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The phase transition in the ultrametric ensemble and
local stability of Dyson Brownian motion

Per von Soosten* Simone Warzel'

Abstract

We study the ultrametric random matrix ensemble, whose independent entries have
variances decaying exponentially in the metric induced by the tree topology on N, and
map out the entire localization regime in terms of eigenfunction localization and Pois-
son statistics. Our results complement existing works on complete delocalization and
random matrix universality, thereby proving the existence of a phase transition in this
model. In the simpler case of the Rosenzweig-Porter model, the analysis yields a com-
plete characterization of the transition in the local statistics. The proofs are based on
the flow of the resolvents of matrices with a random diagonal component under Dyson
Brownian motion, for which we establish submicroscopic stability results for short
times. These results go beyond norm-based continuity arguments for Dyson Brownian
motion and complement the existing analysis after the local equilibration time.
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1 Introduction

One-dimensional lattice Hamiltonians with random long-range hopping provide a
useful and simplified testing ground for the Anderson metal-insulator transition in more
complicated systems. Two prominent examples of such models are the random band
matrices [7, 19], whose entries H;; are zero outside some band li — j] < W, and the
power-law random band matrices (PRBM) [17, 32], whose entries H;; have variances
decaying according to some power of the Euclidean distance |i — j|. Even for these
models, the mathematically rigorous understanding is far from complete, although there
has been some progress; see [36, 13, 5, 9, 15, 35] and references therein. This article is
concerned with a further simplification, the ultrametric ensemble of Fyodorov, Ossipov
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Phase transition in the ultrametric ensemble

and Rodriguez [20], which is essentially obtained by replacing the Euclidean distance in
the definition of the PRBM with the metric induced by the tree topology.
The index space of the ultrametric ensemble is B,, = {1,2,...,2"} endowed with the
metric
d(z,y) = min {r > 0]z and y lie in a common member of P, },

where {P,} is the nested sequence of partitions defined by
B,={1,...,27}u{2"+1,...,2-2"}YU---u{2" " 12" - 1,...,2"}.

The basic building blocks of the ultrametric ensemble are the matrices ®,, , : ?(B,) —
(?(B,) whose entries are independent (up to the symmetry constraint) centered real
Gaussian random variables with variance

2 ifd(z,y)=0
E (8, ®pr0e)|> =271 ifl<d(z,y)<r (1.1)

0 otherwise.

Here and throughout this paper, 6, € ¢?> denotes the canonical basis element defined by

5. (u) 1 ifu==x
z\U) =
' 0 ifu#x

and d;; = (0y,0;). Thus &, , is a direct sum of 2"~" random matrices drawn inde-
pendently from the Gaussian Orthogonal Ensemble (GOE) of size 2". The ultrametric
ensemble with parameter ¢ € R refers to the random matrix

1 & _ (4o

Hy=——3% 272 "®,, (1.2)

n,c
* r=0

where ®,, . and ®,, ; are independent for r # s. We choose the normalizing constant Z,, .
such that
> E (0, Hada)* =1,

yEBy

making the variance matrix >, of H,, doubly stochastic. The original definition in [20]
contains an additional parameter governing the relative strengths of the diagonal and
off-diagonal disorder, but this parameter does not significantly alter our analysis and so
we omit it altogether. Moreover, the authors of [20] constructed the block matrices ®,, ,.
from the Gaussian Unitary Ensemble (GUE) and our results apply to both GOE and GUE
blocks with only slight changes.

The ultrametric ensemble is a hierarchical analogue of the PRBM in a sense which
was first introduced for the Ising model by Dyson [12] and studied rigorously in the
context of quantum hopping systems with only diagonal disorder in [6, 24, 26, 27, 33, 38].
In particular, the definition (1.2) shows that the variance matrix 3,, is a rescaled and
shifted version of the hierarchical Laplacian, for which one can easily show that >, > 0
by explicit diagonalization as in [25]. The normalizing factor Z,, . can also be calculated

Z2.= > E|{,, (Zf“@) 5.)
r=0

yeEB,

~fow) if e > —1
o2 0F9m) fe< -1

2

_ 14+ 0(1)
_ . (14c)(n+1)
N (1 2 ) 1—2-(0+0)
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so that Z,, . grows exponentially in n in case ¢ < —1 and Z,, . is asymptotically constant
in case ¢ > —1. Finally, the spread

1 _ .
Z2 27°M) jfe> -2
. 2 _ n,c =
My = <xgl€a§n E |<5y’Hn5JL>| ) N {2(1+O(1))n ife< —2 (1.3)

also grows like a positive power of the system size 2" when ¢ < —1.

Because of the successful track record of hierarchical approximations in statistical
physics, one might expect the core features of the PRBM phase transition to be present
in the ultrametric ensemble as well. Indeed, the authors of [20] present arguments
at a theoretical physics level of rigor as well as numerical evidence for a localization-
delocalization transition in the eigenfunctions of H,, as the parameter changes from
¢ > 0 to c < 0. In this paper, we pursue the point of view that the effect of the
Gaussian perturbations ®,, , on the spectrum of H,, can be described dynamically by
Dyson Brownian motion [11] and, in this sense, the critical point ¢ = 0 is natural because
it governs whether the evolution passes the local equilibration time of this system or
not. In particular, we establish the localized phase by proving that the eigenfunctions
remain localized and the level statistics converge to a Poisson point process if ¢ > 0. In
comparison to both the random band matrices and the PRBM, the hierarchical structure
therefore significantly facilitates the analysis. We are not aware of any rigorous results on
the localized phase of the PRBM, whereas for random band matrices the only localization
result is due to Schenker [35] and no proof of Poisson statistics is known.

For the first result we recall the Wegner estimate [39], which asserts that the infinite-
volume density of states measure defined by

v(f)=lim 27" > f(N) (1.4)

n—roo
)\]‘ EO'(H,L)
has a bounded Radon-Nikodym derivative whose values we denote by v(E).

Theorem 1.1 (Poisson statistics). Suppose ¢ > 0 and let £ € R be a Lebesgue point of v.
Then, the random measure

pa(f)= Y. f2"(\-E)

>\EO’(H71)

converges in distribution to a Poisson point process with intensity v(FE) as n — oo.

The proof of Theorem 1.1 is contained in Section 5.

The second main result says that if an eigenfunction of H,, in some mesoscopic energy
interval has any mass at some z € B, then actually all but an exponentially small amount
of the total mass is carried in an exponentially vanishing fraction of the volume near =
with high probability. We make this precise in terms of the eigenfunction correlator

Quiz,y; W)= Y |[a(@)ay)],

A€o (Hn,)NW

which in completely delocalized regimes is typically given by > vt Qn(z,y; W) = 2M|W|.
Thus, since 2"|WW| grows very large for mesoscopic spectral windows, it is a signature
of localization if the eigenfunction correlator asymptotically vanishes for small enough
mesoscopic intervals W, as is proved in the following theorem.

Theorem 1.2 (Eigenfunction localization). Suppose ¢ > 0 and let £ € R. Then, there
exist w, u,k > 0, C' < 0o, and a sequence m,, with n—m,, — oo such that for every x € B,
the (?-normalized eigenfunctions satisfy

P > Qulmy; W) >270m | <C27

yEBn\Bm" (z)
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with
W= [E _o(-wn g 2—“—“0"} :

The proof of Theorem 1.2 in Section 6 makes use of a new relation (Theorem 6.1)
between the eigenfunction correlator and the imaginary part of the Green function at
complex energies.

The above results gain additional interest upon noting that, when ¢ < —1, the
ultrametric ensemble has an essential mean field character and techniques originally
developed for Wigner matrices show that the energy levels agree asymptotically with
those of the GOE and that the eigenfunctions are completely delocalized. We will
now roughly sketch how to apply these results in the present situation and state the
corresponding theorems. The results of [16] show that the semicircle law ps.(E) =
/(4 — E?),/(2m) is valid on scales of order M, ! (c.f. (1.3)) also for the matrices

Hn = n,n

~ 1 527(1;@“@” . 1 ;\/Tn L

n,c n,c
C r=0 )

with a small part of the final O(1) Gaussian component removed. We set T,, = M, 1+9
with § € (0,1). The validity of the local semicircle law already implies the complete
delocalization of the eigenfunctions in mesoscopic windows in the bulk of the spectrum
using the results of [13, Thm. 2.21]. The assumption of [13] that the spectrum of the
variance matrix is well-separated from —1 follows simply from 3.,, > 0.

Theorem 1.3 (Eigenfunction delocalization; cf. [13, 16]). Let ¢ < —1. For any compact
interval I C (—2,2) there exist k,e¢ > 0 such that for all E € I the (*>-normalized
eigenfunctions of H,, in [E — M, ', E + M, '] satisfy

n
lallee = O 1/254)
with probability 1 — O(N~%).

Random matrix universality of the local statistics may be expressed by saying that
the k-point correlation functions

pg_lli)l (/\1, )\k) = / kan (/\1, ceey /\Qn) d/\k—i-l ‘e d)\gn,
R2™"—k

the k-th marginals of the symmetrized eigenvalue density py,, locally agree with the cor-
responding objects for the GOE asymptotically. For this, we employ the work of Landon,
Sosoe and Yau [28, Thm. 2.2] concerning the universality of Gaussian perturbations for

- VT, .
H, = H, + Yo%, .
Zn,c ’
For the statement of the theorem, let
o) Ay, O :p(k) <E+2_” a1 N il )
n’E( ) Hn psc(E) psc(E)

(k) -n_ —n_ 9%
—-p E+27"— ..., FE+2 ),
“oB < psc(E) psc(E)
(k)

where p;.4 5 is the k-point correlation function of the 2" x 2" GOE and p;. is the density
of the semicircle law.

Theorem 1.4 (WDM statistics; cf. [28, 16]). Suppose ¢ < —1, E € (—2,2) and k > 1.

Then,
I 0(a)¥¥) (a)da = 0
A, [, O P p(e) do
for every O € C°(R¥).
EJP 23 (2018), paper 70. http://www.imstat.org/ejp/
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Summing up, these results rigorously prove the existence of a metal-insulator tran-
sition in the ensemble of ultrametric random matrices. In particular, our results allow
an approach all the way to the critical point from the localized side ¢ > 0. The previous
arguments do not cover the regime ¢ € [—1,0). In this case, the eigenfunctions are
still conjectured to be completely delocalized and the local eigenvalue statistics are
conjectured to remain in the Wigner-Dyson-Mehta universality class as in the case ¢ < —1
[20].

The Rosenzweig-Porter model is the N x N random matrix

Ht =V + \/E(I)n,n
with N = 27, interpolation parameter t = N~(1*9), and independent random potential

V=> V(x)6:) (5| (1.5)

whose entries are drawn independently from some density o € L. It provides a standard
interpolation between integrability and chaos and more recently has also been suggested
as a toy model for many-body localization with three distinct phases [18, 23]. As a
by-product of our analysis, we completely characterize the localized phase ¢ > 0 of this
model, which may be thought of as a hierarchical model with the “intermediate layers”
removed.

Theorem 1.5 (Rosenzweig-Porter model). Suppose t < N~(+¢) with ¢ > 0 and let E € R.
Then:

1. As N — oo, the random measure defined by

pn(f)= > fIN(A-E)

A€o (Hy)

converges in distribution to a Poisson point process with intensity o(E) provided E
is a Lebesgue point of p.

2. There exist w,u,x > 0 and C < oo such that for every x € {1,...,N} the
(2-normalized eigenfunctions satisfy

Pl > D @il >N+ <ON"
AEo(H)NW y#x
with
W = |:E _ N_(l_w),E—‘r N—(l—w) )

A proof of this result, which is similar to but simpler than those of Theorems 1.1
and 1.2, is included in Appendix A.

If t = N~(+9) with ¢ < 0 the prerequisites of [28, Thm. 2.2] may be verified for the
Rosenzweig-Porter model by an exponential moment calculation similar to Cramér’s
theorem. This proves the emergence of Wigner-Dyson-Mehta statistics in the fixed-
energy sense. The first point of Theorem 1.5 thus optimally complements these results
and completes the mathematical understanding of the phase transition in the Rosenzweig-
Porter model in terms of the local statistical behavior of the energy levels. The second
point proves localization in the same sense as Theorem 1.2, and also yields an explicit
relation between w, i, k and ¢, which shows that w, u, x may increase if c increases as
well. If ¢ < —1, the complete delocalization of the eigenfunctions was proved by Lee
and Schnelli [30] as a corollary to a local law. In terms of the eigenvalue statistics, the
non-ergodic delocalized phase established in [37, 3] can presumably only be detected
by mesoscopic Poissonian fluctuations around the microscopic Wigner-Dyson-Mehta
statistics (see also [10, 21]).
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2 Local stability of Dyson Brownian motion

In the technical core of this paper, we consider a general N x N random matrix flow
H=T+V+ o, (2.1)

where ®; is a Brownian motion in the space of symmetric matrices whose entries are

given by

14 6gy
N

with independent standard Brownian motions By, (t) = By, (t). The random potential V'
is given by (1.5) in terms of random variables {V'(z)} which are independent of the Brow-
nian motions and whose conditional distributions are uniformly Lipschitz continuous,
ie.,

(8, By6,) = Bay() (2.2)

P(V(z) € I[{V(y)}yz) < CviI], (2.3)

for all Borel sets I C R and z € {1,..., N} with a constant Cy < oo independent of N.
Finally, T" is some real symmetric N x N matrix, which may also be random provided 7,
V, and ®; remain independent. Dyson derived the equations

> ) dt
Dy =m0+ 4 S

i#]

for the evolution of the eigenvalues \;(t) < --- < Ay(¢) and conjectured t = N ! as the
local equilibration time of this system. Thus, one expects that the local statistics of the
eigenvalues agree asymptotically as N — oo with those of the GOE if ¢t > N~!. This was
first proved by Erdés, Schlein, and Yau [14] when Hj is an independent Wigner matrix
and recently for some very general, even deterministic, initial conditions by Landon,
Sosoe, and Yau [28, 29]. In particular, the result [28], which establishes fixed-energy
universality in the bulk of the spectrum for ¢t >> N~!, covers the case T = 0 with
asymptotically full probability. The eigenfunctions of H; also follow a highly singular
stochastic differential equation, which has been studied for Wigner initial conditions by
Bourgade and Yau [4].

All of the aforementioned works rely on powerful rigidity estimates for the eigenvalues
in the regime ¢ > N~!, which are not available for t < N~!, where the spectral
characteristics of Hy = T'+ V are expected to remain dominant. In this article, we study
the stability of the spectral measures in the regime ¢t < N~! by deriving a more tractable
stochastic differential equation for the resolvent

Ry(z) = (Hy — 2) 7",

which is significantly more amenable to analysis but still carries the relevant spectral
information in its entries. In place of the rigidity estimates, the enabling tool for the
analysis of the resolvent flow is the smoothing of spectral quantities with the external
potential via spectral averaging (see Section 4 for details).

Our first result for H; is about the normalized trace

Si(z) = %TrRt(z) = //\ i . ve(dA),

which we have written as the Stieltjes transform of the empirical eigenvalue measure

Vg = % Z (5)\.

AEo(Hy)
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Thus S:(z) contains detailed local information about the eigenvalues of H, as z ap-
proaches the real axis. In particular, since the mean eigenvalue spacing of H, is typically
of order N~!, knowledge of S;(z) with Im z ~ N~! makes it possible to track individual
eigenvalues near Rez along the flow (2.1). The following theorem shows that S;(z)
remains stable even when Im z < N~! provided that also t < N~'.

Theorem 2.1. For every ¢ > 0, there exists C < oo, depending only on ¢ and Cy, such
that

1 1
E |S; (E+in) — So (E+in)| <CN~? 14+ — + ——
545+ in) = S0 (B +in)] < ON~/ (14 5= + 1)

forallt < N—(+9) and E € R.

In essence, Theorem 2.1 asserts that for any spectral scale much larger than t < N~}
the empirical eigenvalue measure is unaffected by the flow (2.1). This bound is much
stronger than the one obtained from the crude norm estimate

Vit

I1B:(z) = Bo(2)l < 1 Bu(2)iBo () = sy

(2.4)
and potential improvements on this theme obtained by running the Brownian motions
(0y, ®19,) one after the other. The example H, = 0 shows that at least some regularity of
the initial condition is needed for Theorem 2.1 to remain true. However, Theorem 2.1 can
be proved for slightly more general Hy under the weaker assumption that H; satisfies
the Wegner and Minami [31] estimates

Eu(I) < ClI|, Euw(I)(vr(I)— N1 <O}

with a constant C' < oo uniform in N and ¢. This is easily seen from the proof below. It is
also possible to present Theorem 2.1 (and Theorem 2.2) as explicit bounds for arbitrary
t > 0, but we artificially restrict to t < N~(17°) in order to keep the right hand side
simple.

The properties of the eigenfunctions of H; are encoded in the spectral measures

Hzy = Z (Y (x)ak (y)5>\

AEo(Hy)

where {¢,} is an orthonormal basis of eigenfunctions of H; and we have eased the
notational burden by keeping the dependence of ¢, and p,, on t implicit. Hence, the

Green functions .
Gi(z,y;2) = (0y, Re(2)0z) = /E Hay (dA)

at scales Im z ~ N~! describe the eigenfunctions of H; locally near Re z. The stability
result analogous to Theorem 2.1 for G;(z,y; z) is contained in the following theorem.

Theorem 2.2. For every ¢ > 0, there exists C < oo, depending only on ¢ and Cy, such
that

1 1 1
<Y E E +in) — cE+in)| <CN~? (14— 4+ ——
N a |Gy (x,y; E +in) — Go (z,y; E +in)| < C < + N + (Nn)3)

forallt < N-(+9), E ¢ R, andz € {1,...,N}.
The proofs of Theorems 2.1 and 2.2, which may be found in Section 4, are based on

the fact that R;(z) satisfies the stochastic differential equation

0 1 02 ~
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where M, is a matrix-valued martingale whose entries can be given explicitly in terms of
R:(z). The details of this equation, as well as its derivation, are contained in Section 4.
The proofs rely on bounds controlling the regularized singularities of the terms in the
right-hand side of (2.5) down to the scale n = O(Nfl). In the same vein as remarked
below (2.4), we stress that Theorems 2.1 and 2.2 cannot be obtained from the trivial
estimate ||%Rt(z)|| < (Imz)~(+1) Instead, we use the smoothing of singularities
through the external random potential V' as detailed in Section 3. Since we are interested
in times scales t <« N~!, the potential is in fact the only possible source for this
smoothing.

Let us conclude by noting that the analogue of (2.1) for perturbations drawn from

the GUE,
1 S, .
<6ya (i)tfsgg> = \/T ﬁ(ngy(t) + ZBwy(t)) ifr<y
1 N B (t) ifr=y

with BM, independent of B, has also been widely studied. The analysis of this model is
usually simpler because the additional symmetry enables explicit integration formulas
(see [13] and references therein for a summary) and all the results and methods of this
paper require only minor modifications to treat also the GUE flow.

3 Smoothing effects of the potential

Throughout this section we will let H be a general N x N random matrix of the form
H=T+YV,

where V is a potential satisfying the assumption (2.3) and 7' is some Hermitian random
matrix independent of V, which should be thought of as T' + ®; from (2.1). Our goal is to
use the smoothing effects of V' on the spectral measures ., of J, and ¢, for H and the
empirical eigenvalue measure

v =x 3 50

Xeo(H)

to control the resolvent flow (2.5). We start by recalling two staples of the theory of
random Schrodinger operators, the spectral averaging principle [22] and the closely
related Wegner estimate, whose proofs may be found in [1]. The former asserts that for
any Borel set I C R and any = € {1,..., N} we have

where E, denotes the conditional expectation with respect to the random variables
{V (k) : k # x}. By averaging this bound over all z € {1, ..., N}, we immediately obtain
the latter result, namely that

Ev(I) < Cy|I| (3.2)

for all Borel sets I C R. The following lemma is a simple extension of these results based
on the proof of Minami’s estimate by Combes, Germinet, and Klein [8]. We write |u| for
the total variation measure of .

Lemma 3.1. There exists C' < oo, depending only on Cy, such that

1. E|jtay|(1) < C|1] and
2. E (D)o (1)) < € (111 + 2) 1]

for all Borel sets I,J C R and z,y € {1,...,N}.
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Proof. Notice that

pay|(1) = Z [oa(z)Ya(y)],

Neo(H)NT

so the Cauchy-Schwarz inequality implies

|Mwy‘(1) < MI(I)Uy(I)-

Applying the Cauchy-Schwarz inequality to the expectation E,, conditioned on {V (k) :
k # z,y} and using (3.1) then yield

Eay |ty |(1) < By \/11o(Dpty (1) < [ Bay 1(DEoy 1y (1) < CI1], (3.3)

which implies the first assertion of the Lemma.

For the second claim, notice that for fixed values {V (k) : k # z,y} of the potential
away from z and y, the number of eigenvalues in I can change by at most two as V()
and V(y) vary in R. Hence

B (Dl < B | (WD) + 3 ) Bay i (0)

< C|JIE [V(I) + ]ﬂ <C <|1| + 12v> 7],

by (3.2) and (3.3). O

Intuitively, Lemma 3.1 asserts that the joint measure E [v X |1,y |] is continuous down
to scales of order N1, which clearly has consequences for the integrals of test functions
in terms of their variations on scales of order N~!. The next results are a quantitative
manifestation of this idea for the Stieltjes transforms

G(z,y;2) = /% Py (dN)

and

S(z) = //\iz v(d\),

which occur naturally in our study of the resolvent flow. In particular, the following
theorem gives bounds for the drift.

Theorem 3.2. There exists C < co, depending only on Cy, such that
’ 1 92 C

N 922 0@ V2| S Ny

<

and

— 2)| < .
S(z)azG(m,y,z) sCON (10gN—|— NImz) (1 + (NImz)2> T Im 2

forallz,y € {1,...,N} and z € C.

E

Proof. The first point of Lemma 3.1 implies that

L2 oy < IIE/ L e, ld)
oN 922 Y= Nm 2 A — 2|2 Hay
C 1
< d\
~ NImz /|)\ — 2|2
c

< 3.4

< NG (3.4)
EJP 23 (2018), paper 70. http://www.imstat.org/ejp/
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which is the first assertion of the theorem.
Next, let us introduce

_ ]-M—Rez\gl F o 1|)\—Rez|>1 o 1
FO= = =T W
so that
B [(:) -G 2)| <B [ (700 + F00) g0a) Aol (@),

Setting I, = Rez + [@/N, (a + 1)/N),

B [[70wg000) vdr) syl (@22)

<y <sup f(A)) ( sup gm) E (Tl jtay (T5)]

o gez \Nela Aels
<& > <Sup f(/\)> sup g(\)
- N2 opez el Aelg ’

where we used the second part of Lemma 3.1 to bound the expectations. Since f and g
are symmetric about Re z and monotone decreasing in |\ — Re z|, the previous chain of
inequalities continues

gj\]—g Z f(Rez—k;)g(Rez—Ff])

a,BENg

N
1 1
CN
O;) a? + (NImz)? 5%1;0 B2 + (N Im z)?

1 1
< CN (log N 1+ —F—% ).
=0 (og +Nhnz> ( +(NImz)2)

Finally, because | f | <1, the remaining summands satisfy

- 1 C
B [ [ FOna0) van) s (@32) < E [ 5= lial(@h) < 5
arguing as in (3.4). O

Evaluating the trace defining S(z) in the site basis,
1
S(2) = Xy:G(y, Yi %),

we may average the bounds furnished by Theorem 3.2 to obtain the following corollary,
which gives the corresponding bounds for the drift of diffusion of the trace of the
resolvent.

Corollary 3.3. There exists C < oo, depending only on Cy,, such that

1 02 c
— <~
E ‘QN 022 <Z)’ ~ N(Im=z)?
and 0 1 1 C
- < -
£ ’S(Z)azs(z) SCON <logN+ NImz) (1+ (NImz)2> + Im z

forall z € Cy.
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We conclude this section with a bound in the same spirit as the previous results for a
term which does not explicitly occur in the resolvent flow, but which will nevertheless
prove useful in controlling the diffusion of (2.5).

Theorem 3.4. There exists C < oo, depending only on Cy, such that

2
E i Gl (o <€ (14 )

forallz € {1,...,N}and z € C,.
Proof. The proof follows along the same lines as that of Theorem 3.2. Setting I, =
Rez + [a/N,(a+1)/N), letting

1 Im 2

P-Q) =Im S = T Reoz+ (m2)?

(3.5)

denote the rescaled Poisson kernel, and using Lemma 3.1, we see that

E [Im G(z,z;2) Im S(2) / P. (A1) P.(A2) v(dA\1) s (dAz)
- a%;Z (Asgi PZ(A)) (félg PZ(A)) E [v(la)pa(I5)]
<32 3 (s roo) ().

Since P, is symmetric about Re z and monotone decreasing in |A — Re z|, the last term is
in turn bounded by

%C; Y P (Rez+ %) P, <Rez+ f])

a, €Ny
NlImz NImz
_CQEI; 2+ (NImz)? Z 52 + (NImz)?
1 2
< 1 . O
C( +NImz>

4 Proof of stability

In this section, we turn to the proofs of Theorems 2.1 and 2.2. We start by deriving
the stochastic differential equations (2.5) for the resolvent R;(z) in terms of the Green
functions and the normalized trace. For this, we define the martingales

th(.fL' Y;z) = \/> Z 6U»Rt PuvRt( )6m> dBuv(t)y
u<v
where ) 5
Puvzi 6u 61) 51} 6u =VvN H,
e (10.)(00] + 18 (0u]) = VN 55—,

denotes the symmetric matrix element corresponding to {d,,d, }-
Theorem 4.1. The Green function satisfies

0
(e, :2) = (51(2) 52 Gilois) +

forallz,y € {1,...,N} and z € C,.

2

1
ﬁ@Gt(xvi% Z)) dt + th(xaya Z)
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Proof. By the resolvent equation,

0 1
TBUU Rt(z) —

so using It6’s Lemma shows that

dGy(z,y; 2) = % > {8y, Ri(2) Puy Ri(2) Puy R (2)05) dt

u<v

- \/% S 8y Bil(2) Pas Ru(2)8,) By (2)

u<v

1
-N Z<6y7 Ry(2) Puo Ri(2) Puv R (2)65) dt + dMy(z,y; 2).

u<v
We expand the drift term as

% Z<6y’ Rt(z)5v> <6u7 Rt(z)5u><5v7 Rt(z)5w> + <6y’ Rt(z)5u> <6vv Rt(z)5v><6u7 Rt(z)5w>

u<v

+ % D {8y Re(2)80) (Gus Re(2)80) (Bus Re(2)82) + (8 Re(2)80) (80 Re(2)8u) (605 Re(2)0)

u<v

- % > (8ys Re(2)8u) (Bus Re(2)8u) (Su, Re(2)04)

and exploit that the second term in each sum is the same as the first term with « and v
interchanged to rewrite these sums as

1

= N Z<5y7 Ri(2)00) (0w, Re(2)0u) (00, Ri(2)0)

u,v

1

+ ¥ > 8y, Bi(2)80) (0u, Re(2)00) (0ur Re(2)65).

u,v

In the second sum, we use that the spectral measures p,,, are real to replace (d,,, Ri(2)d,)
with (d,, R¢(#)d,,), which yields

= (5, Ru(2)%6.) 3 T Ru(2) + (5, Ru(2)°6.)
0 . 1 02 _
= St(z)&Gt(xvyvz)"F ﬁ@Gt(l’aya Z) O
We remark that the applicability of the arguments in this paper to GUE perturbations
in place of GOE perturbations is not affected by the last part of the proof, which made
use of the fact that the spectral measures are real in the GOE case. This is because the
additional unitary symmetry ensures that the third order term involving (d,, R:(z)3d,)
vanishes completely for the GUE flow.
By averaging the evolution of G;(z, z;z) over z € {1,..., N}, we obtain an equation
with a diffusion given by

M,(z) = % > My(w, ;5 2),

which is the familiar complex Burgers equation for S;(z) [2].
Corollary 4.2. The normalized trace satisfies

dSi(z) = (St(z)ngt(z) + 2?\[0::)22&(2)) dt + dM;(z)

forall z € Cy.
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We will now employ the results of Section 3 to smooth the resolvent flow of Theorem
4.1. Theorem 3.2 and Corollary 3.3 already accomplish this for the drift, but some further
analysis based on spatial averaging is required to control the diffusion and this is the
content of the next two theorems.

Theorem 4.3. There exists a constant C' < co, depending only on Cy,, such that

1 ¢ + !
N Ey E|M(z,y;2)| < C N(Im z)2 (1 NImz)

forallz € {1,...,N}, z€ C; and t > 0.

Proof. The quadratic variation of M,(x,y; z) satisfies

(M, 3 2)) = — /ZMy,R )P Ro(2)5,)? ds

u<v

I /\

/0 Z| 3y, Rs(2)0u) (0, Bs (2 )5;c>|2 ds

N/<Z|5y,R )(ZMU,R |>

2 t
== [ 1 221 .
N(Imz)2/o m G (2, 73 2) Im Gy, y; 2) ds,

where we combined the symmetrization argument of Theorem 4.1 with the inequality
(a+b)? < 2(a® + b*). Hence

1 2 ‘
N%:E\(Mt(a:,y,z)ﬂ W/OE [Im Gs(z, z;2) Im Sy (2)] ds

< Ct 1+ L i
~ N(Imz)? NImz

by Theorem 3.4. Combining the Burkholder-Davis-Gundy inequality with Jensen’s in-
equality for 5 >- E shows that

IN

1/2
NZE|Mtxyv |<O< ZE Mt'rya >>

t 1
< 1 .
s¢ N(Im z)? ( +NIrnz> -

Next, we state the corresponding result for the averaged martingale

1
= ZMt(:c,m;z)

occuring in Corollary 4.2.

Theorem 4.4. There exists a constant C < oo, depending only on Cy,, such that

Ct
< )
E|Mi(z)] < N2(Im z)3

forallz € C; andt > 0.
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Proof. By symmetrization,
1
xr

*Ni/z Z \/%/O Z<§vaRs(z)5z><5z,Rs(z)5u>dBm)(s)

> 2
N3/2 1+5uv ()6

(00, Rs(2)0u) dBuw(s),

so the quadratic variation may be expressed as

M=) = 75 / Zl+5uv
< ]V3(ImZ)2/0 Z|<5U7Rs(z)5u>|2

1 t
= [ ImS,y(2)ds.
N2(Imz)3/0 m S, (2) ds

Using, in order, the Burkholder-Davis-Gundy inequality, Jensen’s inequality, and the
Wegner estimate (3.2) yields

2

0 15, Ru(2)80)| ds

E|M,(z)| < C (E (My(2)))"/*

IN
Q

1/2
2 EI]I[ s\z2)as
N IHlZ S ( ) >

\/ N2(Tm 2)3 Imz -

The proofs of Theorems 2.1 and 2.2 now reduce to plugging the various previous
estimates into the integrated forms of Theorem 4.1 and Corollary 4.2. For the sake of
completeness, we illustrate this with the proof of Theorem 2.2, but omit the very similar
proof of Theorem 2.1.

Proof of Theorem 2.2. By Theorem 4.1,

1 . .
NZE ‘Gt (I,y,E+Z’I7) 7G0 (Z,y,E+Z77)|
Y

<32 [E[s0g

1

32

1
Go(w,y;2) + ﬁ@Gs(iay, z)| ds

which by Theorems 3.2 and 4.3 is bounded by

1 1 ct Ot
< CtN (1o N+)<1+ >++
( & Nn (Nn)? n  Nn?

[t 1
+C N 2<1+N77)

After taking a factor N~¢2 from ¢t < N~ to control the log N term, each term is
dominated by either 1 + (Nn)~! or 1 + (N7)~3, which proves the theorem. O
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5 Proof of Poisson statistics

In the remainder of this paper, we will show how to apply Theorems 2.1 and 2.2 to
the ultrametric ensemble H,, defined in (1.2), thereby obtaining Theorems 1.1 and 1.2.
When ¢ > 0, the limit lim,,_,o Z,, . € (0, 00) exists, and thus we may drop the normalizing
constant Z,, . from the definition of H,, without any loss of generality. Similarly to our
approach in [38], we will prove Theorem 1.1 by approximating H, = Zf:o 2= 1;%@"#
with the truncated Hamiltonian

Hn,m, = 227%7”(1)71,7”7 (51)
r=0

which has the property that, forany m < k <n,
2n7k

j=1

where each H ,ijr)n is an independent copy of Hj. Therefore
XEU(Hn,m)

consists of 2"~ independent components, a fact whose relevance to Theorem 1.1 is
contained in the following characterization of Poisson point processes.

Proposition 5.1. Let {¢,, ;| j = 1,..., N, } be a collection of point processes such that:

1. The point processes {fin 1, .- ., lin,N, } are independent for alln > 1.
2. If B C R is a bounded Borel set, then

lim sup P(pn, ;(B) > 1) =0.

N0 <N,

3. There exists some ¢ > 0 such that if B C R is a bounded Borel set with |0B| = 0,

then
Ny,
. P
nlggo;P(MnJ(B)_l) c|B|
Jj=
and
Ny,
> =
HI;H;O_Z;P(M,J(B) 2)
j:

Then, p, =5, j Hn,j converges in distribution to a Poisson point process with intensity c.

We recall [1] that a sequence of point processes u,, converges in distribution to u
whenever

lim Ee #n(F=) = E = #(F=)
n—oo

for all z € C,, where P, is the rescaled Poisson kernel
1 Im 2

P.(A) = Im X—z (A—Rez2)2+ (Imz)?’ 5.3

Hence, Theorem 1.1 follows by furnishing a sequence m,, such that Proposition 5.1
applies to jip,m, and

lim Ee #rmn(P2) = Jim Ee #n(P:) (5.4)
n— 00 n—o0

forall z € Cy.
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The difference H,, — Hy, 1 = Vit ®,, ,, is a Gaussian perturbation with time parameter
t = 2= (+)n Therefore, Theorem 2.1 shows that there exists C, < oo such that for all
¢ > n we have

1 c
5 B [Tr (Hy = 20) ™ = T (Hyt = 20) 7| < G278 (1422077)
< Cz 2—§n 23((—71,) (5.5)

with z, = E 4+ 272z, Our strategy in achieving (5.4) thus consists of applying (5.5) to the
finite-volume density of states measures

vn(f)=2""Tr f(Hyp), VUnm(f)=2""Trf (Hnm)

in an iterative fashion.

Theorem 5.2. There exist C, < co and § > 0 such that
E vy (Pa,) = Vnom (P2,)| < C, 28¢-(0F0m)
forall ¢ > n.
Proof. The estimate (5.5) proves that
E vk (Ps,) = V-1 (Ps,)| < C. 2807 0F00) (5.6)

with § = ¢/6 when ¢ > k. Since v,, — v, ,,, is given by a telescopic sum,

n

Un(Pz) = Vnm(Pz,) = Z (Vn,k(Pzp) = vnk—1(Pz,)) 5

k=m+1
the decomposition (5.2) implies that
gn—Fk
Vn i (Psy) = Vnjoe1 (Ps,) = 270070 Z (W (Pz,) — vk p—1(Pz,)) - (5.7)
j=1

Applying (5.6) to each term in (5.7) yields

E IVn (Pzz) — Vnom (PZ£)| < Z C, 93(t—(1+8)k) <0, 93(t—(1+8)m) .
k=m+1

Theorem 5.2 has two important implications for the measures p,, and p,, ,, which are
based on the identities u,(P,) = vy, (P,,) and gy, m(Ps) = Vnm (Ps, ). The first of these

n

enables us to find a suitable sequence pu,, ,,, satisfying (5.4).

Corollary 5.3. There exists a sequence m,, with m,, — oo and n — m,, — oo such that

lim E [un(Ps) — ptinm, (P2)] =0

n— oo

forall z € Cy.

Proof. Since 6 > 0, there exists a sequence m,, with m,, — oo, n — m, — oo and
n — (1 + 0)m, — —oo. By applying Theorem 5.2 with ¢ = n, we obtain

E |pin(Ps) = tinm, (P.)] < €, 23— 0+0)ma) O
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To finish the proof of Theorem 1.1, we need to show that p,, ,,, satisfies the hypothesis
of Proposition 5.1. By (5.2), tp,m, is a sum of point processes

gn—mn

Hnom, = E M, 5
Jj=1

with independent ., ;. If B C R is a bounded Borel set, the theorem of Combes-
Germinet-Klein [8] asserts that P(Tr15(H,,) > ¢) < (C 2’"|B\)Z /¢! and hence for any
£>0:
c|B2m )"

2! '
Since n — m,, — oo, the first hypothesis of Proposition 5.1 follows. Writing

P(tm, (B) > £) < (5.8)

27!,77)‘!,
X(n,0) =Y P(tim, ;(B) > 0),
j=1
(5.8) implies
(c|B|2m—m)*

X(n,£) <2m7Mn —0

4

when ¢ > 2. In particular, X(n,2) — 0 and the last hypothesis of Proposition 5.1 is
satisfied. It remains to prove the remaining hypothesis of Proposition 5.1, which is
the second important consequence of Theorem 5.2 and is contained in the following
theorem.

Theorem 5.4. Let B C R be a bounded Borel set. Then,
lim X(n,1) = v(E)|B].

n— oo

Proof. By (5.2) we have Ev,, ,, = Ev, for any p > n, and so we conclude from Theorem 5.2
with ¢ = n that

lim [E [v,(P;,) —v(P.,)]| = lim lim |E [v,(P.,) — vp(Ps,)]]

n—00 n—00 p—00 "

= lim lim [E [y, (P.,) — vp(Ps,)]|

n—00 p—00

IN

lim C, 273" = .

n—oo

This shows that the measures \,(B) = 2"v(27 "B + F) satisfy

lim (Epp(P.) — An(P:)) =0

n—oo

and Corollary 5.3 implies that also

nh—>ngo (E tim,, (P.) — An(P,)) = 0. (5.9)
For any bounded Borel set B C R, the indicator 13 is in the L!-closure of the finite
linear combinations from the set {P,|z € C.} and the measures E x,, are absolutely
continuous with uniformly bounded densities by the Wegner estimate. Together, these
two observations yield that (5.9) is valid for any bounded Borel set B C R. Moreover,
since F is a Lebesgue point of v,

lim A\, (B) = lim 2"v(27"B+ FE) = v(E)|B]|,

n—roo n—r oo
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and hence we have shown that

lim E p,,, (B) =v(E)|B|. (5.10)

n— oo

Since p,, ;(B) takes values in the non-negative integers

gn—m

lim X(n,1) = lim Zl E jin,, j(B) = lim_ ;Xm, 0)
Jj= >2

so (5.8), (5.10) and the dominated convergence theorem give
gr—m

lim X(n,1) = lim Z} E in,,.;(B) = v(E)|B]. 0
=

6 Proof of eigenfunction localization

In this section, we prove Theorem 1.2 by comparing the eigenfunctions of H,, with the
obviously localized eigenfunctions of H, ,,. Nevertheless, we again start by considering
a more general N x N random matrix H = T + V with a potential satisfying (2.3) and
proving an implication of local resolvent bounds for the eigenfunction correlator

Qe y; W)= > [ha@)a()l

Ao (H)NW

in some mesoscopic spectral window
W= [EO N0 gy N*“*w)]

with w > 0.

Theorem 6.1. Letn) = N~ (9 with ¢ > w > 0andletY C {1,..., N}. Then, there exists
a constant C' < oo, depending only on C',, such that

log N

< ONv—*
Nw | =

2 .
P ZQ(x,y, W) > - Z/W|ImG(x,y,E+m)| dE +

yey yey

forallz € {1,...,N}.

The proof of Theorem 6.1 is based on the following two lemmas, the first of which is
formulated in terms of the the Poisson kernel P, defined in (3.5).

Lemma 6.2. There exists a constant C' < oo, depending only on Cy, such that
E S Jitay| (Qwe(Lw * Py)) < CNy (1 +log/T+ n—Q\W|2)
Yy

for all intervals W C R and n > 0.

Proof. By spectral averaging (Lemma 3.1),

> E|ptay|(lwe(lw x Pip)) < CN [ (1w % Pyy) () dA

” we
:CN/ /7” du dv
oJw (u—v)> 472

1
—CN / / .
" n—1we n71W1+(U_U)2
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Without loss of generality, we may assume that n~'W = [—a, a], so

1
——dudv :/ arctan(a — v) — arctan(v + a) dv
/nlwc/nlwl“r (U—’U)2 n—lW(‘. ( ) ( )

o0
= 2/ arctan(v + a) — arctan(v — a) dv
a

since arctan v is an odd function of v. After the appropriate translations, this last integral
is
R+a 2a
=2 lim arctan v dv — 2/ arctan v dv
0

2 2(1
=2 (m — / arctanvdv)
2 0

=2a (g - arctan(?a)) +log V1 + 4a?.

The proof is completed by noting | arctan(z) — 7/2| < 1/z and inserting a = n=}|W|/2. O

The second lemma needed for the proof of Theorem 6.1 controls the generic spacing
between the eigenvalues of H in the interval W.

Lemma 6.3. Let W C R be an interval and |W| > S > 0. Then, there exists a constant
C < oo, depending only on Cy,, such that the event

Neo(H)NW

5:{ min d()\,aWUa(H)\{)\})>2S}

satisfies
P(E°) < CSN(1+ |W|N).

Proof. We split W into a disjoint union of adjacent intervals
W=5LU---UlI,

with |I| = 2§ for 1 <k < p— 1 and |I,| < 25, and let I, denote the fattened interval
I, + [—25,28S]. Then £° can only occur if

1. fk contains at least two eigenvalues of H for some 1 < k < p, or
2. OW + [—285,25] contains an eigenvalue of H.

Therefore, the Wegner and Minami estimates show that
p ~
P(E%) <P(|(OW +[-28,28)) No(H)| > 1) + > P (‘Ik N a(H)‘ > 2)
k=1

< CSN +Cp(SN)?,
and since p < 2|W|/S, this proves the lemma. O
Proof of Theorem 6.1. Let S = %n so that the event £ defined in Lemma 6.3 satisfies
P(£¢) < CN™~¢,

Since the spectral measures i, are real, we can construct the function

FE) =Y sen [a(@)a)] IA(E),

Aeo(H)NW
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where T, denotes the indicator function of the interval [A — S, A + S]. We will prove that
on the event £ we have || f|| <1 and

S e (9) < 2 5 ey (F 5 P + D | Qe (I = P)), (611)

yey yey Y

S0, since
b 5 P) = [ [ HE) P (B) A 1y a)
= [7(8) [ Periy) y(an di
<l | Mo Glay: B +im)] a2

the theorem follows from Lemma 6.2 and Markov’s inequality.
On &, the intervals T, are disjoint and contained in W, so |f| < 1w and, in particular,
I/l < 1. To verify (6.1), we note that

wa(f * Pin) = Hzy (1W(f * Pin)) + My (1WC (f * Pin))
> Y @U@ * PN = [pay| (Lwe(Lw * Piy))

Aeo(H)NW

on £ and hence it remains only to prove that

™
sg [PA(@)UA)] (f * Pin)(A) 2 5
for all A € o(H) N W. This is based on the fact that

™

o pman <2 =T

and hence

/ I\(E)Pysan(E)dE > 7 / (1 I\(E))Pyyin(E) dE > %”.

If X € o(H)NW with sgn [¢a(x)¢a(y)] = 1, it follows that
(4 Pu)V) = [ F(EYPrsin(B) dE
> [(EB)Pra(BYIE ~ [(1 = 1(E) Prsan(B) dE

v

T
2 )
and similarly

(F* Piy)(N) < =5
if sgn [¢a(z)va(y)] = —1. 0

The proof of the last theorem made use of the fact that the spectral measures p,, are
always real for the GOE flow. It is possible to extend this result to models with complex
off-diagonal spectral measures, such as the GUE flow, by using the fact that

(0y, Im (H — 2)71590) + {0z, Im (H — 2)716y> =ImG(z,y;2) + ImG(y, z; 2),

but we omit these complications here.
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With Theorem 6.1 in hand, we now turn to the proof of Theorem 1.2. As in Section 5,
we drop the normalizing constant Z,, . from the definition of H,. The core of this
argument again consists of resolvent bounds for Gaussian perturbations, and thus we
consider the Green functions

Gn<xay; Z) = <5y7 (Hn - Z)_16$>7 Gn,m(x7y; Z) = <6y7 (Hn,m - z)_16$>‘
If n = 2= (40" for some £ > 0, Theorem 2.2 proves that there exists C' < oo such that

27 3" B |Gk (2,55 E +in) — Grio1 (v,y; B+ in))|
yEBy ()

<25k (1 n 23((1+f)n7k))

— 0 93(14+On=3(1+5)k
with § = ¢/6 whenever k < n. Iterating this result, we see that

27" 3" E |Gy (@, E+ i) — Gum (2,y; E + in)|

yEBy

= 2" Z Z E |Gnvk (x’yaE+Z7]) _Gn,k—l ($7y,E+Zn)|
k=m+1y€EB,

n

=27 > Y E|Gi(w,y E+in) — Grp—i (2,5 E +in)]
k=m+1y€eBy(x)

<9 n Z ch 23(1+€)n73(1+§)k < C2(3(1+€)71)n 27(3(1+5)71)m‘

k=m+1
Since ¢ > 0, we can choose ¢ > 0, € € (0,1), and w € (0, ¢) such that
2u:=(1-€e)3(14+86)—-1)— 31+ —1)—w>0.
Thus, setting m,, = (1 — ¢)n and
W= |E 27070 gy o-wn],

and using that G, ,(z,y;2) = 0if y ¢ B,,(z) show that
Z E / Im G, (z,y; E +in)| dE < C 272,
YEB\B,, (x) W

Applying Markov’s inequality, we arrive at

P > / tm G, (z,y; E +1in)| dE > 27" | < C 27k
y€B7z\an, (I) w

so Theorem 1.2 follows from Theorem 6.1, which says that

) log 2™
Y Qulzyw) < Y I G, (2, y; E + in)| dE + 2%%
YEBW\Bn,, (2) YEBu\Bum, ()7
with probability 1 — O (2(w=9m).
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A Proofs for the Rosenzweig-Porter model

Proof of Theorem 1.5. As N — oo, the random measure defined by

pno(f) =Y, FINA-E)

A€o (Hyp)

converges in distribution to a Poisson point process with intensity o(E). Setting zy =
E + z/N, a simple calculation yields

un(Py) =Im S (zn).

Thus,
Ee #n(P:) _ | e—#N0(F2) <E |St(ZN) _ SO(ZN)| < CN_C/Q,

which shows that the characteristic functionals of ;1 and ¢ asymptotically agree on
the set {P, : z € C,} whose linear span is dense in Cy. This proves the first point.
For the second assertion, choose ¢ > w > 0 and p > 0 such that

3+ w+2ug < c/2.

Since Gy(z,y; z) = 0 for = # 3, Theorem 2.2 shows that with = N~ we have

E Z/ [Im Gy (z, y; E + in)| dE < C|[W|NN~¢/?(nN)~3
y£x W
< CNw+3l—c/2 < N_2MO.

By Markov’s inequality,

P Z/ [tm Gy (z, y; E +in)| dE > N7Ho | < CN~Ho
yzz’ W

so choosing 0 < p < min{w, po} and £ = min{w — ¢, yp }, Theorem 6.1 shows that

P> Qn(z,y;W)>N"| <CN"
yF#x
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