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We consider the problem of local correlations in the kicked, dual-unitary coupled maps on D-dimensional
lattices. We demonstrate that for D > 2, fully dual-unitary systems exhibit ultralocal correlations: The correla-
tions between any pair of operators with a local support vanish in a finite number of time steps. In addition, for
D = 2, we consider the partially dual-unitary regime of the model, where the dual-unitarity applies to only one
of the two spatial directions. For this case, we show that correlations generically decay exponentially and provide
an explicit formula for the correlation function between the operators supported on two and four neighboring

sites.
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I. INTRODUCTION

Until recently, the vast majority of research in the field of
quantum chaos has been limited to systems with few degrees
of freedom, even though chaotic spectral statistics were first
found in the atomic nuclear, which essentially is a many-
body problem [1,2]. Indeed, the many-body quantum systems,
where the Hilbert space dimension grows exponentially with
the number of degrees of freedom, represent a significant
challenge for numerical and analytical studies. In recent years
substantial progress in the field has been achieved due to the
introduction of new classes of many-body models and the
development of appropriate mathematical methods for their
investigation. This is closely connected to a burst of activities
in the field of quantum circuits, see a recent review in [3].
In this article, our attention is focused on the calculation of
the correlations between localized quantum observables in
dual-unitary quantum systems of arbitrary dimensions, with
a particular focus on D = 2 dimensions. Dual-unitary models
possess a remarkable property—their dynamics are invariant
under the exchange of spatial and temporal degrees of free-
dom. A toy model with such property, a chain of linearly
coupled Arnold’s cat maps, was first introduced in [4] and
subsequently studied in a number of papers [5-7] both on
classical and quantum levels. Other examples of dual-unitary
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models were found among different classes of systems, e.g.,
kicked Ising spin chain and its generalizations [8—11], circuit
lattices [12—15]. Although their full characterisation is still ab-
sent, dual-unitary models are generic and can be constructed
in a systematic way [16].

In the field of many-body quantum chaos the dual-unitary
models attract considerable attention [8-10,12,16-26] due to
their intriguing properties. On one hand, they demonstrate
quantum properties akin to those of maximally chaotic many-
body systems, such as Wigner-Dyson spectral statistics and
insusceptibility to many-body localization effects [9,19,27].
On the other hand, dual-unitary models are amenable to exact
treatment. In particular, due to the combination of duality and
causality, the local two-point correlation functions in these
systems can be calculated exactly [11,12,28]. Correlations
continue to find considerable interest [22,29—-34]. Other recent
research directions include aspects of matrix product states
[20,35], steady states as well as eigenstate thermalization
[36,37], computational aspects [38], and random matrix statis-
tics [39,40].

Previous studies have primarily focused on dual-unitary
models with a single spatial dimension. Extension to two
spatial dimensions has been considered in a number of recent
papers [13,14,38,41] for quantum circuits model. In the cur-
rent study, we extend our investigation to encompass coupled
map lattices of an arbitrary dimension D. Our findings reveal
that starting from D = 2 onwards, the correlations within
a system exhibiting the complete spatiotemporal symmetry
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demonstrate an ultralocal behavior, which implies that the
correlations between operators with local support vanish iden-
tically after a finite time. In particular, this suggests that in the
case D > 2, the requirement of the complete duality can be
relaxed without compromising the solvability of the model.
Accordingly, in the main body of this paper, we consider
partially dual -unitary map lattices, where the system remains
invariant under the exchange of the time variable and only one
of several spatial coordinates. Dual-unitary quantum circuits
of this type have recently been explored in [38], where it has
been demonstrated that correlation functions are classically
simulatable for certain types of initial states. The central result
of the present paper is the explicit expression for the local cor-
relation function in the partially dual-unitary coupled maps.
The way of derivation is closely related to the one suggested
in Ref. [11].

II. THE MAIN IDEAS

The general model considered in this paper is defined for
a finite piece of the D-dimensional lattice ZP”. Specifically,
let ZP be a finite-size hyper rectangular subset of Z” where
N; (fori =1, ..., D) represents the number of sites along the
ith spatial direction so that the product ' = N; - N, - --- - Np
is the total number of sites of the lattice Z”. The unitary
Floquet evolution operator U acts in discrete time steps in the
Hilbert space %V, which is the tensor product of A local
L-dimensional spaces H = CL. In the following, we assume
that the time evolution U is dual unitary (at least for one
spatial direction) with a unit speed of interaction propagation.
Detailed information regarding the construction of U with the
necessary properties will be provided in the main body of the
paper.

The main object of our consideration is the reduced cor-
relation function between two local observables, O and O,
after ¢ time steps of the evolution,

Cr, 1) = (Q1(0)2 (1)) — (Q1(0)(Q2(r)), (2.1
where the evolution is provided by the action of a unitary
operator U,

0 =U""'QU", i=1,2. (2.2)
It is important to note that the value of ¢ should be smaller
than any spatial dimension of Z”, ensuring that the resulting
correlation function remains independent of both the size of
7P and the boundary conditions. To make our explanations
more transparent we assume here that two observables, Q;
and O, are strictly local. In other words, they are localized
at single lattice points r; € ZP, and r, € ZP, respectively.
Furthermore, since our model is shift invariant, the correlation
function depends solely on the difference r = r, — r;. Conse-
quently, we can set, without a loss of generality, that Q; is
localized at the origin 0 and O, at the position r, respectively.
The average in Eq. (2.1) is defined by the operator trace taken
over the entire many-body Hilbert space, (-) = L™°Tr (-).

To explain the main ideas of the paper we will now
consider the cases of one-dimensional (D = 1) and two-
dimensional lattices (D = 2).

time time
A A
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e,

space

(a) (b)

FIG. 1. Representation of the connected part of the correlation
function C(n, t) [Eq. (2.1)] between two observables located at the
coordinates (0,0) and (n, ¢) of the space-time grid. (a) In the general
case due to causality the correlations vanish inside the light cones
defined by the inequality |n| > |¢| (grey regions). (b) In the case of
the dual-unitary model, when Eq. (2.3) holds, solely the correlations
along the light-cone edges (dark-blue lines |r| = |¢]) do not vanish.

A. One-dimensional lattice (chain) of quantum maps

For a one-dimensional lattice (chain) Z', the location of
an observable is determined by an integer number n, r = n.
Since the speed of interaction propagation equals one, the
causality implies that the correlation function of many-body
operators (2.1) vanishes outside the light cone [f| < |n|, see
Fig. 1(a). Furthermore, for dual unitary U, the correlation
function remains invariant under exchange of time ¢ and the
spatial coordinate n,

C(n,t)=C(t, n). 2.3)

Therefore, the correlation function C(n, t) nullifies also inside
the light cone |n| < |t], see Fig. 1(b). As a result, the light-
cone edges |¢f| = |n| remain as the only possible location of
the space-time manifold where the nontrivial correlations can
arise. From a technical point of view, the calculation of the
correlation function in the dual-unitary case reduces to the cal-
culation of the correlations propagating along the light-cone
edges, which in turn can be expressed through an expectation
value of a product of transfer matrices of a reduced dimension,
independent on D, see [11,12,28].

B. Two-dimensional lattice of quantum maps

In the case of a two-dimension lattice Z> the situation is
somewhat different. Here any point of the lattice is labeled by
a pair of integers r = (m, n). Due to causality, the correlations
vanish outside the light-cone domain

lt] = [n| 4 |m], (2.4)

see Fig. 2. For systems with full spatiotemporal symmetry, the
correlation function remains invariant under the exchange of ¢
and n, as well as under the exchange of # and m. This implies
that for the nontrivial correlations the inequalities

lm| = |n| +1t], |n| = |t] + |m] 2.5

must hold, as well. It is straightforward to see that the only
point satisfying all three inequalities [(2.4) and (2.5)] is the
origin of the space-time grid t = m = n = 0. In other words,
all correlations of strictly local operators vanish for any time
t > 0. A similar consideration for the operators supported
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FIG. 2. On the left (a) is shown a lattice Z” with a central point
located at the origin (n = 0, m = 0) of the system. The lines r = 1
(orange), t = 2 (red), and # = 3 (blue) mark the event horizon of the
light cone. The observables, which are outside the cone at a given
time step 7, do not correlate with the observable at the origin. The
right figure (b) shows the entire light cone with the boundaries of the
event horizon represented by the eight triangular areas.

on a finite number £ of sites shows that C(r,t) =0 for
t > (. For this reason, we refer to such behavior as ultralocal
correlations.

Note that the “light-cone” borders are determined by the
velocity of the signal propagation. Generically the light-cone
surface can be seen as a space-time membrane pinned to
the initial point, so that its surface tension is interpreted in
terms of the rate at which information “flows” across it.
This allows to consider generic (nonunitary) dynamics across
the membrane [15]. Note also that the ultralocal behavior
of the correlation function in our model contrasts with that
of the correlation function in the ternary-unitary and triuni-
tary (2 + 1)-dimensional circuits introduced in [13] and [41],
respectively. In these models, the light-cone domain is de-
termined by the conditions: || > |n|, |t| = |m|. Application
of the above duality argument in this case yields nontrivial
correlations along the lines || = |n| = |m|. In Appendix A,
we show that a dual-unitary kicked quantum map on 2D lattice
can be represented as a 2D quantum circuit with a ternary
unitary gate operator as described in [41] and give explanation
to the seeming ambiguity mentioned above.

Suppose now that our system belongs to a class of partially
dual-unitary systems. It is invariant under the exchange of
only one coordinate, e.g., n and time ¢. In such a case the
domain of nontrivial correlations is given by

lt] = |n| + |m| OV |n| = |t] + |m]. (2.6)

The correlation function C(r, t) does not necessarily vanish
along the line m = 0, |n| = [f|. In the body of the text, we
show, similarly to the one-dimensional case, that the correla-
tions along this line can be expressed through an expectation
value of a transfer operator powers. In particular, the transfer
operator eigenvalues determine the decay rates of the correla-
tions.

C. Outline of the article

In the next section, we formulate the general model of
coupled quantum maps with periodic kicks in D spatial di-
mensions. In this context, we introduce the notion of partial
and full dual unitarity. In Sec. IV we briefly recall the main
results for D =1 case. We then introduce the correlation

function for the D = 2 model and demonstrate that, similar
to the one-dimensional case, it can be expressed in the form
of a three-dimensional partition function for a classical spin
model. In Sec. V, we derive the contraction rules that enable
us to compute the correlation function. The general expres-
sions for the transfer operator and the correlation function
are derived in Sec. VI. In Sec. VII we apply our results to
the model of coupled cat maps and kicked Ising spin lattice.
For this purpose we study here in detail the spectra of the
corresponding transfer operators. Finally, in Sec. VIII we give
the concluding remarks.

III. THE KICKED QUANTUM MAP ON A LATTICE

To start our consideration we introduce a multidimen-
sional lattice model of periodically kicked locally interacting
particles. The system Hamiltonian H(¢) consists of the time-
dependent and the time-independent parts,

+00
H(t)=Hy+Hg Y 8(t—1).

T=—00

3.1)

The kick part of the Hamiltonian Hg induces independent
evolution of noninteracting particles. It turns on periodically
at integer instants of time t. The H; part [Eq. (3.1)] describes
the nearest-neighbor interaction between the particles. Such
Hamiltonian structure, in particular, implies that the quantum
time evolution can be written as a product

U = UxUj (3.2)

of unitary evolutions [8,42,43] Uk and Uj, corresponding to
the kick and the interaction parts of the Hamiltonian, respec-
tively.

To specify the form of the unitary operators we define, first,
the on-site local Hilbert space H equipped with the discrete
L-dimensional basis {|s), s = I, L}. The total Hilbert space
of the system is defined then by the tensor product H®V.
It has the dimension LV and possesses the natural product
basis,

ME[]WLWZTZ, (3.3)

jEZD

where the multidimensional index j marks the particles’ po-
sitions in the lattice ZP and the product runs over all N/
lattice sites. The Floquet time evolution between the kicks
is governed by the unitary operator U; = e~ "/, We require
that H; couples the nearest neighbor sites of the multidimen-
sional lattice and has to be diagonal in the product basis
(3.3). This yields the following matrix form of the evolution
operator:

D
(sIUILFNS') = 8Gs, s yexp | i)Y fulsjssjvn,) [ B4
d=1 j

where U;[f] is determined by the set of functions f =
(f1, f2, ..., fp). Here we used the notation 1,, which denotes
the one site shift of the index j in the spatial direction d.
The function §(s, s") stands for the product of the Kronecker

214302-3



OSIPOV, KRIEGER, GUHR, AND GUTKIN

PHYSICAL REVIEW B 109, 214302 (2024)

symbols, 3(s,s’) = ]_[j 8(sj, s;.). In the above formula
[Eq. (3.4)] the cyclic boundary conditions in each spatial
dimension are implied. The operator U; acts independently in
each spatial direction so that it can be represented as a product
of mutually commuting unitary operators Uy, , where d indexes
the spatial axis number,

D
ullfl=[]vu. (3.5)
d=1

D D
(s1 [Tl = 8. HENPTTT [ silulfallsjsn,). (3.6)
d=1

d=1 j

where we have introduced the notation u[f] for the L x
L unitary matrix with the symbol f, and the factor LV/2
is introduced to satisfy the unitary properties of u[f]. Its
entries are

(LAY = —= e,

7L 3.7
and the unitarity condition is written in the form
1 : if(s.s) ,—1f*(".s) !
7 Ze e =8(s,5"). (3.8)

s'=1

Note that, to satisfy the unitary condition for Uy, each function
fa in Egs. (3.4) and (3.6) has to be a real-valued function.

The kick part Hk of the total Hamiltonian H in Eq. (3.1)
defines the on-site particle dynamics. The corresponding evo-
lution operator Uy = ¢~k can be represented as the tensor
product of unitary operators defined in the single-particle
Hilbert space. We assume that the kicks act identically on each
particle, so that

(s|Uklglls') = ] (sjluLells}).

J

(3.9)

where u is the L x L unitary matrix with the symbol g. Matrix
u[g] satisfies the unitarity condition

L
1 N e
I E 8o TIE () — 55, 5. (3.10)

s'=1

Having introduced the basic notations we are in a position
to formulate the duality relation for the quantum maps, which
has been established for the one-dimensional case in Ref. [11].
In the case D =1 it states that for the dual-unitary quan-
tum system the evolution operator U = Uk|[g]U;[f] and its
dual counterpart, U = Uk[f1U;[g], obtained by the exchange
of f and g functions, are both unitary and the system pos-
sesses the spatiotemporal symmetry. Note that this requires
the Hadamard property for the matrices

if(s,s)
VL
In other words, these are L x L unitary matrices with iden-
tical absolute values for all entries, where both f and g are
real-valued functions. Certainly the duality is achieved when

f =g sothat U = U. As we demonstrate in Sec. VII. (appli-
cations) the strict equivalence f = g is not necessary for the

ig(s,s’)

(slulf1ls') = < gl = <.

3.11)

duality. In fact, f and g can be chosen from rather wide class
of functions.

The above notion of dual unitarity can be straightforwardly
extended to an arbitrary dimension D. In general, there exist
D possible dual operators,

U= UkfUIIEL. &= (fie-eei8oee fo),

where the function g is exchanged with one of the spatial
coupling functions f;. We say that the system is partially dual
unitary if one of the spatial evolution operators U; is unitary.
The system is called fully dual unitary if all U, j=1,...,D
are unitary. If, in addition all functions f;, j =1,...,Dand g
are equal, then

(3.12)

U=0=0,=--=0p.

In this case, the system possesses full spatiotemporal symme-
try.

IV. CORRELATIONS BETWEEN LOCAL OPERATORS

In this paper, we aim at the calculation of the correlation
function,

ct)=LNTrSU'SU, “.1)

for two local observables ¥, . For simplicity of exposition,
we restrict our consideration to the case of two-dimensional
spatial lattices Z2, while the generalization to D-dimensional
lattices with D > 2 is straightforward.

A. One-dimensional lattice

We start by recalling the results of [11] for the one-
dimensional case. There the correlation function (4.1) was
calculated for the operators £ and ¥ given by the products
of the following form:

T=qe@l®- -1, (4.2)
e —
N-2
2=1Q - Q1l3@: u®1® ---®1, “3)
e’ N e’

n N—n-2

where each q, (¢ = 1, 2, 3, 4) is an operator acting on the on-
site Hilbert space .

For the one-dimensional (D = 1) dual-unitary model the
correlation function (4.1) for the traceless q, always equals
zero, except for the case when the correlations are considered
along the “light-cone” edge. The latter case corresponds to the
choice |n| =t in Eq. (4.3). The resulting correlation function
at the light-cone edge, n =t > 2, can be represented as the
expectation value of the transfer operator ' power,

Cp=1 (1) = (‘i’ql.qz |Tt_2|q)q3,q4>’

where the vectors (®g, ., [®q,,q,) depend on the operators

q1, q2, and qs, qq, respectively. The transfer operator 7" acts
in the Hilbert space H ® H, and has the entries

4.4)

L 2

. 1 4 . NP
T Ix' ) = B Z 1 O09)Hig,9)Figls, x ) +ifi(s.n')

s=1

4.5)

214302-4



LOCAL CORRELATIONS IN PARTIALLY DUAL-UNITARY ...

PHYSICAL REVIEW B 109, 214302 (2024)

In a general nondual case the correlation function becomes
zero only outside the light cone, |n| > ¢ (which is supported
by the argument that the speed of information propagation in
the kicked chain model equals 1), but remains finite inside the
light cone, |n| < .

The result (4.4) was obtained in [11] by representing the
correlation function C(¢) in the form of a partition function of
a classical spin lattice model, followed by the application of
contraction rules that allow the elimination of most of the spin
variables. As we demonstrate below, this method also applies
to the higher dimensional lattices.

B. Two-dimensional lattice

We now consider the correlation function (4.1) for two-
dimensional lattice models. For convenience we address two
spatial directions as “vertical” and “horizontal”, using indexes
v and A, instead of 1 and 2. The number of sites in the vertical
and horizontal direction is denoted by N and M, respectively,
with N' = MN being the total number of lattice sites. The
two-point correlation function is defined by Eq. (4.1) with the
evolution matrix U = Uk Uj, where the interaction part of the

J

evolution operator,

N M

(s|U;ls") = 8(s, s) 1_[ 1_[ eifu(xn,m,swm)+fh(s,.msn,m+1)’

n=1m=1

(4.6)

is diagonal in the product basis |s). The circular boundary con-
ditions are assumed in the above formulas, namely, s, y+1 =
Sp.1, and Sy41., = S1,,- The kicked part of the evolution is
defined by the Egs. (3.7) and (3.9).

We consider correlations (4.1) for a pair of many-body
operators ¥ and X, each supported at four neighboring
points of the lattice. They are defined by eight [rather
than four, as in Egs. (4.2) and (4.3)] local matrices qg,
£=1,...,8. Without loss of generality, we define )
as a direct product, where the nontrivial matrices are
placed in the “left upper corner”, i.e., at the coordinates
(n,m)={(,1),(,2),(2,1),(2,2)}. The second many-
body operator, X has the nontrivial entries at the coordinates
(n,m)={(,w),v,u+1D,v+Lu),v+1L,u+1)}
Schematically, these operators can be represented as follows:

1 2 3 N
QuQ @ ¢ ® 1 ® ® 1 & 1
= G @ @ 1 ® ® 1 Q& 2
=1 @ 1 ®© 1 ® ® 1 ®| 3
1 ® 1 ® 1 ® ® 1 M
v—1 v v+1 v+2
® 1 ® 1 & 1 ® 1 ® nw—1
= ® 1 ® q5 & Q6 ® 1 X " o. 4.7
® 1 ® qi & qs ® 1 ® w1
1 ® 1 ® 1 ©® 1 ® w2

To evaluate the correlation function, we first introduce the basis vectors additionally indexed by the integer time ¢,

sy= T Iswm)- (4.8)
(n,m)eZ?
and then write
T—1
CTM) =L NTr SUTZU" = LN (sar 41| Slso) (s Zlsr41) (1_[ (51U 811 (27U 27— ,m) (4.9)
t=0

where the sum runs over all possible values of the components, s,,,; € 1, L. We assume that for 7 = 0 the product in Eq. (4.9)
equals 1 identically. It is also convenient to introduce at each position (1, n) a two-component spin variable with the components
Sum and s,,,,. The upper component of the spin variable 3, ,,, coincides with s, ,,, for all € 0, 7. The lower component
corresponds to the spin variable taken at the conjugated instance of time 27 — ¢, such that s, ,, . = Sy m 27—+1 With the same set

of the indexes ¢ € 0, T'. The schematics of the above correspondence are plotted below for convenience

S0 ST st | sty ST42 $27 41
e & .. ° &S e | ° & ° & ° (4.10)
50 ST-1 ST | St St So
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Using this notation we can rewrite the correlation function in
a symmetric form,

C(T) =LY " ®G0. 50)Ti 5o, 59)P (7. 57)
S
T-1
X H T (S, 814158401, S)T1Gi41, 8,41),
t=0

.11

where ® and ® depend on N spin variables and implicitly
include dependence on the matrices g,

D(s9, 50) = (89| Z150), (4.12)

OGr,s7) = ErlUZU Isy). (4.13)

Each 7; is a function of A/ spin variables and describes the par-
ticle interactions between the kicks. Substituting the explicit
form of the matrix U; entries [Eq. (4.6)] we have for T;,

1151, 8,) = (§:\UII5:) " (s, Uy s, )

N M
— 1_[ | | e_ifv@n,m,lju+l,m.t)‘va(ﬁ,,_m,,-S,H]‘m.,‘)

n=1m=1

X e*ifh Gt >Snama1,)FHifu (E,,,m,, sSpma1,t )

(4.14)

The explicit form of the matrix Uk [Eqgs. (3.9) and (3.7)]
allows to write down the expression for T,

TK(§t7§t+l;§(+1’ Et)

= (§,411Ux5:)" (8,41 1Uk|s,)

1 N M
= _LNM 1_[ 1_[ e*ig*(in,m.m,EI,J,L/)Jrig(E,,,m,,H,5,7,,,,,,)_ (4.15)

n=1m=1

The sum runs over all possible values of the full set
S = {Gwmt: Sy (n,m, 1) € L}, (4.16)

of the MNT = |S| spin variables, located at the nodes of the
3D space-time grid,

L={nmtte0,T,nel,N,mel, M}. 4.17)

Note that in the present calculations, we have used the sym-
metrization procedure slightly different than in Ref. [11].
Namely, instead of incorporating U; into ® we introduced an
additional unity operator 1 = UIUIT = U,TUI from both sides
of X. This is done to formulate the contraction rules in a
symmetric way.

The correlation function (4.11) can be equally represented
in another form with the structure of a partition function,

1 .
C(T) = il Z G1(S1)Gx(Sy)e TS, (4.18)
S

The expression under the sum is split into the product of three
factors in accordance with the location of the spin variables
within the lattice £. The first one is given by G(S;) = DDy,
where

Ds. = (5111 |ulglqiu’[gllsyy,) (121 lulglaau'[glls ;)

x (So11|ulglasu’[gllsyy1) (5201 lulglqau (811550, ),
(4.19)

D; = (EvuT|q5|£w/_T) (SWL+IT |q6|§w/_+lT>
X ASvp 107 9718y 4 1,07) Sv 141719818y 41y 17) - (4.20)

It depends on the spin variables

St = { Gumes Sy (1, m, 1) € Ly}, (4.21)

located at the eight lattice sites,

L£={1,1,1),1,2,1),(2,1,1), (2,2, 1), (v, ., T),

V,u+1,T),v+1,u,T),v+1,u+1,T)},
(4.22)

corresponding to the position of the local operators q, in %,
X. The second term is given by the product of the Kronecker
delta functions

GxS) =[] 8GumsSum)- (4.23)
(n,m,t)eLy
It depends on the spin variables
S2 = {Gumts S, m, 1) € Lo}, (4.24)

located at the subset
Lo={(n,m )it €{l,T},nel,Nymel,M}\ L

of the three-dimensional space-time grid. Finally, the inter-
action between spins is described by the third term e,
where the exponent is given by the function

F = Z fv(sn,m,ta §n+1,m,l) + fv(gn,m,;v £n+1,m,t)
(n,m,t)eL

+ fh(gn,m,t s En,m+l,l) + fh(ﬁn,m’ts £n,m+1,t)

+ g*(gn,m,t-‘rl ) En,m,t) + g(gn.m,[.t,.] ) Qn,m,[)v (425)

and the sum runs over the full set S of spin variables.

V. GRAPHICAL METHOD FOR EVALUATION
OF CORRELATIONS

The correlation function, expressed in the form of the
partition function (4.18) permits an instructive graphical rep-
resentation, as illustrated in Fig. 3. The 3D space-time lattice
L is partitioned into the three subsets L, £;, L3 = L/(L U
L5). In the picture, the spin variables are schematically shown
by balls of various colors in accordance with their role in
the partition function (4.18). The green-colored balls, located
at L, correspond to the positions of the operators q, see
Eq. (4.7). The red balls, located at the subset £, correspond
to the §-correlated spins. Since each unit matrix 1 in the oper-
ators ¥ and X generates the pair of the §-correlated spins, the
majority of the endpoints are colored red. Finally, the brown
balls placed at L3 correspond to all other spin variables.

In general, the partition function (4.18) can be calculated
by eliminating the spin variables one by one. To facilitate this
procedure, a simple graphical method can be developed by
drawing an analogy with Ref. [11]. Below, we formulate the
“contraction rules”, which form the basis of our approach.
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A. Contraction rules

Consider the local configuration consisting of four neighboring §-correlated spins and an unpaired spin (S,,m,/+1> S, n.141)>
as it is shown in Fig. 4(a). The corresponding part of the partition function includes five 6 symbols, eight phases entering the
function 7;(8;, s,) and two phases from the function Tx (5;, §;41;8,, . 8,),

L

-1 E : —i(g* (5, 8)=8(S, pig15S - - - -
I'=L e (8" Gnm+1:5) =8 (S m 1 ))5(Sn+l,m,17 Qn.t,.],m,[)a(sn,m-&-l,lv gn,m+1’[)8(sll—l,m,lv Qn_],m,[)a(sn,m—l,lv gn,m—l,t)

s=1

e 1o Fnt1m) =S8 S D) g Grmt )= oSt ) =AU S D= (S-S mi1.) =AU G 8)= S 8))

Utilizing the unitarity of the kick evolution operator u[g] [see
Eq. (3.10)] and the properties of the Kronecker function the
sum in Eq. (5.1) can be simplified to

[ = 8Gnmi+1s Symas1)- (5.2

The contraction rules, conveniently, can be represented in
a graphical form. In Fig. 4 they are shown as a transition
from some initial configurations in the left column to the
final configuration depicted in the right column in Fig. 4,
where the “central” spin variables (5,,m,/+1, S, ,.,11) has been
eliminated according to the result Eq. (5.2). The contraction
rule in Fig. 4(a) is formulated to act along the time direction.
The contraction rule for the inverse direction (f — ¢ — 1) is
shown in Fig. 4(b).

Note also that similar contraction rules exist for the con-
figurations with a reduced number of spin variables, see
Fig. 4(c). In fact, a white ball (where a spin variable was
eliminated in the previous steps) at some node (n, m, t) can be

=]
<

!

‘

o
T
&

FIG. 3. 3D grid of the configuration space for calculation of the
sum in Eq. (4.11) for the choice of N = 11,M =12, T =7,v =8,
and u = 9. The brown small balls correspond to the uncorrelated
spin components, i.e., at the brown-ball vertex, say (n', m’,t’), the
summation over the spins 5,/ v/, and s,/ is performed indepen-
dently. The red balls show the presence of the Kronecker symbol
8(nmis S,,m,) at the corresponding vertex (n,m, t) and the double
summation reduces to a single sum over 5, =s,,,, = 1,..., L.
The large green balls denote the positions of the matrices q, entering
the many-body operators £ at¢ = T, and ¥ at¢ = 0 [Eq. (4.7)]. The
function 7; [Eq. (4.14)] defines the amplitudes of interaction between
the balls in each time-plane, while Ty [Eq. (4.15)] is responsible for
interaction between the time-planes.

(5.1

(

replaced back by the identity multiplier presented as a sum of
the Kronecker symbols, 1 = L™! an s =1 SGnmts Sy me)-
This allows to extend the contraction rule for all combinations
of balls including those, where some red balls are substituted

by the white ones.

B. Application of the contraction rules

We now proceed with eliminating the spin variables from
the partition function (4.18) by using the contraction rules
graphically formulated in Fig. 4. Application of the con-
traction rules along the time axis, starting from ¢ = 0 and
continuing up to t =T — 1 allows us to eliminate most of
the spin variables, resulting in the pyramidal structure shown
in Fig. 5(a). The coordinates (n, m, ¢t) of the remaining spin
variables satisfy the equation ¢ + 1 > |n — 3/2| + |m — 3/2|
[the positions of g; are fixed by Eqgs. (4.7)]. Furthermore, the
application of the contraction rule in the opposite time direc-
tion, i.e., t changes from 7 to 0, yields a parallelepiped-like
structure shown in Fig. 5(b). This parallelepiped shrinks to
a line when the operators q, (¢ = 5,6, 7, 8) are positioned
at one of the vertices of the pyramid base. If the operators
q (£ =5,6,7,8) are placed outside the pyramid base, all
spin variables can be eliminated by contraction rules and the
resulting correlation function nullifies (for the traceless q).
Note that this observation is consistent with the causality
argument given in Sec. II.

C. Dual-unitary case

Up to now we considered a general case, where no further
systematic elimination of the spin variables can be done in the
sum (4.18). Further progress in calculations becomes possi-
ble for the (partial) dual-unitary models. For definiteness, we
choose the spatial direction marked by the index n to be dual
with the time direction, i.e., the evolution operator ul f,,] with
the symbol f, is unitary. The partial dual-unitarity assumption
allows us to formulate the contraction rules for this spatial
direction. Indeed, by using the unitarity of u[f,] the part of
the sum (4.18),

L
D=L e heSn) i)

s=1
X s(gn,erl,ts »_V,,,mH,; )s(gn,mfl,ts gn,mfl,t)

X 8(§n,m,t—l ) gn’m,[_l )S(En,m,t-k—l ) gn,m,l-&-l)

x @ In G Snmt1.0)=fn(8:Spmi1.0) o =1 Gnm—1.0:8) =[S 1,455

% e—i(g(imm.m )= 8(S st qs))e_i(g(sjn,m.ffl )—8(8:Sy ms—1)) (5.3)
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(c)

FIG. 4. The graphical representation of the contraction rules acting in time-direction (a) and in the inverse time-direction (b)(c). The pairs of
spins Sy s = Gnmss Symy) A€ depicted by the balls of various colors. The summation over the correlated spins 3, ,,, = Spms = 1,...,L (the
central red balls in the plots from the left column) surrounded by other correlated spins transforms the initially uncorrelated spins 5, ».—1

and £n,m,l‘fl

(brown balls in the left column of the plots) into the delta-correlated ones (red balls in the corresponding positions s, 1

in the right column). The white balls in the final configurations (right column of the plots) show the spins over which the summation
has been performed. The diagram in (c) is a possible extension of the contraction rule for the case with a reduced number of spin

variables.

simplifies to

I'= 8(§n+1,m,t’ gn-{—l,m,z)’ (54)
This allows us to formulate the contraction rule in the dual
(spatial) direction, which is illustrated by the diagram in
Fig. 6(a). It can be naturally extended to the opposite direction
of the same spatial axis, see Fig. 6(b).

Note here that the contraction rule in the spatial direc-
tion becomes useful only for N > T + 2. In this case, after
subsequent applications of the contraction rules in the time
direction, the border of the correlated spins is formed at some
(at least one) given n. So that starting from this border we can
subsequently apply the contraction rule in spatial direction.

Application of the contraction rules both in spatial and
temporal directions yields trivial correlations for the majority
of choices of the operators £ and X in Eq. (4.7). All nontrivial
cases result from a specific choice of q, mutual positions.
Namely, the operators q, entering ¥ and those from X have
to be positioned along the line given by the equation |n| =
t,m = 0. A number of possible realisations are analysed in
Appendix B. As it is demonstrated there, for the operators X,
X with four-point supports, the nontrivial correlations arise
only when u =0, v=T + 1, see Eq. (4.7). An example of
the spin structure resulting from the application of the con-
traction rules is depicted in Fig. 8(a) below.

Finally, if duality holds for both spatial directions (fully
dual-unitary case), both u[f,] and u[ f;] are unitary matrices.
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(a)

FIG. 5. (a) The spin configuration (parameters N =M = 28, T = 15, v = 25, and u = 7) obtained after consequent application of the
contraction rule acting in the time direction [Fig. 4(a)] to the initial configuration (Fig. 3). The meaning of the ball’s colors is the same as in
the Fig. 4. For better visualisation, the spin array was periodically shifted along the horizontal and vertical axes and the white balls’ radii were
made small. (b) The spin configuration after the iterative application of the contraction rules acting in the inverse time-direction [Figs. 4(b) and

4(c)] to the structure given in the plot a, up to now, no duality was implied.

In this case, there is an additional set of contraction rules
acting along the m axis. Applying contraction rules along the
third axis leads to the elimination of all spin variables (for
T > 2), regardless of the positions of ¥ and X. This implies
that C(T') vanishes entirely when 7" > 2.

To summarize this section, we list the general proper-
ties of the correlation function (4.11) established so far for
two-dimensional lattice models: (i) For a general (nondual
unitary) case the correlation function becomes trivial when
the entries q, (£ =5, 6,7, 8) of the operator ¥ are placed
outside of the pyramid basis |[n —3/2|+ |m —3/2| <t +1
(see Fig. 5). (ii) In the partially dual-unitary case, the cor-
relation function becomes nontrivial when the operators 3
and X are aligned along the line |n| =¢,m =0 (see Ap-
pendix B). (iii) In the fully dual-unitary case at 7 > 2 the
correlation function trivializes for any mutual positions of the
operators qg.

(a)

VI. THE LOCAL CORRELATION FUNCTION
AND THE TRANSFER OPERATOR

In this section, we show that similarly to the one-
dimensional dual-unitary case, the correlation function C(7T')
in a two-dimensional partially dual-unitary model can be
expressed as an expectation value of the power of the low-
dimension transfer operator [see Eq. (4.4)].

A. Operators with the two-point supports

Before addressing the correlation function for generic op-
erators %, ¥ with four-point supports [see Eq. (4.7)], we
illustrate our method for the case of the operators with the
two-point supports. To this end we setin Eqs. (4.7) qz = q4 =
q7 = qg = 1. An example of the structure of the uncorrelated
spins obtained after applications of the contraction rules is
illustrated in Fig. 7(a). In Appendix B we list all nontrivial

sn,m,t+1 sn,m,t+1

FIG. 6. The graphical representation of the contraction rules (a) in the spatial direction 7, dual to the time direction, and (b) in the inverse
direction. The summation over the correlated spins S, ., = s, ,, (the central red balls in the starting configurations) transforms the initially
uncorrelated spins (brown balls) into the correlated ones (red balls in the final configurations). The white balls in the final configurations show
the spins over which the summation has been performed. It is assumed that summation over the spin variables on the previous level (the spins
Sp—tmsands, , ,  for the diagrams a, b and the spins §,,; 1, and s, ,,,, for the diagrams c, and d) has been made to generate a white/red ball
at the corresponding position.
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FIG. 7. (a) The spin structure obtained after application of the contraction rule to a partially dual-unitary map for T =4, M, N > T and
n=1,v =T + 1 in the case of operators with the two-point supports. (b) The spin structure that emerges after eliminating a part of the spin
variables (see Appendix B for details). The horizontal coordinates n of the brown balls entering the intermediate linear structure of uncorrelated
spins satisfy the equation n = ¢ + 2 and are made up of the repeating blocks (unit cells). (c) The unit cell entering the spin-bridge structure
corresponds to the transfer operator T [Eq. (6.9)].

structures obtained after applications of the contraction rules. to the mirror reflection with respect to the plane n = const)
A part of the spin variables can be, furthermore, eliminated survive. It is shown in Fig. 7(b). The reduced locus of spins
from the corresponding partition functions (see Appendix B S’ over which the summation still has to be performed (red,
for more details), so that only one nontrivial structure (up brown and green balls) is

J

S" = {Sum|(n,m, 1) € L YU {s,,, |(n,m,t) e L} 6.1)

with

L ={(N,1,0),(1,M,0),(1,1,0),(1,2,0),(2,M,0), (2,1,0),(2,2,0),(3,1,0), (1,1, 1), (T,1,T),
T+1I,MT),T+1,1,T),(T+1,2,T),T+2,MT),T+2,1,T),(T+2,2,T),(T+3,1,T)}

T-1
U{(z +1,1,0),¢+2,1,0),¢+2,M,1), t+2,2,1), (¢t +3,1,1)}, (6.2)
- T-1

L'={(1,1,0),2,1,0), (T +1,1,T),(T +2,1,T)} U {¢+2,1,0)} (6.3)

t=1

This chain of spin variables is composed of repeating blocks shown in Fig. 7(c), with their centres positioned along the
straight line n = r, m = 0. Since two neighboring unit cells are connected by a pair of spins, each block can be described by the
L? x L? transfer matrix T' with the entries (x, n|T'|x’, n'), where the indexes x, 7, x', n’ = 1, L mark the values of the spins to
be convoluted with the spins of the neighboring upper and lower unit cells. The matrix entries of T' can be read off directly from
the spin structure shown in Fig. 7(b), they are

1

L L
B Z Z e H(r1,9) o= r2) i (872) =1 GCHFiS O 9)—ig (S m+ig(s,m) =1 Gon )i (5,0 )—ig(x D +Hig(x )

onlTlx' ') =

5,5=1r,rn=1

6.4)
The latter expression can be rewritten in a compact form
1 L L 2
(x, T’]|T|X’, n/) — E Z Zeifu(X,S)Jrig(s,ﬂ)Jrifu(s,n')+ig(x/’s)+ifh(r1,s)+ifh(s,r2) i 6.5)
r, =1 | s=I

The spin 5 and the conjugated spin s in this expression describe possible internal states of the central vertex in the unit cell (brown
ball). The other two spin variables r; and r, describe the states of the neighboring lattice points in the horizontal direction (red
balls). It is worth noting that the matrix entries (x, n|T|x’, ') coincide with those of the one-dimensional map [Eq. (4.5)] when
we set the horizontal interactions f}, to zero.

The overall expression for the correlation function is given by the expectation value,

C(T) = (@410 [T 7B (6.6)
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where the entries of the transfer matrix T are given by Eq. (6.5) and the vectors (@q] @ |» [ ®gs,q6) are defined below by Eqs. (6.7)—-
(6.10). .
. The vector |®g, ¢,) incorporates the function d_D(go, 50), function T (3o, 5y) and a single phase drawn from the function
Tx (51,5158, 8), so that

L

- 1 5.
(®q.q 000 =75 D TI=00msilails)®lals,) 6.7)
$1,82,8,=
with the factor I’ f *(x, n) given by
L
Yz S(x,n) = o185 Fi8(X82) p=ifu (51,52)H o (51,85)=1fu (52, +ifu (53,) Z e Ui (ri.52)+i () =i G2,r2)+ifi(s2.72) (6.8)
ri,hh= 1

The vector [®g,q,) incorporates two time slices, namely it incorporates the functions ®(S7,s;), ;7. 87)s
TxGSr_1, S7;8r,87_,) and a single phase factor drawn from the function Tk 572, S7_1;87_1,87_,). Note that the contraction
rules were formulated in a symmetric manner, namely, we have introduced the additional matrices U; into the functions
@ (57, 87), so that the product ® (57, s7)7; (57, s7) naturally simplifies to the scalar product (§7|X|s;). The entries (x’, 77’|‘i’q5,q<,>
are defined by the expression

(| ®gs.q0) = Z I, () lu'[glgsulglls, ) (s2u' [glqeulglls:) (6.9)
51,81,52=1
with
L
2 1oy — o—igGLn)Helsy ) ,—ifu () SO+ (s ) =1 fuGros2)+ifu(sy,52) —ifu(ri, 50+ (r1,8) =1/ S1,r2)+ifu(sy,72)
s ) =e e e . (6.10)
ry,r=1

The expression (6.6) was obtained for the structure shown in Fig. 7(a), when the spin-bridge structure is parallel to the line
n = t. The correlation function

77| e; 6.11)
for the mirror-symmetric structure of spins (along the line n = —t) can be obtained by using the symmetry arguments. The

“reflected” transfer matrix 7' has the entries n', x |T|77 x) = (', nT|x', x) and the boundary vectors for the reflected picture
are

() = (9,

q1.92 qs, Q6>

L

_ 1 _
(. x|®g0) =15 D a0 06 ails) slals); (6.12)
51,81,82=1
(@4 g7 x) Z T3r', x ) s ' Tglgsulgllst) (521u"[glqsulells,) (6.13)
51,52,8,=1
with
L
31 Y](n x) = & 180CINHEG8)) = ifu Brs2)+ifu (s1,52) =1 (1,51 +ifu (n.51) Z —ify (1, 5)+ifi (1,8 —ifiBr,r2)FHifu sy, rz) (6.14)
ry,n= 1
L
vz vz(n X )_ e—lg(fz,r;’)+ig(52,n’)e—iﬁ,(§2,x’)+if,,‘(52,)(’)—iﬁ,(sl,Eg)+iﬁ,(s1,gz) Z e—ifh(rl’52)+ifh(rl»52)_ifh(ﬁz,rz)-i-ifh(ﬁz-fz)‘ (6.15)
l‘],r2=1

The more general case of four-point support boundary operators is considered in the next section.

B. Operators with the four-point supports

For generic operators ¥, ¥ with four-point supports [see Eq. (4.7)], the spin structure emerging after the application of the
contraction rules gets the structure shown in Fig. 8(b). Each unit cell [Fig. 8(c)] composing the bridge between the boundaries
(green balls) is described now by the L* x L* transfer matrix 7' with the entries

O xe mIT X0’ xis )

L L 2
= % Z Z eifu(X,SlHig(-YlJ7)+ifu(fl,'7/)+ig(X',S1)eifh(l’l,Sl)-Hﬁl(Xl,Sz)+iﬁ,(S2Jz)eifv(Xl-S2)+ig(fzq771)+iflv(fz,'l’1)+ig(x{qs2) ) (6.16)

7'1,r2=1 S[,Sz:l
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FIG. 8. (a) The structure of spins obtained after application of the contraction rule to a partially dual-unitary map for T =4, M,N > T
and u = 1,v =T + 1 corresponding to the nontrivial correlation function C(T'). (b) The spin structure obtained from the one in (a) being
reduced by taking into account the boundary conditions (see Appendix B for details). (c) The unit cell entering the linear structure of spins

corresponds to the transfer operator T [Eq. (6.16)].

Note that after summation over the indexes i, 171, the matrix
element (x,n, x1, m|T1x’, 1, X1. 1) reduces to the one in
Eq. (6.5). As in the case of the operators with two-point
supports, the correlation function is given by the expectation
value,

C(T) = (ds|T" 7 |@y), (6.17)

with the vectors (@5, |®x) determined by the operators

q1, 92, 43, 94 and qs, g, g7, gs, respectively. The explicit ex-
pressions for these vectors are quite cumbersome, and we do
not provide them here.

C. Spectral properties of the transfer operator

It follows immediately from the unitarity of matrices u[g]
and u[ f, ] that the transfer matrix (6.16), as well as its reduced
form (6.16), is doubly stochastic, i.e., it satisfies the property

L

Yo GenxmITix 0 xinh) =1,
X x.n=1

L

D emoxemITIX 0’ xi ) =1.
xinpx'n'=1

(6.18)

The identity (6.18), in particular, means that the spectrum of
T is contained within the unit disk on the complex plane with
the largest eigenvalue 1y = 1. The eigenvector corresponding
to the maximal eigenvalue has the constant entries,

Elx.mxm)=1, x,n x1,m € 1L

It is straightforward to see that for traceless operators X, ¥
both (®5| and |®y) are orthogonal to £,

(®5l€) = (£]®5) = 0.

As aresult, for the traceless operators, the leading contribution
into the correlation function (6.17) and (6.6) is determined by
the second largest eigenvalue, A; (|A1]| < |Agl), of the operator
T. Thus, generically, the nontrivial part of the correlation
function decays exponentially with time and the characteristic
decay rate is | In |A;|| ™. It is instructive, therefore, to study the
dependence of A on the internal parameters of the model. In

the next section, we provide an analysis of the transfer matrix
spectrum for a particular choice of the map.

VII. APPLICATIONS

In this section, we illustrate our results using two partic-
ular realizations of the general model: coupled cat maps and
kicked Ising spin-lattice. Specifically, we provide a detailed
spectral analysis of the transfer matrix (6.5), for the case of
operators with two-point supports.

A. Coupled cat maps

One of the best studied and understood examples of sys-
tems with chaotic dynamics is provided by Arnold’s cat map,
which is the hyperbolic automorphism of the two-dimensional
unit torus [44]. The cat map acts in the 2D phase space:
{x:, p: } = { X141, Pr+1 }, With x;, p, being the coordinate and
momentum at the discrete moment of time 7. The generation
function of a single perturbed cat map is the function

S, X41) = %(ax,2 4+ 2ex, %41 + bxt2+l) +V(x), (7.1

where a, b, ¢ are integers and V(x) is an arbitrary smooth
real-valued function satisfying the periodic conditions, V(x +
1) = V(x). The equations of motion are defined through
the derivatives of the action, x; = 0S5/0x,11, p; = —35/0x;.
Their explicit form is

Xyl = ax; + pr +V'(x%), mod 1,
Di+1 = (ab — 1)x; + bp;, mod 1, (7.2)
where we set ¢ = —1 for the sake of simplicity of exposition.

The regime of fully chaotic dynamics is achieved when a +
b > 2. The above dynamical equations can be cast into a more
compact, Newton form

X1 + X1 = (@ +Db)x; + V'(x) mod 1. (7.3)

An extension of the cat map to the many-body setting, cou-
pled cat map lattice, was introduced in [4] and subsequently
studied in a number of papers [5—7] both on classical and
quantum levels. In this model, N cat maps, placed on the sites
of the D-dimensional lattice ZP”, are coupled with the help of
nearest-neighbor linear interactions. The resulting dynamical
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equations for D = 2 take the form

dh(xn+l.m,t + xn—l.m,t) +d, (xn,m+1,t + xn,m—l,t)

= Xn,m,1+1 +xn,m,t71 - (a + b)xn,m,t - V/(-xn,m,t) mod 19
(7.4)

where x, ,,, stands for the cat’s coordinate at the (n, m)-site
of the lattice. The constants dj, d, in Eq. (7.4) determine
the strength of the coupling in the horizontal and vertical
directions, respectively. The model is partially dual unitary if
one of the coupling constants equals —1 and fully dual unitary
when d;, = d, = —1. Indeed, as can be readily observed, the
Eq. (7.4) remains invariant under the exchange of ¢ and n if
d, = —1, or under the exchange of r and m if d, = —1. Since
we are primarily interested in the partially dual-unitary case,
we fix d, = —1 from now on and leave d, as a free parameter.

The quantization of a single cat map can be carried out
according to a general procedure for quantization of a linear
automorphism, see [45,46]. The corresponding unitary time
evolution is given by L x L matrix u[g] of the form (3.7),

J

L L
e.nlTlx',n')y =

ri,r=1|s=1

A brief analysis of the matrix elements [Eq. (7.7)] imme-
diately shows that, since the matrix indexes enter in the
combination (x —n) — (x’ — 1’), among all L?> matrix rows
only L rows are linearly independent [see Fig. 12(a) below].
Therefore, for each choice of L the transfer matrix has only
L nonzero eigenvalues. The nontrivial kernel of the transfer
matrix is the Toeplitz matrix, i.e., the matrix entries depend
on the difference of their indexes. It has the entries K;_

(j,k=0,L — 1), with

L | L 2
1

Kj=— } : } : o T ST (@ b)S HV () H T dys(ri+r2)
L

ri,r=11s=1

(7.8)

The Toeplitz matrices are known to be diagonalizable by the
Fourier matrix with the entries F;, = L2 exp[2mikl/L],
namely

L—1
Z F i KjkFee = 8(€ — €)he, (7.9)
J k=0
L—1
22w .
h=y e TUK;, (7.10)
=0

where £ runs from O to L — 1. After performing the summation
in Eq. (7.10), the nontrivial eigenvalues A, of T can be written

) i Z Z eizl%’x(x—n-ﬁ-r]’—x’)-&-i’,’j(a+b)x2+iV(x/L)+iZT"’d/,x(rl+rg)
L3

where the function g is determined by the classical action (7.1)
at ¢ = —1, according to the agreement we made in Eq. (7.2),
g(s,s) = 2%[8(& s). (7.5)
Note that u[g] is a Hadamard matrix, with the factor 27 /L
playing the role of the effective Planck’s constant. An exten-
sion of this quantization procedure to coupled cat map lattice
was presented in [7]. In accordance with the structure of the
classical map, the corresponding quantum evolution can be
splitinto the product, U = Uk[glU;[ f, fv], where Uk is given
by the tensor product of A operators u[g] and U;[ f3, f,]is an

interaction part provided by the diagonal matrix (3.6), with
, 2 , 2 ,
fo(s,8) = —s5,  fu(s,s') = —dpss'. (7.6)

L L
Since the resulting time evolution U is partially dual
unitary and possesses the required form (3.2), we can straight-
forwardly apply the results from Sec. VI. For the above set
of functions g, f,, f, the transfer matrix entries [Eq. (6.5)]
become

2
7.7)
[
in a compact form
hp = el TEDEALEDAIR, (g, (7.11)
2
sin” wdf
Rie (dp) = T2 g 7L (7.12)
L
where the first factor
| L
o2 i 2% (a+b)st+iV(s/L)—iV(s/L+E/L)
he=2 ) e : (7.13)

s=1

represents eigenvalues of the transfer matrix for the dual-
unitary couple cat map chain (D =1). The real and the
imaginary parts, as well as the absolute value of 1, are plotted
in Fig. 9 for L = 27 and the perturbation V(s) = cos 2rrs. The
plot showing dependence of A, on L is given in Fig. 10.

As expected, at £ = 0, the leading eigenvalue is Ao = 1,
independently of the model’s parameters. For all other eigen-
values we have |A¢| < |A¢| <1 due to the presence of the
modulating function Ry, ¢(d},), bounded from above and below,
0 < Rp¢(dp) < 1. At d;, = 0 the modulating function equals
1 identically, which returns us to the one-dimensional cat map
chain. For dj = —1 corresponding to the fully dual-unitary
case, the function Ry ¢(d;) equals zero identically for £ > 0.
From this observation, it follows that the correlation func-
tion C(¢) vanishes for the traceless observables, as it should
be for a fully dual-unitary model. Moreover, the function
R ¢(dy) and the correlation function C(¢) equal zero for al-
most all other integer values of dj,. Exceptions occur in cases
where L is a product of several prime numbers, for example,
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FIG. 9. Real part, imaginary part, and the absolute value of the eigenvalues X, [Eq. (7.13)] vs a + b at L = 27 and V(s) = cos 2xs. The
eigenvalues change periodically with respect to a + b with the period L.
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FIG. 10. The spectrum || [Eq. (7.13)] of the one-dimensional cat map model transition operator plotted with respect to the particle Hilbert
space dimension L for three different values of the parameter a + b. The perturbation is chose to be V(s) = cos 2.
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FIG. 11. The eigenvalue modulation function (a) R4 .(d;) and (b) Rs ,(d;) plotted vs d), for £ > 0 [Eq. (7.11)]. Only the single period of

each function is plotted.

L = pi1p> and pi, p» # 1. Here, the function Ry ¢(d;) can
attain its maximum value of 1 at certain values of d;, other than
0. For instance R;—p, p, ¢=p, (P2) = Ri=p,p,.e=p,(P1) = 1. To
demonstrate this features we plotted the functions R;—4 ¢(dp),
and R;—4 ¢(dy) in Fig. 11.

B. The kicked Ising spin lattice

In this part, we illustrate our results on the particular ex-
ample of the minimal dimension model (L = 2), the kicked
Ising spin-1/2 lattice. This model is known to have the
dual-unitary regime and has served as a paradigm in the
field of many-body quantum chaos, see [8—11,47]. Although
the model has primarily been investigated in one dimension
(D = 1), its extension to many-dimensional (D > 1) lattices
is straightforward [48]. The system evolution is governed by
the Hamiltonians

N M
— AZ AZ AZ AZ AT
HI - z : § :dUUn,mUn+l,m + dhon,man,m+1 + th,m’

n=1 m=1

N M
Hx =YY J6;,.

n=1 m=1

(7.14)

where the operators 6,7, are the Pauli matrices with o =
X, ¥, z (see Appendix C), acting in the two-dimensional Hilbert
space (L = 2) of a single spinor with the lattice index (m, n).
As everywhere above, we assume that n = 1,N,m=1,M as
well as the cyclic boundary conditions, i.e., 6y i = 6ffm,
6, yy1 =6, To make the model partially dual unitary we
set J = /2, d, = m /4. With this choice the matrix u[g] has

J

the form
1 /1 —i
while the matrices u[ f, ;] are given by
1 e~ 1Wunthun) e\
ulfopnl = 2\ e il |- (7-16)

where h, = h,h, =0. The function g(s,s") = 7((2s —
3)@2s" —3)—1) and fyu(s,s") = dyn(2s —3)25 —3) +
hyn(s + 5" —3). Note that the matrices u[f,] and u[g] are
Hadamard matrices, at the choice J = 7 /2,d, = /4 they
coincide up to the constant phase factor /4, which is
irrelevant as far as the correlation function is concerned. In
accordance with the Eq. (6.5), the resulting 4 x 4 transfer
matrix (x, n|T|x’, n') in the basis {|1, 1), |2, 2), |1, 2), |2, 1)}
has the 2 x 2 block structure

. (aE BE
= (5 o)

1
o = —(1 + cos’ 2d), cos 2h),

1
=1 B = 4_1(1 — cos? 2d;, cos2h),

(7.17)

where E is the 2 x 2 matrix with the unit entries, i.e., E; j = 1
for all 7, j. The transfer matrix has two zero eigenvalues, the
eigenvalue Ay = 1 with the eigenvector %( 1,1,1,1) and the
eigenvalue

A = cos 2d,, cos 2h, (7.18)

with the corresponding eigenvector %(—1, —-1,1,1).

By using the spectrum of T, the correlation function C(T)
for the traceless operators (; takes the form

C(T) =—1117? cos* 2d,(1|u"[glqeulg]| 1) [cos 2h((1]u"[glasulgl|2) — (2|u'[g]qsulgl|1)) + isin 2h((1]u’[glqsulg]|2)

+ (2lu"[glgsulgl|1)]lcos 2h((1]ga]2) — (2lgal1)) + isin 22((11q212) + (2lq2[1)](1]q;[1).

(7.19)

It is instructive to calculate the correlation function for the operators q, taken from the set of Pauli matrices. Obviously, only the
choices q; = 6%, q¢ =67, and q = 6%, 67, qs = 6%, 6° correspond to the nonzero correlation function. In total there are four
combinations, which lead to a nontrivial correlation function. The results of calculations are gathered in Appendix C.
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FIG. 12. The typical block structures of transfer matrices 7' for (a) the coupled cat map model at L = 3, and (b) for the kicked Ising spin
lattice. The identical colors (arbitrary choice for each case) correspond to the identical matrix elements. The first column contains the plots for
the four-point transfer matrices [Egs. (6.5), (7.7), and (7.17)], and in the second column the pictures of the eight-point transfer [Egs. (6.16) and

(7.20)] matrices are gathered.

Finally, consider the transfer matrix [Eq. (6.16)] for
the correlation function of four-point supported opera-
tors for the kicked Ising spin lattice model. The matrix
GG ns xnmiTx 0, Xi»1m}y) can be written in a block-
hierarchical structured form [see Fig. 12(b)]

aE BE JE JE
j_|PE oE PE PE| (7.20)
JE JE GE PE
JE §E PBE GE
where

& = §(4cos* hcos® 2dy, + sin’ 2d),),

B = §(4sin® hcos® 2dj, + sin® 2d),),

7= 3—12(3 — cos4h — 2 cos® 2h cos 4d)).

This transfer matrix possesses four nonzero eigenvalues:
the eigenvalue 1o = 1, two degenerated eigenvalues 1, =
cos? 2d,, cos 2h [coincide with the eigenvalue A; for the two-
point transfer matrix, Eq. (7.18)], and the eigenvalue Az =
cos? 2d), cos? 2h. Note that Aj are identical to the second-
largest eigenvalue [Eq. (7.18)] of the transfer matrix (7.17).
This implies that the decay rate of the correlations be-
tween operators with the two-point and four-point supports
coincide.

VIII. CONCLUSIONS

In the current paper, we have explored two-dimensional
lattice models featuring partial spatiotemporal symmetry. The
study revealed that for partially dual-unitary models, non-
trivial correlations exist along the light-cone edges in the
space-time grid. We have expressed these correlations through
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the expectation values of powers of a low-dimensional transfer
matrix. On the other hand, fully dual-unitary models exhibit
ultralocal correlations that completely vanish after a finite
time. These findings corroborate earlier observations [10]
indicating that (fully) dual-unitary models constitute a max-
imally chaotic class of systems.

As an illustration, we applied these findings to the coupled
quantum cat maps and the kicked Ising spin lattice. For these
models we have derived an explicit formula for the spectrum
of the transfer operator T', enabling us to determine decay
rates of correlation functions for operators with two-point and
four-point supports. Remarkably, the second-largest eigenval-
ues of T attain a simple structure—it is provided here by
the second-largest eigenvalue of the transfer operator for the
corresponding one-dimensional model, multiplied by some
reducing factor [Egs. (7.11) and (7.18)]. The absolute value
of this factor depends on the coupling in nondual directions
and is bounded from above by one. This demonstrates that
the inclusion of an extra spatial dimension generally en-
hances the decay rate of the correlation function. Note also
that the transfer matrix at a certain choice of the basis vec-
tors can be presented in the L x L block form (the typical
structures of the four- and eight-point transfer matrices are
shown in Fig. 12). In the case of the coupled cat map model,
the structure of the four-point transfer matrix can be seen
as a matrix of permutations, while the eight-point transfer
matrix represents a hierarchy of permutations on different
scales. Such hierarchy is clearly seen for the transfer ma-
trices plotted for the kicked Ising spin model [Fig. 12(b)].
The eight-point transfer matrix has a block-hierarchical struc-
ture, which is also known as Parisi matrix, typical for spin
models.

It is worth noticing that the above results can be straightfor-
wardly extended to lattice models with arbitrary dimensions
D > 2. Assuming that the dual-unitarity holds for at least
two spatial dimensions (e.g., 1, 2), we can conclude that the
correlation function can take nontrivial values

C(r9t)¢07 r:(nlvn21"'nD) (81)
if and only if the following three inequalities hold:
D
It =" il (82)
i=1
D
Il > e+ Il (8.3)
i#1
D
nal > le] 4+ Il (8.4)
i#2

As these are satisfied only at a single point, t = 0,r = 0, all
correlations in this case are ultralocal, meaning they vanish
identically after a finite time. If, however, the dual unitarity
holds solely for a single spatial dimension, then only the
first two inequalities are satisfied. In this case, the nontrivial
correlations emerge along the line || = |n;|,n; = 0,i # 1. As
in the two-dimensional case, C(r, t) can be expressed through
a transfer operator, whose dimension is determined by the size
of the local operator’s support.

Finally, we note that in this article, among the calculation
of the correlation function, we also established the neces-
sary conditions for the quantum map duality property (the
Hadamard property of the matrices u[g] and u[f]), and we
were not concerned with the clarification of the sufficient
conditions for the duality. The obvious strict equivalence
f = g leading to the duality can be significantly relaxed: As
we demonstrated in Sec. VII the duality holds for a rather
wide class of functions. From our derivation we can say that
the duality holds for the functions those f and g, which are
in the relation f(s,s’) — g(s, s’) = A(s) + B(s), where A(s)
and B(s) are arbitrary real-valued functions. Nevertheless, the
problem of finding a class of functions, which guarantees
duality, is of interest and is the topic for future research.
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APPENDIX A: QUANTUM CIRCUIT REPRESENTATION
OF 2D DUAL-UNITARY COUPLED MAPS

In this Appendix, we show that a dual-unitary kicked quan-
tum map on 2D lattice can be represented as a 2D quantum
circuit with a ternary unitary gate operator /2% € End(H®*).

Assuming that the lattice has even dimensions M, N, we
split the interaction part of the evolution (4.6) into two terms,
U, =070y,

N/2 M2
(s|Uf|s’) =5(s, ") 1_[ l_[[eifu(5211,2”1;SZIH»].Zm)+if/7(52n,2m;52r1,2m+1)]’

n=1 m=1
(A1)
N/2 M/2
(slurlsy =86 sH[ T[]
n=1 m=1

% [eifv(SZ/l—l,Zm—l;S’Z/LZIH—])+ifh(s2u—l,2m—l;SZ/x—I,Zm)]’ (A2)

where the sum runs over even and odd lattice sites, respec-
tively. The even powers of the Floquet operator (3.2) can be
written in the form

U = (UxUp* = UST[USURUFUPURUPT US,  (A3)
where we split the interaction part of the evolution into the odd

and even parts of the lattice. The two parts of the evolution are
given by

_ _ gate
U =UfUxUf = Q) US55, (A4)
(. j)ell e N/2)
— _ gate
U, = UPUKU; = ® Upisr 241y (AS)
(i J)ell e N/2)
where U5, is the ternary unitary operator 142 acting on the

site (m, n) of the lattice, see Fig. 13(a). Explicitly it is given

214302-17



OSIPOV, KRIEGER, GUHR, AND GUTKIN

PHYSICAL REVIEW B 109, 214302 (2024)

‘A
5

s1' 54 gy s3'

s
-
(a) "0 1 2 3 4 5 h (b) K

FIG. 13. (a) Two-dimensional lattice of interacting particles.
The green-dashed lines correspond to the interactions defined
by the function f,, and the red dot-dashed lines to the function
f». The squares marked by different shadowing correspond to even
U, and odd parts U, of the evolution, see Eqs. (A4) and (AS).
(b) Schematics of the ternary unitary operator /"¢, which includes
among the particle-particle interactions (green and red dashed edges
of the cube) also one time-step propagation (the vertical edges), see
Egs. (A6) and (A7).

by L* x L* matrix with the entries

AV A

1 . ,
(51528354 |UE" |5y s,558]) = — TS,

L2

F = fuls1,82) + fu(53, 84) + fu(s2, 53) + fu(s4, 51)
+ (51, 85) + fulsh, s4) + fu(sh, 85) + fulsy, 57)
+ g(s1, 57) + g(s2, 85) + 8(s3, 55) + g(s4, 53), (A7)

(A6)

corresponding to 12 edges of the cube, see Fig. 13(b).
|

Due to the forms of the operators U,, U,, the equation (A3)
effectively represents the time-evolution as a 2D quantum
circuit with a ternary unitary gate operator, akin to the ap-
proach in the work [41]. Importantly, the unitary gate (A7)
allows for spreading onto the neighboring sites only. Indeed,
itis straightforward to see that for a local operator a; localized
on the site j € {1, 2, 3, 4} we have

U [a; @ T @ T @ TIUF) =A®I, (A8)

where A is localized on the sites j, (j £ 1)mod 4 and the last
unite operator / on the site (j 4+ 2) mod 4, respectively. This
accounts for the ultralocal correlations in our model, distin-
guishing it from the one featuring a generic ternary unitary
gate as described in [41].

APPENDIX B: THE SPIN STRUCTURES OBTAINED
BY APPLICATION OF THE CONTRACTION RULES

Multiple applications of the contraction rules formulated
in Sec. III to the original spin structure in the case of the
two-dimensional partially dual map (the horizontal direction
is dual to the time direction) and for T >> M, N generates
a number of nontrivial structures. In the generic case of the
eight-point correlation function, there are three (up to the
mirror transformation n — N — n) nontrivial final structures
(Fig. 14) taking place atv =T,T + 1, T + 2 [see Eq. (4.7)].
Further analysis shows that only the case v =T + 1 corre-
sponds to the nontrivial correlation function. Moreover, the
structure similar to the one shown in Fig. 14(b) reduces to
those in Fig. 8(b). These conclusions follow from the explicit
summation of the correlated spins (red balls) in the vicinity of
the boundaries (green balls).

On the upper boundary of the structure shown in Fig. 14(a),
the summation over the correlated spins sy.1.0, SN.2.0, $3.1,0»
§3,2.0 has to be done according to the following scheme (only
the spins with m = 1 are shown)

f?) —_ fT/' —_ f/U
t=20 SN,1,0 — <51,1,0‘ q1 |§1,170> E— <52,1,O‘ q2 |§27170> — 53,10
QT QT
t=1 S111 ——————— (32,171@2,1,1) B (B1)

(a)

FIG. 14. The spin structures generated after the application of the contraction rules in the temporal and the horizontal directions at T = 4

M,N>T)and (a)v=4,(b)v=5,(c)v =6.
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(d)

FIG. 15. The spin structures generated after the application of the contraction rules in the temporal and the horizontal directions at 7 = 4
(M, N > T) when only four from eight operators ¢, are different from 1. The mutual positions of the operators ¢, are different at each plot

and [(a),(d)] v =4, [(b),(e)] v = 5, [(c).(D] v = 6.

The arrows on this scheme show the order of indexes
in the corresponding functions (f, of g), from left to
right. The horizontal interactions are not shown, while the
presence of the horizontal interactions after summation results
in the correlation of the spins 51,10 and 5; ; o. Thus, on the next
turn, summation over the spin s, ; ; leads to the correlation of
5211 and sy g 4, which cuts the spin bridge and the correlation
function becomes trivial (the same arguing works for the spins
with m = 2).

The spin structure in Fig. 14(c) has to be analysed start-
ing from the bottom. To formulate the contraction rules in a
symmetric manner we have introduced the additional matrices
U; into ®(Sr,s;), so that the product ®(57, s_‘T)TI(ET, s7)
reduces to the scalar product (§7|X|s; ), where all spins on the
level t = T are correlated and does not interact horizontally.
Therefore summation over the spins s7411,7 and sy412.7 re-
sults in the correlation of the spin pairs 574,171, ST LT —1
and S7412.7-1, ST 12T 15 which again breaks the spin bridge.
The very same arguments allow us to reduce the spin structure
in Fig. 14(b) to obtain the one in Fig. 8(b).

For completeness, we also plotted the structures obtained
after the application of the contraction rules for the case cor-
responding to the four-point correlation function with various
mutual positions of the operators qg, see Fig. 15. Additional
analysis shows that only one of them shown in Fig. 15(b)

generates a nontrivial correlation function. It can be reduced
to the structure in Fig. 7(b).

APPENDIX C: EXPLICIT EXPRESSIONS FOR THE
CORRELATION FUNCTION IN THE SPIN-CHAIN
MODEL (SEC. VIIB)

The correlation function calculated in Eq. (7.19) take
nonzero values for particular choices of the operators q;: q; =
6%,q6 =67, qp = 65,67, qs = 6%, 6%, totally four combina-
tions. We use the standard definition of the Pauli matrices,

- (1 0 (0 1 (0 —i
o= 1) =\ o) =\ o)

(2]
The correlation function is
C(T) = —21] *cos* 2d;, x (I) x (II), (C2)
where the factors (I), (IT) take the following values:
__|sin2h qQ =6",
1) = {— cos2h qu =67, (€3)
__|sin2h qs = 67,
(H) - {— cos2h qs = 6°. (€4)
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