PHYSICAL REVIEW B 98, 014201 (2018)

Energy-level statistics in strongly disordered systems with power-law hopping
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Motivated by neutral excitations in disordered electronic materials and systems of trapped ultracold particles
with long-range interactions, we study energy-level statistics of quasiparticles with the power-law hopping
Hamiltonian o<1 /r“ in a strong random potential. In solid-state systems such quasiparticles, which are exemplified
by neutral dipolar excitations, lead to long-range correlations of local observables and may dominate energy
transport. Focusing on the excitations in disordered electronic systems, we compute the energy-level correlation
function R»(w) in a finite system in the limit of sufficiently strong disorder. At small energy differences, the
correlations exhibit Wigner-Dyson statistics. In particular, in the limit of very strong disorder the energy-level
correlation function is given by Ry(w,V) = A3ﬁ for small frequencies w < wy and Ry(w,V)=1— (o —

d)Al(%‘/)g — Az(%v)2 for large frequencies @ > wy, where wy V=4 is the characteristic matrix element
of excitation hopping in a system of volume V, and A,, A,, and A; are coefficients of order unity which
depend on the shape of the system. The energy-level correlation function, which we study, allows for a direct
experimental observation, for example, by measuring the correlations of the ac conductance of the system at

different frequencies.
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In a strongly disordered electronic system, the properties of
charged excitations, such as electrons and holes, are correlated
on short length scales of order of the localization length
and decay exponentially with distance. By contrast, neutral
excitations, such as localized electron-hole pairs, allow for
long-range hops via virtual processes of annihilating a neutral
excitation at one location and creating it elsewhere. It has
been demonstrated [1], for example, that dipole excitations
in three dimensions (3D) can hop virtually with the distance
dependence ocl/73. Such power-law hops may lead to long-
range correlations between physical observables, such as ac
conductivity, even when charged excitations remain localized.
While neutral excitations do not carry charge, they are involved
in energy transport and, thus, may dominate heat conductivity.
Moreover, if certain neutral excitations are delocalized due
to the power-law hops they may serve as a bath for other
excitations [2,3] and thus lead to the variable-range hopping
of charged excitations.

The dynamics of neutral excitations, therefore, plays a
fundamental role in transport and phase diagrams of granulated
materials, superconducting films in the insulating state [4],
systems of defects in insulators [5] and other disordered
systems, which has motivated recent studies of conductivity
[6] and wave functions [6-9] in systems with power-law
hopping. Excitations with a generic power-law hopping o
1/r* with tunable o have also been realized recently in
one-dimensional (1D) [10-13] and two-dimensional (2D) [14]
arrays of trapped ultracold ions. Such systems may be used
to simulate disordered electronic materials, yet serve as a
platform for observing novel fundamental phenomena, for
example, many-body-localization transitions [15] or high-
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dimensional disorder-driven effects [16]. In this paper we study
analytically the energy-level statistics (ELS) of excitations
with power-law hopping Hamiltonians in strongly disordered
systems.

Energy-level statistics in a disordered system reflects fun-
damental symmetries and is often used to diagnose conducting
and insulating phases at different disorder strengths. Abundant
numerical data (see Ref. [17] for a review) suggest also that
the ELS is linked to the chaotic properties of a system; systems
such as chaotic billiards and disordered metals display chaotic
or nonchaotic behavior depending on whether their statistics
is Wigner-Dyson [18] or Poisson. Recently, ELS has also
received much renewed attention in the context of many-body-
localization transitions [15]; interacting disordered systems
are expected [19] to display Poisson or Wigner-Dyson statis-
tics of the many-body levels of the system in many-body-
delocalized and many-body-localized states, respectively [19—
21]. Similarly, ELS has been demonstrated numerically [22]
to distinguish between chaotic and nonchaotic behavior in a
generalized Sachdev-Ye-Kitaev model [23], which is often
used as a toy model in the studies of quantum chaos. In
such studies, the many-body ELS at the transition is used as
a numerical tool for detecting a phase transition, although,
unlike the single-(quasi)particle level statistics, cannot be
straightforwardly measured in condensed-matter experiments.
It has also been conjectured recently [24] that the ELS of single
quasiparticles reflects an interaction-driven transition between
chaotic and nonchaotic behavior.

The relation between phase transitions and excitation statis-
tics can be explored further by analyzing the ELS in the
respective phases. Although the ELS of neutral excitations in
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insulating materials also determines the heat transport and cor-
relations between local ac responses, e.g., the ac conductivity,
it has largely avoided researchers’ attention, in contrast with
the statistics of charged excitations [17,25,26]. In this paper,
focusing on neutral excitations in disordered solids (o« = 3), we
compute microscopically the correlation functions of energy
levels of excitations with the power-law hopping oc1/r.
This paper is organized as follows. Our main results for the
energy-level correlation functions are summarized in Sec. L.
In Sec. II we discuss the model of dipole excitations, the
simplest type of neutral excitations in a disordered system.
Section III deals with the statistics of dipole excitations in
strongly disordered systems in dimensions d < 3 and suffi-
ciently small disordered 3D systems. The case of a 3D system,
which requires a special consideration, is addressed in Sec. IV.
Section V is devoted to the energy-level correlation functions
in systems with a power-law hopping oc1/r® with an arbitrary
power «, which have recently been realized in experiments
with trapped ultracold particles. We conclude in Sec. VI.

I. SUMMARY OF RESULTS

In this paper, we characterize the statistics of the energy
levels of excitation in a disordered system of a finite volume
V by the correlation function

Ro(w) = <U(E n %)U(E - %))d / (WENL, (L1

where v(E) is the density of states (DOS) of the excitations for
a specific disorder realization, and (. ..)qis iS our convention
for disorder averaging.

In the limit of very strong disorder, spatial and energy
correlations between observables in electronic systems are
dominated by dipole excitations, i.e., pairs of electron and
hole excitations located close to each other. Such dipoles allow
for long-range hops with the distance dependence [1] oc1/r3.
In principle, the hopping of more complicated excitations,
consisting of multiple electrons and holes, has in general the
same distance dependence, but is suppressed due to smaller
matrix elements of recombination of those excitations at strong
disorder.

The density of states of dipole excitations is proportional
to the ac conductance [27] of the system. This allows one
to observe the correlation function (1.1) in experiment, e.g.,
by measuring the correlations of ac conductance G(&®) of
the system as a function of frequency & and computing the
correlator Ry(w) «x (G(R)G(2 + w))q, wWhere (...)q is the
averaging with respect to the frequency 2 in a sufficiently
large interval of energies.

Very strong disorder in an electronic system. In the case of
very strong disorder in a solid-state system, we find

-G -dC1(2)" = Co(2) o> oy
- o KL wy

(1.2)

Ry(w,V) ~

et

where the characteristic frequency wy scales with the volume
V of the system as wy V’g; and the coefficients C;, C,,
and Cj are independent of the volume V, but the coefficients
C, and C; depend on the shape of the system. This result

applies to all strongly disordered systems in dimensions d <
3 and to sufficiently small 3D systems. In such systems, the
correlations between energy levels come from rare resonances
between pairs of excitation states which are located far from
each other but have close energies.

3D systems. In 3D electronic systems, unlike the case
of lower dimensions, excitation states involve resonances on
multiple sites [28], which is why the 3D case requires a special
consideration. We find that in 3D systems the energy-level
correlation function R;(w) is still given by Eq. (1.2) with the
coefficients C; independent of volume V only in the limits of
small and large volumes. However, for a 3D system of arbitrary
size, these coefficients have an explicit V dependency and,
thus, the scaling of the correlation function with system size is
different.

Arbitrary power-law hopping. The results for the energy-
level correlations in a system of neutral electronic excitations
with the oc1/r® hopping may be generalized to the case of
an arbitrary power-law hopping oc1/7%. Such hopping with
arbitrary « my be realized, for example, in arrays of trapped
ultracold ions [10-14] in optical or magnetic traps. For such
hopping we obtain

5} ;l wy \2
Ry(w,V) ~ il _w(“ — A (Z)" — A (%), o> oy
oy’ o KL oy
(1.3)

where wy o« V™7 is the characteristic interaction energy of
dipoles on the system size. In some sense, the scale wy is
similar to the Thouless energy of quasiparticles in a disor-
dered metal; this quantity gives the inverse characteristic time
required for a perturbation created in the middle of the system
to reach its boundary.

Comparison with the quasiparticle statistics in a metallic
grain. For small frequencies w, the correlation functions (1.2)
and (1.3) are linear in the energy difference w, i.e., are described
by the Wigner-Dyson statistics [18] in the orthogonal symme-
try class, similarly to, e.g., quasiparticles in sufficiently small
metallic grains. In the latter system, the correlation function
Ry(w) is universal [17,29], with the mean level spacing §
in the grain being the characteristic energy scale, so long as
8 < E1p, where Eqy, = DV~ is the Thouless energy and D
is the diffusion coefficient. In the opposite case, § 2 Ey, the
correlations become nonuniversal for energy differences w 2
Eh. In contrast to the case of quasiparticles, the correlations
of neutral excitations have the characteristic scale wy, the
interaction energy on the size of the system, and are described
by functions (1.2) and (1.3) with nonuniversal coefficients. The
power-law dependency of the correlation function R, (w) on the
energy difference w may signal a possible chaotic behavior of
the dynamics of the excitations (as we discuss in Sec. VI),
which may be defined and probed, e.g., via out-of-time-order
correlators [30] of operators characterizing transport of neutral
excitations.

II. MODEL FOR NEUTRAL EXCITATIONS IN SOLIDS

In what immediately follows, we describe the effective
Hamiltonian of electron-hole dipoles, the simplest type of
neutral excitations in an electronic system. The Hamiltonian
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of the dipole excitations in a disordered medium is given by
7:10 = Z Erdlsidl;rd - Z er(l;j-d + Erd)
r,d r.d

+ Z Eint(rdv r,d/)gidgl/d/ Er’d’grd 5
rd,r'd

2.1

where 1592 is the annihilation (creation) operator of a dipole
with polarization d at location r (e.g., the location of the
positive charge in the dipole); Eq is the energy of the respective
dipole state, which strongly fluctuates from site to site due to
the presence of quenched disorder; Jyq is the matrix element
of the recombination of the dipole (electron hopping to the
location of the hole or vice versa), which may be assumed
real without loss of generality; we have also introduced the
interaction energy

. jd|d

Enm(rd,r'd) = 0@ dm 9! 22)
r—r'|3

0d,d'.n)=d-d’" —3(d-n)d -n) (2.3)

between dipoles at locations r and r’ with polarizations d and
d’, respectively, wheren = (r — r')/|r — r'| andd = d/|d| are
unit vectors parallel, respectively, to r — r’ and d.

Long-range hopping. While strong disorder prevents dipole
hopping on short distances, dipole excitations allow for long-
range virtual hops [1] between remote sites with close energies
via annihilating a dipole at the initial location and then creating
it at the final location or vice versa. The amplitude of such a
hop is given, to the leading order in the recombination elements
Jrds by

7o Jradea |d]1d] 0@ d' )
rd,r'd ™~ ,|3 .

£ r_r 24
Thus, in the limit of a strongly disordered system (small re-
combination elements Jyg compared to the typical fluctuations
of the energies Eyq), the dynamics of the dipoles is effectively
a single-particle problem.

In this paper, we do not consider many-dipole processes,
such as one dipole decomposing into two dipoles of the
same total energy. For the case of sufficiently strong disorder,
considered in Sec. III, we assume that such processes are
suppressed either by a small size of the system or by the
suppressed density of states of the dipoles into which an
excitation may decompose (the dipole density of states may,
e.g., have a gap at sufficiently low energies). As discussed
in Sec. IV, in very large systems it may be assumed that
effective excitations are already renormalized by many-dipole
processes.

Cotunneling through excitation states with high energies.
When computing energy-level correlations, we assume that
the energies of all sites Eq lie sufficiently close to each
other and do not consider sites with high excitation ener-
gies Erq > . In principle, cotunneling through such high-
energy sites in a disordered system may lead to ultraviolet
divergencies in physical observables [31]. These divergen-
cies may be treated by means of the renormalization-group
(RG) procedure described in Ref. [31], which repeatedly
removes highest-energy excitation states from the system while

renormalizing transition amplitudes between all other states,
with energies closer to w. In this paper, we assume that the
system we consider is already renormalized following this
procedure and the recombination elements Jiq already include
virtual cotunneling through excitation states with energies far
from E.

III. STRONG DISORDER IN SOLIDS

In this section we consider the correlations of dipole energy
levels and ac conductances in a strongly disordered system,
in which most dipole states are localized almost entirely on
single sites (r,d) (with given polarizations) and are weakly
perturbed by the tunneling to other sites. A dipole is localized
almost entirely on one site (r,d) if there are no other “resonant™
sites around it [1,28,32,33] with close energies |Erg — Eva| S
| Trd,r/d/ | .

The number of resonant sites around a given site r may
be estimated as Nyq ~ von Zd, fr, | Tra.ra |dY’, where n is the
concentration of sites and vy is the density of dipole states at
an isolated site. For the hopping element |7Tyq ya| ¢ 1/]r —
r'|3, given by Eq. (2.4) and for strong disorder, the average
number of resonant sites is significantly smaller than unity
near each given site in dimensions d < 3. In this regime,
most of the dipoles are strongly localized and their states
may be considered unaffected by the resonant sites. In 3D,
however, the number of resonant sites diverges [1,28,32,33]
ocrwo(dz)JzEr_d2 In (Ln%) in the limit of an infinite system
L — oo, where J is the characteristic recombination matrix
element.

In this section, we assume that the disorder is strong and
that most dipoles are strongly localized, either due to a low
spatial dimension d < 3 or due to a sufficiently small size in

3D, L K n3 exp(E—Z).

nvyJ2d?

Generic expressions for dipolar energy-level correlations

In whatimmediately follows, we derive a generic expression
for the correlator Ry(w,r,r’) of the energy levels of a dipole
excitation on two sites and then, using it, compute the correlator
R>(w) of the energy levels in a strongly disordered system of
volume V.

While most dipoles are strongly localized on single sites,
there exist rare pairs of sites with close energies, on which
dipole states get strongly hybridized due to the tunneling. This
hybridization of pairs of sites leads to correlations between
dipole states on arbitrarily long distances, which lead to
correlations between energy levels and various observables.
In the limit of strong disorder (small system size) under
consideration, one may neglect resonances between clusters
of three or more sites.

Correlation function in a system of two sites. The hybridiza-
tion of two dipole states with close energies E.q and E,.z at
locations r and r’ and with polarizations d and d’ leads to the
creation of two hybridized states with energies

1 1
Ey= 5 (Epq + Ex) % 5 [(Era — Era) + 4 Traral’1?,
(3.1)
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where the hopping amplitude 7,4 ,»q i given by Eq. (2.4).
The density of states on such a pair of sites is given by v(E) =
8(E — E}) + 8(E — E_). The correlation function Ry(w,r,r’)
of dipole states on two sites r and r’ is given by

Ro(w.r.r) = ﬁ / ddydd, f(d)) f(dy)
x <[8<E + % - E+) +8(E+ ; - E,)]

x|s(E-5 —Es)+8(E-5 - E-)]) .

3.2)

where f(d) is the distribution function of the dipole moments,
assumed independent of the onsite energy fluctuations; (. . .)gis
is the averaging with respect to the realizations of disorder,
which affects both the energies Eq and E, 4 and the hopping
Trara Via the recombination elements J.q; we have also used
that the density of dipole states v, at each site may be consid-
ered constant close to the energy E under considerations, so
long as w K E,vgl.

To make further progress, we assume that the recombination
elements Jyg and the onsite energies Eyq fluctuate indepen-
dently. Introducing a variable t, such that 27,4 yaT = Erg —
E, y,and the distribution function P (Jyq) of the recombination
elements Jyq, the two-site correlator (3.2) is reduced to

1
Ry(o,r,x') = E/der dJra P(Jra) P (Jra)

« / ddydds £(d) f(dy) / | Tra v
x 8( — 2 Teava W72 + 1).

Correlation function on multiple sites. Equation (3.3) de-
scribes dipole energy correlations in a system of two sites.
In what immediately follows, we derive the energy-level
correlation function for a system of N > 1 sites.

In the absence of dipole tunneling between sites (Trqra =
0), it is given by

(3.3)

R;ncorr ( (l))

Y vara J AExad EvaVis(E — Exa)S(E +  — Eva)
(VoN)?

- —N(]IVVZ D Nosoy (3.4)
For finite tunneling, dipole states on different sites get hy-
bridized, and the correlation function R,(w) deviates from
unity. In the limit of strong disorder, which we consider in this
section, pairs of resonant sites are rare, only a small fraction
of dipole states get hybridized due to dipole hopping and
resonances of three or more sites may be neglected.

The correlation function in such a system of multiple sites
may be found by hybridizing dipole states on all pairs of
sites with close energies and computing (see Appendix A for
details) the modification of the correlation function similarly
to Eq. (3.3). The full correlation function in a system of many

sites with rare resonances is given by

1
Ry(w) = W/d]rddjr’d’P(er)P(Jr’d’)/drdr/

X /dddd/ f@f(d) Ol — QTrara/w)*]/[1

— QTrara /o)1,

where the hopping element Tyq ¢ is given by Eq. (2.4) and
©(...) is the theta function.

A rigorous evaluation of the correlation function R;(w),
given by Eq. (3.5), requires making an assumption about the
distribution P(Jyq) of the electron-hole recombination matrix
elements Jq. Since the exact form of the distribution will affect
only numerical coefficient, we assume, for simplicity, that they
are sharply peaked near certain value J:

P(er) = S(J - er)~

(3.5)

(3.6)

We will also assume a uniformly random orientation of the
dipole moments in the d-dimensional space

f(@d) = 8(d| — do)/(Qudi "),

d
where Q = 12,’(’—;) is the area of a unit sphere in d dimensions.
2

We note that in general the recombination elements J,q may
have arbitrary signs, in contrast to our choice of their distri-
bution (3.6). Indeed, in a system of electrons in a disordered
system such elements are determined by overlap integrals of
oscillating wave functions. However, such fluctuations of the
sign do not affect qualitatively the correlation function R,(w)
in the limit of strong disorder considered in this section.

By switching to the integration with respect to the center of

r+r

mass =5~ and relative ¥ = r — r’ coordinates, Eq. (3.5) may

be simplified as

(3.7)

1
Row) = f dddd (@) f(d)

x/ di[l—(—iw(dl’?z’?ﬁ)Y]_ :
F>Fy r

1

where we have introduced 7, (d,d,,n) = [%(‘Q(d‘;&)] : s
the characteristic distance at which the dipole interaction
energy is of order w. The integral in Eq. (3.8) cannot
be evaluated exactly for arbitrary parameters. Below, we com-
pute the asymptotic behavior of the correlation function R;(w)
in the limit of large w > wy and small w < wy frequencies,
where

=

3.8)

_2J 2ds
BV
is the characteristic interaction energy between dipoles on the
length of the system L ~ V-,

wy (3.9)

1. Large-frequency limit

For w > wy, the value of the integral (3.8) in dimensions
d < 3 comes from distances 7 of order 7,, which in this limit
are significantly shorter than the characteristic system size V Q.
The upper limit of integration with respect to 7 in Eq. (3.8) may
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be extended to infinity, giving
271@11*(1—4) 4, (OV\5
R PO P G YA PO T (_V> ,
(3.10)

d
where (|Q|%)d = [dd,ddydn|Q(d,,dy,n)|’ is our conven-
tion for the function |Q|% averaged with respect to the direc-
tions al and &2 of the dipole moments d; and d;, and of the
vector n, where Q describes the angular dependence of the
dipolar interactions [cf. Eq. (2.3)].

Equation (3.10) is our main result for the energy-level
correlation function in a generic strongly disordered system
in d spatial dimensions in the limit of large frequencies energy
differences w. For d = 2 it gives

v 2
R w > wy) =1 — 1.28(%)3, 3.11)
where we used (| Q|%> ~ (.95 in two dimensions. Let us note
that for d = 3 the coefficient before the last term in Eq. (3.10)
vanishes, and, in order to obtain the frequency dependency of
Ry (w), it is necessary to evaluate a correction of higher order
in 1/w. Direct integration in Eq. (3.8) yields
2
RIF (0> wy) =1 — cz(%) , (.12)
where C; is a coefficient of order unity which depends on the
shape of the sample.

Equation (3.10), which accurately describes the large-
frequency behavior of correlation function in dimensions d #
3, and Eq. (3.12), which applies for d = 3, may be combined
into the interpolation formula

Ro(w) ~ 1 — (3 —d)C, (%) — C2<%>2.

We emphasize that in general in dimensions d # 3 the correla-
tion function R,(w) contains contributions x1/w? withd /3 <
B < 2, which exceed the last term in Eq. (3.13). However, in
these dimensions the leading-order large-frequency behavior
of the energy-level correlations is determined by the first term
in the right-hand side of Eq. (3.13). In 3D, the leading-order
correlations are described by the last term of (3.13). Thus,
Eq. (3.13) accurately describes the large-frequency asymp-
totics of the of the correlation function R;(w) in all dimensions.

(3.13)

2. Small-frequency limit
In the limit w <K wy, Eq. (3.8) may be rewritten as

Ry(w) = C3—, (3.14)
wy

where the coefficient C; is given by Cz3=

‘/f’—+3 JdF7 [ddidd; f(d) f(d2)5(Q).

Equation (3.14) is our main result for the dipole energy-level
correlation function in a strongly disordered electronic system
in arbitrary dimensions in the limit of small frequencies. It
demonstrates that the correlation function is linear in frequency
o for such strongly disordered systems, similarly to the case
of a weakly disordered metal in the orthogonal symmetry
class [17]. Such a linear dependency may also be expected

Ry(w
@)
08 / @00 ===
0.6 |/
¢ ~d=2
0.4’ l’ ’
':' ,/' d=3
02/ /
0 10 20 30 40 50 Wy

FIG. 1. The correlation function R,(w) of the dipole energy levels
in an electronic system as a function of frequency w (in units wy),
obtained from a numerical integration of Eq. (3.8). The small- and
large-frequency asymptotic behaviors given by Egs. (3.11), (3.12),
and 3.14 are shown in red.

from a phenomenological random-matrix-theory argument
[25], based on considering a two-level system with a random
Hamiltonian.

The whole frequency dependency of the correlation func-
tion R,(w) for dimensions d = 2 and 3, obtained from numer-
ical integration of Eq. (3.8), is shown in Fig. 1. The dashed
lines in Fig. 1 show the low-frequency behavior described by
the linear dependence (3.14); the dotted lines show the high-
frequency asymptotics described by Eqgs. (3.11) and (3.12).

IV. ARBITRARY DISORDER STRENGTH
IN A 3D ELECTRONIC SYSTEM

In Sec. III we considered energy-level correlations in a
system, which is either sufficiently strongly disordered or
sufficiently small, and only sparse resonances between pairs
of dipole sites are essential for correlations of energy levels,
while higher-order resonances may be neglected. As discussed
in Sec. III and as first pointed out in Refs. [28,32,33], excita-
tions with the hopping amplitude oc1/r* have infinitely many
resonances in 3D systems at arbitrarily strong disorder, unlike
systems in lower dimensions d < 3. Therefore, sufficiently
large 3D electronic systems may host rather complicated dipole
states, which involve resonances on multiple sites.

The correlation functions may then be still found by replac-
ing the dipole states by effective hybridized states (which may
effectively be many-dipole states) on the scale of the volume
V of interest and investigating the hopping matrix elements for
such states. The energies of the effective hybridized states may
be assumed to have a uniform probability distribution due to
the uniform energy distributions of dipoles on constituent sites
and their independence of the hopping elements. Assuming that
the hybridized states have dipole moments, one may expect
the results of Sec. III for the frequency dependency of the
correlator Ry(w) to carry over directly to the case of weaker
disorder, which allows for complicated hybridized states.
Namely, one may expect that at low frequencies R(w) x w,
while forw — c0Ry(w) =1 — %“ft We emphasize, however,
that the dependencies on the system size (volume V') may be
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different from those found in Sec. III because the effective
dipole moments of hybridized states of multiple sites in general
depend on the volume V.

Three decades ago, a renormalization procedure was devel-
oped in Ref. [28] for constructing hybridized dipolelike states
in 3D by repeatedly hybridizing pairs of dipolelike states with
closest energies within a given distance while increasing the
system size or the interaction radius. A more rigorous recent
study [6] for a similar 2D problem with oc1/r? dipole hopping
established the existence of fixed points in a system on the
orthogonal symmetry class (which is also the focus of this
paper) with critical wave functions of the dipole states.

In what immediately follows, we construct a renormal-
ization procedure at sufficiently strong disorder, similar to
that of Ref. [28], to explore qualitatively the correlations
of complex multisite excitations with effective renormalized
dipole moments and recombination matrix elements Jyq =
(0| Ho |rd) (the matrix elements of the Hamiltonian between
the excitation state and the ground state of a noninteracting
system).

When two dipole states (rd) and (r'd’) are hybridized, they
are being replaced by two other states with the annihilation
operators 13,+d+ and ELdf:

I;r+d+ [ cos@ sin 0 bra

bea ) \=sind cos)\bya)
where cot(20) = v = (Eva — Eva)/2Tra ra- The recombina-
tion matrix elements of the hybridized states and the elements

of hopping to remote sites ¥d with |F — r|,|[F —r'| > |r — 1|
are given by

“.1)

(Jrid, e a ) = Ura,Jra)’, 4.2)

( fd,r.d,° rdrd) _U( td,rd> drd)T (43)

Because the hopping of dipole excitations depends on the
product Jrg = prad of its recombination element Jyq and the
dipole moment d, it is convenient to introduce a new variable

Pra = Jrad 4.4

and describe the evolution of its distribution function F(pyq)
when repeatedly hybridizing dipole states. Assuming that
the initial distributions of the dipole moments d and the
recombination elements are isotropic, the distribution F(prq)
also remains isotropic under renormalization and depends only
on the absolute value of pyq.

The renormalization procedure involves repeated hybridiza-
tion of pairs of dipole states with close energies. When
increasing the system size L (or the interaction radius), new
states are formed out of previously hybridized states. In the
spirit of Ref. [28], we neglect resonances of three or more
sites, which is justified in the limit of sufficiently strong
disorder under consideration, with vo(d?) J2E,{n < 1, where
n = N/V is the density of the dipoles. Introducing variable
£ = log L, where L is the system size (or the interaction cutoff
radius), we arrive at the RG flow equation for the distribution

function F(pra):

oF
(prd) - nvo /dn/dprldldprzdz (pl‘l 1) (pl‘zdg)

x f A1 Q(Pr,a, Prsdy (P — P3)

+6(p —p-) — (P — Pra) —

8(1) - pl’zdz )] .
4.5)

Similarly, when increasing the size of the system (or the
interaction cutoff radius), the energy-level correlation func-
tion Ry(w) gets renormalized according to the equation (see
Appendix for details)

ORy(w,0) 1

ot > = v /dn/dpr,dldprzsz(Prldl)

X F (Praas) / A1 Q(Pr,a Prsgy 1|/ E2

X [8((0 - 2|Tr1d1,r2d2| \% T2 + 1)
—28(w — 2Tv,a, 1,0, 7)]- (4.6)

The solutions of the RG equations (4.5) and (4.6) describe the
distributions of the parameters of dipole states and energy-level
correlation functions in a 3D system of arbitrary size.

Level correlations at intermediate lengths. Because the
hybridized states are very close in structure to large-size
dipoles, it is possible to apply immediately the results of Sec. III
to their energy-level corrections, which gives

GV,
1—Cy(V)/e?,

w—0

w — 0. @7

Ry(w) = {
We note, however, that the dependencies of the coefficients
C3(V) and C,(V) on the system of volume V are in general
different from the dependencies C3(V) x V and Co(V) x
1/V? in the case of strong disorder [cf. Eqs. (3.14) and (3.12)]
because the parameters of the hybridized composite dipoles
depend on the system size. These dependencies will depend
on the details of the initial dipole distributions.

Fixed point. The procedure of the hybridization described
above leaves invariant the quantities J24 + J24 and pf 4 +
pfzdz for pairs of states. As a result, the quantity pyg and
the dipole states remain bounded for the typical renormalized
composite dipole states. It is natural to assume then that the
distributions of the parameters pyq of the renormalized dipole
states approach a fixed point F*(prq). Such type of a fixed point
has been obtained, under certain approximations, in Ref. [28]
for a similar model for dipoles with the power-law hopping
o1/r3 in 3D. Assuming a similar fixed point exists here, the
typical value of the parameter p;q saturates to a constant value
in sufficiently large sample, and the results of Sec. III for both
the energy and size dependencies of the energy-level correlator
R>(w) may be carried over directly. Thus, the energy-level
statistics in very large 3D systems are given by Eq. (4.7) with
C3(V) o Vand Co(V) o 1/ V2.

V. GENERIC POWER-LAW HOPPING

Excitations with power-law hopping are often simulated
by means of ultracold particles in magnetic or optical traps.
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Recently, excitations with power-law hopping oc1/r® with
tunable « = 0...3 have been realized in 1D [10-13] and
2D [14] arrays of trapped ultracold ions. Excitations with
power-law hopping also exist in systems of Rydberg atoms
[34] (¢ = 6 or 3) and polar molecules [35,36] (o = 3).

In what follows, we compute energy-level statistics in a
strongly disordered system with a generic power-law hopping
described by the Hamiltonian

H= Z ErA’BIAI;rk’ - Z Trk,r’A’BIABr’A/, (51)

r, r,r’', A\

where the operators by; and 3Ix annihilate and create exci-
tations at location r; A labels discrete degrees of freedom of
excitations at a given location, e.g., the spatial orientation of the
excitations; and we have also introduced the hopping element

2Qa(A,1)

(5.2)
r —r/|*

TrA,r’)J =
with the kernel Q,(A,A") which is independent of the distance
but depends on the excitation states A.

Correlations at strong disorder. In what follows, we com-
pute the energy-level correlation function in the case of very
strong disorder, when correlations come from rare resonances
on pairs of sites. Following the same steps as when deriving
Eq. (3.8), we arrive at

Ra(w) = % / da / dx P(V)P(V)

) = 2 7%
o[- (PEEEIOY T s
FoFy r®

where 7, = (20, /a))ﬁ and P(}) is the probability distribution
of the excitation states A.

The typical splitting between neighboring energy levels
is given by the characteristic matrix element of quasiparticle
hopping

wy =2V (| QC M)

where (...); = f d) P()\).... For sufficiently smooth prob-
ability distributions of the function Q(X1,A’) and its moments
Q(x,1)P, the coefficients
A 261 Q)P )50
B = ]
V7w,

(5.4)

(5.5)

are of order unity, and wy is the only energy scale in the
problem. In the limit w > wy the correlation function is given
by

d+1

275 I(1 = %)Ag (ﬂ)g

Ro(@ > o)~ 1 — ——o 2 (5.6)
P(5)T (5 = 3)d
Due to the divergence of the gamma function I'(3 — £) ~

O(ZT"‘d when the dimension d approaches «, the coefficient in
the last term in Eq. (5.6) vanishes for d = «. Therefore, the
energy-level correlations in the dimensions d = « at w = wy
are described by the next-leading term in 1/w:

_ wy \2
RI=(w > wy) ~ 1 — Az(—v> , (5.7)
w

where A, is a coefficient of order unity which depends on
the shape of the system. Equations (5.6) and (5.7) may be
combined into one interpolation formula

[ 2
Re@ ~ 1= (@-da(2) - 4(25). 69
1) 1)
Small-frequency limit. In the limit w <« wy we obtain,
similarly to Eq. (3.14),

Ro(w) = As—, (5.9)
wy

Ay = ﬂ(IQ‘(/?»I,:»%)DA,A
[dF 7 [drdx P(A)P(1)8(Q,) depends on the shape of the
system.

Behavior in high and low dimensions. Equations (5.8)
and (5.9) describe energy-level correlations accurately in low
dimensions d < « or in sufficiently small systems in higher
dimensions d > «. In that case, the correlations come from
rare resonances between excitation states on pairs of sites.
In higher dimensions, d > «, the number of resonances is
infinite in the limit of an infinite system, which may lead to
a strong renormalization of the excitation states. Based on
the arguments similar to those of Sec. IV, we expect that
in higher-dimensional systems the frequency dependency of
the correlation function is still given by Egs. (5.8) and (5.9),
however, the volume dependence is in general different.

where the dimensionless coefficient

VI. CONCLUSION AND OUTLOOK

Motivated by neutral excitations in disordered electronic
systems and trapped ultracold particles with power-law in-
teractions, we have computed the energy-level correlation
functions for particles with the power-law hopping o«r®. Our
main results for the correlation functions for systems in various
dimensions and various energy intervals are summarized by
Egs. (3.10),(3.12),(3.14),(5.6),(5.7),and (5.9). Inadisordered
electronic system, the correlation function may be observed as
a correlator of ac conductances Ry(w) x (G(Q)G(R2 + w))gq,
where (.. .)q is the averaging with respect to frequency €2 in a
sufficiently large energy window.

At small energy differences, the energy-level correlations
displays Wigner-Dyson statistics [18] which hints at the
possibility of chaotic dynamics of the excitations involved.
This chaotic behavior could be identified, for example, via
out-of-time-order correlators [30] of, e.g., local voltages or
charges in a system with excitations which allow for power-law
hopping. We do not present such analysis here and leave them
for future studies. Also, although we do not expect many-body
processes to change the form of the correlation function in
very large samples, the role of such processes also deserves a
separate investigation.

Another question, which deserves a study, is the relation
between the disorder strength and the level statistics in systems
with the power-law hopping o1/r* for sufficiently small «.
Indeed, those system support excitations with the dispersion
ex o« k%~ Indimensionsd > 37“ they display plenty of uncon-
ventional disorder-driven phenomena, such as disorder-driven
transitions or sharp crossovers in non-Anderson universality
classes, unconventional Lifshitz tails, etc. (see Ref. [16] for a
review) and possibly transitions in the energy-level statistics.
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While we have obtained the strong-disorder asymptotics of the
respective level statistics in this paper, we leave further studies
of the possibility of such transitions for future work.
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APPENDIX A: CHANGE TO THE LEVEL CORRELATION
FUNCTION WHEN ADDING HOPPING BETWEEN
TWO SITES

In this Appendix, we derive the modification of the corre-
lation function R,(w), defined by Eq. (1.1), when two dipole
states hybridize. We consider a system of N sites, where two

J

SRy (w) =
0

sites (ry,d;) and (r,,d) are initially isolated from each other
and from the rest of the system and compute the change of
R>(w) when adding hopping T4, r,d, between the two sites.
The model under consideration applies to the case of very
strong disorder, when resonant pairs of sites are rare, as well as
to dipole hybridization during one step of the strong-disorder
RG, when composite dipole states may be considered, and the
hybridization between two dipole states being merged and the
rest of the system may be neglected.

The modified density of dipole states after adding the

hopping
V(E) = (3(E —E)+8E—E )+ 8E - Ex)) (AD
A

consists of the contribution of the hybridized states’ energies
E, and E_ and that of the rest of the system [the sum in
Eq. (A1)]. Because the hopping is small, and the hopping
and the onsite dipole energies fluctuate independently, the
average density of states is unaltered by the hybridization
(D)ais = (v)dis = Nvo. The change of to the disorder-averaged
correlation function R,(w), defined by Eq. (1.1), is given by

1
N22 /d‘lrlle(‘Irldl)/d‘ll'zdzP(]l‘zdz)/ddldde(dl)f(dZ)/VOdErldlvodErzdz

(e + Dl 2) -o(e+ Dr(z- D)0

where (. ..), is the averaging with respect to the disorder in the rest of the system, independent of the parameters on sites (r,d;)
and (I‘z,dz).

We note that, according to Eq. (A1), products of the modified densities of states D(E + 5)P(E — %) in Eq. (A2) contain three types
of terms involving products of § functions: (i) 8(E — E+ + w/2)6(E — Ex — w/2), (ii) 8(E — E+ + w/2)8(E — E), — w/2),
and (iii)) 6(E — E) + w/2)8(E — E — w/2). Terms (iii) are canceled by equivalent contributions from v(E + %)U(E — %).
Contributions of type (ii) also vanish, due to the identity

/ dEvq, dEr,a,[8(E — E4)+ 8(E — E_) — 8(E — Ey,a,) — 8(E — Er,q,)] = 0. (A3)

Equation (A2) may therefore be simplified to include only the averaging with respect to the dipole parameters on sites (r,d;)
and (r,d,):

1
SRa() = / dJva PUra,) / vty P(Jnsa,) f ddydds £(d) f(dy) / dEuq, / dEra,

x{[8<E+§—E+)+8<E+%)—E_>][8<E—%—E+)+8(E—%—E_>]

1) 1) 1) 1)
_[5(E +2- Er,dl> +8<E +3- Er2d2>][8(E -2- End,) + 8(E -3~ Erzdz)]}. (A4)
Changing variables to T = ﬁ(E,d — E,4) and integrating out %(Erd + E,z) gives
2
SRo@) = o5 [ Ao PUna) [ e PUna) [ ddds @)
x /dr |Trdm0, |[8(@ = 2| Trydy maas [V T2 4+ 1) — 28(0 — 2T T4, 000,) |- (AS)

So far, we have obtained the expression for the correction to the level correlation, following the hybridization of a single pair

of dipoles. It is straightforward to obtain the expression for the level correlation given in Eq. (3.5) which takes into account all
resonances in a given volume V by integrating over %%drldrz and then integrating out the variable t.
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Application to the strong-disorder renormalization procedure

The modification of the correlation function R,(w) when hybridizing dipole states may be considered as a step of an RG
procedure, discussed in Sec. IV and applied in Refs. [28,32,33] (see also Ref. [37]). During this procedure, pairs of resonant
dipole states are being repeatedly hybridized while increasing the hopping distance r = |ry — r;| = e’ or the system size.

As discussed in Sec. IV, the hopping of dipoles depends only on the product p.g = Jrqd, which is why it is convenient
to introduce the distribution function F(pyq) of variable pyq, which flows under the renormalization procedure. We can now
obtain the modification to R,(w) as a result of hybridizing dipoles in the volume element. The number of dipole pairs separated
by vectors r in an infinitesimal element of space, confined by the radii r and r 4+ dr and the spatial angle d€2, is given by
%rzdr [dQ [ %drl %drzé[r — (rq1 — r2)]. Utilizing the expression in Eq. (A5) for hybridization of a single pair of dipoles and
multiplying by the number of dipoles in the volume element, we obtain the modification of the energy-level correlation function

1N N 1
8&@MD=#W/JQ/Evdnvwﬁu—vrwﬁyN;/amwmmJ@NQF@mJ

[8(€ = 2|Ta) 000 [VT2 + 1) = 28(@ — 27 T4, 120, ] (A6)

x2/dt |Trd1 rds

where the factor of % in the right-hand side prevents double counting of dipoles.
To make further progress, we note that the contribution to Eq. (A6), which comes from the second § function, may be simplified

[—28(w—21Tra,ma)] = —1. (AD

as
dr [ dr;dr
/7/ i/z 28[r_(r1 _rZ)]/dpl‘]dldpl‘zsz(pl‘]dl)F(przdz)/d‘52|Tl‘]d1,r2d2

The correlation function R,(w) is obtained by integrating Eq. (A6) with respect to £ from £ = 0 to £ = log L, where L is the
size of the system or the interaction cutoff radius. Performing also integration with respect to (r1 — r3) and %(rl + r3) over the
volume V, we arrive at

=LY Ry (w,0) L[, S
/ sz = _1 + V/d r/dprldldpr2d2F(pl‘ldl)F(przdz)/dr |Tr1d1,r2d2|5(w_2|Tr1d1,r2d2| T + 1)' (A8)
=0

Equation (A8) together with the initial condition R(w,£ = 0) = 1 gives

1 InL ,
Ry(w.InL) = V/ de/dsz/dprld]dprzsz(prldl)F(przdz)/drwa(w—2|Tr1dl,r2d2|\/12 +1). (A9)
0

Equation (A9) may also be rewritten in the form of the RG flow equation

IR (w L 1 0 sPrad, 2
% — V/dQ/dprldldprzdzF(prldl)F(przdz)/df| (PrldlEIz’rzd_ )|

VT2 +1) = 28(w — 2T1,d, 1a,T) |- (A10)

APPENDIX B: CHANGE TO THE DISTRIBUTION FUNCTION OF DIPOLES WHEN HYBRIDIzZING TWO SITES

X [3 (a) — 2’Tr1d1,r2d3

In this Appendix, we derive the RG flow equation for the distribution function F(pyq) of the dipole parameter pyg = Jyad,
the product of the dipole moment d and the recombination matrix element J;q, discussed in Sec. IV. When two dipoles with
parameters pr,q, and pr,q, are hybridized, they get replaced by two other dipole states with parameters p4 and p_, and the
distribution function gets modified according to

8F(prd)=/dpl”ldldpl‘zdzF(prldl)F(przdz)/vOdEl‘ldl vOdErzdz[5(p_p+)+5(p_p—)_8(p_pl‘ldl)_8(p_pl’zd2)]' B

Changing variables to t = (Ey,4, — Er,d,)/ (21,4, r,4,), and considering the effects of all resonances in a spherical shell of radius
r — r +dr,withr = |r; — ry|, gives

N
3F(prd) = Vrzdr/dQ/dprldldprzsz(prldl)F(przdz)/U0|Tl'1d1,l‘zd2’dt

x[8(p—ps)+8@—p-)—8(P—Pra) — (P — Pra)]- (B2)

Introducing the RG parameter £ = logr and using that Ty,q,.r,d, = Q(Pr,d, Pr.a,)/(E*r?), we obtain the RG flow equation for
the distribution function F(pyq):

dF(Pra) v
algd = %/dgfdpr]dldpl'zdzF(pr1d1)F(pl‘2d2)/dT’Q(pl‘]d17pl‘2d2)|

x[8(p—pi)+8@—p-)—3(P — Pria,) — (P — Proa) |- (B3)
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