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Abstract

We studied global density-of-states correlation function R(w) for Lévy-Rosenzweig-
Porter random matrix ensemble [1I] in the non-ergodic extended phase. Using an
extension of Efetov’s supersymmetry approach [2] we calculated R(w) exactly in
all relevant ranges of w. At relatively low w <T' (with I' > A being the effective
miniband width) we found GUE-type oscillations with period of level spacing
A, decaying exponentially at the Thouless energy scale Ep, = /AI'/27. At high
energies w > Ep;, our results coincide with those obtained in Ref. [3] via cavity
equation approach. Inverse of the effective miniband width, 1/T", is shown to be

given by the average of the local decay times over Lévy distribution.
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1 Introduction

There are numerous indications for the apparent absence of thermalization and breakdown of
ergodicity in large interacting quantum systems [4} [5] [6] with sufficiently high degree of disor-
der. However, almost no exact theoretical results are available, making reliable interpretation
of real and numerical experiments rather complicated. While the original theoretical approach
to this problem [7, 8] was focused on low-temperature transport properties, later development
in this field (now called the Many Body Localization (MBL) problem) was shifted mainly to
the infinite-temperature limit, for the sake of simplification; also, some types of experiments
(NMR, cold atoms) may indeed be realized at effective temperatures much higher than typical
energies involved in the Hamiltonian. Still the issue of existence of non-ergodic and/or MBL
state in a real physical system with short-range interaction is highly debatable [9] [10].

One of the major obstacles for the theory of MBL phenomena is the presence of well-
developed spatial correlations. Indeed, while dimension of Hilbert space of a random system
containing n spins—% is 2", the number of parameters entering its Hamiltonian is just ~ n?
at most. Proper account of these correlations is not developed yet, and theoretical results
are limited to some artificial models where these correlations are absent. In particular, it was
shown in Ref. [T1] that structureless Quantum Random Energy Model possesses three different
phases, depending on macroscopic energy and degree of disorder: ergodic, fully localized
(MBL) and intermediate non-ergodic extended (NEE) state. Theoretical demonstrations of
these features were obtained by means of approximate mapping of the QREM Hamiltonian to
the Rosenzweig-Porter matrix model shown previously [I2] to have all three such phases. It
was understood later on [13, 1] that Gaussian RP model [12] is oversimplified to describe more
realistic problems; one possible way to generalize this model is to account for the possibility
of fat-tailed distribution of non-diagonal matrix elements. An independent reason to be
interested in this kind of models is due to (numerical) observations of a power-law distribution
of matrix elements connecting different bit-strings in systems of interacting quantum spins [14}
15, [16].

Invariant Lévy matrix ensemble was introduced originally in Ref. [I7] and its Rosenzweig-
Porter version was studied in Ref. [1l B]. In particular, Ref. [I] demonstrated the presence of
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NEE state in the whole range of parameters u,~y characterizing the model, while in Ref.[3]
full description of local density-of-states correlations at large energy difference (effectively,
setting level spacing to zero) was obtained by means of statistical analysis of cavity equations.
However, to study level correlations at low energy difference w < A ~ 1/N, a more elaborate
technique is needed. Indeed, cavity equation approach is valid in the N — oo limit, equivalent
to A — 0.

Well-developed methods to treat this type of problem in usual random-matrix ensembles
are based on the supersymmetry method due to Efetov [18]. Application of this method
to Gaussian RP model was recently provided in Ref. [19]. However, standard SUSY method
based upon Hubbard-Stratonovich transformation of the functional integral is not appropriate
for matrix models with a heavy-tailed distributions, especially when second moment of the
distribution diverges, as in the Lévy case. More general approach to the construction of
supersymmetric field theory for disordered quantum systems was proposed in Ref. [2], where
functional generalization of the Hubbard-Stratonovich transformation was introduced. In the
previous paper [20] we employed this approach to study the average density of states of Lévy-
Rosenzweig-Porter ensemble. Below we extend this approach for the calculation of the global
density-of-states correlation function R(w) = (p(E +w/2)p(E —w/2))/{p(E))? at arbitrary w
in the NEE state. We demonstrate the presence of three energy scales in the problem: mean
level spacing A, typical miniband width I' > A and intermediate scale Ep, = /TA/27
which plays the role of a Thouless energy in our problem, similar to the result of Ref. [19]
for Gaussian RP model, see also [21]. Previous results [3] are confirmed for w > Epj by our
supersymmetry method, while at low w < Erpj, the function R(w) demonstrates oscillations
typical for Wigner-Dyson random matrix ensembles.
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Figure 1: Different regimes depending on the width of miniband I'y in comparison with level
spacing; boundaries between them are in agreement with results of Ref. [I]. 'y depends on

the system size N and the parameters v, u as ~ N =i and determines behavior of the system
(See and comment under it). For v < 1 the system is ergodic; if p < 1, then there is
also mobility edge (transition to localized states at energies closer to the band edge). We are
interested in the range of 4 > 1 where eigenstates are either localized (v > p—1) or extended
but non-ergodic at v < p — 1. In this latter phase I'g is much larger than level spacing but
much smaller than with whole bandwidth W.

Before going into the calculations, we briefly review the main features of the phase diagram
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for Lévy-RP matrices, based mostly on Ref.[I]. The part of the phase diagram we’re interested
in covers the range 1 < p < 2, and it’s shown in Fig.. The different phases are defined
based on the behavior of the eigenvectors W, (i). These can be ergodic, where the inverse
participation ratio (IPR, I(N) = ij |U,,|*) scales like I(N) ~ N1 localized with I(N) ~
constant, or non-ergodic but extended — with I(N) ~ NP for some 0 < D < 1. There
are two ergodic (E) phases. One appears for 1 < p < 2, where all eigenvectors are ergodic
for any energy E,. The other is for 0 < p < 1, where a mobility edge Ey separates ergodic
and localized states: eigenvectors are ergodic when |E,| < Ey and localized when |E,| > Ej.
All three phases—ergodic, localized, and non-ergodic extended—meet at the tricritical point
p=vy=1

In this paper we are concerned with the correlation function defined by Eq. atl < p <2
We show that Lévy-RP model indeed experiences phase transitions at the boundaries v = p
and v = 1 and we provide the explicit analytical calculation.

The rest of the paper is organized as follows. Sec.2 introduces definitions of the random
matrix ensemble we are going to study and representation of the correlation function R(w) in
terms of functional integral over superfields. Sec. 3 describes functional Hubbard-Stratonovich
transformation and provides saddle-point analysis of the relevant functional integral. Sec. 4
is devoted to calculation of the correlation function R(w) in two overlapping limiting cases:
high frequencies w > Epp and low frequencies w < I'. Since E7p, < I', we thus obtain the
full behavior of R(w) in the whole range of frequencies. Sec. 5 contains our conclusions.
Supplemental material (Secs. A-F) contains technical details of our calculations.

2 Definitions

2.1 The matrix ensemble

Our research object is an ensemble of N x N complex Hermitian matrix H which can be
represented as the sum of two matrices:

ﬁ:ﬁp—i-f:fL, (1)

where Hp is a dlagonal random matrix with real independent and identically distributed
(i.i.d. ) entries and Hy, is a full matrix where all elements are i.i.d. The distributions of H7,
and Hp are generally different. We consider the case of the Lévy-Rosenzweig-Porter (Lévy-
RP) matrices [I] where the entries of Hp are random, broadly distributed with the typical
distribution width W so that W is the largest energy scale. Level spacing A ~ W/N is the
smallest energy scale. Hj, entries are complex and defined as follows:

[HLlmn = T €XP (i0mn) s ham >0, =7 < Oy < . (2)

The phase 0,,, is distributed uniformly with Py (0) = 9(7;7;‘“) and the amplitudes h,,, have a
distribution according to the power-law. For convenience, we chose the particular one-sided

Lévy distribution

2~ 2~
N& Nw
PI(,'LLW) (hgnn) = 72[’;1/2 (Jgh?nn> 9 (3)
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where o is an energy unit and L,,/»(z) is one-sided Lévy stable distribution [22, 23] which is
defined by Laplace characteristic function:

Lyja(r) = /0 Lyja(x)e” " dx = e 1<p<e (4)

We chose that particular function because it supports only positive values and has a convenient
representation in terms of its Laplace transform. Using Eqs., the Laplace characteristic
function of rescaled Py, distribution:

o 2 . ot l<pu<?2
[ R0 e s (< F5n) . TSE (5)

In fact, any distribution with the same power-law tail will lead to similar results, as explained
in the end of the paper. Function has the following power-law asymptotics

uotdh

2 2 o
PL(h)dh NF(I—%)N’Y}L1+“7

l<p<?2 (6)

For p > 2 this distribution has a finite variance and the model becomes equivalent to the
usual Gaussian Rosenzweig-Porter model. To compare intermediate results with the previous
papers [19], [24], one can put o = 1, while notations of Ref. [3] are recovered by the choice

v =1 and F(i%> = hj).

Note that while the variance W?2 of Hp is independent of the matrix size N, the typical
value of Hy, scales with N as o N~7/#_ and its variance diverges at pu < 2 due to the tail in
L%(azz) ~ 2~ (IF1) There is a special value u = 2 where the distribution L, /2(x) reduces to

the delta function §(z — 1).

2.2 Global DoS correlation function and supersymmetric method
Our goal is to calculate correlation function of global density of states which is defined as

(P(E+5)r(E-5))
(p ()
where p(E) = —2-TrIm Gr(E) is density of states (DoS) and Gr(E) is retarded Green

function of the Hamiltonian at energy E. It is convenient to choose the scaling so that
DoS becomes a function of the order of unity:

R(E,w) = (7)

A=Ne®),  [dBpE) =1 (8)

where A is mean level spacing. To continue the calculation one should switch to the Green
function representation, so that the correlation function is

R(E,w):;+2A7T22Re<TrG‘R (E+%) TrGia (E—%» 9)

Two-point correlation function can be expressed through differentiation the partition func-
tion Z(F,w, Ja, Jr) over background fields Jg,J4 . The partition function Z(E,w, Ja, JR)
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is given [I8, 25] by the integral over supervectors v; (for the derivation, see Supplement,

Sec.

R(E,w) = 1 A% TL\Ew ) <E’w’ j>

1
872 0Jr0J 4 (10)

Jr,A=0

Z(E,w,j):</d1/)exp<Z@bTL([EjL S JK](S —Hnm>¢m)>H (11)

where 2 = w + 0 (here and below infinitesimal imaginary part is introduces to guarantee
convergence of the integrals). Expression (11)) uses superalgebra formalism which includes
commuting and anticommuting variables:

Si1
w@‘(ii): ol wl=(uh vl ) =80 xS xe) (1)
Xi2

are 4-dimensional supervectors with ordinary (complex, commuting) (S;1, S;2) and Grassma-
nian (anticommuting) (x;1, Xi2) components,

f(:<1 1) =diag(1 -1 1 -1), (13)

-~ /BF

i—(l 1) =diag(1 1 -1 -1), (14)
" /RA

j:(‘]R ) =diag( Jg Jr Ja Ja ) (15)
JA ) pa

and [d] = [dpndul] [dpady,].

3 Functional integral and saddle point equations

The goal of this section is to derive a proper field theory (o-model) which describes energy
level correlations in the system at sufficiently low energies ~ A. Starting from Eq. one
needs to perform quite a number of mathematical calculations, which are described in detail
in Section [B| of the Supplement. To put it briefly, the first step is to average over realizations
of Lévy distributed matrix elements. Next step in a usual supersymmetric approach is to use
Hubbard-Stratonovich transformation, which however cannot be used in our case of the power-
law tailed distributions, since its second moment |H;;|? diverges (while it must be the crucial
parameter within the standard scheme [18, 25| 26]). Instead, we use functional analogue of
the Hubbard-Stratonovich transformation, which was proposed and described in detail in [[2],
see also [20]]. Following this approach (see also Sec. [BR), the partition function can
be transformed into the following functional integral over functions g(v,1") dependent on

supervectors 1) and T:
Z<E,w,j> :/Dgexp (S [g (w,w*)D, (16)

6
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where the functional action S [g (1[), ¢T)] is given by

S [g (W/}T)} — N </ [d) exp (iw <Ef; n % _JKIL - gﬁ) b—g (w,w*)) >< +o7)

5 [1al[aw] g (w0t 2 (4120) g (. 4").

where 7 (z) = ‘;zg:l; [.CCT.T] n2 and (¢ corresponds to diagonal elements. Variable ( stays for
2

elements of diagonal matrix Hp and its distribution is smooth at the scale of bandwidth W.

Due to the large prefactor N in the action, one can perform the functional integration

over g(1,%™) by the steepest descent method which leads to the self-consistency equation,

whose explicit form depends on the energy argument w:

o (0 tiw) = [0z (1) exp (10t (BL - cE+ 5 ) v g (w10 01E0) ))

(1)
As follows from the form of Eq., its solution depends on two invariant objects: v/T¢’ and
YT Ly, Details of the solution of Eq. are provided in Sec of the Supplement.

This self-consistency equation is, in fact, the equation for the cumulant-generating function
of the joint distribution of the real and imaginary parts of the self-energy [27]. It is equivalent
to the equation obtained by the cavity method in the limit N — oo [3]. Nevertheless, for
the subsequent analysis it is instructive to derive and solve this equation explicitly within our
present method.

The key physical observation which helps to solve Eq. goes as follows: ™9 (vIvwlLy)
is the characteristic function of a complex self-energy function ¥ of the operator (E — H)™L.

Reduced functions of only single arguments, e~ 9+(047 %) ang e—gw(vﬁw,o)7 represent charac-
teristic functions of real and imaginary part of the same self-energy, respectively. Now, the

key point is that the full function g, (WLw, wTﬁw) can be represented as a simple sum of two
independent functions:

go (10,0 Le) ~ g (0,010) + g (v, 0) (19)

It means that real and imaginary parts of the self-energy ¥ are independently distributed.
Physical reason for such an independence is that Re ¥(E) acquires relevant contributions from
a broad range of energies E' ~ W, while Im 3(F) is determined by the close vicinity of E only.
This phenomenon was studied in detail in Ref. [3]. The distribution of Re ¥ was evaluated in
our previous paper [20] where the average density of states was calculated. It leads to a slight
renormalization of spectrum ~ % and can be omitted in the present problem. The reason can
be seen in Eq.: integration over d( over the broad range ~ W makes very small relevant
values of w&p < % As a result, it is sufficient to work with g, (@N@b, O).

At sufficiently large w saddle-point solution of the type of is sufficient for the purpose of
our calculations (precise criterion on the range of w will be present below). The corresponding
solution is described in Sec. [C] of the Supplement, the result reads a follows:

gon (v)| =g (v1.0) = [ruvte]” (20)

Wt Lap=0
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where function I'y, is determined by the transcendental equation

it = rg—lr(l;(% /OOO drL, s (r) [r - z‘“} o (21)

and its zero-frequency limit I'y is expressed via energy parameters o and A as follows:

o VT () (2-3)
2 ANY 2 (%)

(22)

with I'(z) in the R.H.S. being Euler Gamma-functions.
To meet the requirements of intermediate non-ergodic state one needs to apply the con-
straint A < T'o < W in N — oo limit (otherwise saddle point approximation is not valid).

This will lead to inequalities: N < w <N WTl However, numerical prefactor in
strongly diverges at ;¢ — 1 so one should be careful with the choice of specific parameters
while doing numerical study.

Few remarks are in order now. First, we note that the form of the saddle-point solution
demonstrates a heavy-tail nature of distributions of Im 3 and Im GG. Second, we emphasize the
appearance of a new energy scale I'g determined by Eq., see also Ref. [1]. In the Gaussian
case u = 2 it gives just the value of the miniband width [19], while for generic 1 < p < 2
miniband structure is more complicated, it is characterized by a distribution of widths which
is characterized by the parameter given by Eq.; the same equation for I'g was obtained
in Ref. [3]. Third, at nonzero w the function I'y, is complex, with ImT',, < 0; this feature
is related to the analytic properties of the DoS correlation function and it will be important
later in Sec. [

At high frequencies w > I'g the function I'y, can be obtained from Eq. and behaves as

o <cos [”(2_@] — isin [MD Fr(g‘) ; (23)

w e D e

Since Lévy distribution degenerates into a delta function at p = 2, I',, becomes real constant
I, = I'g regardless of w. On the other hand, at w = 0 saddle-point solution is not unique:
it belongs to the whole manifold of solutions those actions coincide. As a result, to obtain
physical quantities at low w one should integrate over the whole saddle-point manifold, as it
was done in Ref. [19] for Gaussian RP model. General solution that belongs to the saddle-point
manifold can be written in the form

go (W17, 01 Lw) = gr (v, viLe) (24)

w

1)

Fw—>oo

I

where 7' is the 4-dimensional supermatrix that rotates supervectors 1) and ¥*. It obeys the
symmetry property TTLT = L.

In the next Section we will show that unique high-w solution is applicable at w >
Erp ~ /Ay while integration over saddle-point manifold can be employed at w < I'y.
Since we always have A <« I'g, the combination of both approaches cover the whole range of
frequencies we are interested in.
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4 Level correlation function: results and asymptotics

In this section we calculate the DoS correlation function and discuss its properties. The main
expression for the correlation function follows from and :

1A &?Slgl  9S[gldSIgl] s
R(E,w) =35+ WRQ/D[Q] [&]A&]R 00k o ] ‘

(25)

Jr,Ja=0

where the action S [g] is defined in Eq.(17). The expression above is still too complicated to
evaluate it exactly for an arbitrary w, so we proceed by analyzing two complementary limits.
First we consider high-frequency regime, where functional integral is dominated by saddle-
point solution ; then we switch to the low-frequency regime, where integration over the
full saddle-point manifold is required.

In the saddle-point approximation g (z/JT, ¢) should be substituted by the solution ((20])).
Quadratic over g,(¢,¢™) term in the action does not depend on the sources Ja g, it is
also invariant under 1 — T 1 transformations. Supersymmetry of this term means that it
does not contribute to the action on the saddle-point manifold (see integration theorems in
Refs. [26],[28] or Supplementary material [C]). The only important term left in the action is

Slgsp] = Nln < / [de] exp (M <Eﬁ + % ~ JKL - gﬁ) b — gsp. (q,z), w)) >< (26)

where gs . is saddle-point solution of . Supersymmetric part of this expression should
be equal to unity and the other part is assumed to be small, so that one can expand the
logarithm to get

Slowp] =N <{ [ tdwtexp (! (BL+ 5 - JRL L) v =gy (407)) }f,f¢o>¢ (27)

Integration over d( in Eq. goes smoothly over broad range of energies ~ W which leads
effectively to the restriction of 1T L) being very small (by the same logics as described in the

analysis of the saddle-point solution above). As a result, one can employ gs p. (w, wT)

Pt Lyp=0
from the solution to get
- ot T / T
Slgen) =N (3 [lwlexp 0! (BL+5 — IRL—cL) v - guy. (v0T)|
WH=0/") jiz0l ¢
(28)

Further analysis differs for small and large w. First we consider the high-frequency region
within saddle-point approximation; the domain of applicability of these results becomes clear
by comparison with results of exact calculation provided later for the low frequency region.

4.1 High frequencies w > E;;, = /Al'/27

In the considered limit, correlations reflect the properties of the whole miniband, so fine
structure is washed out and only the averaged properties matter. In this limit, the unique
saddle-point solution g, (1)1, 0) is sufficient. In the high-w limit (parameter T is defined in
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Sec.4.2) one employs g, (MW, O) solution. It is sufficient to calculate saddle-point action as
function of the sources:

S[ge] =N <{ / [dy)] exp (mp* (Eﬁ + % — JKL - gﬁ) W — [pww W?) }j#0>< (29)

Recalling properties of one-sided Lévy distribution and definition of superdeterminant, we

find
Slg] = N/OOO drLy (r) <{Sdet—1 <E —C+ <S; + z'rwr> L- jf() }j¢0> (30)
¢

At this stage it is useful to define the corresponding Green function

-1 Q . S
GE<E—§+<Q+ier>ﬁ> _ E—C—(§+ZFMT)L2 (31)
2 (B —¢)? = (§+iTur)

Employing exact relation for superdeterminants, In SdetA = Strln A one can expand action
in Eq. it over sources Jg 4:

~1T\ 1L /. [ a2 rAa A ~r~

Slg] =N / drLu (r) [<Str [GJK] >< + % <Str2 [GJK} >C + % <Str [GJKGJK} >J (32)

Distribution Pp (¢) is a very slow function of ¢, as compared to (-dependence of the Green
function G defined in , so it is possible to use approximation Pp (¢) ~ Pp (E) ~ WL
Performing integration near the pole (with the use of the fact that ImI',, < 0) and also the
relation Pp (E) N = A1 we arrive at

Slgel = —i= 127 J)8JJ/erg(r) (33)
| = A R A RJA Q—{—QZFUJT‘ ;
Substitution of into gives final result in the form

Lu (r) - 2rRel,
w — 2rImT, )% + [2rRel, ]2

R(w):1+i/ooodr[ (34)

In the limit g — 2 the above result coincides with the one obtained in Ref. [I9] for Gaussian
RP model at high w. For general p similar result was obtained in Ref. [3] where local DoS
correlation function C'(w) was obtained by means of cavity equation; the relation between
these results is as follows: R(w)—1 = 2*/2A-C(w). The difference in numerical coefficients is
due to slightly different models: while we consider Hermitian matrix ensemble with complex
off-diagonal elements, the function C(w) is calculated in [3] for real matrix ensemble. At high
frequencies the main asymptotics is given by the power-law

e )

(35)
m

We present details of this calculation in Appendix

10
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107!

=2

T p=16

Figure 2: Correlation function R(w)—1 in a log-log scale, obtained from Eq. with T, found
by means of numerical solution of Eq.. We choose v = 1.1, o/W = 0.02, N = 107.
Dashed lines correspond to the asymptotic solution provided in Eq.

4.2 Domain w < I’y
Now we can use expansion over parameter F% < 1. We will keep nonzero w in the action ([28)

only and replace gsp. (@ZJ,?,[)T) A used in the previous Sec.4.1 by saddle-point manifold
Yt Eap=0

gr (MW,O) parametrized by the rotation matrix T. One should remember the definition

w + 10 = §, so that if w = 0, then 2 =0 to maintain the convergence of integrals.

At small energy differences, the system resolves correlations within a single miniband. In
this case, one must integrate over the full saddle-point manifold, which restores the charac-
teristic Wigner—Dyson type oscillations at scales of the mean level spacing A.

After inverse field transformation ¢ — T4 the action acquires the form

S [gr] = i/erg (r) <{Sdet1 <E+ (2 il +zFor> L-TJKLT'L - C)}jT¢O>
’ ¢

(36)
and integration over functions D [g] in is replaced by the integration over T matrices.
Matrix 7" is closely connected with Efetov matrlx Q as TTT = LQ (see Supplement . Further
procedure is similar to the one used in the previous subsection. First of all one performs
an expansion over F% and J. Then, using the same tricks as in — one obtains an
intermediate result in terms of Q matrices (remember that Str [ai + bf}] = 0 for any numbers
a,b).

PN ) [N ~
So (T, J) - %Str <2LQ - JKQ> + (37)

e {Str (2 - Qi) - S (j

KQJK
ste? [J] - s <jm_ %ﬁ@ }
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Finally, the key parameter I' is determined as follows:

L - o7
r= [/dr ;:f’r(r)} - ——2 - (38)
0 r (ﬁ + 1)
Using the relation J J R™a— L+1 + Jai5L, we calculate the derivatives and obtain the following
terms in the action
S| =80 (20) - T2 (s (L0LQ) +5u? (£Q)) (39
Jpa=0 24 8AT
*S [gr] - -
5107, = AT [Str (U U+> + Str (U,) St (U+) + 4] (40)

ag}ff] ag}iﬂ =— [mStr ([U D + % (2 — Str (U+i@) — Str <U+> Str (ﬁ@))] (1 |
1

(50(0) i o= (0-10) (030 (1))

where U+ = %IA(Q and U_ = %f(@

The relation above means that the quantity which should be averaged over Lévy
distribution is the inverse miniband width 1/r, which is equivalent to the decay time from
the miniband. Evaluation of integrals like the one present in Eq. is discussed in detail in
Ref. [3]. The quantity I" is similar to the one defined in [I9] for the Gaussian RP model and
coincides with it at pu = 2.

Now we should integrate all manifold of Q in —. Unitary matrix Q is parameterized
in a standard way using Efetov parametrization (see Supplement . Two different energy
scales appear in (39). First term contains mean level spacing A and leads to the oscillations

at w ~ A, while the second one defines Thouless energy E;;, = \/%, as an energy where

typical GUE oscillations become exponentially suppressed. Combining all terms, we find the
final integral expression for the correlation function at w < I':

R(E, )_1+é+

2 . 2
Re/ d)\B/ d)\F <1 + 2ZQ)\B> + A)\B] exp (WQ ()\B - /\F) - ﬂ)\B ()\B — AF))

' Ap — Ap A
Double integral in Eq. can be further simplified using large parameter w/A > 1 and we
find (see Supplement, Sec[F| for details):

A A? 2w 2mw?
R(E,w)wl%—ﬁ—W(l—cos(A)exp(— AT )> (43)

12
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The above result coincides with the one obtained for the Gaussian-RP model [19] up to
renormalization of the miniband width I". At low frequencies w < Ey, we get from Eq. a
simplified expression

sin? () | 24 5 (7w
R(E,w):1—w+ﬁsm (X)’ (44)

which coincides with GUE limit when I'/A — oco. The whole behavior of R(w) at all frequen-
cies is shown in Fig..

W = FO
1.0004 :
1.0002 - !
] l
1.0000 -
] i
— 0.9998 1 !
< _ 1
g ] |
= 0.9996 ;
] i
0.9994 GUE
] — =1
0.9992 1 — 5, s1
T upper limit: 1+ %
0,9990 T T T LI |I T T T T LI |I T T T T i| TT |I T T T
1071 10° 10* 102
W
Ey,

Figure 3: Level correlation function R(w) obtained by means of approximations and .
Both approximations lead to nearly coinciding results at w ~ Ejj,. Here p = 1.5, /A/I'g =~
0.035, o ~ 0.023W, ~ =11, N = 10° (see Eq.). Solutions and have an
upper limit equal to 1+ %. Contrary to the case of correlation function in the GUE ensemble,
which never exceeds 1 (levels only repel each other), the Lévy-RP model demonstrate weak
long-range level attraction at w > Ejy,.

5 Discussion and Conclusions
We calculated energy level correlation function R(w) for Lévy Rosenzweig-Porter ensemble

by means of supersymmetry method. Our major new result is provided by Eqs. refers
to low-frequency range w < E7pp. Functional form of Eq. reproduces the one known for

13
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Gaussian RP model [19], while inverse of effective miniband width 1/T" is given by the average
over Lévy distribution of local decay times, as follows from Eq.. In the high-frequency
domain our result is given by Eqs. and is in agreement with the result of Ref. [3] for
the correlation function of local density of states C'(w).

Both Gaussian RP and Lévy-RP matrix ensembles share the same feature: at sufficiently
small energy difference w < FE7p, the level correlation function acquires the same form as in
the usual GUE ensemble. In the case of Gaussian RP model it is known since Ref. [19] and it
is interpreted in terms of miniband structure of energy levels. Indeed, the peculiar feature of
non-ergodic phase in this type of model is that it becomes evident when relatively large energy
window is considered, while narrow stripes of energy levels behave like in usual Wigner-Dyson
matrix model. Our results demonstrate, surprisingly, that the same feature is retained even
when one allows for fat-tail distribution of matrix elements. However, for Lévy-RP matrix
ensemble the magnitude of the miniband width I" and of Thouless energy Erpp = /AL'/2w
should be calculated in the way different from the Gaussian RP case, see Eq..

The major qualitative difference between Gaussian RP and Lévy-RP ensembles is that the
first one can be described in terms of average Green functions G(E) and self-energies ¥(FE),
while in the Lévy-RP case one is forced to consider non-trivial probability distributions for
both Green function and self-energy. Moreover, the miniband width I'g known for Gaussian
RP ensemble becomes a random quantity in the Lévy-RP model, as can be observed with
Eq.: effective width of a miniband I'" is found to be an inverse of a realization-dependent
decay time 1/rT'y over Lévy distribution.

Long power-law tail in the distribution of off-diagonal matrix elements makes minibands
of Lévy-RP ensemble different from their Gaussian-RP counterparts which are compact in
the values of bare energies (diagonal matrix elements (;). Since there is a quite considerable
probability to find abnormally large matrix element H,,, in the Lévy-RP case, here minibands
are partially overlapping in the energy space. Similar phenomena may be expected in other
heavy-tail versions of the RP model, like the one studied in [29].

On a technical side, our results demonstrate that field-theoretic approach based on su-
persymmetry can be efficiently employed for the analysis of systems described by random
Hamiltonian with heavy-tailed distributions. We expect that such an approach might be use-
ful for the analysis of spatially extended systems with internal structure, similar to the one
studied in Ref. [27] but with a Lévy distribution of hopping matrix elements.

We note that our results justify previous analyses performed in Refs. [I, 29, [30]. In these
studies the relation I(N) ~ ]\1;—{)‘, was used; it relates typical scale of the inverse participation
ratio with the typical scale of imaginary part of self-energy. We demonstrate by direct cal-
culation that low-w dynamics of the model indeed is equivalent to that of GUE, which puts
the above assumption on firm ground. Our result Eq. for R(w) correlation function implies
GUE-type behavior of the spectral form factor S(¢) related to R(w) by Fourrier transform:
S(t) saturates at the value I(N) for ¢t > ty, where ty is the Heisenberg time.
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A Green functions and supersymmetric field theory

A.1 Supersymmetric field theory

Representation of Green functions in supersymmetric field theory is based on the property of
determinants that

1 det<A+J)

Indet A= Trin A = Tr m - 5@@
et —

(45)

J=0

Whereas the (TrGrTrG 4)-type function is represented as follows

<Tr[E+g—ﬁ]lTr[E—2—fl}l> —

i
o det(E—ﬁJr%JrJR)det(E—ﬁ—%+JA> )
_8J38JA<det<E—I§{+f2’—JR)det(E_g+522_JA>>H (46)

Using the basic properties of Gaussian integrals(for commutative and anticommutative
variables):

e i agoag 1
/ e X' AXgytdy = det <) : / e 514548198 = ——
2 det (%)

one arrives at the result ((10)).
Remark: The sign of anticommutative variables does not matter for the convergence of
the integral; however, it is necessary choose the correct sign for the commuting variables.

B Derivation of (L6)),(L7)

B.1 Averaging over off-diagonal matrix elements

We start by averaging of the partition function over the random entries of H

N
7z <E,w, j) — exp (z S [Eﬁ + % - jf(ﬁ] zpn> x (47)

n,m

N
exp | In <exp (—i Z W ([HL),,,, + Onm [HD),,,) ﬁq/}m> >
Hy,Hp

The typical value of Gaussian elements is ~ W (assumed much larger than Lévy diagonals
typical value) so that it is reasonable to leave only [Hp],  on diagonal. This splits the
averaging (...) into two independent parts. The Hermitian property of the matrix H, allows

one to separate the rest of sum into independent symmetrical entries, resulting in
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N
exp | In <exp (—i Z [@DL (HL]m Laby, + 1, (HL] [Aflbn]) >
m<n HL

Since the symmetrical pairs of the matrix elements are independent, the second line in the
above equation can be rewritten as follows:

N
(e (32 [t b+ ] )) =
Hp,

m<n

=S (s (i [6h il Eti + 00 (L ] ),

n#m =

Furthermore, because there are ~ N diagonal entries and ~ N? off-diagonal ones, one can
replace >, by > . Later on, using the fact that off-diagonal matrix elements [Hf],, ., are

m#m m,n
smaller that diagonal ones by the factor N7, one can use the following approximation

S (exp (=i [V (Hil gy Lo+ 0 (Hi L L) ) ) = (50)

L

) N 1>HJ ~

-y (exp (=i [ 1Ly B + 00, (LT Bn]) 1) = o ¥ (i)

[E—

g: In [1 + <exp (—i M [H Ll Lo + 08, [Hi ]} Litn

Hp,
Let us now denote [Hy],, = he? and b Dby = t, s0 that ¢l [HL],  Lippm+1h, [H):, Lip, =

h (tew + tTe=1 — i()), where —i0 ensures convergence of the integral The object Z(t) en-
tering last line of Eq. can be rewritten as

I(t) = 2N /7r % /Ood 7] P (hz) (e—ih[tew—l—ﬂe_w—i(]] _ 1) ' (51)
-0

2

Using normalization conditions, |§| and following the calculations in A.1 Appendix of [3] paper
one can proceed to the following form:

() = 20T /ﬂ d9 <z [ewt + e‘ietq + 0)“, (52)
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where constant follows from normalization. To calculate the # integral one can use its inde-
pendence on the phase of ¢, ¢
1+7u>
» 72

(53)

Using the expression, one obtains the following result of the averaging over Lévy distribution:
O’“‘t‘“

NTIT (1+ 4)

N[ =

7r " cos (Z£) B
/ % (Z [€i6t+ e_th] +O>H = ‘tu/ % (0+ 21 0089)“ = |2t|“ ( 2 ) (

- T

I(t) = — (54)

As a result, we find

. . /2

N ) LT I AT S
oo (S i) ) 3Tt
Hp,

n,m n,m

sty L ]
' 0O _i N gt [wn mW¥Pm n
</[d¢ exp Zl/) L<E+2L JK — [HD] ) ¥n QNn,Zm NV_IF(l-I-%)

Hp
B.2 Functional Hubbard-Stratonovich transformation

An obvious difficulty that still remains is the non-analytic power p of wlfﬂpmzﬂn&bn in
the functional (instead of the quadratic term arising for the Gaussian distribution). This
non-analyticity encodes the fat tails in the distribution which, in their turn, determine the
peculiar physical properties of the system. In order to decouple the supervectors we use the
functional Hubbard-Stratonovich(H-S) transformation [2] instead of the usual one. Generalized
expression looks as follows:

o (5 [0 [a] s ()€ (000 () ) =

[ paesw (=5 1ol [0 g ) ) g () + [laolg@ow). 60

where C (¢, "), v(¢) and g(1)) are some functions or fields.

The advantage of this method and its formal derivation was discussed in detail in our
previous paper [20] dedicated to the calculation of the average DoS by the same method.
Hence, only the final formulae will be provided in the present paper:

1 oPNYT R e w2
€xp <_2N : m nZn:l [wanmmewn} ) = (58)

[ Poeso 5 [ iavl [av]g (ww){(fvl)[www’w} } g (v 0") = Ng (v.0)
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Here we introduced functional integral over functions of superfields g (1/}, wT). Combining
with the previous expression leads to the equations (16[j17)) for the partition function.
Factor N in the exponent comes due to N independent integrations over 1, ;!

C Saddle-point equation and its solution

C.1 Derivation of the saddle-point equation

Equating to zero variation of the action ((17)) over dg (¢7 wT), one obtains the following integral
equation for the saddle-point:

)~ (J 1) 7 (w1Lw) exp (101 (EL—CL+$) v = g (01.0))) o
(S 1a]exp (i (BL —CL+8) 6 —gup. (61,0)) )

gop. (V10

where 7 (z) = ifzg_:; [ZETﬂ /2 The structure of Eq. indicates that its solution is a
2

function of two invariants: g p. (QN, w) =g, <¢Tw, wa/@b). Once we search for the solution in
this form, the integrand of the integral in the denominator is found to be invariant under the

superunitary transformations ¢ 4 — U YA, Y= ( YR Ya )T, thus it is equal to unity.
Therefore the final form of the saddle-point equation is

. (0 10) = ( [z (1L esp (i (BL- L4 5 )0 - g (vhouiin) )) .

¢
(60)
At © = 0 the saddle-point solution becomes
go (Vr0. w0 le)| =g (vie,viLe). (61)
w=0

Actually at 2 = 0 the whole saddle manifold of solutions exist, which can be parametrized
by the rotation matrix T’ subject to the condition T1LT = L:

o= T, gr (Vo) = g0 (1T, 01 Lw) . (62)

Saddle-manifold solutions of this kind obey the equation

gr (v,0'") = < [1aa\z (Lo} exp (101 (= O Lo - gr (v.01) ) ><' (63)

C.2 Solution for the saddle-point equation

Now our goal is to reduce Eq. for a function of supervectors to simpler equations for
functions of commuting variables. We use representation

T
v=(Sr xr Sa xi) , ¢¥'=(5k xk Si —xa) (64)
where g—,R = |SF|ei9R and g—f‘ = ‘S—f'ew/*, and we expand functions of supervectors over
R |Sk| A

Grassmanian variables xr, X4, X5, X4- It appears to be convenient to look for the solution as
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function of the arguments ¢%3 and @ZJ% and thus to introduce a new function g, (1#12{,1/)%) =

Ju <¢T¢,@/)TIAA/}). The expansion of an arbitrary function f (1/1%,1#124) over its Grassmanian
components looks as follows:

of (1Skl”154l”)

F (ks vh) = £ (IS8 1S4P) + xion

o [I1Snl’]
_of(IsePusal) o 2 (ISaP1SaP)
XAXA 8[15,4!2} +XRXRXAXA8[’SR‘2}a[‘SA‘Q}

To solve Eq. one will need the last term of the above equation only. In these new coordi-
nates, ! L'yt Ly reads as follows:

Wt T Ly XBATC |5 2 |S5|? 4 1Sal? [S4]” = 215k |Sk| 1S4l |S4] cos (0r — 04) >0 (66)

After integration over Grassmanian variables, Eq. acquires the form

- NNl—’Y 00
0o (1S5I" 185%) = Ty 7 f, 18P disaP
2
2m do 2 ar |2 21 12 , , %
/0 %[’Sbﬂ ‘SR‘ + S| ‘SA‘ —Q‘SRHSRHSAHSAlcose} X

0 ei( —C+5)I1SrI*=i(E=¢(=%)[Sal*~9u (ISr[*|Sal?)
8[‘51%]2}6[’5,4]2} < e A >C (67)

In principle, go (|S§%\2 , ]Sf4|2> follows from g, <|5}3|2 , ]5’14]2). In this case one should remem-
ber the definition w + 0 = 2, so that if w = 0 than 2 = ¢0 to maintain the convergence in
(60). For our purpose the function g, (|S}3|2 , \S}%F) is needed (it corresponds to g, (¢, 0)

in previous notations). From this point one needs to proceed with the analytical continuation
assuming that g > 2, to obtain reasonable results. It can be calculated in a few steps:

1. Let us define the following function (in order to shorten few next equations):

%

F (|SR|2,\SA\2) - /0% % [|SR\2 +1Sa? - 2|9%] |sA|cose} 2 (68)

with the property
O2F (|SR\2 , \SA\Q)
) [|SR|2} B [|5A|2]

(S [2=|54]? VA

and then integrate Eq. by parts:
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oP N1=Y

g (158l I5P”) =y 18]
> OF I A
/0 d’SAFW |Sr[?=0 <e e )>c+

o0 OF
+/ d‘SR’272-
0 o [1Snl’]

OPF (\SRIQ ; |5A|2)
ST o o

<ei(E—<+%)\SRF—aw(\SRl?,O)>§+

|S4]?=0

+/°°d‘SA‘2d,SR|2 <€z’(E—<+%)|SR|2—z‘(E—<—%)|SA\2—§w(|83\2,|SA\2)>
0

2. In case of smooth distribution one can use the following trick
. 2 2
<61(E—<)(|SR| —|Sal )>< ~ 21 Pp (E) 5 <|SR|2 . ’SAIZ) (71)
so that reduces to

By LGt NP (B) [ —1 4
(sl 1) =gy () [T

/OO d [|SR‘2] [|SR‘2] 72 o USRI> =g (ISRI%ISRI?) (72)
0

Approximation is valid if ’Wi’/w‘(equivalent to |Sr|? — |S4|?) is much larger than
%. Using and results from Ref. [20], we estimate typical scale of g(1)Ty, 9T L) as
Q%W

wti" = ot ~ T (73)

17 o
9(0, 9" Lyp) ~ N2 2

which is indeed much larger than 1/W.

n/2
3. Using the fact that g, <]S}2|2 , |S}%\2) = [|S}%|2 Fw] , one reduces the integral equation

to the form of transcendental equation

2

I, = [2“10“N17PD (E)F (M ] 1) ﬁ/w dzzs —2ei—[aTu]*/? "
2 0

r(5)T((5-1)
_ [2“—10—“N1—“/PD (E)
r(5)

which solves the saddle point equation for any w. In particular, in the limit w — 0+
one obtains the result .

r <“ 5 1) ﬁ/ooo drLs (r) [—m+rrw]1—‘£]i (74)
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D High frequencies asymptotics

In this section we derive . We need to use Mellin transform defined as

Mp(\) = /0 daf(z)a* ! (75)
with the property
00 c+i00 d\
| des@e@ = [ MM - . (76)

c is the constant determined in a way that both M¢(A) and My(1 — A) exist. Applying
this to the integral in one receives precise expression

: -2
Lyjp(r) 1 et gx 2 - i
/ ar Q+ 22I‘wr 2T, /c_wo 2mi MF M(l AT o, , 0<e<1. (77)

One can approximate it, counting only the nearest poles contribution A = 1,1 + % That

gives
/ood Lyp(r) 1 |20, g 202
0 Q4 2iC,r  2i0, | —iQ 2 \ =i
After substituting this into , one will obtain result. The same trick can be
used to obtain second order approximations of and .

(78)

E Efetov parameterization

Efetov parametrization for 4-dimensional supermatrix Q is defined as follows:
R ) A 0 dup 0
NP Uy 0 \:/Ut o R 0 X 0 ut
=TT = )AL TR A= | 7 79
@ ( 0 U2> ( 0 Uy* ) iy 0 =X 0 (79)
0 pur 0 —=Ap

Here Uy 2 are Grassmannian matrices defined as

- 0 —a*\ _ [(1-92 —a* (0 =g\ 1+ 22 g
(2 5) (7 ) mee (3T ) (7

(80)
~1( 1 0 ~ o 1=2a" —2a* ~1(1 0 ~ (14288 —2i3*
i (0 —1>U1_( —20 —1—2a*a>’ 02 (0 —1> 2_< —2if  —1+28*8
(81)

and A contains the following commuting variables
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A = coshflp, Ap =cosfp, up= ¢'B sinh O, g = e'F sin O, (82)

0<fp<oo, 1<Ap<
Constraints = ¢ 0<f0g <7, —-1<Ap<1
0<¢Br<2rm

with the following relations
sl =25 =1, |ue* =12 (83)
Mesure of integration over Efetov matrix Q reads as

_ dApdApdopdor
(As — Ar)?

dQ = dada*dBds* (84)

F Evaluation of the integral in Eq.(42)

Is this section we provide details on how we obtained the result shown in Eq.. The starting
point is the integral in . Since the large parameter is £ = 7" > 1, one needs to obtain

w

an answer up to the first order in 1/k < 1. If w ~ Ey, then kE ~ 1 so that it is reasonable

to denote £ as £, p ~ 1. With these notations, integral in will take the form

K

Y=Y+ 50 (85)
L ' Py V2 irAs—Ar)-PAs(As—Ar)
V=3 [ s [ drr (1 + 2?)\3) e - (86)
oo . 2
1 A 2EAB) ) (14i2s) (e2m1s220) _1)
2ik Sy 1+ i%)\B
00 1 A )
Yy = / d)\B/ d\p B ik(AB=Ar)—pAB(AB—AF) (87)
1 -1 AB—Ap
1 1s easily integrated over Ap, while ) requires an additional step. Let us use
N ily integ d A hile Y i dditi 1 L
d 00 1 )
Q?::‘A‘dM{/JMp%é“@—”*”ﬂ“*“”= (88)

. 2
Z/Oo d\p A oA —1)(1+i22p) (ezm(lﬂ'g)\B) _ 1)
R J1 1 + Z%)\B

Both integrals collects on the Ap—1 < % scale so that one can make Agp = 1+% substitution
and then expand over % parameter up to the lowest order. Note that Q2 = w 4+ ¢0 maintains
the convergence.

o ie(i_0)$ TK— 1 TK—
jﬁzé Ao (1= #F2) = o (P ) (89)
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d . 00 ' ) 1 ) 2) 2ik—2p
y2 — 2/ dxe(z—o)x (62”“{—2]7 _ 1) — 72 (1 _ 621%—2]3) = yZ — L + const (90)
0

dp K2 K 2k2

To restore the constant we apply p = 0. This integral is easily evaluated after its derivation
over x and later integration. Constant can be found in K — oo limit.

. 2iK 2ik—2 :
i e —1 e P—1+2 1
= -+ 2 = Vo = p"‘*

Vo

(91)

2K2 K’

As one can see from , the second term lowest order is much smaller so it is enough to
consider ) ~ Y only. Having restored all the notations, one should obtain the final expression

).
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