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Correlations between the eigenenergies of a system’s spectrum can be a defining feature of quan-
tum chaos. We characterize correlations between energies for all spectral distances by studying
the distributions of k-th neighbor level spacings (knLS) and compute their associated k-th neigh-
bor spectral form factor (knSFF). Specifically, we find analytical expressions for these signatures
in paradigmatic models of quantum chaos, namely the three Gaussian ensembles of random matrix
theory, and in integrable models, taken as systems with completely uncorrelated spectra (the Poisso-
nian ensemble). The spectral distance decomposition of the SFF allows us to probe the contribution
of each individual £nLS to the ramp. The latter is a characteristic feature of quantum chaos, and we
show how each spectral distance participates in building it—the linear ramp cannot be formed by
short-range energy correlations only. We illustrate our findings in the XXZ spin chain with disorder,
which interpolates between chaotic and integrable behavior.

Quantum many-body systems are studied in fields as
diverse as condensed matter, statistical mechanics, quan-
tum information, and high-energy physics. Although
their spectra are usually too complicated to be described
and studied analytically, certain statistical properties are
universally shared among different systems. These spec-
tral statistical properties have become a probe of whether
a quantum system is chaotic or integrable. Specifically,
the statistics of spectral spacings is one such probe of
the underlying nature of a system. In a quantum chaotic
system, it evidences that the eigenenergies are not in-
dependently distributed but rather correlated in such a
way that no two values can lie too close together. By
contrast, the spectral spacings of quantum integrable sys-
tems exhibit no such correlations—a property that can
be attributed to the existence of an extensive number
conserved charges in such systems [1].

The distributions of nearest-neighbor level spacings are
closely related to the statistics of certain random matri-
ces: those of quantum chaotic systems are close to Gaus-
sian random ensembles, while those of generic integrable
systems follow the statistics of a diagonal matrix with
(real) random entries. Hence, the study of random ma-
trices has become central to the study of complex chaotic
and integrable quantum systems. The relation between
random matrices and quantum chaos is described in e.g.
[2, 3], with some of the foundational works related in e.g.
[4-11].

Importantly, the analogy between complex quantum
systems and random matrices does not stop at the level
of nearest-neighbor spacing distribution. The existence
(or not) of spectral correlations extends beyond nearest-
neighbor level spacings and can be probed by other mea-
sures, including the spectral rigidity, the number vari-
ance, and the spectral form factor (SFF) [3, 12]. These
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quantities can be computed analytically with random
matrix theory [2]. The statistical spectral properties of
complex quantum systems follow the random matrix pre-
dictions pretty well, with deviations occurring mainly at
long-range spectral distances.

A large part of this work focuses on the spectral form
factor, which is a dynamical signature of quantum chaos.
The SFF is the Fourier transform of the two-point eigen-
value correlation function of a matrix. As such, it in-
cludes all spectral distances. It is related to physical
time-dependent observables such as operator autocor-
relation functions, the survival probability of quantum
states, or the analytical continuation of the partition
function. It has been used to study spectral properties of
quantum systems ranging from nuclear physics and phys-
ical chemistry, all the way to black holes, see e.g. [13-21].
As a time-dependent function, the behavior of the SFF
at different time scales depends on the underlying spec-
trum. For complex systems (whose energies are usually
not related to each other in any special way, i.e. they
are incommensurate), a single set of eigenvalues results
in a very noisy time-dependent function [22], such that
some kind of averaging is required to see its key features.
After such averaging, the SFF can be used to distinguish
between chaotic and integrable spectra. In both kinds
of systems, it starts with an initial decay at early times
and, for systems of finite size, stabilizes at a ‘plateau’ at
late times (times proportional to the inverse of the av-
erage level spacing). The behavior in-between depends
on whether the spectrum is chaotic—in which case the
SFF first goes below the plateau value before joining it
up via a linear ‘ramp’, forming a ‘correlation hole’—or
integrable—the SFF then goes almost directly from the
decay to the plateau without any hole. Since the SFF
involves all energy differences, it probes all ranges of cor-
relations (with equal weight at infinite temperature) in a
system’s spectrum.

Our results, based on the kth neighbor spectral distri-
butions in random matrices, show how each spectral dis-
tance contributes to the SFF. Specifically, we derive the
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kth neighbor level spacing distributions (knLS). Their
Fourier transforms allow us to introduce the kth neigh-
bor spectral form factors (knSFF) and thus perform a
spectral distance decomposition of the SF'F. We then show
how the latter builds up, with time, from contributions
of correlations between eigenenergies further apart.

We provide analytical results for the three Gaus-
sian ensembles, namely the Orthogonal (GOE), Unitary
(GUE), and Symplectic (GSE) ensembles, whose spectral
statistics is representative of that in quantum chaotic
systems—the ensemble depending on the properties of
their Hamiltonian under time reversal. We also provide
results for the ‘Poissonian’ ensemble, constructed from
diagonal matrices with random entries taken from a uni-
form distribution, and whose statistics are representative
of the spectral statistics of quantum integrable systems.
Our analytical results are based on tractable approxi-
mations, that we detail and verify. As such, a first re-
sult of this work is to derive the probability of the knLS
based on Wigner’s original approach, that is, considering
the joint probability density of eigenvalues of the largest
possible matrix with a k-th spacing. The variance of this
distribution can help identify when a physical model de-
viates from the idealized chaotic or integrable models.
Knowledge of those distributions allows us to analyti-
cally find the contribution of each level distance to the
SFF (knSFF). Specifically, we show how the knSFF can
be written as a Gaussian envelope and an oscillating func-
tion, part of the latter capturing the non-Gaussianity of
the knLS distributions. We show how this specific form is
important to build the linear ramp, and how correlations
between eigenvalues further apart participate in building
the linear ramp. Such decomposition also allows us to
introduce refined dynamical signature of chaos. Indeed,
we find that the minimum value of the knSFF behaves
very differently for the Gaussian ensembles than for the
Poissonian case.

The tools and analytical results we introduce can
be used to see when and how a complex many-body
quantum system deviates from the ideal (chaotic or
integrable) cases mentioned above. We illustrate our
methodology by examining a physical system, namely,
an XXZ spin chain with disorder, a model which is often
used in the context of many-body localization (see e.g.
[23-28]) and whose SFF has been studied [28-31]. This
system shows a transition from chaos to integrability as
a function of the disorder’s strength.

The paper is structured as follows: Section I briefly
introduces the models we consider. Section II presents a
summary of our main results. The derivations and impli-
cations are detailed in the rest of the paper. In Sec. III
we study spectral statistics, first providing an approx-
imated derivation of the knLS distributions. We show
how the variance of the knLS distribution can be used
to diagnose quantum chaos, and discuss its results in the
XXZ spin chain with disorder. In Section IV we study
dynamical signatures of chaos. In particular, we intro-
duce a decomposition of the SFF in terms of the above-

mentioned kth neighbor level spacings. We introduce a
toy model whose spectrum has mixed features of spectral
correlations, namely, only nearest-neighbor correlations
according to the Wigner distributions of level spacings,
and verify that its SFF does not exhibit a linear ramp.
Section V details a dissipative protocol to measure cor-
relation functions related to the knSFF. Finally, Section
VI provides conclusions and a discussion of our results as
well as future directions in the light of this work.

I. THE MODELS

In this work, we consider Hermitian Hamiltonians,
each with a finite discrete spectrum (or energy window)
with N eigenvalues, {E1, Ea, ..., Ex}, that we arrange
in increasing order. We define the set of kth nearest-
neighbor level spacings (knLS) for 1 < £k < N -1

gk),sgk)7...,s§\]f)_k}, where s® = E;yr — E; for
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1 <4 < N — k integer. For example, k = 1 gives the
usual set of nearest-neighbor spacings. We always unfold
the spectrum so that the average distance between eigen-
values is equal to one, (s(1)) = 1. Thus, it is expected

that (s(®)) = k.

A. Gaussian and Poissonian ensembles

A Gaussian random matrix can be described by the
joint probability density of its N eigenvalues, which reads
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where /3 is the Dyson index distinguishing the different
ensembles, namely 8 = 1,2,4 for the GOE, GUE, GSE,
respectively. The constant C' will not play a role in this
work and A sets the energy scale, which we keep free for
now. A random matrix taken from a Gaussian ensem-
ble is constructed by sampling each matrix element from
Gaussian distributions, as we detail in Appendix A for
completeness.

A random matrix taken from the Poissonian ensemble
is a diagonal matrix with elements sampled from a uni-
form distribution. We label this ensemble with 8 = 0 for
convenience.

B. The XXZ spin chain with disorder

The tools and methodology we introduce in this work
are illustrated in a physical model. Specifically, we quan-
tify how closely a many-body quantum system follows the
Gaussian or Poissonian random matrix ensembles. We
choose the XXZ spin chain with a varying amount of dis-
order in on-site magnetic field, H = Hyx, + Hq;s, because



this model is known to interpolate between chaos and in-
tegrability as a function of disorder strength. The Heisen-
berg XXZ spin-chain Hamiltonian for L spins reads

L
Hyy = Z (Sﬁgﬁ—kl + 5’25’2+1 +J.S: Az+1), (2)

n=1

where gﬁ’y’z are spin 1/2 operators on site n. We assume
periodic boundary conditions. This model is known to be
integrable and can be solved using the Bethe ansatz [32].
Adding on-site magnetic fields with random strengths

L
ﬁdis = thLSTZL7 (3)
n=1

where hZ are real random numbers taken from a uni-
form distribution U|_y /2w /2], changes the integrability
properties of the XXZ chain as a function of the disorder
strength W. Roughly speaking, when W is small (but
not too small), integrability is broken, while as W in-
creases, integrability is restored. In the chaotic regime,
the spectral statistics agree with those of GOE due to the
system’s time-reversal symmetry [33]. The XXZ Hamil-
tonian with the disorder term (3) conserves the total spin
in the z-direction; in other words, it commutes with the
operator §% = Zizl SfL The Hamiltonian thus does not

mix sectors of different S* eigenvalues, and we can work
in one such sector. We choose to work in the sector with
half of the spins up and half of the spins down, which is of
dimension ( LL/Q). We present results for L = 16 for which
the Hilbert space dimension in the above-mentioned sec-
tor is 12,870. In practice, however, we draw our statistics
from N = 200 eigenvalues around the densest part of the
spectrum.

II. SUMMARY OF MAIN RESULTS

This section provides an overview of our main results,
whose derivation is given in later sections, along with
further details.

A. Beyond Wigner’s surmise

For the Gaussian random matrix ensembles, the near-
est neighbor level-spacing (nnLS) distribution (k = 1)
follows the Wigner surmise, Ps(s) = Oﬂsﬁe’AﬁS2, where
B is a parameter that distinguishes between the three
Gaussian ensembles, GOE (5 = 1), GUE (8 = 2) and
GSE (8 = 4). We first derive the probability distribu-
tion for any energy spacing s*) [34-39] by characterizing
its variance, which can probe spectral correlations.

As mentioned above, the average of the distribution of
s(®) for an unfolded spectrum is k. We show in Section ITT
that for the three Gaussian ensembles the kth neighbor
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FIG. 1. Variance of the distributions Pék)(s) as a func-
tion of spectral distance k for the different Gaussian ensem-
bles: GOE (red), GUE (green) and GSE (blue). We compare
numerical results (circles) with analytical results from the sur-
mise (4) and from the logarithmic behavior (6). Results are
sampled from random matrices of dimension 1000, from which
we sampled the N = 200 central eigenvalues and we average
over N,, = 1000 realizations of the ensembles.

level-spacing (knLS) distribution is approximately given
by

PP(s) & Costeted, e

where o depends on the spectral distance k and the en-
semble index 8 through
k(k+1
azkiéilg+kf1. (5)
The values of A, and C, are detailed in Egs. (25a) and
(25b), respectively.

The average of this distribution ’Pék) (s)is (s) = k, and
its variance is A(ﬂk) = (s%) — (s)? = (g‘;i) — k2, which
saturates to 1/ for large k. In fact, this variance of the
generalized surmise (4) does not appropriately capture
the behavior of the exact distribution at large k. Instead,
it follows

A(ﬁk) = % In k + const . (6)
Interestingly, this result behaves as the number-variance,
¥2(L) at L = k, for the Gaussian ensembles, apart from
the constant value and the fact that k is discrete here. In
[40] it was observed that %3 (k) = A(Bk) +1/6, from which
the constant can be read off as % [In 27 +~+1—m2/8]—1/6
for GOE, % [In2m+~v+1]—1/6 for GUE and 55 [In4n+
y+1+m2/8] —1/6 for GSE, where v ~ 0.57721 is Euler’s
constant. Figure 1 illustrates the different results for the
variance of the kth level distribution for the three random
matrix ensembles [41].

For the Poissonian ensemble (which we will label with
B =0), the kth neighbor spacing distribution reads

P = Gy e 7)
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FIG. 2. Variance of the knLS distribution as a func-
tion of the neighbor degree k for the XXZ model (solid
blue lines), GOE (red lines, dashed for the surmise, plain for
the log) and Poisson (dashed black line). The color scale
shows different disorder strengths W.

with variance given precisely by
AR =k, (®)

which is exactly the result for the number variance,
%2(L), of the Poissonian ensemble at integer L = k.

So the variance of the Poissonian ensemble increases
linearly with k, which contrasts with the logarithmic
scaling in the Gaussian ensembles. This can be un-
derstood because the energies in the Poisson ensem-
ble are completely uncorrelated—thus unconstrained to
spread— while the correlations in the Gaussian ensem-
bles restrict the width of the spacing distributions for
longer ranges k. The variance thus witnesses the strength
of energy correlations, and can be used to distinguish sys-
tems with integrable or chaotic spectral statistics. This
can be useful to identify when a many-body system starts
deviating from the Gaussian random matrices and Pois-
sonian results, as Fig. 2 illustrates for the disordered
XXZ chain.

B. Spectral-distance decomposition of the SFF

After having found the structure of level spacing dis-
tributions beyond nearest neighbors, we ask how each
set of level spacings contributes to the spectral form
factor. As may be expected, nearest-neighbor correla-
tions are not enough to determine its full time-dependent
profile and longer-range spectral correlations are needed
as time increases. The SFF is the simplest nontriv-
ial measure of spectral correlations and indistinguish-
ably accounts for all energy neighbors. We will take
its simplest definition, at infinite temperature, as S; =
<Eann e~ {(En=En)t N2} where the angle brackets de-
note an ensemble average. We are interested in charac-
terizing the contribution of each knLS to the SFF, and
in a similar spirit to Wilkie and Brumer [14], we define

the kth neighbor SFF (knSFF) as

k 2 /T k
St( )Eﬁ<Zcos[tSE )]> . (9)
i=1

This allows us to perform a spectral distance decompo-
sition of the SFF, that is, write the complete SFF as
composed of the kth neighbor SFFs,

LN o
&:N+Z& , (10)
k=1
where the first term originates from contributions of the

zero frequencies [42].

Given a distribution P*)(s) for the probability that
the distance between a level and its kth neighbor is s,
the ensemble-averaged knSFF reads

Sgk) = w /ds PH)(s) cost s]. (11)
This expression assumes that the contribution of each
spacing does not depend on the location in the spectrum,
which gives the 2(N — k) factor counting the number of
k-neighbor distances in the spectrum. As we will show,
the details of the distributions P*)(s) and the number of
energy levels accounted for are important to build up the
ramp (or correlation hole); not only the nearest neigh-
bor distribution, P()(s), but also further correlations
are crucial to get a linear ramp. In particular, assuming
only nearest neighbor correlations results in a correlation
hole but no linear ramp (see Section IV F).

In Section IV B, we show that the approximated dis-
tribution (4) yields a simple form to approximate the
knSFF for the Gaussian ensembles, namely

2(N — k) _epe?
St(k) ~ %e_ ia {cos(wkt)
1 ot _
+mwkt<w2ka — 3) Sln(wkt):| . (12)

Here, a measures the amount of level repulsion and is
given by (5), while the frequency is defined as

(6%
24,

So we find that the knSFF for each of the Gaussian en-
sembles can be written as a Gaussian envelope multiplied
by an oscillating function. For increasing k, the number
of oscillations increases, while their amplitude is being
suppressed by the Gaussian decay. Interestingly, the fre-
quency becomes linear for large enough k, wy — k, such
that summing up only the odd/even knSFF’s yields a
resonance/anti-resonance at ¢ = m. We find such reso-
nances both for the folded and for the unfolded cases.
By contrast, such resonances do not appear for the inte-
grable case, which we turn to next. Figure 3 illustrates
this phenomenon for XX7 with disorder, where we ob-
serve that this structure disappears as we increase the

wi = (13)
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FIG. 3. Even and Odd neighbor decomposition of the SFF for the XXZ model along the chaos to integrability transition.
Eq. (12) predicts a ‘resonance’ for the even contributions and an ‘anti-resonance’ for the odd contributions. The results have
been averaged over N,, = 150 realizations of the noise. The parameters are L = 16, Ny, = 8, J, = 2.21, and the system has
periodic boundary conditions. The black dotted line shows the connected part of the SFF, detailed in App. D.

disorder. In Appendix E we show that this phenomenon
is also present without unfolding the spectrum.

For the Poissonian (integrable) case, the exact result
for the knSFF reads

gk _ 2(N — k) cos(k arctant)
T N2 (1 4 t2)k/2

(14)

Here, the oscillations in time die out fairly quickly be-
cause of the arctan(t) term which saturates to 7/2, in
addition to the Lorentzian envelope becoming more and
more suppressed with increasing k.

We now have the tools to ask how the correlation hole
and ramp build up (or not) in different systems. This
can be answered by introducing the partial SFF, which
we define as

K
_1 (k)
St7K = N + ];St 5 (15)

and represents the SFF with a cut-off on the energy
ranges contributing to it. Note that S; y_1 = S;. When
it exists, the ramp incrementally builds up by adding

up contributions St(k) with larger range k. The partial
SFF for different cut-offs is illustrated in Figures 4 and
5, respectively in the Poissonian and Gaussian random
ensembles, and for the XXZ model with increasing disor-
der. We highlight the ‘dip time’, defined as the time for
which S; k starts showing a ramp (and discussed in detail
in App. C), and see how this time moves further to the
left as the number of energy ranges is increased. In other
words, the ramp builds up from the plateau time to the
left, with smaller k contributing at late times and longer-
range correlations needed to increase the duration of the
linear ramp at early times. Along the same line, note
that it is evident from the relationship between the two-
level correlation function Ra(s) = > po; P*)(s) and the
probability densities P(*)(s) given in [43], see Appendix
D, that small, medium, and large k& neighbor probability
distributions contribute to the structure of the SFF.

In Section IV A we expand on the relationship of the
knSFF decomposition for general autocorrelation func-
tions.

III. SPECTRAL STATISTICS

We now detail how to derive and characterize the kth
neighbor distributions for Gaussian random matrix en-
sembles as well as for the Poissonian ensemble.

A. A surmise for the Gaussian random matrix
ensembles

We look for the probability distribution of the kth level
spacing, Pék)(s). Let us start with £ = 1. For a random
matrix taken from a Gaussian ensemble (GOE, GUE or
GSE), the nearest-neighbor level spacings {551)}?;_11 of
the unfolded spectrum (see Appendix E) are well approx-
imated by random variables taken from the Wigner sur-
mise distribution,

Pi(s) = Cpas’em o, (16)
where Cg 1 and Ag; are constant in s and depend only
on f (since k = 1); they are set by the conditions that
P (s) is normalized and that the average level spacing
is equal to unity, (s) = [~ sPW(s)ds = 1.

This result can be derived by considering the distribu-
tion of the spacing |Es — F1| between the eigenenergies
of a 2 X 2 random matrix, which is the smallest possible
random matrix to have a nearest-neighbor spacing. As
Wigner rightly conjectured [7], this is a good approxi-
mation to the level spacing distribution also for matrices
with NV > 2; the distribution of nearest-neighbor level
spacings in a Gaussian random matrix of any size very
closely follows his surmise, provided that the spectrum is
unfolded. For exact results at N = 3, see e.g. [44, 45].
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FIG. 4. Spectral distance decomposition of Spectral Form Factor for Random Matrix summing the first Kmnax =
20, 120, 180, 200 spectral distances for Poisson, GOE, GUE and GSE. Dip time (dashed line). The results are computed by
summing the approximated analytics. The black dotted line shows the connected part of the SFF, as detailed in App. D.
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FIG. 5. Spectral distance decomposition of Spectral Form Factor for XXZ model summing the first Kmax =

10,50, 170,200 spectral distances. The black dotted line shows the connected part of the SFF for GOE, see App. D. The
results have been averaged over N,, = 150 disorder realizations. The parameters are L = 16, Ny, = 8, J, = 2.21, and the

system has periodic boundary conditions.

For energy levels further apart, we follow Wigner’s
footsteps and use the smallest possible random matrix
ensemble with that particular spectral distance. Specif-
ically, to find the distribution of the kth neighbor level
spacing, s*), we use an N = k + 1 dimensional random
matrix with energy levels £y < Ey < --- < Eiy1 and
look for the distribution

Pg’“>(s)=/ dE; dEQ---/ dEyi1p(B1, ..., Eps1)
- Ey Ey,

X 8[s — (Ert1 — E1)], (17)

where p is the joint probability distribution (1), and
where we have written the integration limits explicitly,
taking into account the ordering of the levels.

Following the derivation in [44], we change variables
from {E1,FEs,...,Exy1} to {Fi,s1,82,...,8:}, where

i = sz(»l) are all the nearest-neighbor spacings. So

Pék)(s)oc/ dE1/ d81~-~/ dsg p(E1,81..., k)
—o0 0 0

X (5(3—2&),

i=1

o0

S

(18)

where we omit the constant Jacobian which is not rele-
vant in this work because we will eventually normalize
the final result. Notice that F; appears only in the expo-

nential term of p(Eq,s1...,8;) = [p(sl,SQ, .. .,sk)]ﬁ X
e—A[Ef-‘r(E1-‘!-81)2-i-(E1-i-81-"-82)24-'‘‘-i-(E1-1‘81-1-"'-5-8102]7 written

here with the k(k + 1)/2 degree polynomial

p(s1,52,...,55) = s1(s1+ 82) ... (51 4+ S22+ + sp)
X $o(s2+83)...(s2+ 83+ + sk)

X X Sp_1(Sp—1 +5) X s . (19)

Since s; > 0 for all ¢, this polynomial is positive every-

where. Performing the Gaussian integral over F4, we find
(up to an irrelevant constant)

,P/g»k)(S)O(/ dsl/ dSk[p(Sl,SQ,...,Sk)]ﬁ
0 0

x e~ A (51,085 5(5 — Z 51‘)7

=1

(20)

<

where we defined the quadratic polynomial resulting from
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FIG. 6. k-th neighbor level spacing distribution for the Poisson (black), GOE (red), GUE (green), and GSE (blue)
ensembles for different spectral distances k = 1,5,20,40. The data and the analytics are rescaled as § = s/k for ease of

plotting, and thus the average of all distributions is always located at 1. The analytical Wigner surmise (lines), Eqs.
and (4), is in good agreement with the unfolded numerical data (histogram).

(7)

Numerical results are obtained averaging over

Nav = 1000 realizations of random matrices of dimension N = 100.

the integration over F; as
k
i(k+1—1)
y
P k+1

2i(k+1—j)
B 5;8; .
(21)

q({si})

: >

1<j=1

Note that since s; > 0 for all 7 and the coefficients of
this quadratic polynomial are always positive, we have
q(s1,-..,8K) > 0 everywhere. Next, we rescale the spac-
ings through x; = s;/s. Taking into account the Jaco-
bian of this transformation, which is s*, the homogeneity
of p(s1,...,8k) and of g(sy,...,sk), and using the delta
function identity d(ax) = §(z)/|a|, we arrive at

Pék)(s)o(skf%@ﬂ/o dxl.../o dzy, (22)

k
X [p(xl, To, ... ,mk)]ﬂe_Aszq(“"“’”) (5(1—2 x1>

=1

This is an integral over a (k — 1) simplex. Using the §-
function to set xy, = 1—x1—x9—- - -—x_1 and restricting
the integration limits we replace the quadratic function
by g({z:}is)) = 230 B wﬂrZZ =1 Aijir; and
detail the elements of the vector B and the matrix A be-
ing detailed in Appendix B; at the same time, we denote
the change of the polynomial p({z;}%_,) as p({z:}F=}).
After completing the square, we arrive at the (k — 1)-
dimensional integral

(23)

k(k+1)ﬁ E—1 7752
1*2::«:_125171'
/ dri—1
0

1— 131
/ dl‘l/
B —As?(xT—mT)A(x—m)

(ml,xg,.. Tl 1)] e

where m = A~!'B and where we have used A[k+1 —
BTA™'B| = A/2 for all k. It can be verified that m

simplifies to (1/2,0,...,0) which means that the Gaus-
sian is centered at zero for all x; except x1.

The integral over the simplex is challenging to compute
exactly. For small s the Gaussian in the integral can be
expanded to second order in s, resulting in a correction
to the width of the pre-factor Gaussian function, while
at large s the integral gives corrections to the power law
(as we discuss below).

We can thus approximate the distribution of knLS by
(4) with « given in (5) and A,, C, set by the normaliza-
tion conditions resulting from the unfolding process, see
Egs. (25) below. Note that ag € N for the all possible
k=1,2,...,N—1and g €N.

Since similar results have been reported in the litera-
ture, let us review their argument to contextualize our
derivation. The first generalization of Wigner surmise
that we are aware of assumes a Brody-like ansatz, which
essentially leaves the power-law « as a free parameter
[35]. In Ref. [46], the power-law in (5) is found using a
small s expansion and the generalized Wigner surmise,
Eq. (4), is obtained assuming a Gaussian behavior at
large s. This approach is also followed in [38] in the con-
text of 2D Poisson point processes. These references thus
find the same distribution through heuristic arguments.
Formal results for the £nLS probability distribution can
be obtained exactly using tools from RMT, see e.g. [2],
and there are even connections between the different
kEnLS distributions [39]. Since these results are formal
and exact, they lack an explicit expression for the knLS
distribution reminiscent of the Wigner surmise, which is
itself an approximation [3]. More recently, an extension
of these results to spacing ratios was tested numerically
[37] but with no analytical proof. Lastly, Rao [34] claims
to have an analytic derivation of the generalized Wigner
distribution from the joint probability density of eigen-
values. However, since the energies are not ordered, the
spacing E11— F1 need not be a kth spacing. In turn, our
derivation gives a derivation based on Wigner’s original



argument, i.e. considering the joint probability density
of eigenvalues of the largest possible matrix with a k-th
spacing; we have explicitly stated the approximations in-
volved in getting the generalized Wigner distribution and
discuss the corrections to the distribution below.

The generalized Wigner surmise (4) has been obtained
starting from the joint probability distribution of eigen-
values (1)—without unfolding. It gives a good approx-
imation of the knLS distribution for small k, provided
that the spectrum is unfolded. As in the case of Wigner’s
surmise (16), unfolding the spectrum sets the constants
Ag, and Cg  from the conditions

/ P(k) ds =1,

/0 SP(k)( Yds =k .

The first condition normalizes the distribution, while the
second condition fixes the average spacing between a level
and its kth neighbor to equal k. The constants can be
found to be

(24a)

(24b)

L(§+1)
Ay = I{:F(O“H) (25a)
o [rg+n]*"
CorEm rem) @

where « is given in Eq. (5) and depends on 8 and on
k. Fig. 6 shows that our analytical results (4) capture
the numerical simulation for all matrices of the Gaussian
ensembles.

Expanding the expressions (25a) and (25b) in large «
provides approximations for A, and C, that work par-
ticularly well when comparing with numerical results:

e a+1+ 1
*“E2\2 "4 " 16a)’
1+120 1.0
———ei "z

12/ma kit

From (24b), the distribution P*)(s) has average (s) =
k, and its variance is therefore

(26a)

Cy ~ (26D)

AP = (s?) — (s)2 = (O;Z) e (27)

This result is illustrated in Fig. 1. As mentioned in Sec.
11, the variance of the exact distributions follows Eq. (6).
Corrections at large s—As mentioned, we expect cor-
rections to the generalized Wigner surmise (4) at large
s. Starting back from Eq. (23), we can bound the re-
sulting integral by a saddle-like approximation, namely,
replacing p(x1,x2,...,2x_1) by its maximum p,,,, over
the simplex. Since, at large s, the Gaussian has a very
narrow peak (located on the boundary of the simplex),
we can take the limits to infinity; the integral thus in-
troduces an s-dependence of (1/s)*~!. The probability

distribution has a resulting s-dependence for large s cor-
rected as

k(k+1

Mg —1As®

Py (s) — s

§— 00

(28)

Note that the behaviour at large s is not the same as the
behaviour at large k, as diagnosed for example by (6),
for which we would need further work to account for.

Note that, since the power @ﬁ is linear in S, this
distribution can be interpreted as the Boltzmann factor
of a Coulomb or ‘log gas’ [17, 48], which models a 1-
dimensional array of atoms in a harmonic trap interacting
with an effective potential taken as a logarithmic function
of their distance. This interpretation as a log gas does
not hold for the «a coefficient in (5) because of zero-th
order terms in S that would need to be canceled out
with temperature-dependent interaction strengths in the
effective model.

B. ‘Poisson’ ensemble: uncorrelated energy levels

We revisit the kth neighbor distribution for ensem-
bles with uncorrelated energy levels, which we label with
B = 0 for convenience. This is known in the literature
as the “Poissonian” case whose nearest-neighbor spectral
statistics satisfy P(1)(s) = e~P*, where p is the average
density of states, taken to be the uniform distribution
p(E) = p = 1. Assuming no correlations whatsoever
between the energies, the joint probability distribution
of the set of (uncorrelated) nearest-neighbor differences
{s1,82,..., 8k} is just a product of the individual distri-
butions,
= P(s1)P(s2)... = e~ Ximi s (29)

P(s1,82,...,8k) P(si)

As in the case of the Gaussian ensembles, the joint distri-
bution P(sq, S2, ..., sx) allows us defining the probability
that the kth nearest neighbor spacing is s as

k
=25
=1

This integral can also be carried out using rescaled vari-
ables x; = s;/s. The Jacobian brings a factor s¥ and the
integration over the delta function contributes a s~ and

sets everywhere xp =1 — Zk 11 x;. This yields

1— Il 1— Zf:_f Z;
/ dl‘l / / dl?k_ 1
0 0

1e7% x constant (31)

/ dsy...ds P({si}f_))

,P(k)(

where the second equality follows from the fact that the
integral over the simplex is a finite constant. The nor-
malized distribution follows as

1
Pék)(s) = —— _shles
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FIG. 7. k-th neighbor level spacing distribution in XXZ for spectral neighbors, k = 1,10, 40, 80, in the chaotic W =1
(light blue) and integrable W = 20 (dark blue) phases along with the analytical results for Poisson (black line) and GOE (red
line) models. The plot shows the rescaled spacing § = s/k. The deviation between the integrable phase and Poissonian starts
to be seen at k = 35 and is very apparent at £k = 70 where the numerical distribution is much narrower. The considered XXZ
model has L = 16 spins in the zero magnetization sector N,, = 8, the hopping is J, = 2.21, with PBC, the energy window size
is Nen = 200 and the results include N,, = 50 disorder realizations. The variance of the distribution as function of & is given

in Fig. 2.

This distribution is illustrated in Fig. 6. We verify that
the average value is (s) = k, as expected. Note that al-
though for £ > 2, the probability for very small kth spac-
ing goes to zero, this does not reflect ‘level repulsion’ but
rather reflects the fact that there is a small probability of
having two levels that have k — 2 levels between them be
very close together. It is worth noting that this contrast
with the behavior in Gaussian ensembles, where the ‘re-
pulsion’ of two such levels is much stronger and goes as
k—14EEED g
S z P,

The variance of the knLS distribution for the Poisso-
nian ensemble is Aok = k, as mentioned in Eq. (8).
Comparing this result with the large k& behavior of A,(Bk)
(6), we see that the Gaussian ensemble kth neighbor
distributions are much more narrow than those of the
completely uncorrelated (Poissonian) ensemble. Thus,
as mentioned in the summary, the variance is a good in-
dicator of the strength of spectral correlations—also c.f.
Fig. 2.

C. Spectral statistics in the disordered XXZ model

To study the correlations in the spectrum of the XXZ
spin chain with disorder and their dynamical signatures,
we average over many realizations of its Hamiltonian H =
Hxxy+ Hgjs for each value of W and focus on a window in
the densest part of the spectrum, upon which we perform
global unfolding using a polynomial fit. The procedure
is detailed in App. E.

Figure 7 shows results for the rescaled distributions
P*)(3) for different spectral distances k in the model’s
chaotic (W = 1) and integrable (W = 20) phases. The
results from the random matrices relevant to each phase,
respectively the GOE (Eq. (4) with § = 1) and Pois-
sonian (8), are illustrated for comparison. Small devia-

tions appear for larger k. Those deviations between the
physical model and idealized random matrices are bet-
ter characterized by the variances of the distributions
P*)(s), presented above in Figure 2, and extracted from
numerical data for the disorder XXZ spin chain. Up to a
certain value of k both the chaotic and integrable phases
follow the expected GOE and Poisson behavior, respec-
tively. For larger k£ we find deviations in both phases,
particularly noticeable for the integrable phase, which
can be understood as follows.

For large disorder, the dominant contribution to the
Hamiltonian is Hgjs, which on its own, can be thought of
as a free, non-interacting Hamiltonian with energy levels
given by E; = Y5 4hZ, with i = 1,2,...,N. In the
zero magnetization sector in which we are working, there
are as many pluses as minuses. The energy level structure
can be understood by ordering the h? according to their
absolute value. Then, the lowest energy level is obtained
by distributing the 4 such as to attribute minuses to the
|hZ | with larger values and pluses to the |hZ| with smaller
values. The highest energy level has the same structure
but with pluses and minuses flipped. This small exercise
shows that energy levels which are far away are actually
correlated in Hgjs, thus explaining the deviation from
Poissonian statistics observed in Figures 2 and 7.

IV. DYNAMICAL SIGNATURES OF CHAOS

In this section we turn to the effect of spectral statistics
on dynamical quantities, focusing on the SFF. We intro-
duce the kth neighbor SFFs and study their properties.
We then sum them up (with appropriate coefficients) to
obtain the complete SFF. In this process, we learn about
the underlying structure which can be unveiled via the
decomposition of the SFF into knSFF components.



A. The ensemble averaged kth neighbor SFF

The spectral form factor (SFF) is a time- and
temperature-dependent quantity that probes the spec-
trum of a given quantum system. For a system at
inverse temperature S, it can be defined as S;(8) =
|Z(B + it)/Z(B)|?, with the partition function Z(8) =

SN e PEi including all the energies {E;}Y, of the

Hamiltonian’s spectrum (NN can be infinite). In more
detail,
N —B(E;+E;) ,—it(E;—E;)
- € ile i
Su(p) = ezt NGB (32)
i =€ T

In the infinite temperature limit, B — 0, the SFF be-
comes
N+2%,. ;coslt(E; — Ej)]

St(()) = St = N2 ) (33)

whose numerator can be divided into terms according to

spectral distances sgk). This decomposition of the SFF is
thus

1 N—-1 *)
k
Se=x+ 1;—1 S (34)

and is formed by summing the k-th neighbor spectral form
factors (knSFFs)

cos[t sgk)} . (35)

As mentioned, the SFF is not self-averaging [22]; so
we wish to compute the ensemble average S; = 1/N +

i\/:_f(St(k)), which boils down to computing the en-
semble average of the individual contributions from each
spectral distance, (St(k)) = Sgk)—also introduced earlier
in the main results, Eq. (10). We show below a series
of approximations that allow us to derive an analytical
expression for the St(k) which provides a good approxima-
tion and is obtained starting from the distributions P*)
derived in Section III.

As discussed above, the ensemble average of the SFF
can be decomposed according to the contributions from
the various spectral spacings k. The latter can them-
selves be decomposed according to the energy levels ¢ as

N—k
2
s =53 / dE, ... dEx p{E:}) coslts®). (36)
=1

Note that the energies E; are ordered. In the first step,
we approximate all energy spacings sz(-k) = Fiir — E; as
being independent of the absolute energy level [49] and

set i = 1 as the reference level, so sgk) — sgk) and the
sum over ¢ just becomes an (N — k) factor. Then, in the

10

same spirit as the knLS distribution, we use the largest
possible matrix which describes the k level spacings and
take N — (k4 1). We recognize the distribution of the
knLS, Eq. (17), and the knSFF (36) becomes

k 2(N — k)
SLE )~ —NT ds®PE) (5 cos[t 5],
k) p(k
=y 1Y, (37)
where in the second line, we have introduced the following
function and constant for later notational convenience:

t(k) = /ds P®)(s) cos(t s) (38a)
el = w (38b)

Let us mention that this result can be generalized to
quantities related to the SFF, such as autocorrelation
functions. Indeed, the autocorrelation function at infinite
temperature of a Hermitian operator O = Ot (i.e. any
observable) can be decomposed in a similar manner using

t(k) and changing only the coefficients C](\];), as follows.
Consider the autocorrelation function:

A A N

Tr(OO0(t)) 1 9
Ci=——F+ = — O;i|*cos[(E; — E;)t], (39
=G R 0 el B @9
where O;; are the matrix elements of the operator O in
the energy basis and N2 = Z?fj:l |0;;|>. The ensemble
average of Cy; can be decomposed into kth neighbor au-
tocorrelation functions (see Appendix I for more details)
as

=0y 1 (40)

where ft(k) are defined in (38a) and we define the coeffi-
cients:

N—k
N2
O§V) =2 g 10;.ik]? - (41)
i—1

An explicit relation between correlation functions and
the knSFF’s, along with a possible dissipative protocol
to measure them, will be detailed in Sec. V.

We now turn to derive analytical expressions for ft(k)
(and for S*) for the GOE, GUE and GSE as well as
for completely uncorrelated energy levels (Poissonian en-
semble).

B. The knSFF in Gaussian random matrix
ensembles

1. Analytical results

With the approximated analytical result for P(*)(s)
obtained in (4), we can look for an expression of the
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FIG. 8. Time evolution of the knSFF for Poisson (black), GOE (red), GUE (green) and GSE (blue) for different spectral
neighbors, k = 1,5,20,40 in systems of dimension N = 100. The plots for ¥ = 5, 20, 40 show analytical results (thin lines)
from (14) and (12), while for k = 1 we show the exact expression (47), and numerical results for random matrices averaged
over Na, = 1000 realizations (thick transparent lines). While we do not expect the approximation (12) to be good for small &,
it works already quite well for GSE and k = 1 and less so for GUE and GOE, in that order. Note the different scales in the
time axis, chosen to better represent the increasing number of oscillations with the spectral neighbor k, see Eq. (55).

knSFF St(k) for the Gaussian random matrix ensembles,
starting from (37):

;’”;/ ds P*
0

where
) = [ s P - (“‘2”) (Aa)™ (43)

where we have used the Pochhammer symbol (a), =
ala+1)...(a+n—-1) =T(a+n)/T(a). In turn, the
function becomes

t2n n> (42)

o0
cos ts Z

n=0

0 (ot 42 n
O -y CERRE

This sum can be expressed in terms of a hypergeometric
function

2

(k) _ _% a l ¢

o= e R Ty, (45)
Since the coefficient 1/(2v/A,) appears in the ¢-

dependent exponent, it is homogeneous to a frequency
wi. We thus set

2
L _w
(67

= 3, (46)

and we will see that this quantity sets the width of the
Gaussian envelope. The hypergeometric function can it-
self be expressed in terms of a Laguerre function, so we
get

2
(k) _ —twit? r _a 1 wkt
t ¢ L 1( 2°2’ 2a

T ko _wpt® —1/2 Wkt
=Bl Y 4
9 wke 2 a/2 20 ( 7)

The Laguerre function, Lj, with m —1 < p < m for
m € N and a > —1, is defined by the infinite sum [50]

L) = 2(“?‘) CL

w—kK

When « is even, a = 2m for m € N, in (47), the Laguerre
function becomes a Laguerre polynomial of degree m:

SIS W

k=0

L (2)

Since the degree of the Laguerre polynomial (or func-
tion, for non integer «/2) grows quadratically with &, we
can use the approximation for Laguerre polynomial of

high degree [51]:

1
w2 1
Jrra/21/4¢ [COS(ga,n(fE)) <1 +0 (n))

+sin(0, () (bi/(? +O (i)) } (50)

where 0, ,(z) = 2y/nz — ar/2 — 7/4 and b, (z) = (4a? —
1202 — 24az — 24z + 3)/(48y/). Note that b_ j»(x) =

a/2—1/4
a n

‘g(a: —3).
In our case, we have a Laguerre polynomial of degree
n = a/2 (not necessarily integer), a = —1/2 and = =
2,2
w;; , so the above approximation reads
E3He) ~ et [cos ) + =L sin ()] 651
o) = —_— COS (W S (Wg .
2 ge’ Va/2

As can be seen in (50), the terms in the square brackets of
(51) are an approximation up to (not including) O(1/a).
Thus, when plugging this result into (47) we must make



sure that the combined coefficient of the square brackets
is expanded to the same order in «

1 T(a/2+1)

Ja2 (/2 +1/2)

Eventually, we find that ft(k)

—1+0(1/a) . (52)

can be approximated by [52]

22

) (1+(9(1/a)) -

x [ cosfunt) + \/Zb% (“fj) sin(wpt) + O(1/a)]

We note that the frequency is well approximated at large
k by a linear function in k:

wka—L—‘y-O(l/k‘Q) .

2% (54)

Let us make several remarks about expression (53):
e The initial value is always equal to unity, t(i)() =1
for all k;

2 +2
e For t — oo, the overall exponential factor, e~ e

makes ft(k) — 0;

. t(k) is expressed as a sum of a cosine and a sine
with the same frequency wy — k at large k;

e Apart from the overall exponential factor, the
coefficient of cos(wit) is 1 while the coefficient
of sin(wgt) is time- dependent and is equal to

\/7b 1/2 <w2t2> = 1w kt( ) It is of

O(1/k) and thus of less consequence for large k.
Note that, at the same time, it is more significant
at large t. This is compatible with the fact that
small k terms (corresponding to low frequencies)
are more significant at long time scales.

e We can compute the number of oscillations in one
standard deviation of the envelope m/wk, by
comparing it with the period of the oscillations
Ty, = 27 /wi.. We thus find

Ya VB

2T k—oo 2T

k. (55)

So the number of oscillations of the knSFF in the
envelope is proportional to v/«, and scales linearly
with the neighbor degree k for large k, as illustrated
in Fig. 8. The figure also illustrates that the largest
number of oscillations that happen before the signal

flattens because of the exponential decays is for the
GSE, which has the largest 5;

e Were the knLS distribution a perfect Gaussian cen-
tered at (s*)) = k, the knSFF would only in-
volve the Gaussian envelope and the cosine term

(53)
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ft(k) = ¢~ F*/(40) cog(kt) with frequency wy = k,
since the Fourier transform of a Gaussian is an-
other Gaussian. The non-zero mean is accounted
for by including ei<s(k)>t, whose real part is cos(kt).
Thus the sine term in the knSFF comes from the
non-Gaussianity of the knLS distribution. This is
studied in more detail in App. F.

With the approximation (53), the final expression for
St(k) becomes

2(N — k wit?
St(k) R~ %e* i [cos(wkt)
1 242 .
ety ) sinent)]

as also given in the summary, Eq. (12). Figure 8 shows
that our analytical approximation above reproduces well
the numerical data for all three Gaussian ensembles.
Before turning to the complete SFF, we study some
more properties of the kth neighbor SFF: the kth dip
time t; and depth of Sgk) as a function of k, and the
scaling of the deepest k* neighbor as a function of N.

2. Dip time and depth of the kth neighbor SFF

We define the kth dip time [53] for each St(k) as the
time the function reaches its minimal value, It can be
computed from the exact expression with ft( given by

(47), or from the approximate one, Eq. (12). However it
may not be possible to analytically determine the mini-
mum of those functions. One possibility to overcome this
is to look at (12), where for large enough k (and not too
large t), the main contribution comes from the cosine.
We know that its minimum happens when its argument
is equal to 7, therefore

T (54)
ta(k) ~ — '~ (56)

i

Wk

Note that this result suggests that the kth dip time does
not depend on the ensemble 3, but only on the neighbor
degree k. For a more detailed analysis of this approxi-
mation, see Appendix H. From this estimate, we can also
find the knSFF depth as a function of k, by plugging (56)
into (12), we find the behavior

UN—FK) _

(k) SRBETBTD)
Std ~ — e e~ 2R(BRFBFD) (57)

Figure 9 shows that the approximation (56) for the dip
time agrees with the numerical simulation from the dif-
ferent Gaussian ensembles and for the XXZ model, pro-
vided that the spectrum is unfolded. Figure 10 (left)
shows that (57) characterizes well the kth dip time ob-
tained from numerical random matrices.
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FIG. 9. knSFF dip time as a function of the neighbor degree
for (a) ideal ensembles: Poisson (black), GOE (red), GUE
(green) and GSE (blue) computed numerically from the un-
folded spectrum along with the approximate expression (56)
(dashed grey). Inset: same plot in log-log scale that shows
explicitly the tq(k) ~ k=" dependence; and (b) for the XXZ
spin chain for different values of the disorder (blue colorscale)
along with the analytical result tq4(k) = 7/k (dashed gray).

3. Scaling of the deepest k-th neighbor SFF

The deepest k-th neighbor SFF, denoted by k*, is com-
puted from the minima of Eq. (57) for the Gaussian ran-
dom matrix ensembles and (62) for the Poissonian en-
semble (see next section). The physical significance of
this value is the spectral distance k after which the kth
dip of the knSFF starts getting shallower. It is challeng-
ing to extract the minimum from the exact expression.
If we take the large k approximation, we find the deepest
k* to be given approximately by the solutions of

k(2 + B + Bk*) = N2, (58)

whose exact solution can be found exactly using Math-
ematica but which is too cumbersome to understand.
However, a large N expansion yields

for the Gaussian enlsembles, where the coefficients are
. 2\ 3 2 2+48)2—38n?
given by C = (%) , Co= —%, C.= (95;%7”%5,

Figure 10 (right) shows a good agreement between this
expression and numerical random matrices for the three
Gaussian ensembles.

To end this section, we recall that the total SFF is not
self-averaging. We refer the reader to Appendix G which
shows that the knSFF for GUE (with similar conclusions
for the other ensembles) is also not self-averaging.

C. kth neighbor SFF for the Poissonian ensemble

The averaged kth neighbor SFF can be computed for
matrices with uncorrelated eigenenergies, in the same
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FIG. 10.  (left) Minimum value of knSFF S as a

function of the spectral distance k. Approximate an-
alytical results (dashed lines) for the RMT ensembles (57)
and Poisson distribution (62), and numerical results (solid
lines). Colors are as in Fig. 1, i.e. Poisson (black), GOE
(red), GUE (green) and GSE (blue). The numerical results
are obtained from matrices of dimension N = 200 and av-
eraged over N,, = 2000 elements of the ensemble. (right)
Scaling of the deepest neighbor k* as a function of the
system size N computed numerically for RMT and Poisson en-
sembles (circles) and the analytical approximations (59) and
(64) rounded to the nearest integer (lines). Numerical results
are averaged over N,y = 200 matrices. We show a guide for
the eye at N = 200 (gray dotted line) which agree with the
values of k* used in Figure 12 for the Poissonian and GOE
endpoints of W.

manner as for the Gaussian ensembles case, but now us-

ing the corresponding probability distribution, Eq. (7).

We thus find

2(N — k) cos(k arctant)
N2 (1+t2)k/2

S = (60)

The kth dip time, which we define to be the first minima
of this function, can then be computed exactly as

ta(k) = tan (13:]{) . (61)

Note that it diverges at k = 1 because the first knSFF for
the Poissonian ensemble shows no dip and asymptotically
goes as 7/k, similarly to the Gaussian ensembles. The

value of (St(k)> at the dip time is

(k) o Q(N— ]{1) & ™ ) k‘ﬂ' 9
S, ==z o (1o7) s\ n1 ) (62)

This expression admits the asymptotic expansion

(k)72(N7k) 2 47T2+71'4 3>
S = T e ( 1 o 8k?2 O )
(63)
which leads to a third-order polynomial equation whose
solution can be expanded for large N. We thus find the

deepest knSFF to scale as

2
1 7T
Nz — 1+ —
2<+4

ki~ % ) FO(NTE),  (64)



which scales faster than for the Gaussian ensembles.
Thus, the deepest knSFF in the Poissonian ensemble hap-
pens for k* larger than in the chaotic case, as seen in Fig.
10, which also shows good agreement of the above ana-
lytical approximation with the numerics.

D. Dynamical signatures of chaos (knSFF) in the
disordered XXZ

To test how the dynamical signatures of a real sys-
tem match those of idealized models, we extract data for
the knSFF from the XXZ model with disorder. Figure
11 shows numerical results for the kth neighbor SFF for
various values of k, where the behavior for a disorder
strength of W =1 can be compared with W = 20. The
plot shows how the numerical data deviate from Poisson
and GOE. In particular the frequency of the oscillations
is well captured by the analytical expressions, but the
deviations from the analytical knSFFs show up in the
envelope, i.e. in the amplitude of the oscillations, which
is narrower than GOE for W = 1 and broader than Pois-
son for W = 20.

Figure 12 shows results for the minimum value of St(k)
as a function of £ as well as the values of k* as a func-
tion of the disorder strength W. The minimum of the
knSFF agrees very well with the Poisson and GOE lim-
its because, as discussed previously, the most relevant
corrections to the knSFF are in the envelope, which for
the first oscillation still does not have a big contribu-
tion. In particular, k* exhibits a transition, similar
to that probed by (r), as coded in the colorscale. The
values of k* at the two ends of the range of W, which
correspond to integrable (large W) and chaotic (small
W), are exactly those predicted from the Poissonian and
GOE ensembles respectively, for the window size we used
to extract the data (compare with Figure 10). The full
SFF shown in Figure 26 follows the general behaviour
of Poisson and GOE for large and small disorder respec-
tively, even though Figure 2 shows more correlations than
Poisson and less correlations than GOE at large k. The
works [30, 31] consistently find no ‘correlation hole’ for
large disorder in this model.

E. Summing it up: the complete SFF

We now add up the contributions from all spectral dis-
tances to write the total SFF and compare our approx-
imate analytical results to numerical simulations. Using
the approximations (12) for the kth neighbor SFF, the
total averaged SFF for the Gaussian ensembles is given
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approximately by:

N-1
1 2(N — k wipt?
St ~ N + %67 ‘If‘l |:COS((JJkt) (65)
k=1
1 242
+ gt (e —3) st

Figure 13 compares our analytical results with numeri-
cal results for the random matrix ensembles. It shows
that for the Gaussian ensembles, the above approximate
expression gives good results, even without using any ex-

act results for S,gk). In particular, the transition between
the ramp and plateau is well captured for the three en-
sembles: smooth for GOE, ‘kink’ for GUE and ‘spike’
for GSE. The time at which this transition happens was
first discussed in [15] and we provide an alternative ra-
tionale for it by decomposing the SFF into the contribu-
tions from odd and even spectral distances, see below.
Importantly, all the ensembles, when unfolded, show the
plateau time at ¢, = 27. This is consistent with the
results in [15] which show the plateau for the Gaussian
ensembles at t,/(2mp) = 1, in our case unfolding the
spectra sets p = 1 and thus ¢, = 27. In Appendix J, we
test the accuracy of the total result given in Eq. (65).

One question that naturally arises from the discussion
below Eq. (54) is: how important is the contribution of
the sines? Can we recover the full SFF from just sum-
ming over the cosine part? i.e. with a Gaussian approxi-
mation for the knLS distribution. The answer is that we
get a correlation hole, but no linear ramp, and that the
sines contributions are especially important at the begin-
ning of the ramp and at the transition to the plateau.

The total averaged SFF for the Poissonian ensemble is
given exactly by

1 2(N — k) cos(k arctan t)
N N2 (14 2)k2

St(Poisson) o (66)

Although for & > 1 the kth neighbor SFF for the
Poissonian ensemble has a dip and shows some oscil-
lations before flattening out (as can be seen in Figure
8), the full Poissonian SFF has no ‘dip’ or ‘correla-
tion hole’, as expected for completely uncorrelated levels.

FEven and odd contributions.— The approxima-
tion (12) for the ensemble average of the kth component
of the Gaussian ensembles SFF is expressed as a combi-
nation of cosines and sines with frequency wy given by
(54). Figure 14 presents the numerical results for the
even and odd level contributions, defined as

even ]-
(57 = g+ Y (S8 (67a)
k even
o 1
(8°Y) = 55 + (8, (67b)
k odd

for random matrices taken from GOE, GUE, and GSE
ensembles of dimension N = 100. Inspecting the plots,
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FIG. 11. k-th neighbor Spectral Form Factor for the disordered XXZ spin chain for different neighbor levels

k = 1,10,30,70 in the chaotic (W = 1, light blue dots) and the integrable (W = 20, dark blue dots) phases along with the
Poissonian (black line) and GOE (red line) curves. The deviation between the integrable phase and the Poissonian results is
apparent starting from k = 10, and increases for larger k. Note that the oscillations differ only in their amplitude but not in
their frequency. We emphasis the different scales in the time axis.
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FIG. 12. (a) Minimum of the knSFF as a function of
the neighbor degree k, the colored dots mark the deepest
knSFF, (b) deepest k-th neighbors SFF k* as a function
of the disorder strength, the colorscale marks the (r) pa-
rameter. The values of k* for GOE and Poisson are k* = 11
and k" = 28 respectively, which can be obtained from the
expansions for k* (59), (64) respectively with N = 200 which
is the energy window size.

we find a constructive interference for (S{V™°IYy at
t ~ mw. More specifically, there is a “resonance” for
(St(even)> and an “anti-resonance” for (St(Odd)> at t ~ .
This observation can be explained by our analytical re-

sults,

(even) 1 (k) ¢(k)

S Ry T k§ Cn'fi (68a)
(odd) 1 (k) 4 (k)

S & o +k§OddON 7, (68b)

where C](\f) is given by (38b) and ft(k) is given by the ap-
proximation (53). Taking wy = k, the sum (68a) involves
a sum of cos(kt) with k = 2,4,6, ... which interfere con-
structively at ¢ = 7 to create a “peak” or a “resonance”;
similarly, the sum (68b) involves a sum of cos(kt) with
k =1,3,5,... which interfere constructively at t = 7 to
create a “dip” or an “anti-resonance”. Interestingly, Fig.
14 also shows that most of the ramp is constructed from

the even neighbors. We also note that the ‘spike’ seen in
the complete SFF for GSE (as can be seen in Fig. 13) is
nothing but the next constructive interference from both
the even and odd contributions, and happens (for the
unfolded spectrum) at ¢ = 2w. Note that the transition
from the ramp to the plateau also happens at t, = 27
for GUE and at a similar time for GOE.

Note that the fact that the GSE exhibits a spike is
related to the Gaussian attenuation that multiplies the
sum of cosines and sines in (65), which has the largest
width of the Gaussian ensembles. Indeed, the width is set
by \/a, which is proportional to 1/f, as per its definition
in Eq. (5), and the GSE has the largest 8 (equal to 4).
Fig. 15 shows the ratio of the plateau time ¢, = 27 to
the width of the Gaussian envelope for GOE, GUE and
GSE. The envelope width is the largest for the GSE, in
which the plateau time lies between 2 and 3 standard
deviations of the Gaussian envelope.

The partial SFF.— In Eq. (15), we defined S; x which

is the result of summing up St(k) from k=1to k = K.
This helps us see how the total SFF is built up out of
contributions from increasing values of k. In particular,
as we add more and more St(k) the minimum of the SFF
moves to the left and gets deeper, as can be from the dip
time in Fig. 16 (see App. C for further details on how
the dip time is computed).

F. The complete SFF with only nearest-neighbor
correlations

As we have shown extensively in this article, the
nearest-neighbor level spacing, although indicative of
chaotic or regular behavior, is not a sufficient condition
for chaos, since truly chaotic models (as modeled by RM)
have correlations all over the spectrum. In this spirit, we
construct a toy model which only has energy correlations
to nearest neighbors, but nowhere else in the spectrum.
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FIG. 13. Spectral Form Factor for: Poisson (black), GOE (red), GUE (green) and GSE (blue) computed numerically
(thick transparent line) and using the analytical results (thin solid line) given by (66) (black) and (65) (red, green, blue). The
connected SFF for each of the ensembles, see App. D, is also shown (black dotted line). The plots show results for random
matrices with dimension N = 100 and the numerics have been averaged over N,y = 1000 matrices. The dotted gray line marks

the start of the plateau at t, = 2.
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FIG. 14. Odd vs even neighbor contributions to the SFF and their sum for Poisson, GOE, GUE and GSE;
computed numerically from N,, = 1000 matrices of dimension N = 100. For visualization of the data in log-log scale, an extra
factor of 1/2N was added to the even and odd contributions. The even contributions construct a ‘resonance’ while the odd
ones construct an ‘anti-resonance’. The vertical lines highlight the time at which the resonance and anti-resonance happen,
t* = m (dashed gray), and at which the plateau starts for the Gaussian ensembles, t, = 27 (dotted gray).

What would be the SFF of such a system? To answer
this, let us recall that the probability distribution of the
sum of two uncorrelated random variables z = = + y is
given by their convolution. So, in this toy model, the
second level spacing distribution simply reads

PP (52 = PO (5D 4 PO (5 (69)

A
/0

The convolution theorem states that the Fourier trans-
form of a convolution is the product of the Fourier trans-
form, and vice versa. The knSFF for this toy model
follows as

dsPW (5)PD (52 — ).

S = Re(FIPW (1)), (70)

where the Fourier transform of the nnLS distribution,

F[PW](t), admits the exact expression

B+1 1 ¢ ) (71)

FPO)(t) =1Fy ( -

2 2 444
) 8 3 12
—it R E+1,2, ———.
le(2+727 4145

The sum of the knSFF is shown in Fig. 17 for the GUE
ensemble. The SFF of this toy model shows a correlation
hole since it decays and grows back, but the ramp is not
linear and therefore there is no chaos. Similar non-linear
ramps in the SFF have been reported for integrable mod-
els like the SYKy [54, 55]. Thus, we conclude that cor-
relations beyond the nearest energy levels are needed to
find the linear ramp in the SFF characteristic of chaotic
systems.



wt

4<
3< F
—0.01+ 21 . :
0 5 10 100 10! 102
t k

FIG. 15. (a) knSFF for GSE for k = 1, 40, 90 (solid thin
lines) and Gaussian envelope (dashed thick line), standard
deviation of the Gaussian envelope V2a /wi (solid horizontal
lines) and plateau time t, = 27 (dotted gray line). (b) Ratio
between the plateau time ¢, = 27 and the width of the Gaus-
sian envelope v/2a/wy as a function of the neighbor degree k
for the three Gaussian ensembles: GOE (red), GUE (green)
and GSE (blue).
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FIG. 16. Dip time (left) and relative depth of the dip
(right) as a function of the maximum number of neighbors
summed for the GOE (red), GUE (green) and GSE (blue).The
plot also displays the ”dip time” of Poisson (black), note that
Poisson in general should have no dip, however some of its
partial SFF’s display a dip (see the plot in the right). When
the relative depth is larger or equal to zero this time is asso-
ciated with the plateau time. The results are computed from
the analytical approximation of the SFF.

V. A DISSIPATIVE PROTOCOL TO MEASURE
THE kNSFF

The autocorrelation function of a general operator O
(39) can be obtained from knowledge of the spectrum and
the operator. We propose a protocol, based on dissipa-
tive dynamics, to measure the k-neighbor autocorrelation
function, introduced in (40).

Assuming that we are able to prepare an ini-
tial operator with non-zero weight only in its main
and k-th diagonal, namely O®) = SN 0y i) (i +
Zf:lk Okt + k) (i| + h.c.. Its autocorrelation func-
tion will be related to the knSFF since it only contains
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FIG. 17. SFF computed numerically for the GUE (green)
and for the toy model with energy correlations to nearest
neighbors only (purple), eq. (71).

spectral information from the knLS,

e = L0 (72)
042 =[O0
= + —— cos[(Exqs — E;)t)].
DDA veaiD B ve

If at this point we further assume that we unfold the
spectrum, so that the knLS F;;; — E; does not depend
on the density of states p(E;), and average over a suitable
ensemble, we find that the time evolution (40) will de-

pend on time only through ft(k)7 which in turn completely
determines the knSFF.

The initial operator O®) might look somewhat arti-
ficial, so let us propose a way to engineer it through a
dissipative evolution. In the case of dissipative dynam-
ics in which the unitary part is dictated by Hy and the
dissipator consists of a single Hermitian jump operator
L = L', any system operator evolves according to the
adjoint Lindblad equation [56, 57)

80y = i[Hy, O] — v[L,[L, O4]], (73)

where v is the dissipation rate associated with L. Con-
sidering commuting operators, [Ho, L] = 0, which then
share a common eigenbasis, H = > Eili) (i, L =
> Lili) (i], the solution of the above equation simply
reads

O =3 Oyye BBy (5. (74)
4]

We now assume that we do not apply the Hamiltonian
dynamics yet (e.g going to a rotating frame such that
they are not relevant) and that we can engineer the jump
operator in a way such that its eigenvalues repeat once
after the k-th element, namely

-Z’ = dla‘g(lh alN)7 (75)

el ool lagga, -



where we have set [ ; = [; for 1 < i < k, and we also con-
sider no extra degeneracies l; #1; Vi,j € {1,...,k, 2k +
2,...N}. The evolution at a time T becomes Or =
i 0;¢ UL T |3y (|, All off-diagonal elements de-
cay exponentially fast with time, except for those with
li—j| =k andi,je€{1,...,k} which are preserved due
to the structure of L. Thus we see that lim7_ o OT =
OW =% i |i) (i + 7, Opgri li+ k) (i] + hec, e,
this protocol leads to a matrix with 2k nonzero elements
only in the k-th diagonal. The full diagonal could be ob-

tained by repeating the sequence of eigenvalues [y, ..., [x
more times in (75), but this would lead to higher “har-
monics”, i.e. nonzero terms for |i—j| = 2k, 3k, ..., which

would contain contributions from higher degree knSFFs.

Other possible experimental probes are to experimen-
tally measure the energy levels of the system, and com-
pute the knLS distribution and the associated knSFF
by a Fourier transform. Alternatively, another way
could be to use the formalism introduced in [58]. More
specifically, one would need to find a partition the to-
tal Hilbert space in two, & = 54 ® H#p, such that
the condition Trp(pp(E;)pp(£;)) o d);—| holds, where
pB(E;) = Tra(|E;) (F4]). If there exists such a subspace
Fy, then the randomized measurement protocol devised
in [58] could be readily used to compute the knSFF’s and
knLS distribution.

VI. SUMMARY AND DISCUSSION

In this work, we studied short, medium, and long-range
spectral correlations and characterized their dynamical
manifestation in the SFF. We found analytical results in
random matrices taken from the three Gaussian ensem-
bles (GOE, GUE, and GSE) and a model representative
of integrable systems, i.e. an ensemble of completely un-
correlated energy levels (Poissonian ensemble) with uni-
form density of states. Real systems, as illustrated by
the disordered XXZ spin chain, have spectral properties
that lie in-between these ensembles.

Specifically, we focused on long-range spectral statis-
tics in the form of the kth neighbor level spacing probabil-
ity distribution and on the resulting kth neighbor spec-
tral form factor. For the knLS distributions, we intro-
duced its variance as a probe that distinguishes chaos
from integrability, with significantly different behaviors,
and the Poissonian value k for the spacings s(*) acting as
an upper bound on the possible width of any P®*)(s) of
a spectrum with correlated levels. We note here that the
knLS distributions can also be used to find the eigenvalue
distribution of the Liouvillian superoperator, which con-
sists of all energy differences, as we discuss in Appendix
K. They also relate to the large N sine-kernel, see Ap-
pendix D.

Taking a Fourier transform of the knLS distributions,
we found expressions for the kth neighbor SFFs for the
random matrix ensembles and for the Poissonian ensem-
ble. By applying a few approximations, we could ex-
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press the Gaussian ensemble knSFF as a sum of cosines
and sines with appropriate polynomial coefficients and
an overall Gaussian envelope function. This realization
of the knSFF provides insight into the transition between
the ramp and plateau for the different Gaussian ensem-
bles. From studying the knSFFs, we found that their
minimum value as a function of k is markedly differ-
ent between chaotic and integrable systems. In a similar
spirit, we defined the kth neighbor decomposition of the
autocorrelation function for operators.

For the Gaussian ensembles, the several approxima-
tions we made to achieve simple, tractable expressions
capture the main properties of the complete SFF, as veri-
fied against numerical simulations. Our results show that
the ramp feature found in the SFF of chaotic systems
is a result of intricate relationships between knSFFs of
increasing spectral distances k. Specifically, the nearest-
neighbor level repulsion only is not enough to induce a
ramp. Also, the specific shape of the set of P(*)(s) and,
in particular, the strong suppression at small s are im-
portant in achieving the specific features of the knSFF
which eventually build up the complete SFF. In partic-
ular, if the knLS probability distributions were perfectly
Gaussian, the results for the knSFF would involve only
a Gaussian envelope and a cosine term. Such a structure
would not give rise to the specific features of the com-
plete SFF, particularly around the transition from the
ramp to the plateau. Hence, the non-Gaussianity of the
knLS distributions is crucial to capture the full chaotic
signature of the SFF. We probe the non-Gaussianity of
these distributions through the skewness and kutorsis in
Appendix F. We further discuss the self-averaging prop-
erties of the individual knSFF's in Appendix G.

This work opens many new directions for future study;
we mention some below. We have made several approxi-
mations in our derivation of the kth neighbor level spac-
ing distributions. While they capture the main behavior,
we expect corrections at large k, and it would be inter-
esting to study their effect on the knSFFs and the full
SFF in future work. Other possible directions include
the study of how finite temperature affects the knSFFs
[59], or extending the knLS and knSFFs to the dissi-
pative case, where mostly only nearest-neighbor corre-
lations and SFF have been studied [60, 61]. We only
began investigating how far the correlations between en-
ergy levels should persist in finding a linear ramp in the
full SFF. We leave to future research the investigation of
the kth neighbor autocorrelation functions we defined in
this work. In particular, they can be used to understand
better the behavior of the autocorrelation function for
different operators. Lastly, one other possible extension
of our results is in the field of log-gases [47]. In this con-
text, the knLS distribution P(¥)(s) gives the strength of
interaction between a particle and its k-th neighbor, re-
summing all the interactions with all the other particles.

To summarize, our results suggest that to investigate
quantum chaos fully, it is important to include correla-
tions at all spectral distances. Correlations beyond first



energy neighbors have a clear manifestation in dynamical
quantities such as the spectral form factor, and will also
show up in other time-dependent correlation functions.
The specific nature of the level repulsion beyond just
nearest-neighbor eigenenergies plays an important role in
accurately capturing the complex features of many-body
quantum systems at all time scales.
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Appendix A: Numerical implementation of the
Gaussian ensembles

In this appendix, we review the definitions and numer-
ical construction of the three Gaussian random matrix
ensembles: GOE, GUE, and GSE.

GOE: We sample a N x N random matrix X with
entries given from a real normal distribution with o = 1,
i.e.

Matrices from GOE are symmetric, therefore H &

GOE(N) is given by
H = %(X +XT).

GUE: Matrices from GUE are Hermitian, so their ele-
ments are generated from complex numbers, i.e.

X;; =N(0,1) +iN(0,1),

From X, we can generate a Hermitian matrix simply by

1<i,j<N.

H= %(X +XT), H e GUE(N).

GSE: Generating matrices from the symplectic ensem-
ble is slightly more involved. We need to generate a ma-
trix X of dimension 2N

Xij = N(0,1) +iN(0,1), 1<4,j <2N,

and introduce the skew Hermitian matrix J defined as

0 —1
J = (1 0>®1N
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FIG. 18. Dip time (left) and relative depth of the dip
(right) as a function of the maximum number of neighbors
summed for XXZ model through the chaos to integrability
transition.

Then, an element of the GSE(N) is given by

H:L(XH(T—

NT
55 J(X +XNHT).

Appendix B: Details of proof for kth neighbor level
spacing distribution

This appendix provides the explicit forms of A and B
which appear in the quadratic polynomial g({x;}*=).
The quadratic polynomial ¢({z;}¥ ;) written in (21),

once restricted by xp =1 — Zf_ll x;, takes the form

a(laipi)) = Z,MJ- B1)

k—|—1
kl
J+1)
2
+; k+1 P g:l k+1 T ky1

From here, we can read off the elements B; and A;; for

i,j=1,....,k—1 as
k—1i
”_(k—i)(i—i—l)
A= B2, (B3)
k — max(i, 7)) (min(z, 7) + 1
A, - e 11 gy

k+1

It can be checked that A is positive definite. The inverse
of Ais a tridiagonal, almost Toeplitz matrix [62], with
diagonal A7' = 3/2 and Azl =2 for i # 1, and off-
diagonals Az L= A 1; = —1. Also, it can be verified
that m = A~'1B = (1/2,0,0,...,0).

Appendix C: Computing the dip time of the SFF

The dip time is the time after which the SFF starts
showing the linear ramp. Since the SFF in general has



non-universal behavior at short times, in particular for
the unfiltered case it shows some oscillations which go
under the dip, we cannot define the dip time just as the
time at which the SFF has the deepest minimum. To
overcome this problem in here we use the following algo-
rithm :

1. Compute the array of relative maxima Sy, and
minima Sy of the SFF.

2. Compute the absolute minimum of the array of rel-
ative maxima, i.e. the maximum closest to the dip
time t?rlAX = mintl\mx StMAX'

3. The dip time of the full SFF is then the clos-
est minimum to the deepest maximum, tq, =

3 D
ming,,, |tMIN - tMAXl'

Since in the ramp the SFF shows a lot of small oscil-
lations because it is not self-averaging, these ensure that
this algorithm will work correctly for as long as an ac-
tual dip exists. When the dip does not exist, e.g. in
the integrable phase of the XXZ spin chain, the deepest
maximum will be very affected by the quantum noise in
the SFF signal. To capture the depth of the correlation
hole we can define the relative depth as

1
Ddip =N (Stdip + N) . (Cl)

In Fig. 18 we show the dip time and relative depth
of the correlation hole for the partial K,,.x neighbors
SFF. The results for W = 1 follow the general trend
from GOE: i.e. summing the first few neighbors gives
a larger contribution to the dip time while the further
apart neighbors do not affect the dip time so much. As
we get closer to the integrable zone most of the dip time
is explained by the first few neighbors, with the further
apart ones having much smaller contribution. We do
not show the dip time in the integrable phase because it
is completely governed by noise, but the depth suggests
that the correlation hole closes.

Appendix D: The connected SFF for Gaussian
ensembles and sine-kernel

The 2-point spectral connected correlation function
pe(E, E') of a certain ensemble is defined as [3]

pe(B, E") = (p(E)p(E")) — {p(E))(p(E")),

where p(E) = 3, 6(E — Ej;) and (e) represents a suitable
average, e.g. over the random matrix ensemble. Thus
(p(E)) is the average density of states. After unfolding,
i.e. introducing the rescaled energies e = EN(p(FE)), the
renormalized 2-point correlation function reads

(D1)

pe(E, E)

ENpE) ~C

—¢&)—Y(e,€), (D2)
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FIG. 19. P®(s) distribution for GUE for the first 12 neigh-
bors (green lines), along with sine kernel 1—sinc?(7s) (orange)
and sum of the distributions (green dashed lines).

where Y (e,¢e") is Dyson’s two-level cluster function, de-
fined as

Y(,é)=1- < Z 5(e —en)d(e’ — 5m)> . (D3)

m#n

This function depends only on the difference s = ¢ — &’
and for the GUE in the large N limit reads [3]

YCUE(s) = sinc?(ms), (D4)
where the sinc function is defined as sinc(z) = sin(x)/z.
This is typically known in the literature as the sine-
kernel. The 2-point correlation function is closely related
to it through Rs(s) = 1 — Y3(s). Which can be obtained
as a sum of the knLS level spacing distributions [43]

o0

Ry(s) = Z PHE)(s).

k=1

(D5)

Figure 19 compares the sum of the knLS distributions
with the two level correlation function, as obtained from
the sine kernel 1 —sinc?(s), showing a very good agree-
ment between the two.

The connected SFF is defined as the Fourier transform
of the connected correlation function. For the random
matrix ensembles it can be obtained from the cluster
function, for GUE it reads [3]

L fort < 2w

bous(t) = § 77N
oue(?) {1%/ for t > 2w,

(D6)

where we adapted it to our Heisenberg time of ¢, = 27
and the plateau value of lim;_,», Sy = 1/N. For GOE it
reads

— 557 log(14 L) fort < 2w

_t
b () = N 27N
qon(t) { %—ﬁlog% for t > 2m.

(D7)



And lastly, for the GSE, it is

v — 5o log(1 — %) for t < 4drx
bGSE(t) = 1
~ for t > 4.

Appendix E: Unfolding the spectrum

The spectrum of a system is a property which a priori
depends on the system under consideration. However,
its energy correlations can obey some universal laws. To
study the latter, we need to remove the dependence of
the spectrum on non-universal features, like the density
of states p(E). In doing so, systems that are originally
completely different can be compared. The procedure to
remove the dependence on the local density of states is
known as unfolding (see e.g. [63]). In this appendix, we
explain how we unfold a generic spectrum. We then study
some aspects of the effect of unfolding on our results.

Our method of unfolding involves computing the func-
tion

F(B)=N /_ dE 5(E') | (1)

where p(E) is the average density of states, and then pass
the energy eigenvalues {F;}Y, into this function to get
the set of unfolded energy levels {e;} N, = {f(E)}Y,.
For the random matrix ensembles we study, the average
density of states is given by the Wigner semicircle dis-
tribution, p(F) = MLN\/QNﬁ — E2. This leads to an

analytical form for the function f(FE), which reads [64]

N 1 E E

E)=—+—I|N in —— + —+/2Nj — E2
fB) = 5+ ( Barcsin -+ 5 /25 )
(E2)

for —/26N < E < /28N, while it is f(F) = 0 for
E < —\/2BN and f(E) = N for E > /20N, see also
[65].

For the disordered XXZ spin chain, there is no analyt-
ical expression for the average density of states. We thus
rely on a numerical polynomial fit for f(FE) for each real-
ization of disorder. We used a larger window of energies
to perform the fit, and then discarded the two edges, thus
focusing our analysis on a window of around N = 200 en-
ergies.

Our numerical unfolding depends on two parameters:
the maximum order of the polynomial fit 7 and the num-
ber of bins with which we construct our histogram (re-
lated to the bin’s width). These parameters, especially
the polynomial order, can critically change the results
since we can be overfitting the spectrum and include some
of the universal correlations into the density of states.
To check which minimum order gives a reasonable fit,
we compare the numerical and analytical unfolding on a
random matrix and define a quality of the fit, Q, as the
square of the difference between the histograms of the
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FIG. 20. Quality of the unfolding as a function of the order
and the number of bins for the GOE.

analytical and numerical unfolded spectra, namely

Q=Y (Hist,(f*(E)) — Hist, (f™"(E)))*. (E3)

nEbins

Figure 20 shows that n = 3 is an unfolding order with
already good results. So, we chose this order to avoid
over-fitting. The parameter of the number of bins is not
too critical, and we set Npins = 50 to have enough bins
and enough points per bin.

1. Our results without unfolding

10° 10!

FIG. 21. Dip time as a function of the neighbor degree for
Poisson (black), GOE (red), GUE (green) and GSE (blue)
computed numerically from the folded spectrum along with
an tq(k) ~ k=" dependence (dashed gray).

Although our results refer to the unfolded spectrum,
we study here some of the same results for the folded (i.e.
the original, not unfolded spectrum), namely, the dip
times for the knSFFs and the even-odd signatures dis-
cussed in Section IV E. We also compare the total folded
vs unfolded SFF for disorder XXZ spin chain at two val-
ues of the disorder parameter W representative of the
integrable and chaotic phases.



As can be seen in Figure 21, the dip times for the folded
knSFFs of the Gaussian ensembles no longer follow the
relation ¢4 ~ 7/k perfectly. However, they still follow a
tq(k) ~ k=1 decay with small corrections.

Another interesting aspect of unfolded versus folded
results is whether the even-odd signatures, described in
Section IV E, are still present without unfolding. Figure
22 confirms that such a signature is still present in Ran-
dom Matrices and Fig. 23 shows how the anti-resonance
dies out in the chaos to integrability transition for the
XXZ spin chain without unfolding. The main differ-
ence is in the time at which the ‘resonance’ and ‘anti-
resonance’ appear: while for the unfolded spectrum, they
appear at t = , for the folded spectrum, they appear at
a time scale related to the matrix dimension.

The spectral distance decomposition of the SFF can
also be applied to the SFF for the not unfolded XXZ
spin chain, see Fig. 24. In this plot we see how in the
chaotic phase adding more and more neighbors builds
a longer and longer ramp. This still happens right be-
fore the transition, for W = 5, where we see a smaller
correlation hole, which can be built from the first few
neighbors. Figure 25 shows how adding more and more
neighbors contributes to the dip time and the relative
depth of the dip. Interestingly, for the chaotic phase the
dip time follows a 1/v/Kax power law.

For completeness, we compare the unfolded with the
folded results for the total SFF of disordered XXZ spin-

J
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chain at two values of W, see Figure 26.

Appendix F: How good is a Gaussian approximation
for the knLS distribution?

As discussed in the main text, the non-Gaussianity of
the knLS distributions is important for recovering the
specific features of the total SFF. The non-Gaussianity
of a distribution can be measured through quantities such
as the skewness, characterizing the asymmetry of the dis-
tribution, and the kurtosis, characterizing the tailed-ness
of the distribution. They are defined as

3
Skew®) = E 78(]6) — K
0_ b
4
kurt® — g | (" n
0_ b

where E[e] = [ P(s) e ds is the expectation value, p
is the mean and o is the standard deviation of the dis-
tribution. Note that these do not depend on whether or
not we rescale the spacings by the average k. Using the
generalized Wigner distribution, P®*)(s) = CpseAas”
as in Eq. (4), we find

(F1)

(F2)

(k) _

Skewy = Y RN ; (F3)
((a + DI (&) —2r (9 +1)
«a 4 at1\4 —«

Kurt® = —120 (§ +1) + (e + D)(a+3)0 (&) + 74 (a — DI(a + n* (F4)

((a+Dr (=)

In turn, the distribution from the Poissonian ensemble
(7) yields

2
Skewék) = —

A

The expressions for the Gaussian ensembles admit the
asymptotic expansions

6
and Kurt(()k) =3+ T (F5)

(k) _ —3/2 (k) _ 3 -3
Skew,’ = —+0(« /2y, Kurt, —3—&-@—1—(’)(& ),

2c0

(F6)
which show that both the (excess) kurtosis and the skew-
ness go to zero faster as a function of k£ in RMT than in
Poisson. In other words, as we increase k, the generalized
Wigner distribution approaches a Gaussian distribution
faster than the Poisson results do. This result is expected
in the literature for the distribution of knLS [66]. Figure

—or (2 + 1)2>2

(

27 shows the comparison with numerical random matri-
ces. We see that a real random matrix has a skewness
that follows the derived power-law for small &, but starts
decaying faster until it changes sign at k = N/2, i.e. the
distribution after this point becomes asymmetric with a
tail to the right. Interestingly, the skewness for k ~ N
looks opposite to the one for small k, which suggests
that the function is antisymmetric around k = N/2. The
kurtosis for random matrices, however, behaves very dif-
ferently from the derived power laws, from which we con-
clude that the tails of the knLS distribution are not well
captured by the generalized Wigner surmise. Note that
these results are considering the full extent of a random
matrix, while the validity of our results is constrained to
the center of the semicircle law.
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FIG. 22. The even- (red) and odd- (blue) neighbor contributions are compared for the folded and unfolded cases of Poisson,
GOE, GUE, and GSE (left to right). The black solid line is the total SFF. The figure shows numerical data from random
matrices of dimension N = 100 averaged over Na, = 1000 realizations.
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FIG. 23. Even (orange) and odd (brown) neighbor contributions to the SFF for the XXZ model without unfolding across the
chaos (left) to integrability transition (right). Results are averaged over Na., = 50 realizations of the onsite disorder.

Appendix G: Self-averaging of the kth neighbor SFF

In this appendix, we discuss the self-averaging proper-
ties of the kth neighbor SFFs, as a function of k.

A quantity is said to be self averaging if its relative
variance becomes smaller as the system size is increased.
The SFF is known to be particularly not self-averaging
around its plateau (the flat part which the SFF tends
to at large t), i.e. the relative variance of its plateau
increases as N is increased. Here, we numerically study
the self-averaging of the plateau of the kth neighbor SFF.
The relative variance of the kth neighbor SFF can be
defined as (see e.g. [31]):

(S +8)) — (8 +8)2
(5" +8)2

Ry, (t) = ; (G1)

where S = m is the value of the plateau divided
equally among the N — 1 possible neighbors, which we

added such that the average (St(k) + 8) is non-zero.

Figure 28 shows the relative variance of the plateau as a
function of the neighbor degree & for different dimensions
of the random matrices. We can observe several features:

° St( ) is never self-averaging since the relative vari-
ance increases with the dimension of the matrix.

e The limiting value of the relative variance decreases
linearly with k in the following way

1
T

N -1

prt:
F 2N '

tp+T
/ Ry(T)dr = (N — k)

P

(G2)

where indeed Figure 28 suggests a linear function
of k with a constant slope independent of NV and a
constant which scales linearly with V.
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FIG. 24. Spectral distance decomposition of the SFF for the XXZ spin chain without unfolding the spectrum. The
Kmax neighbors partial SFF is shown for Kmnax = 10,50, 170,200. The results are averaged over N,, = 50 realizations and the

rest of the parameters are the same as Fig. 5
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FIG. 25. Dip time (left) and relative depth (right) of the Kmax
neighbors partial SFF for the XXZ model without unfolding
the spectra. Scaling 1/v/Kmax (black dotted line, left) and
mark for the eye at relative depth equal to zero (dotted gray,
right). The parameters are the same as Fig. 24

Appendix H: Details on the k-th dip time

To complete the discussion of the dip time in Section
IV B, Fig. 29 compares the approximation (56) against
the numerical dip times computed from the exact (47)
and the approximate (12) analytical results. We see that
(56) is a very good approximation of the dip time for
k > 2 and for k = 1, although there is a small dependence
on 3 in the exact result, (56) is a better approximation
than the dip time computed from (12). We therefore
confirm our conclusion that the dip time of the AnSFF
shows almost no dependence on the ensemble .

Appendix I: The kth neighbor autocorrelation
functions

In this appendix, we complete some of the steps leading
to the result (40) in Section IV A. Consider the infinite-
temperature operator autocorrelation function for a Her-
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FIG. 26. Spectral Form Factor using the unfolded (up) or
folded (down) spectrum of the XXZ spin chain with disorder
strengths W =1 (left) and W = 20 (right). The unfolded re-
sults (top) are compared with the RMT results (left, red dash-
dotted) and the Poisson ensemble (right, black dash-dotted).
The parameters are L = 16, Ny =8, J, = 2.21, N,, = 100.

mitian operator O (i.e. an observable):

T™Ooor) 1 &
L= ;(r(OTé))):J\/2 > 1041 cos(E; — Ent,

4,j=1

where O;; are the matrix elements of the operator O
in the energy basis and N? = vajzl |O;;]%. This ex-
pression can be decomposed according to level-spacing
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FIG. 27. Skewness and kurtosis for: GOE (red), GUE (green) and GSE (blue) computed from the asymptotic power laws
(solid lines) and numerically (circles) for matrices of dimension N = 100. The numerical results use N,, = 10° realizations of
the ensemble. (insets) Skewness and Kurtosis in log-log scale, also show Poisson results (black). The value of k = N/2 (dotted
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FIG. 28. Relative variance of the plateau of the knSFF as
a function of the neighbor degree k, for GUE random ma-
trices of dimension N (colorscale). The results are aver-
aged over N,, = 1000 ensemble realizations and R}:lat =

1 tp+T
T Jt,

the plateau. Solid lines correspond to (G2).

Ry (7)d7 is the time averaged relative variance on

distances, as follows

LN
Ci = 77 2_10al" (I1)
i=1
g N_INk
+ e |Oi,i+k|2cos(ts§k)).
k=1 i=1

Performing an ensemble average over the spectrum,
which taken as unfolded (F;;r — E; does not depend
on p(E;)) so that P*)(s) can be used, the ensemble-
averaged C; can be re-written as

N N—-1
C, =L S04l + > e (12)
t—N2 1% t
=1 k=1

L Y

L
® .
bl TT YO

bl L LT I Sy
5 10 15
k

0.0

FIG. 29. Dip time as a function of neighbor-degree k for GOE
(red), GUE (green) and GSE (blue) as computed numerically
from exact expression (47) (circles), approximation of knSFF
(12) (crosses) and approximation of t4(k) (56) (dotted line).
The inset highlights the deviations for close neighbors in en-
ergy k = 1,2,3. The approximation (56) cancels some errors
and gives a better estimate to the full analytics (47) than the
values computed from (12)

where we defined the kth neighbor autocorrelation func-
tion

o = oy 1Y (13)
with ft(k) defined in (38a) and with the coefficients
g Nk
k
O( ) = m Z |Oi,i+k|2 . (14)
i=1

Appendix J: Test of the approximations for the SFF

Since we have made several approximations on the way
to our final expressions for the total SFF for the Gaussian
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FIG. 30. Difference between numerical and approximate analytical SFF for: Poisson, GOE, GUE and GSE. The
dashed line marks the 25% difference between the numerics and the analytics.

ensembles, (65), we test the validity of our approximate
analytical expression. Figure 30 shows the relative error
between the exact SFF (computed from numerical data)
and the expression (65) for the three Gaussian ensembles,
as well as a comparison between the Poissonian expres-
sion (66) and numerical data for the SFF taken from the
Poissonian ensemble. We see that in GOE and GUE the
approximation over-estimates slightly the ramp, and es-
pecially in GOE has a distance to it of around 25% of
the value of the SFF at that point.

Appendix K: Distribution of eigenvalues of the
Liouvillian

The distributions P*)(s) are closely related to the
eigenvalue distribution of the Liouvillian, as we explain
in this appendix.

In the case of unitary dynamics, the Liouvillian super-
operator is defined as

L(e) =[H,e], (K1

~—

in terms of the energies F, and eigenvectors |n) of H
the Liouvillian has the eigendecomposition L£(|n) (m|) =
(E,, — Ep) In) (m], i.e. the eigenvalues of the Liouvillian
are all the energy differences A\,,,,, = FE,, — F',,. The prob-
ability density of A, for n # m then is the sum of all
the knLS distributions [14]

N-1

i: (N = k)PP(N).

k=1

PO = =T (K2)

This sum is shown in Fig. 31 where the RMT ensem-
bles show the expected level repulsion around A = 0,
the Poisson ensemble shows initially a linear decay with
Ps(A) ~ —A.  After the initial growth due to level
repulsion GUE and GSE show oscillations, peaked at
A =k € N, with the oscillations being more pronounced
in GSE.

,Pf)’()‘)

75

10.0

FIG. 31. Distribution of eigenvalues of Liouvillian com-
puted from the analytical expressions with N = 10 for: Pois-
son (black), GOE (red), GUE (green) and GSE (blue).
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