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We study dynamical correlations of interacting hard-core anyons on a one-dimensional lattice at infinite
temperature. This is a setting in which the many-body spectrum is independent of the statistical phase 6,
while dynamical correlators remain sensitive to 6 through nonlocal Jordan-Wigner strings. We compute single-
particle Green’s functions, spectral functions, and density-density correlators, thereby separating the effects of
fractional statistics on one-body coherence from those on density transport in a maximally mixed ensemble.
In the noninteracting case V = 0, high-temperature averaging leads to inversion-symmetric Green’s functions
for all & despite the presence of anyonic strings. Finite nearest-neighbor interactions V generate, however, a
pronounced left-right asymmetry in the Green’s functions for 0 < 8 < m, with the strongest chirality appearing
at intermediate couplings V ~ J where interactions and hopping compete most effectively. In this regime, the
Green’s function decays exponentially in time with a statistical-angle-dependent decay rate. At strong coupling,
the dynamics crosses over to an atomic-limit regime in which the dependence on 6 is reduced. Here, the Green’s
function decays universally as ! and the corresponding spectral function displays a three-band structure. In
contrast, density-density correlations are insensitive to statistics and recover the known infinite-temperature
transport regimes of the XXZ chain, including ballistic, superdiffusive, and diffusive behaviors. These results
identify dynamical correlation functions as direct probes of fractional statistics in high-entropy quantum systems.

DOI: 10.1103/yxs5-hcfm

I. INTRODUCTION

Anyons were originally introduced as quasiparticles in two
dimensions whose wave function acquires a fractional phase
upon exchange [1]. The notion of fractional statistics was later
generalized beyond this setting through the generalized Pauli
exclusion principle [2], and it now plays a central role in topics
ranging from fractional quantum Hall physics [3,4] and spin
liquids [5,6] to topological quantum computation [7].

One-dimensional anyons have attracted sustained inter-
est since the first studies of continuum models such as the
Tonks-Girardeau and Lieb-Liniger gases [8—12]. On the lat-
tice, two broad classes of anyonic models have been studied
most extensively. The first allows multiple occupancy of a
site, so that the particles behave as bosons locally while ac-
quiring a fractional phase upon exchange between different
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sites. This setting underlies the anyon Bose-Hubbard model
[13-22], where on-site and nearest-neighbor interactions
generate a rich phase diagram including superfluid, Mott-
insulating, charge-density-wave, and dimerized phases [23].
Recent experimental progress toward implementing anyon
models in cold-atom and synthetic quantum systems has fur-
ther strengthened the motivation for such studies [24,25].
Here, we focus on the second class, namely, hard-core
anyons. For single-flavor anyons, the local Hilbert space is
two dimensional, so the particles behave as spinless fermions
on site, while exchanges on different sites still acquire a
nontrivial statistical phase. This makes hard-core anyons es-
pecially appealing: The Hamiltonian spectrum is insensitive
to the statistical angle, whereas dynamical correlation func-
tions remain sensitive to it through nonlocal Jordan-Wigner
strings. This property has motivated extensive theoretical
research on hard-core anyons. Early studies focused primar-
ily on ground-state properties, including persistent currents
[26], one-dimensional spin models formulated in terms of
hard-core anyonic statistics [27], zero-temperature phases
of interacting anyons [28], and the asymmetric momentum
distribution characteristic of anyonic systems [29]. More re-
cently, the steady state and the Liouvillian gap was studied
in the context of dephasing dynamics in a hard-core anyon
chain [30]. On the experimental side, hard-core anyons could

Published by the American Physical Society
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be realized with ultracold atoms as a limiting case of previous
proposals to realize the anyon Bose-Hubbard model in optical
lattices [15,31].

Dynamical aspects subsequently attracted considerable at-
tention, particularly in the contexts of quantum quenches
[32-34] and quantum walks [35]. These works largely fo-
cused on equal-time correlations and expansion dynamics
with emphasis on quantum-quench relaxation of one-body
observables, such as the single-particle density matrix and
related equal-time quantities. Hard-core anyons were also
predicted to produce experimentally accessible transport sig-
natures in quasi-one-dimensional antidot geometries [36]. In
contrast, unequal-time correlation functions have received
comparatively less attention and have typically been studied
only in the absence of interactions. Such correlation func-
tions of impenetrable anyons have been investigated both in
the continuum [11] and on the lattice [37,38], at zero and
finite temperature. The latter work [38], in particular, observed
that high temperatures wash out the inversion asymmetry for
noninteracting anyons and highlighted the need for further
investigation into the role of interactions.

In this work, we study the infinite-temperature limit, where
all many-body states are equally probable. This regime is both
conceptually clean and experimentally relevant. It removes
complications associated with low-temperature order, sym-
metry breaking, and the detailed role of conserved quantum
numbers, while remaining directly relevant to quantum-
simulation experiments that prepare high-energy or randomly
populated states and then probe their ensuing dynamics
[39,40]. At the same time, recent work has shown that
infinite-temperature dynamics can still display highly non-
trivial operator spreading and anomalous transport [41-44].
This makes it a natural setting in which to isolate the interplay
between interactions and fractional statistics.

We address two related questions. How visible is anyonic
exchange statistics in real-time correlation functions of a max-
imally mixed ensemble, and how do interactions reshape these
correlations, in particular, their spreading, decay, and spectral
structure?

To answer these questions, we analyze several real-time
observables at T = oco. Specifically, we compute single-
particle Green’s functions, spectral functions, and density-
density correlators. Our main findings are as follows. For V =
0, the infinite-temperature Green’s functions are inversion
symmetric for all statistical phases 6. Once nearest-neighbor
interactions are switched on, however, a pronounced left-right
asymmetry emerges for anyons with 0 < 6 < . This chi-
rality is strongest at intermediate couplings V ~ J, whereas
at strong interactions the dynamics crosses over toward an
atomic-limit regime in which the dependence on statistics is
progressively reduced. In this regime, the Green’s functions
acquire a universal time decay ~¢~! independent of the statis-
tical phase.

Our study is also directly relevant to the XXZ spin chain
at infinite temperature, which has become a canonical setting
for investigating anomalous transport [41,42,45,46]. In the
bosonic limit, the anyon model maps to the XXZ chain, and
the retarded Green’s functions map to transverse spin-spin
correlators. This allows us to connect the anyonic problem
to the established XXZ transport phenomenology and to

compare the transverse and longitudinal dynamical sectors
within a common framework.

The article is organized as follows. Section II introduces
the anyon model, the operator representations used throughout
the paper, and its relation to the XXZ spin chain. Section III
introduces the infinite-temperature ensemble, defines the cor-
relation functions and spectral quantities of interest, and
summarizes the symmetry constraints used later in the dis-
cussion. Section IV presents the main results for the Green’s
functions at zero and finite interaction strength, followed by
the spectral functions and density-density correlations. Fi-
nally, Sec. V summarizes the main conclusions of the present
work.

II. INTERACTING HARD-CORE ANYONS

We consider the following Hamiltonian for hard-core
anyons on a one-dimensional lattice of L sites [27,29]:

L-1 . 1 1
H =Y J(aaj+Hec)+V nj=5 )\ =5) M

Jj=1

with anyonic creation and annihilation operators a; and a; at

site j, and the local density operator n; = aja ;. The hopping
amplitude J sets the energy scale and is taken to be positive.
Throughout the article, we work in units where #, the Boltz-
mann constant kg, and the lattice constant are set to 1. Without
loss of generality, the nearest-neighbor interactions are chosen
in simulations to be non-negative, V > 0. As we show in
Sec. IIIE, there is a symmetry that relates the correlations at
positive and negative V, such that the sign of V does not affect
the main conclusions of the present work.

Throughout this work, we use three equivalent operator
languages to describe the local Hilbert space for hard-core
particles: anyonic operators a;, hard-core bosonic operators
bj, and fermionic operators c;. The anyonic operators are
related to the bosonic and fermionic ones through the gen-
eralized Jordan-Wigner transformations [9,29,33],

aj = bjeig Y — Cjei((?—rr)qu- " (2)

with 6 the statistical phase, which interpolates between bosons
(0 = 0) and fermions (0 = m). The local density operator is
identical for all three languages, n; = a;a = b;b = c;c >
due to cancellation of the Jordan-Wigner strings.

The anyon operators satisfy the following commutation

relations:

_i(n—G)sgn(j—k)azaj — 8]_](7

i
aja, +e

i(r—0)sgn(j—k)

ajag +e axaj =0, (3)

with sgn(x) = x/|x| for x # 0 and sgn(0) = 0. These expres-
sions ensure the hard-core constraints on the same site, a? =0
and {a;,a}} = 1.

When Eq. (1) is rewritten in the bosonic or fermionic lan-
guage, the Jordan-Wigner strings between nearest-neighbor
hopping operators cancel out when considering the action of
H on the Fock space. As a result, the Hamiltonian has no
explicit dependence on the statistical phase 6, and the energy
spectrum is independent of 6.

033198-2



INTERACTION-INDUCED ASYMMETRY IN ...

PHYSICAL REVIEW RESEARCH 8, 033198 (2026)

In contrast to the Hamiltonian, the dynamical correlation
functions, which are the main focus of the present study, are
sensitive to the anyon statistics. Due to the twisted Jordan-
Wigner transformation (2), the correlations involve nonlocal
string operators that render the dynamics nontrivial. The
infinite-temperature limit is particularly interesting because
it defies the conventional wisdom that the effect of statistics
is washed out by thermal fluctuations. Instead, we find that
interactions induce strong spatial asymmetries in the anyonic
dynamical correlations.

The bosonic limit and relation to the XXZ spin chain. Our
study is also relevant for recent interest in the XXZ spin chain
at infinite temperature, where anomalous transport and oper-
ator spreading have been intensively studied [41,42,46-51].
The connection becomes explicit in the bosonic representa-
tion. Hard-core bosons are identified with spin-1/2 operators
as

b =87,

J b;=S, n;j=11-0}), “)

2 J

where SJjF = (0f £ i0})/2 and 0" are the Pauli matrices at
site j. Using these relations in Eq. (1), one obtains the XXZ
Hamiltonian

L-1

J X X ) Vv
H=)_ E(Uj oj tojoi,) + 20701 S)
j=1

with V playing the role of the spin anisotropy. In this lan-
guage, bosonic Green’s functions map to transverse spin-spin
correlators, while density-density correlators map to longitu-
dinal spin correlations. At infinite temperature, the system is
known to display ballistic transport for V < 2J, superdiffusive
transport [in the Kardar-Parisi-Zhang (KPZ) universality class
[52]] at the isotropic point V = 2J, and diffusive transport for
V > 2J for non-negative V and J.

III. CORRELATION FUNCTIONS
AT INFINITE TEMPERATURE

We now introduce the dynamical observables studied in
the infinite-temperature ensemble. In the 7 = oo limit, all
many-body states are equally probable and the density matrix
becomes proportional to the identity, po, = 1/D, with D the
size of the Hilbert space; that is, D = 2L for the model (1).
Accordingly, the expectation value of an operator (or product
of operators) I1(t) is

Tr{pso I1(1)]
(M) = —————,
Tr[poo]
An immediate consequence is that equal-time one-body
correlations are trivial,

(a;(al(t)) = L8k 7

since the density matrix commutes with all operators. There-
fore, the local density is uniform at all times, (n;(t)) = %
This is in stark contrast to the finite-temperature case, where
the interplay between statistics and interactions can lead to
nontrivial spatial asymmetries in the local density evolution
for the anyon Bose-Hubbard model [20].

1
(1) = FTIO). - (6)

In the following, we define the single-particle Green’s
functions, the spectral function, and the density-density cor-
relators used throughout the paper.

A. Green’s functions

Since equal-time correlations are trivial at infinite temper-
ature, the simplest nontrivial correlators that show the effect
of anyonic statistics are the dynamical one-body Green’s func-
tions. These involve correlators of the form (a; (¢ )aZ) that have
a nontrivial dependence on the statistical phase 6 through the
Jordan-Wigner strings. For example, by using the generalized
Jordan-Wigner transformation (2), and mapping anyons to
hard-core bosons represented by operators b; and b;, one finds

(aj(t)alT{> — (ethbjeiO Zk’<j nk/efthein Sk nk/bz). (8)

Similar expressions hold for the mapping to fermions, such
that the above anyonic correlator can be viewed as a string-
dressed one-body correlator of either fermions or hard-core
bosons.

The retarded Green’s function is central to understanding
the response of the system to the addition or removal of
a particle. Thus, the retarded Green’s function represents a
natural probe of fractional statistics since adding or remov-
ing an anyon at a given site is sensitive to the presence of
other anyons on the lattice through the nontrivial commuta-
tion relations with them resulting from the nonlocal nature of
Jordan-Wigner strings. In the context of anyons implemented
in ultracold atoms in one-dimensional optical lattice, the re-
tarded Green’s function can in principle be accessed using
many-body Ramsey interferometry [53]. The retarded Green’s
function for anyons reads

GR(1:6) = —iO©(1){[a; (1), a4} (0)]y), ©)

with ®(¢) the Heaviside step function, and where the 6 com-
mutator [, -]y is defined such that in the limit t — 0T the
commutation relation (3) of anyon operators is recovered.
Explicitly, the retarded Green’s function depends on the sta-
tistical phase 6 as

Gl (t:0) = —iO®)a;(D)ay + e T Pala; 1)), (10)

where the anyon operators without argument are evaluated at
time ¢t = 0. This candidate Green’s function reduces to the
conventional bosonic and fermionic retarded Green’s func-
tions in the limits & = 0 and 6 = =, respectively, when the
sites j and k are distinct. At equal sites j = k, the anyon op-
erators obey hard-core constraints, and therefore one recovers
the fermionic equal-site Green’s functions,

G, (130) = —iO@W)({a; (1), al}), (n

with {-, -}, the anticommutator. The retarded Green’s function
is expressed in terms of the greater and lesser Green’s func-
tions,

Gh(1:0) = OG3(1) — G5 ()], (12)
and one identifies the greater Green’s function

G7(t:0) = —i(a;()a)) (13)
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and the lesser Green’s function
G3(t:0) = i ala,(1)). (14)

As expected, these choices are again consistent with the
conventional Green’s functions in the bosonic and fermionic
limits.

At infinite temperature, the greater and lesser Green’s func-
tions are related by

G3(1;0) = =" UHGE (1:0), (15)

using the cyclic property of the trace. Henceforth, we will
drop the dependence on 8 in the Green’s function arguments
and related correlators, unless the 6 dependence is explicitly
needed to describe a specific statistical phase.

B. Bosonic limit and XXZ spin correlators

In the bosonic limit & = 0, the anyon operators reduce
to hard-core bosons, a; = b; and a; = b}. Using the XXZ
mapping introduced in Sec. II, one obtains the explicit cor-
respondence

51360 = 0) = —i(ST(1)S; (0)),
G (t:6 = 0) = i(S, (0)S7 (1)), (16)
showing that the bosonic Green’s functions probe transverse

spin dynamics in the XXZ chain. For the local greater Green’s
function used repeatedly below, this reduces to

G (0,1;6 = 0) = —i(S; (1)S; (0)). (17

Thus, in the bosonic limit, the Green’s functions access the
transverse spin sector of the XXZ chain. Throughout this
work, however, we present the results in terms of creation and
annihilation operators and use the spin-language correspon-
dence only as an interpretation of the bosonic limit.

C. Spectral functions and density of states

The spectral function provides another direct probe of
fractional statistics, which can in principle be experimentally
probed using momentum-resolved rf and Raman spectroscopy
[54,55]. The spectral function is obtained from the Fourier
transform of the retarded Green’s function,

1 .
Alg, w) = —;Im / d;Ze'W*qx)GR(x,z), (18)

where k = 0 denotes the reference site and the second spatial
index is written as j — x. The local density of states

1
p@)=Ax=0,0)=——ImG*(x =0, 0) (19)
T
follows from the previous Egs. (15) and (18) as
2 o0 )
p(w) = ——Im/ dte” G (x = 0,1). (20)
T 0
In the numerical calculations, the greater Green’s function

G~ (x,t) is computed first, from which the retarded Green’s
function and the spectral observables are obtained.

D. Density-density correlators

The density-density correlators and their connected ver-
sions are denoted by

Cik(t) = (n;(t)ni(0)),
(1) = Ci(t) — (n; (@) (ne(0)). (21)

Unlike the Green’s functions, they probe the dynamics of
the conserved density rather than the propagation of a single
anyonic operator. Since the number operators do not depend
on the anyonic strings, these correlators have no explicit de-
pendence on the statistical phase 8. In the bosonic limit 6 = 0,
they map to the longitudinal spin sector of the XXZ chain
introduced in Sec. II. Since n; = 1/2 — S}, with §; = 0;/2,
one has

Ciu() = (SOSO) + 1. Co0) = (S5OSO (22)

where the first identity follows from (S?) =0 at infinite
temperature. Thus, the connected density-density correlator
directly probes longitudinal spin correlations, complementary
to the transverse correlations encoded in the bosonic Green’s
functions discussed in Sec. III B. Nevertheless, they provide
direct information about density fluctuations and about the
transport regime selected by the interaction strength V.

E. Symmetry properties of the Green’s functions

Symmetries of the underlying Hamiltonian impose several
exact constraints on the Green’s functions, valid for any sta-
tistical phase 6 and interaction strength V. These relations
anticipate several of the inversion properties discussed later
in Sec. IV.

First, let us consider the effect of spatial inversion sym-
metry operator Z and time-reversal symmetry operator 7 on
the Green’s functions. The Hamiltonian is invariant under
both symmetries for any statistical phase 6 and interaction
strength V.

The inversion symmetry operator Z maps any lattice site
to the mirror site with respect to the center of the chain,
J — j' =L — j+ 1, where primes denote the inverted site in
the following. Thus, an anyon operator at site j is mapped
under 7 to a similar anyon operator acting at the site j’, e.g.,
Za;I" = aj. Inserting the identity 1 = Z'Z inside the corre-
lation functions determines that Green’s functions at opposite
statistical phases satisfy the relation

Gu(t:0.V) = Gpio(t: =0, V). 23)

The absence of a superscript on the Green’s function indicates
that the relation applies for any greater, lesser, or retarded
Green'’s function. Equation (23) implies that the Green’s func-
tions are spatially inversion symmetric for bosons (¢ = 0) and
fermions (0 = =) for any interaction strength V.

Time-reversal symmetry 7 acts as complex conjugation
in the anyon Fock basis. Inserting the identity 1 = 77 in
the correlation functions yields the relation between Green’s
functions at opposite statistical phases when exchanging the
spatial indices,

Gir(t;0,V) = Gi;(t;—0,V). 24)
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FIG. 1. The dependence of the free-anyon (V = 0) Green’s func-
tion |G7(0,¢7)| on time and the statistical phase 6 from exact
diagonalization simulations for L = 301 sites. The data are power-
law normalized to better visualize the small values.

Combining the two properties results in Ref. [38],
Gi(t:6.V) = Gy (1:6, V). (25)

By setting k = j, it follows that the equal-site Green’s func-
tions G;;(z;V, 0) are inversion symmetric for any ¢ and V,
which explains spatial inversion symmetry for the density of
states in Fig. 4. The Green’s functions also obey the conjuga-
tion relation, which relates Green’s functions to their complex
conjugates,

Gj(t;0,V) = —sz(—t;e, V). (26)
In order to understand the effect of interactions, we con-

sider, similar to Ref. [20], the effect of the odd number parity

operator
P = T X mi pajpT = (—l)jaj. (27

The operator P commutes with the interaction term in the
Hamiltonian, but anticommutes with the hopping term,

PHWV)YPT = —H(=V). (28)

Inserting identity operators as 1 = P'P in the correlation
functions yields the relation

Gi(t:0,V) = (=1 *G(—1;6, =V). (29)

Using Eqgs. (25), (26), and (29), we obtain the relation be-

tween the Green’s functions at opposite interaction strengths,

Gi(t:0,V) = (=1 *'Gh.(1:0, =V). (30)

A particular consequence of the above relation is the inversion
symmetry seen at V = 0 in Fig. 2. By setting k = 0 as the
reference site in the middle of the chain, Eq. (30) indicates that
the Green’s functions are inversion symmetric up to a phase
factor,

1Gjo(1:6,0)] = |G_jo(1;6,0)], 3D

ie., |G (x,t)| = |G”(—x,t)| in Fig. 2. At finite interactions
V, the inversion symmetry is broken for any 6 # 0, w, as we
will see in the following sections. More details about the pro-
cedure to obtain the symmetry relations as well as additional
numerical checks are provided in Appendix A.

IV. RESULTS

A. Free-anyon Green’s functions

The natural starting point in the analysis is the noninteract-
ing case V = 0. For the following discussion, the focus is on
the greater Green’s function introduced in Sec. III A by fixing
the reference site at the center of the chain, k = 0, and writing

G™(x,1) = —ila,()ay(0)), (32)

and the equal-time Green’s function satisfies G~ (x, 0) =
— é(Sx,o for any 6, which follows from the infinite-temperature
limit.

In the limit cases & = 0 (bosons) and 6 = 7 (fermions),
analytical results are available at infinite temperature, as
we review in the following two subsections. Surprisingly,
for generic statistical phase 0 < 6 < m, there are no closed
analytical solutions known in the noninteracting limit. The
problem is nevertheless amenable to several efficient and
quasiexact numerical approaches at arbitrary temperatures.
From a Fredholm determinant representation of the Green’s
functions [37], one can efficiently compute the dynamical
correlations for large system sizes L ~ (O(100). Alternatively,
a solution based on properties of quadratic fermionic Hamil-
tonians allows one to determine the dynamical correlations
within machine precision for comparable system sizes [38].
At finite interactions V and time ¢, the correlations are com-
puted using several methods (see Appendix B), benchmarked
against exact solutions from exact diagonalization (ED) for
small systems.

1. Free fermions, 0 =

In the free-fermion limit 6 = &, the quadratic Hamilto-
nian is diagonalized exactly in the infinite-chain limit in
momentum space. The Heisenberg equations of motion for the
fermion operators are solved exactly, yielding

cj(t) = Z " i (2J e, (33)

where J,, are Bessel functions of the first kind, and the sum
runs over all sites m of the chain. The fermion operators c;
without argument are evaluated at time ¢ = 0. Therefore, the
greater Green’s function at 7 = oo follows as

W0 =m)=—i Y i7" (2T cme])

ji—k=1
= 5 (2I). (34)

In particular, in the asymptotic long-time limit, the Green’s
function has periodic oscillations and decays as a power law
in time,

j—k—1

VamJt

k— i
Gj?k(t;e =)~ CcoSs <2Jt i) z) (35)

2 4
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FIG. 2. The greater Green’s function |G” (x, t)| evolution for five interaction strengths V and four statistical phases. From top to bottom
row, the panels display 6 = 0.0 (bosons), 8 = 0.57, 0 = 0.8, and 6 = 7 (fermions), while columns are labeled by the interaction strength
V. The results are obtained for an L = 129-site system using Fock-Liouville time-evolving block decimation (TEBD) simulations with bond

dimension x = 128.

For the local correlator used in Figs. 1 and 3(a), Eq. (34)
reduces to G~ (0,t;0 =) = —%JO(ZJI). Figure 1 shows that
the ED data at 6 = & follows this oscillatory Bessel-function
form over the full simulated time window. In real space,
the fermionic V = 0 panel in Fig. 2 exhibits a ballistic and
inversion-symmetric light cone, with fronts propagating at ve-
locity v = 2J. The same exact fermionic result is highlighted
in Fig. 3(a), where the dashed curve displays the expected
oscillatory decay with algebraic envelope |G~ (0, t;0 = )| =~

/4 Jt.

2. Free bosons, 6 = 0

In the free bosonic limit 6 = 0, the Green’s function
ij(t; 0 = 0) is strongly localized in time and space as

I 2
21,0 =0) = —5¢ e (36)
That is, no correlations are present between distinct sites.
This unexpected result was first conjectured [56] and then

analytically proved [57,58] in the 1970s [see also Ref. [59]
for leading high-temperature corrections]. Figure 1 illustrates

that the ED data at & = 0 follow the predicted Gaussian decay.
In real space, the bosonic V = 0 panel in Fig. 2 shows the
absence of a ballistic light cone, its spreading being strongly
suppressed. The equal-site correlations decay rapidly in time
according to the expected Gaussian form in Eq. (36), as em-
phasized in Fig. 3(a) for the dataset with 6 = 0.

3. Free anyons, ) < 0 < &

We now turn to intermediate statistical phases 0 < 6 < 7,
which interpolate between the two exactly solvable endpoints
discussed above. In this regime, no closed analytical expres-
sion is available even at V = 0, and we therefore rely on exact
diagonalization [38] and TEBD simulations [60] performed
using the ITensors library [61]. The numerical results con-
nect smoothly the bosonic and fermionic limits and recover
the analytical expressions (36) and (34) at the boundaries in
Figs. 1, 2, and 3(a).

The results in Fig. 2 show that for almost any angle 6
there is ballistic spreading of correlations, but the spatial
extent becomes strongly attenuated as the bosonic limit is
approached. The velocity of the correlation front is set by the
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FIG. 3. Time dependence of the local greater Green’s function amplitude |G~ (0, ¢)| for several statistical phases 6 at (a) V =0, (b)V = J,
() V =2J, and (d) V = 8J. The labeled black dashed lines in panel (a) mark the analytical results: Gaussian decay for bosons (36) and the
power-law decay for fermions (35). The dashed line in panel (c) indicates the KPZ power-law decay |G> (0, ¢;68 = 0)| ~ t~'/%, with z = 3/2 at
V = 2J. The dashed line in panel (d) indicates the strong-coupling asymptotic decay |G~ (0, )| ~ ¢!, valid for any . Panels (a) and (b) are
plotted on a semilog timescale to better visualize the exponential decay, while panels (c) and (d) are plotted on a log-log scale. The legend in

panel (c) is shared by all panels.

hopping scale, v = 2J, similarly to the free-fermion limit. In
the bosonic limit, in contrast, destructive interference leads to
the exponential suppression of correlations in time encoded in
Eq. (36).

Figure 3(a) shows how the decay of the local Green’s
function |G~ (0, t)| interpolates between the Gaussian bosonic
behavior at & = 0 and the fermionic power-law decay at 6 =
7. For most intermediate statistical phases 6 2 0.1, the decay
is approximately described by an exponential envelope

|G~ (0, 1) ~ e @ (37)

with an exponent that depends on the statistical phase 6,
together with pronounced time oscillations (see Table I). Be-
low 6 < 0.1, the decay is faster than exponential, as the
system approaches the Gaussian decay of the bosonic local
Green’s function (36). Close to the fermionic limit, «(6) — 0,
the power-law decay 1/+/1J is recovered, as expected. The

TABLE 1. Decay rate a(6) of |G~ (0, ¢)| (37) for the data from
Fig. 3(a) using exact diagonalization (Appendix B 1).

0/n a(d)
0.3 1.0781 = 0.0006
0.5 0.510 = 0.001
0.7 0.204 % 0.002

oscillation frequency, however, remains essentially the same
as in the fermionic limit; i.e., it is set by the hopping scale
J, o~ 2J. This is apparent in Fig. 1, where the extrema
and zero crossings for intermediate statistical phases occur
on nearly the same timescale as for & = . Thus, varying 6
primarily changes the decay envelope, while the characteristic
oscillation scale continues to be set by the hopping dynamics.

Crucially, in the infinite-temperature limit, the Green’s
functions possess inversion symmetry at V = 0 [see Eq. (31);
Sec. IIIE] for all statistical phases 6. This is in contrast to
finite-temperature Green’s functions [37,38], where spatial
inversion symmetry is broken for anyons with 0 < 6 < 7 as
a consequence of the nontrivial interplay between the thermal
density matrix and the Jordan-Wigner strings.

B. Interacting Green’s functions
1. Two-site anyon problem

Let us now consider the effect of finite nearest-neighbor
interactions V # 0 on the dynamical correlations. Although
the additional interaction term does not depend explicitly on
the statistical phase 6, it does not commute with the anyon
operators. This leads to a nontrivial effect: the breaking of
spatial inversion symmetry in the correlation functions, as we
show below. The breaking of inversion symmetry is already
apparent from a two-site anyon problem. In this case, the
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Hamiltonian reads
H=J(@a+dja)+V(n —3)(m—1). (38

The greater Green’s function is computed exactly, and the
on-site correlations are identical on both sites, G]?j(t) =

—é cos(Jt)cos(Vt/2). The off-diagonal correlations read

[ Vt+6
sz(z)=—%e—‘5sin(h)sin< 2+ )
Vi —6 9
)

such that in general G{,(t) # G7,(t). For special cases, the
inversion symmetry is restored. This happens at V = 0 for
any 6, as discussed above. It is also restored for bosons
(0 =0) and fermions (¢ = ) at any V. The two-site so-
lution identifies the microscopic mechanism responsible for
inversion-symmetry breaking. Since the many-body Hamilto-
nian is a sum of identical nearest-neighbor terms, this local
mechanism naturally extends to larger lattices and gives rise
to the inversion asymmetry observed numerically.

To move beyond the exactly solvable two-site problem, and
to investigate the inversion symmetry breaking in larger sys-
tems in more detail, we study finite open chains using TEBD.
The spatiotemporal profiles in Fig. 2 show the main qualitative
effect of interactions at T = oo. For anyons with 0 < 6 < r,
finite nearest-neighbor interactions break the inversion sym-
metry of the Green’s functions, whereas bosons and fermions
remain inversion symmetric for all V. The asymmetry is most
pronounced at intermediate couplings V ~ J, where hopping
and interactions compete most effectively. For larger V, the
dynamics becomes more localized, the dependence on the
statistical phase weakens, and the profiles in Fig. 2 approach
an approximately inversion-symmetric form. The local decay
|G~ (0, ¢)| shown in Fig. 3 provides a complementary view,
as it shows how the decay evolves with V for different 6. To
extract the decay rates, we fit the data for |G(0, )| > 1075,
which is the threshold for the numerical noise in the TEBD
simulations for our simulation parameters. The initial tran-
sient dynamics at tJ < 4 is excluded from the fits.

G5 (1) = —%e”% sin(Jt) sin <

2. Interacting bosons, 6 = 0

In the bosonic limit & = 0, the local Green’s functions
display a sharp crossover at V = 2J between different decay
laws. For 0 < V < 2J, one finds that

IGZ(0,1;0 =0)| ~e @V 0<V <2J, (40)

with (V) > 0 decreasing as V — 2J (see Table II). Due
to the exponential decay, the Green’s function behavior is
extracted up to a time 20/J in Figs. 3(b) and 3(c). At the
crossover point V = 2J, one finds the superdiffusive decay

IG(0,1;0 =0)| ~t75, z=3/2, V=2J, (4l

where the fitted exponent has a standard error of approxi-
mately 1073, This behavior can be understood in terms of
the mapping to the XXZ chain, where the point V =2J
corresponds to the SU(2)-symmetric Heisenberg point, and
the transverse spin correlations match the longitudinal spin

TABLE 1II. The decay rates «(6,V) of |G (0,¢)| shown in
Figs. 3(b) and 3(c) when it is fitted to exp(—a(0,V)tJ) for V. =J
and V = 2J from TEBD simulations.

Vv 0/m o Vv 0/m o

J 0.0 0.701 £ 0.009 2J 0.0 -
0.3 0.841 £ 0.007 0.3 0.117 £ 0.001
0.5 0.573 & 0.009 0.5 0.277 £ 0.003
0.7 0.446 + 0.003 0.7 0.524+0.03
1.0 0.27 £0.02 1.0 0.63 £ 0.06

correlations, and the system is known to display superdiffu-
sive spin transport with dynamical exponent z = 3/2 [41,42].

For V > 2J,in contrast, the local Green’s function remains
algebraic and displays a power-law decay with an exponent
that approaches z = 1 at large V,

IG(0,t;0 =0)| ~¢~', VvV >2J. (42)
For example, at V = 8J, the data in Fig. 3 yield a dynamical
exponent z = 1.023 £ 0.022 when data are fitted over the time
window tJ € [4, 15].

3. Interacting fermions, 0 =

In the fermionic limit, the free result discussed in
Sec. IV A 1 gives the algebraic decay

IG7(0,1;0 =) ~t7V2, V=0, (43)
but Figs. 3(b) and 3(c) show that this behavior is rapidly
replaced by an approximately exponential decay once a finite
interaction is switched on. For weak but finite interactions,
the numerical data are well described over the accessible time
window by the exponential envelope

1IG7(0,1,0 =) ~e =V 0<V <2, (44)

with an effective decay rate (V) > 0 that vanishes as V —
0 (see Table II). Unlike in the bosonic case, the fermionic data
do not display a sharp feature at V = 2J; rather, the decay
evolves smoothly with V. This is due to the fermionic Green’s
function corresponding to a nonlocal string-dressed correlator
in the spin language that is not constrained by SU(2) symme-
try in the same direct manner. Moreover, the smooth decay
is consistent with the singular character of the free-fermion
point for one-body observables: Away from V = 0, interac-
tions introduce many-body dephasing that damps the coherent
Bessel-function oscillations characteristic of the noninteract-
ing limit, qualitatively in line with the interaction-induced
relaxation of one-body observables discussed in Ref. [34].
For larger V, the decay crosses over again toward the same
strong-coupling asymptotic law found for generic anyons,

IG(0,t;0 =m)| ~t7', V>, (45)
as seen in Fig. 3(d). We interpret this regime as the approach
to the atomic limit, where the low-frequency part of the local
spectrum develops the logarithmic singularity discussed be-
low for the density of states, whose Fourier transform yields
the long-time 1/¢ tail.
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FIG. 4. Anyon density of states p(w) in the presence of interactions for several statistical phases 6 and interaction strengths V from
Fock-Liouville TEBD simulations for L = 129 sites and bond dimension y = 128. The legend is shared by all panels.

4. Interacting anyons, 0 < 0 <«

For intermediate statistical phases 0 < 6 < m, the free-
limit behavior already consists of oscillations dressed by
an approximately exponential envelope, as discussed in
Sec. IV A 3. Figures 3(b) and 3(c) show that this structure sur-
vives at weak interactions, where the local Green’s function is
still well described over the accessible time window by

IG7(0,1;0)| ~ eV 0<V<J 0<6<m,

(46)

with an effective decay rate «(V,0) > 0 that connects
smoothly to the free-limit decay rate as V — 0. Extracted
decay rates for the data shown in Figs. 3(b) and 3(c) are sum-
marized in Table II. Thus, unlike in the fermionic case, finite
interactions do not introduce a new functional form at small
V, but rather renormalize the decay rate and progressively
damp the oscillations. This sharp separation between weak,
intermediate, and strong-coupling behaviors is replaced by a
smoother crossover. The point V = 2J no longer singles out
a distinct critical behavior, and the oscillatory decay evolves
continuously from the free-limit behavior discussed above
toward the universal strong-coupling asymptotic

|G=(0,£;0)| ~ ¢, Ve, 47)

as shown in Fig. 3(d). As in the fermionic case, we interpret
this large-V regime as the approach to the atomic limit, where
the low-frequency logarithmic singularity of the local density
of states generates the long-time 1/¢ tail.

C. Density of states

The local density of states p(w), shown in Fig. 4, is com-
puted from Eq. (20). We first discuss the free limit V = 0,
where the line shape evolves smoothly from the bosonic to the
fermionic case as the statistical phase is increased. For bosons,
one obtains the Gaussian form

p(@:0 = 0) = /4 ) /ax ]2,

and this broad single-peak structure persists for small 6. As 6
increases, spectral weight is transferred toward the band edges
w = %2J, side peaks develop, and in the fermionic limit one
recovers the familiar Van Hove singularities,

1
AT

(48)

p(w0 =m) = (49)

Finite interactions redistribute the same spectral weight
while preserving the sum rule [ dw p(w) = 1. The resulting
structure is easiest to understand in the atomic limitJ/V — 0.
At T = oo, each site is empty or occupied with probability
1/2, so the local energy cost of adding or removing a particle
is determined only by the occupations of the two neighboring
sites. For an initially empty site j, adding a particle changes
the interaction energy by

AE =V(nj +nj_p—1). (50)
Thus, AE can take the three values —V, 0, and +V, corre-
sponding to the neighboring configurations (0, 0), (0, 1), or (1,
0), and (1, 1). Their probabilities are 1/4, 1/2, and 1/4, which
directly explains the 1:2:1 weight ratio of the three structures
centered near w ~ —V, 0, and 4V in Fig. 4. The same set
of energies and weights is obtained for particle removal, so
the local density of states keeps the same three-peak pattern.
Finite hopping introduces a broadening of the peaks, leading
to the formation of bands of width ~ 4J around the atomic-
limit energies. Thus, at V = 8J the numerical spectra show the
well-separated three-band structure, separated by gaps of size
~ 4J. We have checked that the integrated density of states
within each band at V = 8J follows the 1:2:1 ratio with good
accuracy.

At strong interactions, the Green’s function is independent
of the statistical phase 6 in the long-time limit according to
Eq. (47). This produces a logarithmic divergence of p(w) at
w = 0 for all 0, as visible in Fig. 4. In the same regime, the
dependence on the statistical phase becomes much weaker,
again consistent with the atomic-limit picture V — oo, where
the statistical phase drops out and the local spectrum reduces
to three peaks at w = 0 and w = +V.

D. Momentum-resolved spectral function

The momentum-resolved spectral function A(gq, ) shown
in Fig. 5 is particularly transparent in the two exactly solvable
free limits. For bosons, the spectral function at V = 0 is mo-
mentum independent and reduces to the same Gaussian line
shape as the local density of states (48),

A(g, 0,0 =0,V =0) = e /%" )4z 2, (51)
such that every momentum carries the same broad incoherent
spectral weight. For free fermions, in contrast, the spectral
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FIG. 5. Spectral function A(g, w) for several statistical phases using TEBD in Fock-Liouville space for a system of size L = 129 sites and
bond dimension x = 128. The rows are labeled by the statistical phase 6, while columns are labeled by the interaction strength V. The dashed
lines in the panels corresponding to V = 8/ indicate the mean-field dispersion from Eq. (59).

function collapses onto the single-particle dispersion,

A(q,w;0 =7,V =0)=68(w —wy), wy;=2Jcosq, (52)
which describes infinitely long-lived quasiparticle modes with
well-defined energy.

For intermediate statistical phases 0 < 6 < w atV = 0, the
spectral function interpolates continuously between these two
limits. The broad bosonic Gaussian evolves into a dispersive
structure whose maximum shifts with momentum, and already
at 0 = 0.57 the result resembles the fermionic band, but
displaced in momentum. Since the energy spectrum itself is
independent of 6, the asymmetric redistribution of the spectral
weight at ¢ and —gq is due entirely to the matrix elements of
the string-dressed anyon operators.

In order to understand the structure of the spectral func-
tion, it is useful to write down the equations of motion for
the retarded Green’s function Gfo(w) and seek a mean-field
solution. Using Zubarev’s method and notations [62], the
equation reads

(@ + i0MGN () = (([a;, H];al)) + ([aj, alls),  (53)

with the anyon commutator [, -] from Eq. (9) and

GRy() = ((aj;al)) = —i /0 dre {[a;(t), a(0)]p). (54)
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After evaluating the commutator between the Hamiltonian
and the anyon operators, one obtains

(0 + i07)G (@)
_ ((aj.g.]ei(”_e)n'/;ag)) + ((aj_lei(e—”)”j;ag»

+V((ajnjersad)) + ({ajnj-1;a8) — G(@)) + 8o
(55

The equations are not closed due to the generation of higher-
order correlators both in hopping and interaction terms in the
form of couplings between density operators and anyon oper-
ators. Nevertheless, as interactions enter the strong-coupling
regime V > J, the three-band structure seen most clearly in
the last column of Fig. 5 can be understood from a simple
mean-field expansion around the atomic limit. The energy cost
of adding or removing a particle at site j in a frozen local
background is controlled by the effective field

hj:V(l’lj_l —I—nj+1 —I)ZUV, U:O,ﬂ:l. (56)

Additionally, the exponentials in Eq. (55) are expanded and
the local density operator is decoupled by replacing n; with its
average value (n;) = 1/2 at T = oo. The fermion limit is par-
ticularly straightforward as the hopping terms do not generate
higher-order correlators and the approximation n; — (n;) is
not required.

At infinite temperature, the three local environments occur
with probabilities p_; = p4; = 1/4 and py = 1/2. Replacing
the neighboring occupations by one of these static mean fields
and Fourier transforming Eq. (55) gives the approximate re-

tarded propagator
DPv
Gyip(q, ©) =~ ’
M (g, @) ; w — vV + 2J sin (q — %) sin (%) +i07

(57)

and therefore

Amp(g, w) >~ va(S |:a) — vV +2Jsin (q — g) sin <§>:|
" (58)

Thus, in the large-V expansion,

0 0
w,(q) =~ vV — 2] sin <q - 5) sin (5), v=0,=*l1.
(59)

so the three atomic lines at @ = 0 and w = £V broaden into
bands. Equation (58) explains the main features of the last
column of Fig. 5. The central band originates from local en-
vironments with one occupied and one empty neighbor, while
the upper and lower bands come from the (1, 1) and (0, 0)
configurations, respectively.

For fermions, the absence of anyonic strings means that the
mean field is exact at V = 0, and one recovers as expected
A(g, w) = 8(w —2J cosq) from Eq. (52). The strong fea-
tures at ¢ = 0 and ¢ = £ are the ordinary one-dimensional
band-edge singularities of the free-fermion branch, where
the group velocity vanishes. At strong interactions, the ab-
sence of anyonic strings in the hopping terms means that
these do not mix local sectors, and the corrections that mix
different local sectors are only of order J?/V. Thus, the

mean-field approximation is also quite accurate at large V,
where Eq. (59) predicts the three-band structure with disper-
sions w,(q) =~ vV + 2J cosq, v = 0, =1. The bright spots at
q = =+ in the upper and lower sidebands are therefore again
zone-boundary band-edge features of the shifted fermionic
dispersions w4 (q), enhanced by the same one-dimensional
Van Hove mechanism. In contrast, the strong signal in the
central band near ¢ = /2 is not a band-edge effect. For
the central fermionic branch, wy(gq) = 2Jcosq + OWJ?/V)
crosses zero at ¢ = +m /2, so these points mark the inter-
section of that branch with the strong low-frequency spectral
weight developing around @ = 0O in the large-V regime. The
pronounced intensity there is thus better interpreted as a zero-
energy crossing feature of the central fermionic branch, rather
than as a Van Hove singularity.

As the statistical phase is varied from the fermion limit, the
mixing between local sectors increases and the approximation
nj > 1/2 fails to capture the full structure of the spectral
function. The MF equations of motion predict a simple shift of
the dispersion by ¢ — g — 6/2, which remains mostly correct
for the central band wq (or for all bands at 8 ~ ), but fails
to capture the more complex structure of the sidebands at
intermediate 6. Spectral-weight accumulation occurs, as in the
fermionic case, when wyp =0 at g ~6/2 and ¢ ~0/2 — 7.
The mean-field approximation (59) predicts simple replicated
bands, while the numerics show that for generic anyons the
sidebands are strongly distorted and have energy-dependent
momentum shifts. Finally, for bosons, the mean-field equa-
tions yield three flat bands at w = —V, 0, and +V, thus
correctly capturing the momentum independence of the spec-
tral functions. Nevertheless, the mean-field treatment loses
all information about the correct bandwidths for bosons. In
contrast, the numerics show that the three bands have approx-
imately the same width 4/, independent of 6.

E. Density-density correlations

The density-density correlators convey a simpler message
than the Green’s functions. Because the number operators 7;
do not contain Jordan-Wigner strings, Cj;(t) and Cj‘fk(t) are
completely independent of the statistical phase 6. Therefore,
they isolate the dynamics of the conserved density. In the
bosonic language, they coincide with the longitudinal spin
correlators of the XXZ chain, so at T = oo they are expected
to display the standard XXZ transport regimes [41,42,45]:
ballistic for V < 2J, superdiffusive at the isotropic point V =
2J, and diffusive for V > 2J. These results are not the pri-
mary contribution of the present work but instead serve as a
benchmark demonstrating that, in the bosonic limit 6 — 0,
our TEBD simulations correctly reproduce the established
infinite-temperature XXZ hydrodynamics.

The free limit V =0 can be treated analytically using
Wick’s theorem. For the connected correlator, Eq. (33) yields
the Bessel-function representation

Ci () = Ci(t) — (n; (1)) (n(0))
= 1J; (21 (60)

In the following, we fix the reference site at the center of
the chain, £ = 0. Equation (60) immediately shows that the
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FIG. 6. The connected density-density correlation function In[C%(r)] at infinite temperature is independent of the statistical phase 6.
The dashed black lines represent the scaling of the correlation front Ax ~ t'/?, with z = 1 for ballistic transport (V = 0 and J), z = 3/2 for
superdiffusive transport (V = 2J), and z = 2 for diffusive transport (V = 4J and 8J). Reflection from the system boundaries is visible at V = 0
and V = J. The data were obtained from operator-evolution TEBD for L = 129 sites and bond dimension y = 128.

density sector is identical for all statistical phases and that the
correlations spread ballistically in the free case. The analytical
expression agrees with the numerical data in Figs. 6 and
7, confirming the ballistic z = 1 regime at V = 0. Figure 6
shows that increasing V slows the propagation of the correla-
tion front in exactly the way expected from the XXZ mapping.
The dashed guides illustrate the scaling Ax ~ ¢!/% with z = 1
for V. =J, z = 3/2 at the isotropic point V = 2J, and z = 2
for V. = 4J and 8J. The same sequence is visible in the on-site
correlator shown in Fig. 7, whose long-time decay follows
Céo(t) ~ 171, (61)
Thus, the density-density correlations recover the standard
XXZ hydrodynamics and remain insensitive to the anyonic
statistical phase, in clear contrast to the Green’s functions,
where fractional statistics controls the chiral asymmetry.

I —
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FIG. 7. Decay of the connected density-density correlator Cj,(¢)
at infinite temperature. The numerical results, denoted by symbols,
are slices at x = 0 from the data shown in Fig. 6. The dashed blue
line is the analytical result (60) for the free-anyon case V = 0, in-
terpolating perfectly the numerical data. The long-time decay of the
on-site correlations for V > 0 is well fitted by (black dashed lines)
c(tJ)~"%, with c a fitting constant and ballistic z = 1 for V = J, KPZ
z = 3/2 for the critical V = 2J, and diffusive z = 2 for V = 4J and
8J.

V. CONCLUSIONS

In this work, we studied dynamical correlations of interact-
ing hard-core anyons on a one-dimensional lattice at infinite
temperature. The main conclusion is that fractional statistics
remains clearly visible in one-body dynamical observables
even in a maximally mixed ensemble. At V = 0, the greater
Green’s functions are inversion symmetric for all statistical
phases 6, despite the presence of anyonic Jordan-Wigner
strings. The free dynamics interpolates smoothly between the
two exactly solvable limits: a Gaussian, strongly localized
bosonic correlator and an oscillatory fermionic correlator with
ballistic spreading and ¢ ~!/? decay. For intermediate statistical
phases, the correlations retain the fermionic oscillation scale
but acquire a faster, approximately exponential damping.

The central result concerns the effect of finite nearest-
neighbor interactions. Although the spectrum is independent
of 6, interactions generate a pronounced left-right asymme-
try in the Green’s functions for anyons with 0 <6 < m.
This chirality originates from the noncommutativity of the
interaction term with the nonlocal anyonic strings, and it is
strongest at intermediate couplings V' ~ J where hopping and
interactions compete most effectively. At strong coupling,
the dynamics crosses over toward an atomic-limit regime in
which the dependence on 6 is progressively suppressed. In
turn, the Green’s function decay evolves toward a universal
¢t~! behavior. This same crossover is visible in the spectral
observables: The free-limit density of states evolves from a
bosonic Gaussian to fermionic Van Hove singularities, while
for large V both the local and momentum-resolved spectra
approach a universal three-band structure centered near = 0
and w = V.

The density-density correlations convey a complemen-
tary message. Because they do not contain anyonic strings,
they are independent of 6 and recover the known infinite-
temperature hydrodynamics of the XXZ chain: ballistic
transport for V < 2J, superdiffusion at V = 2J, and diffusion
forV > 2J.

These results indicate a separation of the role of fractional
statistics in one-body coherence from the transport of the
conserved density. They also identify dynamical correlation
functions as a direct probe of anyonic statistics in high-
entropy quantum systems. Natural extensions include finite-
temperature dynamics, multicomponent, or spinful anyons
with on-site interactions, and the study of out-of-time-ordered
correlators [63,64] as a further probe of interaction-induced
asymmetry.
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APPENDIX A: SYMMETRIES OF THE CORRELATION
FUNCTIONS

Here, we illustrate how to derive the symmetry constraints
on the Green’s functions using the symmetry operators and
then numerically verify the relation (30) between the Green’s
functions at opposite interaction strengths. We also quantify
the asymmetry for the Green’s functions for several statistical
phases and interaction strengths.

First, we focus on the spatial inversion symmetry operator
7T to determine Eq. (23) for the greater Green’s function.
Under inversion symmetry, a site j is mapped to the site
J/ =L — j+ 1. Let us consider an anyon operator a;(6) at
site j with explicit dependence on 6,

Za;(O)T " = b;yTe? Liei"Tt = pj el 2=y

=a;(—0)e e, (A1)
where N = )", n; is the total particle-number operator. Inside
the correlation function, we introduce the identity operator
1=71"T,

(a;(t)a))g = (™M T'Ta(0)T Te ™' T7a}(0)T'T), (A2)

with the initial correlation function at statistical phase 6,
denoted in the subscript. Applying Eq. (Al) to the anyon
operators, and using the invariance of the Hamiltonian un-
der inversion symmetry, ZHZ' = H, plus the commutation
between N and H, one obtains

(a;(t)a))g = (e a;(—0)e M al,(—0)T). (A3)

Since the trace is invariant under unitary operators, it follows
that

(a;(t)a))g = (ay(t)a) o, (A4)

i.e., Eq. (23). Similar procedures are performed to derive the
other symmetry constraints on the Green’s functions.

Finally, we use TEBD in Fock-Liouville space in order to
verify the expression relating the Green’s functions at opposite
interaction strengths in a system of L = 129 sites. Figures 8(a)
and 8(b) exemplify the relation (30), i.e., Green’s functions
at opposite interaction strengths V = £J at some arbitrary
statistical phase (here & = 0.57) are related by inversion sym-
metry. Further analysis in Figs. 8(c) and 8(d) also verifies the
even-odd effects in the Green’s-function phase of Eq. (30)
for Go; and G, at the representative phases § = 0.1z and
0 = 0.97r. The results have been also confirmed by using
ED simulations in the full Fock space for small systems L €
{9, 11}.

Finally, in order to further investigate and better represent
the inversion asymmetry in the Green’s functions, we define
the space antisymmetric function

D(x,t) = |G™ (x,1)| — |G” (—x, 1)|. (AS)

For our lattice simulations, we may assign a single number
d(L, t) to quantify the asymmetry of the Green’s functions
by averaging D(x, t) over space and time,

2 L2 T
d(L,7) = —/ dx’/ dt'|D(', 1), (A6)
Lz Jo 0

with L the system size and 7 the total simulation time. The
function is expected to vanish for V = 0 and for 6 = 0 and
6 = m, while it is nonzero for anyons with 0 < 6 < 7 and
V # 0. Figure 9 shows the time evolution of D(x, t) for sev-
eral statistical phases and interaction strengths, illustrating
that the asymmetry is strongest at intermediate interaction
strengths V ~ J for generic anyons away from the bosonic
and fermionic limits. The associated asymmetry measure
d(L, ) is annotated on the figures. For d(L, t) ~ O(107°),
as seen for fermions and in other cases from Fig. 9, data are
unreliable since they corresponds to numerical noise accumu-
lated in the TEBD simulations, due to finite bond dimension
x = 128 and a time step 6t = 0.1J. In contrast, the anyons
with V = J show an asymmetry measure d (L, 7) ~ O(1073),
which is several orders of magnitude larger than the numerical
noise.

APPENDIX B: METHODS

To simulate the dynamics of the correlation functions in
the anyon system, we use several numerical techniques. For
the noninteracting case V =0, we use methods based on
Refs. [37,38] in order to obtain high-quality data, correct to
machine precision, that describe the correlation functions in
large ~O(10?%)-site systems.

Exact diagonalization in the presence of interactions re-
mains possible only for small systems ~O(10) sites due to
the exponential growth of the Hilbert space for many-body
systems. Thus, we use two TEBD methods to study the time
evolution of correlation functions. Their results are bench-
marked against exact diagonalization for small systems.
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FIG. 8. The greater Green’s function amplitude |G™ (x, )| at (a) V and (b) —V are related by spatial inversion symmetry. Panels (c) and
(d) illustrate a numerical verification of Eq. (30), relating the greater Green’s function at opposite interaction strengths, for 6 = 0.17 in panel
(c)and & = 0.9 in panel (d) at V = £/, and k = 0 and j = %1 and £2. The legend in panel (d) applies also to panel (c) and L = 129.

1. Exact diagonalization

At V =0, the anyon correlation functions may be com-
puted using exact diagonalization by performing algebraic
manipulations of matrices of size L x L. We follow and sum-
marize the method developed in Ref. [38].

The free-anyon Hamiltonian is quadratic:

"

H=c"He, ¢ = (cf, Chyvnns cZ), (B1)
with single-particle Hamiltonian matrix H given by
(Hla = J Sk 141 + Skt1,0)- (B2)

The anyon operators may be represented in terms of fermion
operators (2) as exponentials of quadratic forms,

AL 0))
_ ., TYe
aj =cje .

(B3)

The matrices 7 are diagonal with elements equal to i(mr —
0) for all sites left of site j, and zero otherwise, i.e.,

[T =i0'8u0( —k—1), 0 =m—86, (B4)

with the Heaviside step function ®(x) =0 for x < 0 and
Ox)=1forx > 0.

In order to compute the anyon correlation functions, the
fermion operators are commuted through the exponentials of

quadratic forms such as the Hamiltonian and the 7 matrices in
order to express the correlations as Gaussian fermionic traces,

Zy = Trle ] = det(1 + &™),

1 s
(cjchm = Z—Tr[cjc,tec Ml =10 + ") M u,
M

¥ g T g
(cjcxefctym = (cjchmlene] ) — (cjelhmlcne Yp.  (BS)
The commutations make use of the known relations for expo-
nentials of quadratic forms,

cfAc . —cfAc

e =[e ek, (B6)

and

ecTAcecTBc _ ec+Dc7 P = eAeB’ (B7)
with A, B, and D being arbitrary square matrices of equal
size L x L. After such a series of algebraic manipulations, one
arrives at an expression for the dynamical correlations in the

greater Green’s function,

s det 4+ 0 1
(a;j()a,) = — o |¢ 15 (0T o (B8)
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FIG. 9. The inversion asymmetry is represented by plotting the space antisymmetric function D(x,t) = |G™(x,t)| — |G” (—x,t)| for
several statistical phases (rows) and interaction strengths (columns) as in Fig. 2. The asymmetry measure d(L, t) (A6) is annotated in each

panel. The scale is linear up to 1073 and logarithmic beyond.
with
ok — ei’HtefT(f’efﬂ-LteT“‘)' (B9)

The Green’s function is now evaluated efficiently by cal-
culating only matrix multiplications, diagonalizations, and
determinants of L x L matrices, for systems of hundreds of
sites, L ~ O(10%).

At finite interactions V # 0, we use an exact representation
of operators in the full many-body Fock space. The Hamilto-
nian is completely diagonalized using standard linear algebra
libraries, which in turn allows us to represent exactly the
time-evolution operator. Then, the anyon operators are time
evolved in the Heisenberg picture and correlations are com-
puted at arbitrary times. These exact techniques are limited by
the exponential growth of the Hilbert space and are therefore
restricted to small system sizes L ~ ((10). These simulations
are used to benchmark and verify the accuracy of the other
methods for small systems.

2. Operator evolution using TEBD

For larger systems, we use time-evolving block decimation
techniques based on matrix product states [61,65].

At infinite temperature, the density matrix is a tensor prod-
uct of identity operators,

| L/2
poo =11 (B10)

j=L/2

The anyon operators are represented in simulations as ma-
trix product operators (MPOs) of hard-core bosons with
0-dependent Jordan-Wigner strings (2),

aj = <§§>6¥9”[Q§ bj C§§> 1.

I<j I>j

(B11)

The correlations in the greater Green’s function are com-
puted by setting the reference site k at the center of the chain,
k = 0. Since the density matrix is proportional to the identity
operator, one can also write the correlation function as

(a;(a) = (a;a)(—1)),

where a is evolved backward in time. This choice is more
convenient in TEBD simulations, since a single anyon MPO
is time evolved, instead of evolving multiple anyon MPOs
for each site j. The schematic representation of the calcula-
tion of the dynamical correlations is shown in Fig. 10. The

(B12)
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FIG. 10. Tensor-network representation of the correlation func-
tion {(a j(t)ag) at infinite temperature. The anyons are represented
as an MPO of hard-core bosons with Jordan-Wigner strings that
depend on angle 8. The evolution is performed using a second-order
Suzuki-Trotter decomposition with a brick-wall pattern.

time-evolution operator is implemented using a second-order
Suzuki-Trotter decomposition with a brick-wall pattern of
gates. The bond dimension in simulations is typically x =
128.

3. TEBD in Fock-Liouville space

To compute the correlation functions at finite interactions,
we also use an alternative method based on the vectorization
of the density matrix in Fock-Liouville space [66].

This approach is motivated by the idea of mapping the
von Neumann equation for the density matrix p(¢) to a
Schrddinger-like equation for a state vector in a doubled Fock
space:

d
Ep(t) = —i[H, p(1)]. (B13)

The density matrix is vectorized under the Choi-Jamiotkowski
(CJ) isomorphism [67,68] as

P = pulmdnl > 10) =Y pulm) & |n),  (B14)

m,n

and thus the density matrix becomes a vector in a doubled
Fock space, also called Fock-Liouville space. Action of an
operator on the density matrix is mapped under the CJ iso-
morphism as

ApB— A® BT|p), (B15)

with A and B being some arbitrary operators. Traces over
operators become inner products of vectors under the CJ iso-
morphism,

TH{A'B] — (A|B), (B16)

with (A| = |A)". Thus, the von Neumann equation is mapped
to a Schrodinger-like equation,

%Ip(t))) = —iL|p(®)), (BI7)

where the Hamiltonian’s role is taken by the Liouville
(super)operator,
L=HQ1-1QH". (B18)
This mapping allows us to use TEBD techniques on states
living in the Fock-Liouville space, which are represented as
matrix product states (MPSs). The correlation functions are
computed as follows:

Tr[a;(t)ao] = Tr[a;e_iH’aoeiH’] = <<aj|e_iH' ® eiHT’|a0)).
(B19)

One recognizes in the above expression a time-evolved state
vector |ag(t)) with the Liouville operator (B18),

lag(t)) = e |ap).

In simulations, we use the MPS representation of the state
vector |a;). The anyonic state is represented as a hard-core
boson with anyonic Jordan-Wigner strings,

la;) = e 2™ (h, @ 1)|1).

(B20)

(B21)

Then, the time evolution is performed using the Liouville
operator L. As before, the time-evolution operator is imple-
mented using a second-order Suzuki-Trotter decomposition
with a brick-wall pattern of gates and, usually, the bond
dimension in calculations is x = 128. The final correlation
functions are computed by taking the inner product in Fock-
Liouville space (B19).

[1] J. M. Leinaas and J. Myrheim, On the theory of identical parti-
cles, Nuovo Cimento B 37, 1 (1977).

[2] F. D. M. Haldane, “Fractional statistics” in arbitrary dimen-
sions: A generalization of the Pauli principle, Phys. Rev. Lett.
67,937 (1991).

[3] D. Arovas, J. R. Schrieffer, and F. Wilczek, Fractional statistics
and the quantum Hall effect, Phys. Rev. Lett. 53, 722 (1984).

[4] G. Moore and N. Read, Nonabelions in the fractional quantum
Hall effect, Nucl. Phys. B 360, 362 (1991).

[5] V. Kalmeyer and R. B. Laughlin, Equivalence of the resonating-
valence-bond and fractional quantum Hall states, Phys. Rev.
Lett. 59, 2095 (1987).

[6] A. Kitaev, Anyons in an exactly solved model and beyond, Ann.
Phys. 321, 2 (2006).

[7] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das
Sarma, Non-Abelian anyons and topological quantum compu-
tation, Rev. Mod. Phys. 80, 1083 (2008).

[8] A. Kundu, Exact solution of double § function Bose gas through
an interacting anyon gas, Phys. Rev. Lett. 83, 1275 (1999).

[9] M. D. Girardeau, Anyon-fermion mapping and applications to
ultracold gases in tight waveguides, Phys. Rev. Lett. 97, 100402
(2006).

[10] M. T. Batchelor, X.-W. Guan, and N. Oelkers, One-dimensional
interacting anyon gas: Low-energy properties and Haldane ex-
clusion statistics, Phys. Rev. Lett. 96, 210402 (2006).

[11] O. I. Patu, V. E. Korepin, and D. V. Averin, Correlation func-
tions of one-dimensional Lieb—Liniger anyons, J. Phys. A:
Math. Theor. 40, 14963 (2007).

033198-16


https://doi.org/10.1007/BF02727953
https://doi.org/10.1103/PhysRevLett.67.937
https://doi.org/10.1103/PhysRevLett.53.722
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1103/PhysRevLett.59.2095
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevLett.83.1275
https://doi.org/10.1103/PhysRevLett.97.100402
https://doi.org/10.1103/PhysRevLett.96.210402
https://doi.org/10.1088/1751-8113/40/50/004

INTERACTION-INDUCED ASYMMETRY IN ...

PHYSICAL REVIEW RESEARCH 8, 033198 (2026)

[12] P. Calabrese and M. Mintchev, Correlation functions of one-
dimensional anyonic fluids, Phys. Rev. B 75, 233104 (2007).

[13] A. Kundu, Quantum integrable 1D anyonic models: Construc-
tion through braided Yang-Baxter equation, Symmetry, Integr.
Geom.: Methods Appl. 6 (2010), 080.

[14] T. Keilmann, S. Lanzmich, I. McCulloch, and M. Roncaglia,
Statistically induced phase transitions and anyons in 1D optical
lattices, Nat. Commun. 2, 361 (2011).

[15] S. Greschner and L. Santos, The anyon Hubbard model in
one-dimensional optical lattices, Phys. Rev. Lett. 115, 053002
(2015).

[16] G. Tang, S. Eggert, and A. Pelster, Ground-state properties of
anyons in a one-dimensional lattice, New J. Phys. 17, 123016
(2015).

[17] C. Striter, S. C. Srivastava, and A. Eckardt, Floquet realization
and signatures of one-dimensional anyons in an optical lattice,
Phys. Rev. Lett. 117, 205303 (2016).

[18] J. Arcila-Forero, R. Franco, and J. Silva-Valencia, Critical
points of the anyon-Hubbard model, Phys. Rev. A 94, 013611
(2016).

[19] F. Lange, S. Ejima, and H. Fehske, Anyonic Haldane insulator
in one dimension, Phys. Rev. Lett. 118, 120401 (2017).

[20] F. Liu, J. R. Garrison, D.-L. Deng, Z.-X. Gong, and A. V.
Gorshkov, Asymmetric particle transport and light-cone dy-
namics induced by anyonic statistics, Phys. Rev. Lett. 121,
250404 (2018).

[21] Z.-W. Zuo, G.-L. Li, and L. Li, Statistically induced topological
phase transitions in a one-dimensional superlattice anyon-
Hubbard model, Phys. Rev. B 97, 115126 (2018).

[22] M. Bonkhoft, K. Jdgering, S. Eggert, A. Pelster, M. Thorwart,
and T. Posske, Bosonic continuum theory of one-dimensional
lattice anyons, Phys. Rev. Lett. 126, 163201 (2021).

[23] M. Bonkhoff, K. Jiagering, S. Hu, A. Pelster, S. Eggert, and
I. Schneider, Anyonic phase transitions in the 1D extended
Hubbard model with fractional statistics, Phys. Rev. Lett. 135,
036601 (2025).

[24] J. Kwan, P. Segura, Y. Li, S. Kim, A. V. Gorshkov, A.
Eckardt, B. Bakkali-Hassani, and M. Greiner, Realization of
one-dimensional anyons with arbitrary statistical phase, Science
386, 1055 (2024).

[25] S. Dhar, B. Wang, M. Horvath, A. Vashisht, Y. Zeng, M. B.
Zvonarev, N. Goldman, Y. Guo, M. Landini, and H.-C. Nigerl,
Observing anyonization of bosons in a quantum gas, Nature
(London) 642, 53 (2025).

[26] J.-X. Zhu and Z. D. Wang, Topological effects associated with
fractional statistics in one-dimensional mesoscopic rings, Phys.
Rev. A 53, 600 (1996).

[27] L. Amico, A. Osterloh, and U. Eckern, One-dimensional XXZ
model for particles obeying fractional statistics, Phys. Rev. B
58, R1703 (1998).

[28] F. Mila, J. Dorier, and K. P. Schmidt, Supersolid phases of
hardcore bosons on the square lattice: Correlated hopping, next-
nearest neighbor hopping and frustration, Prog. Theor. Phys.
Suppl. 176, 355 (2008).

[29] Y. Hao, Y. Zhang, and S. Chen, Ground-state properties of hard-
core anyons in one-dimensional optical lattices, Phys. Rev. A
79, 043633 (2009).

[30] E. Guan, Y. Jiang, and X.-W. Guan, One-dimensional hard-core
anyons under dephasing, Phys. Rev. A 112, 053322 (2025).

[31] S. Greschner, L. Cardarelli, and L. Santos, Probing the ex-
change statistics of one-dimensional anyon models, Phys. Rev.
A 97, 053605 (2018).

[32] A. del Campo, Fermionization and bosonization of expand-
ing one-dimensional anyonic fluids, Phys. Rev. A 78, 045602
(2008).

[33] Y. Hao and S. Chen, Dynamical properties of hard-core anyons
in one-dimensional optical lattices, Phys. Rev. A 86, 043631
(2012).

[34] T. M. Wright, M. Rigol, M. J. Davis, and K. V. Kheruntsyan,
Nonequilibrium dynamics
anyons following a quench: Complete relaxation of one-body
observables, Phys. Rev. Lett. 113, 050601 (2014).

[35] L. Wang, L. Wang, and Y. Zhang, Quantum walks of two inter-
acting anyons in one-dimensional optical lattices, Phys. Rev. A
90, 063618 (2014).

[36] D. V. Averin and J. A. Nesteroff, Coulomb blockade of anyons
in quantum antidots, Phys. Rev. Lett. 99, 096801 (2007).

[37] O. L. Patu, Correlation functions and momentum distribution
of one-dimensional hard-core anyons in optical lattices, J. Stat.
Mech. (2015) P01004.

[38] Q.-W. Wang, Exact dynamical correlations of hard-core anyons
in one-dimensional lattices, Phys. Rev. B 105, 205143 (2022).

[39] A. Nahum, J. Ruhman, S. Vijay, and J. Haah, Quantum entan-
glement growth under random unitary dynamics, Phys. Rev. X
7,031016 (2017).

[40] M. P. Fisher, V. Khemani, A. Nahum, and S. Vijay, Random
quantum circuits, Annu. Rev. Condens. Matter Phys. 14, 335
(2023).

[41] M. Ljubotina, M. Znidari¢, and T. Prosen, Spin diffusion
from an inhomogeneous quench in an integrable system, Nat.
Commun. 8, 16117 (2017).

[42] M. Ljubotina, M. Znidarié, and T. Prosen, Kardar-Parisi-Zhang
physics in the quantum Heisenberg magnet, Phys. Rev. Lett.
122, 210602 (2019).

[43] A. Valli, C. P. Moca, M. A. Werner, M. Kormos, Z. Krajnik,
T. Prosen, and G. Zarand, Efficient computation of cumulant
evolution and full counting statistics: Application to infinite
temperature quantum spin chains, Phys. Rev. Lett. 135, 100401
(2025).

[44] C. P. Moca, O. L. Patu, B. Déra, and G. Zarand, Quantum co-
herence in a maximally hot Hubbard chain, arXiv:2509.20498.

[45] M. Znidarié, Spin transport in a one-dimensional anisotropic
Heisenberg model, Phys. Rev. Lett. 106, 220601 (2011).

[46] S. Gopalakrishnan and R. Vasseur, Anomalous transport from
hot quasiparticles in interacting spin chains, Rep. Prog. Phys.
86, 036502 (2023).

[47] S. Gopalakrishnan and R. Vasseur, Kinetic theory of spin dif-
fusion and superdiffusion in XXZ spin chains, Phys. Rev. Lett.
122, 127202 (2019).

[48] J. De Nardis, M. Medenjak, C. Karrasch, and E. Ilievski,
Anomalous spin diffusion in one-dimensional antiferromag-
nets, Phys. Rev. Lett. 123, 186601 (2019).

[49] S. Gopalakrishnan, R. Vasseur, and B. Ware, Anomalous re-
laxation and the high-temperature structure factor of XXZ spin
chains, Proc. Natl. Acad. Sci. USA 116, 16250 (2019).

[50] M. Dupont and J. E. Moore, Universal spin dynamics in infinite-
temperature one-dimensional quantum magnets, Phys. Rev. B
101, 121106(R) (2020).

of one-dimensional hard-core

033198-17


https://doi.org/10.1103/PhysRevB.75.233104
https://doi.org/10.3842/SIGMA.2010.080
https://doi.org/10.1038/ncomms1353
https://doi.org/10.1103/PhysRevLett.115.053002
https://doi.org/10.1088/1367-2630/17/12/123016
https://doi.org/10.1103/PhysRevLett.117.205303
https://doi.org/10.1103/PhysRevA.94.013611
https://doi.org/10.1103/PhysRevLett.118.120401
https://doi.org/10.1103/PhysRevLett.121.250404
https://doi.org/10.1103/PhysRevB.97.115126
https://doi.org/10.1103/PhysRevLett.126.163201
https://doi.org/10.1103/7n1c-vq2p
https://doi.org/10.1126/science.adi3252
https://doi.org/10.1038/s41586-025-09016-9
https://doi.org/10.1103/PhysRevA.53.600
https://doi.org/10.1103/PhysRevB.58.R1703
https://doi.org/10.1143/PTPS.176.355
https://doi.org/10.1103/PhysRevA.79.043633
https://doi.org/10.1103/m55v-rccg
https://doi.org/10.1103/PhysRevA.97.053605
https://doi.org/10.1103/PhysRevA.78.045602
https://doi.org/10.1103/PhysRevA.86.043631
https://doi.org/10.1103/PhysRevLett.113.050601
https://doi.org/10.1103/PhysRevA.90.063618
https://doi.org/10.1103/PhysRevLett.99.096801
https://doi.org/10.1088/1742-5468/2015/01/P01004
https://doi.org/10.1103/PhysRevB.105.205143
https://doi.org/10.1103/PhysRevX.7.031016
https://doi.org/10.1146/annurev-conmatphys-031720-030658
https://doi.org/10.1038/ncomms16117
https://doi.org/10.1103/PhysRevLett.122.210602
https://doi.org/10.1103/f3c4-n21z
https://arxiv.org/abs/2509.20498
https://doi.org/10.1103/PhysRevLett.106.220601
https://doi.org/10.1088/1361-6633/acb36e
https://doi.org/10.1103/PhysRevLett.122.127202
https://doi.org/10.1103/PhysRevLett.123.186601
https://doi.org/10.1073/pnas.1906914116
https://doi.org/10.1103/PhysRevB.101.121106

STICLET, PATU, DORA, AND MOCA

PHYSICAL REVIEW RESEARCH 8, 033198 (2026)

[51] V. B. Bulchandani, S. Gopalakrishnan, and E. Ilievski,
Superdiffusion in spin chains, J. Stat. Mech. (2021)
084001.

[52] M. Kardar, G. Parisi, and Y.-C. Zhang, Dynamic scaling of
growing interfaces, Phys. Rev. Lett. 56, 889 (1986).

[53] M. Knap, A. Kantian, T. Giamarchi, I. Bloch, M. D. Lukin, and
E. Demler, Probing real-space and time-resolved correlation
functions with many-body Ramsey interferometry, Phys. Rev.
Lett. 111, 147205 (2013).

[54] A. Bohrdt, C. B. Mendl, M. Endres, and M. Knap, Scrambling
and thermalization in a diffusive quantum many-body system,
New J. Phys. 19, 063001 (2017).

[55] C. J. Vale and M. Zwierlein, Spectroscopic probes of quantum
gases, Nat. Phys. 17, 1305 (2021).

[56] A. Sur, D. Jasnow, and I. J. Lowe, Spin dynamics for the one-
dimensional XY model at infinite temperature, Phys. Rev. B 12,
3845 (1975).

[57] U. Brandt and K. Jacoby, Exact results for the dynamics of one-
dimensional spin-systems, Z Phys. B 25, 181 (1976).

[58] H. Capel and J. Perk, Autocorrelation function of the x-
component of the magnetization in the one-dimensional XY-
model, Physica A 87, 211 (1977).

[59] F. Gohmann, K. K. Kozlowski, and J. Suzuki, High-temperature
analysis of the transverse dynamical two-point correlation

function of the XX quantum-spin chain, J. Math. Phys. 61,
013301 (2020).

[60] G. Vidal, Efficient classical simulation of slightly entangled
quantum computations, Phys. Rev. Lett. 91, 147902 (2003).

[61] M. Fishman, S. R. White, and E. M. Stoudenmire, The ITensor
software library for tensor network calculations, SciPost Phys.
Codebases 4 (2022).

[62] D. N. Zubarev, Double-time Green functions in statistical
physics, Sov. Phys. Usp. 3, 320 (1960).

[63] K. Hashimoto, K. Murata, and R. Yoshii, Out-of-time-order
correlators in quantum mechanics, J. High Energy Phys. 10
(2017) 138.

[64] B. Swingle, Unscrambling the physics of out-of-time-order cor-
relators, Nat. Phys. 14, 988 (2018).

[65] U. Schollwock, The density-matrix renormalization group in
the age of matrix product states, Ann. Phys. 326, 96 (2011).

[66] A. A. Dzhioev and D. S. Kosov, Super-fermion representation
of quantum kinetic equations for the electron transport problem,
J. Chem. Phys. 134, 044121 (2011).

[67] M.-D. Choi, Positive linear maps on C*-algebras, Can. J. Math.
24,520 (1972).

[68] A. Jamiotkowski, Linear transformations which preserve trace
and positive semidefiniteness of operators, Rep. Math. Phys. 3,
275 (1972).

033198-18


https://doi.org/10.1088/1742-5468/ac12c7
https://doi.org/10.1103/PhysRevLett.56.889
https://doi.org/10.1103/PhysRevLett.111.147205
https://doi.org/10.1088/1367-2630/aa719b
https://doi.org/10.1038/s41567-021-01434-6
https://doi.org/10.1103/PhysRevB.12.3845
https://doi.org/10.1007/BF01320179
https://doi.org/10.1016/0378-4371(77)90014-0
https://doi.org/10.1063/1.5111039
https://doi.org/10.1103/PhysRevLett.91.147902
https://doi.org/10.21468/SciPostPhysCodeb.4
https://doi.org/10.1070/PU1960v003n03ABEH003275
https://doi.org/10.1007/JHEP10(2017)138
https://doi.org/10.1038/s41567-018-0295-5
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1063/1.3548065
https://doi.org/10.4153/CJM-1972-044-5
https://doi.org/10.1016/0034-4877(72)90011-0

