03 /s?. Moreover, with Y, := 1/X}, — 1/h we find
V| <1—¢<Z1and

S

. 1 1 (2m)!
EY™) = o X B Ya,) < oo X EMRLY))

S

1y kom=1 E1yeroskm=1
where we used that unpaired indices lead to zero expectation and the fact that ff:r)l',
is the number of pairings of the set {1,...,2m}. Now using that there are s™ m-tuples
(k1,..., k) and using the bound of Y, as mentioned above we find
1 @2m)! 1
E(Y?™) < — .
( ) = gm 2mm| a27rl
Expanding V; = h — hY'V, repeatedly we obtain
Vi—h=—hYV, = —h?Y + Y2V, = —h*Y + *Y? - B3Y3V, . (A.4)

As V; € [a,b] we can estimate E(h2Y?V;) < h?bo3 /s and

h(|o3 3ba—*
BV < [BGY®)| + [BGyv)| < Moslt 3ha™D)
s
which with (A.4) (using the second-last and last term) gives (A.1). Taking powers of (A.4)
and using similar estimates lead to (A.2) and (A.3).
For the general moment bound we use Vi — h = h?Y (Y'V, — 1) from the expansion
above. Since 1 — YV,=V,/h € [a/h,b/h] we have|l — YV,| < b/h and therefore,

1 (2 ! 2mip2m
E((V'S _h)27n) S (b/h)QmE((h2y>2m) _ h2’m bQME(YQm) S 7( m) h b

sm 2mml  g2m

O

When varying the spectral parameter we also need to understand how the harmonic
average varies for the definition in (5.1). This amounts to replacing X by X, . = X; +¢
and recalculating h. = 1/E(X k. ;). Note by the continuity of C' = C(a, b, h, 09, 03) for the
formulas above the error terms will also be uniform in ¢ along compact sets |¢| < cin e
as long as ¢ < a because X}, . € [a — ¢, b+ ¢] under such perturbations. Using

1 1 1 e g2

= = —_— = — + J—
Xk e Xi+e X X% X]%Xk,s

as well as B(1/X}) = o3 +1/h? and defining C. := E(5z3—) we find
k \E

1
he = =h 2h2 +1 O(e? A5
I ol+ & - Cue +e(o3h” + 1) + O(e7) (A.5)

where the error bound is uniform on compact sets in |¢| < ¢ where a — ¢ > 0.

B SDE limits for products of random matrices

In this appendix we sumerize the key results of [SV] which are used in this paper.
Let be given some probability space (2,4, P), an open ball of radius r around zero
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B, ={z € C : |z] <r} and a family of analytic random matrices Ty, : Q@ — C"™*" for
k,n € N, e/n € B, of the form

1
NG

where (Vi.n, Z5.,,)7%, are independent identically distributed random variables (for fixed
e and n) and Ty, )V, and W, are non-random (that is they are fixed for all w € Q).
Analyticity means that for any w € € the dependence of 7}, (w) and thus of Z}, (w) on
¢ € nB, = B, is analytic. The lowest order term shall be block-diagonalized in the form

1 1
(Eyn + Wn) + 7222;71,

Ty = To + n n3/

Vi +

I
Ty = U with Ty € €™, U e U(ry), Iy € C2%™ |
;!

where |[[Ty|| < 1, ||| < 1. Here, U(ry) is the unitary group of r; x r; matrices.
Moreover, we assume that V., have mean zero, E(V.,) = 0, and that we have uniformly
for e/n € B,, n € N a 8th moment bound® in the following sense

E([Vinl®) < € and E([Vg.l®) < C.
Furthermore, we assume that the limits
lim )Y, =Y and lim W, =W
n—o0 n— o0

exist and that we have limits of all second moments of the complex entries of V.,
meaning that
. T _ . * _ 7
lim E (V.,MVi:n) = h(M) and lim E (Vii.,MVin) = h(M)
exist giving linear maps from C"*" to itself. Here, £ denotes the expectation, i.e. the
integral over w € () with respect to the probability measure IP. Without the limit n — oo

these functions encode all joint second moments of the random matrix entries of V..
First, let us define some projections we will need.

]I OTQX’I‘l O
P<1 = (0 rotm ) ) Pl = ]IT1 ) PQ = ( (TO+T1)XT2) .

ra X (ro+7r1) ]Irz

07"2 Xry

The exponential growing part for powers of Ty will be projected away by a Schur
complement: Let & be such that X := (77;2(0_ 'P<1)~! exists and consider

-1

€ L, € e 3 e -1
Xk;n = < ’ U—k) (,Pgl (Tk;nTk—l;n "'TQ;nTl;n‘XO) PS1>

The rotations through U in T} lead to an averaging effect. The averaged covariances for
a limiting Brownian motion will be described by the following functions,

g(M) = / aU Py h(Piu" MuP,)P,U*u* du
()

G(M) ;:/ ulU P h(Pu* MuP] )P,U*u* du .
)

Sin fact a 6 + ¢ moment for § > 0 is enough, but here we prove this type of bound in Appendix A
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Here, (U) is the smallest compact group containing the unitary U and by the notation du
we integrate u € (U) over the normalized Haar measure on that group. Furthermore, for
the drift term we define in a similar way

W= [ u[P/WP; — Pih(PTsP; )P1] U u* du
)

and
Y = uP/YP, U u du.
(U)
Theorem B.1. (i) In the scaling limit k ~ n — oo the family of processes can be described
by an SDE (stochastic differential equation) in the sense that the family of processes (for
varying €) converges in distribution

€
t

Xintjn = (OTOXTO A > Xy for n—o00,t>0.

Here, (A$)i~¢ is a family of processes in C™ *" satisfying an SDE in ¢ of the form
dA; = dBiAf + (Y + W)A;dt with A =1, .
B, is a matrix-valued Brownian motion (independent of ) with covariance structure
E(B, MB,) = tg(M), E(BfMB;) = tg(M).

(ii) There is an analytic version of this family of processes, this means a version (same
finite points distributions) such that the random functions ¢ — A{ are analytic in ¢.
Moreover, let f : C(rotm1)x(ro+m) _ € be complex-analytic such that ¢ — f(AS) is almost
surely not the zero function, i.e. P(f(A) = 0Ve € C) = 0. Then, one has a well-defined
point process

zerose (f(A7)) ={e € C : f(A]) =0}.

(iii) For some analytic function fy, : C"*" — C let be defined the point processes

En = zeros. fo(T:., Ty - Ti)

n;n-n—1n

which should be discrete countable sets with probability one. Assume that one finds X
as above and analytic functions f,, : C("otm1)x(ro+m1) _y € such that for any compact set
K C C we have

P (£, NK = zeros. fn(X;,,) N K) — 1,

fn — f uniformly on K and f(A°) := f ((O AE) X0> fulfills the conditions of part b).
1

Then, in the sense of weak convergence of point processes,
En = zerose f(AT) .

Proof. Part (i) follows directly from [SV, Theorem 1.1]. Also, note that for a finite set of ¢,
say (¢1,...,&m) € C™ we can simply consider block-diagonal matrices diag(7}} , ... ,le;;;)
for obtaining the joint distributions for different ¢ in the limit. This leads to the use of
the same Brownian motions for different € and we have in fact convergence to a random
field (e,t) — AS.

For part (ii) first note that the limit is independent of Z; . Hence, we can set this
part equal to O first, obtaining families of random matrices T,fm for all € € C depending
analytically on . As argued in [SV, Section 5.2] using the uniform bounds (in €) one can

use [VV, Corollary 15] to get a unique version for which ¢ — Af is analytic (uniqueness
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in the sense of joint probability distributions on the set of analytic functions). For f as
given, one can then obtain well-defined distributions on the set of countable subsets of
C defined by the zeros of f(A5) which gives a point process.

Part (iii) is basically proved in [SV, Theorem 5.4] for a specific case, following again
[VV, Corollary 15]. First, for the weak convergence of point processes it is sufficient
that for any compact set K C C the point processes restricted to K converge. Secondly,
for K C C compact and ng large enough we have K C n¢B, and all Ty.,, are defined
for e € K and n > ng. Moreover, using the uniform bounds and arguments in [SV],
for w € Qg C Q with P(29) = 1 we have that the Schur complements X}, are well
defined for sufficiently large n (with a possibly random lower bound). Again, by [VV,
Corollary 15] one finds analytic versions in ¢, all realized on the same probability space,
such that the convergence in part a) is uniform on compact sets (almost surely). Thus,
the zeros of f,(X¢.,,(w)) converge to the ones of f(A§(w)) uniformly in K (almost surely),
if this limiting function is not identically zero in . This implies the weak convergence of
the point processes given by the zeros in K. O
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