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Abstract

Classical artificial neural networks, built from elementary units, possess enormous expressive
power. Here we investigate a quantum neural network (QNN) architecture, which follows a similar
paradigm. It is structurally equivalent to so-called (1+1)D quantum cellular automata, which are
two-dimensional quantum lattice systems on which dynamics takes place in discrete time.
Information transfer between consecutive time slices—or adjacent network layers—is governed by
local quantum gates, which can be regarded as the quantum counterpart of the classical elementary
units. Along the time-direction an effective dissipative evolution emerges on the level of the
reduced state, and the nature of this dynamics is dictated by the structure of the elementary gates.
We show how to construct the local unitary gates to yield a desired many-body dynamics, which in
certain parameter regimes is governed by a Lindblad master equation. We study this for small
system sizes through numerical simulations and demonstrate how collective effects within the
quantum cellular automaton can be controlled parametrically. Our study constitutes a step towards
the utilization of large-scale emergent phenomena in large QNNs for machine learning purposes.

1. Introduction

Developing powerful and at the same time tailored computational models is of great relevance in both
quantum simulation and quantum machine learning [1-9]. One particular computational paradigm is
provided by quantum cellular automata (QCA) [10, 11]. As a quantum generalization of classical cellular
automata [12, 13] they are usually characterized by a discrete-time, local evolution of an ensemble of
identical finite-dimensional quantum systems via a translationally invariant unitary operator, although many
different versions exist [14—22]. Experimental progress in controlling atomic lattice systems with the ability
of single-atom addressing [23—29] has stimulated research into so-called (14+1)D QCA [30-35] (see

figure 1). Being organized into layers of finite-dimensional quantum systems, with a dynamics implemented
by the sequential application of unitaries supported on two adjacent layers, they realize one spatial
dimension and one effective time dimension. Originally introduced as quantum versions of the classical
Domany-Kinzel cellular automaton [30, 36], these models in the past have given rise to studies regarding the
impact of quantum effects on universal behavior in out-of-equilibrium critical dynamics [30-35].

Dynamics can be often associated with the processing of data. This is the case, for instance, for Hopfield
neural networks [37-40], in which given classical spin configurations can be retrieved by performing a
dynamics which minimizes a suitable energy function starting from an initially presented configuration.
Another example in which patterns can be retrieved starting from data contained in an initial state is given by
modern feed-forward neural networks [41-43]. Here layers of computational units [44] propagate low-level
representations of the data according to their characteristic properties in order to output higher-level
representations.

© 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. (141)D Quantum Cellular Automaton and Quantum Neural Network architecture. (a) Two-level systems which can be
found in the occupied (circle with black filling) or vacant (circle with white filling) state or superpositions of them are organized
into a two-dimensional lattice. The vertical axis can be interpreted as indicating a spatial dimension and consists of N sites of
which we show only a subset of six here. With respect to the horizontal axis we label the first layer by 0. This layer contains the
initial configuration po and all other sites are in the vacant state. By means of the gate Gy, sequentially applied along the spatial
direction, the initial state is then propagated to tby successively updating two adjacent layers. The horizontal axis can thus be
effectively seen as a time-axis. In the main text we show how suitably chosen gates Gy can give rise to a generic Lindbladian
evolution of the initial state p; = e'“ [p]. Note that the Gy may act nontrivially on the current layer such that, for instance, the
state of layer 0 after their application is in general different from po. However, for sake of illustration, we neglect such subtleties.
(b) The gate Gy can be written as a product of simpler gates as depicted. Our analysis goes beyond the case where Gy acts on only
four control sites in layer t and applies to general local Hamiltonians and dissipative processes. (c) Our (141)D QCA can
equivalently be regarded as a (dissipative) QNN. The initial configuration corresponds to an input state pj,, the final
configuration to an output state poue and the time-axis represents the direction of computation. Fixing the form of the local gate
Gy can be interpreted as restricting the allowed computational units (visualized by the blue lines connecting a node with a
number of nodes in the previous layer).

More recently, much effort has been invested in introducing quantum effects into pattern recognition
tasks [45—49]. Exploiting coherence and entanglement it is believed that such approaches may recognize
‘atypical’ patterns and could pave the way towards a quantum advantage in machine learning [6]. Of
particular relevance for the investigation in this paper are so-called dissipative quantum neural networks
(QNNs) [50, 51]. Having highly modular structures, these are instances of quantum deep learning
architectures and—analogously to classical deep neural networks with layers of neurons [41, 42, 52]—are
composed of multiple layers of qudits. A perceptron within this architecture is realized as a unitary operator
which acts on the qudits of two adjacent layers.

Being both quantum lattice models with successive unitary layer-to-layer dynamics already suggests that
(14+1)D QCA and dissipative QNN are similar concepts and recently their equivalence was established [35].
Moreover, it was also shown that, by appropriately choosing the unitary gates, the open quantum dynamics
of nonequilibrium critical models [53] may be approximated [35]. Regardless of the unitary nature of QCA,
a dissipative evolution may indeed emerge at the level of the reduced states of single layers. Indeed, since they
naturally implement a many-body version of so-called collision models [54-58], (14-1)D QCA and QNNs
are closely related to Markovian open quantum dynamics.

In this work we provide a systematic study of how (141)D QCA dynamical rules can give rise to
emerging Lindbladian dynamics. More precisely, we show, in the limit of large number of layers, how to
decompose the layer-to-layer unitaries into suitable local gates in such a way that a desired Lindblad
dynamics can be approximated [59-61]. We find such a decomposition for arbitrary local Hamiltonians and
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jump operators, allowing for a full parametric control over local coherent and dissipative contributions. As
outlined above, our results are relevant to the controlled investigation of quantum many-body systems, but
may also offer a route towards quantum-enhanced versions of machine learning tasks. We illustrate our
results by implementing two different versions of open quantum Ising models [62, 63] and an open quantum
reaction-diffusion model [64] on the (1+1)D QCA platform. At large scales, these models are known to
feature emergent collective behavior, a necessary requirement for, e.g. ergodicity-breaking phenomena which
enable to establish a pattern retrieval dynamics analogous to the one of Hopfield neural networks.

2. (14-1)D quantum cellular automaton and local update rules

We define our QCA on a two-dimensional lattice with N vertical and L horizontal sites [30-35] (see figure 1).
With each lattice site we associate a two-level quantum system with Hilbert space generated by the basis
states |o) and |e), referred to as vacant and occupied state, respectively. The Hilbert space of the total system is
constructed as the tensor product of the two-level Hilbert spaces. At time ¢ = 0, the first column is chosen to
be in some initial configuration with the other sites being in the vacant state. We denote the corresponding
initial state of the total system as |¥). A dynamics can then be introduced on the full lattice by successively
applying global unitary update-operators which only act nontrivially on two adjacent columns, starting from
the first column and proceeding towards the right, as shown in figure 1(a). Since each of these consecutive
update steps causes a nontrivial action on one new column to the right, the horizontal axis of the lattice
becomes an effective time axis. Thus, labeling the columns as 0,1,...,¢,t+1,...,L — 1, L, we may denote the
global update-operators as G, . and assume that they are the same for all ¢ (we will later study the effect of
relaxing this assumption). The state of this (14-1)D QCA (one spatial dimension and one effective time
dimension) at time ¢+ 1 is then

|\I’t+1> = gt,t+1 . "g0,1|\110>~

Equivalently, the dynamics of this model may be expressed through a recurrence relation on the level of the
reduced states at two consecutive times. The latter are obtained by tracing out, in the instantaneous density
matrix, the part of the system not pertaining to the corresponding time-column. Indeed, denoting by
Tr41(+) and Tr<,11(+) the trace over all sites apart from those in column ¢+ 1 and the trace over the sites in
columns 0, 1,. .., t, respectively, we see that

Pri1 = Trozep1 (W 1) (Wega])
=Trerp1(Grr (| ¥ (V| @ ‘0>f+1<0|)gzt+l)
= Tri(Gr o1 (Tre (| T (T)) @ |O>t+1<0|)git+l)
=Tri(Gri1 (o ® |0>t+1<0\)gzt+1)- (1)

To keep notation simple we have written again G; ;11 for the unitaries emerging from the original global
update operator by suppressing the identities on certain columns. Similarly, we have denoted by | ;) the
state of the QCA after ¢ applications of the global update although it is only supported up to column ¢. In
order to arrive at this recurrence relation, we exploited that the global updates are the same, always acting on
two contiguous time-columns only, and that we initialize all sites apart from those in the first column in a
same (vacant) state. Note that while the update for the total system is unitary, the one on the level of the
reduced states in equation (1) is, in general, not. In the following Sections we want to investigate how the
global update determines the form of the map which transforms a reduced state according to equation (1).
We will show that through a decomposition

m—1 N m—1
Griv1 = ( H Lk) ( H Gk> < H Rk) , (2)
k=1 k=m k=1

in terms of local unitary operators Ly, Gk, Ry, the dynamics of the (141)D QCA can approximate any local
Markovian open quantum time evolution. While the operators Ly act on one control site in column t and one
target site in column ¢+ 1, the operators Gy and Ry act on m control sites and one target site (cf figure 1).
Their explicit form is given in section 4.

3. Equivalence of (14+1)D QCA and dissipative QNNs

The platform offered by (141)D QCA is generally employed for the controlled simulation of quantum
many-body dynamics [30, 65]. On the other hand, QNN represent quantum approaches to pattern
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recognition tasks for data samples [5, 6]. Here we show that our (1+1)D QCA, as defined in the previous
Section, is in fact a special instance of a so-called dissipative QNN [50] (see also [35] and figure 1), allowing
our results to give analytical and numerical insights into both fields.

Given a two-dimensional lattice (see figure 1), each of its sites can be interpreted as a node of a dissipative
QNN [50]. Each node is then associated with a two-level quantum system. Within this architecture, the
elementary computational units are defined as unitary operators. In analogy with classical feed-forward
neural networks, they act nontrivially on a certain number of input qubits and one output qubit of
contiguous layers, respectively. The full QNN then consists of a layer-wise application of the unitaries on the
system state. The latter is provided by choosing the first layer in an arbitrary state and the remaining ones in
a reference (vacant) state. Tracing out all but the last layer, the calculation in equations (1) applies and the
reduced state of the first layer can be interpreted as an input state which is processed through hidden layers
towards a reduced output state of the last layer. Thus, the structural equivalence of these (in general
recurrent) QNNs and (1+1)D QCA becomes apparent (cf figures 1(a) and (c)). Indeed, the time dimension
of our QCA can be identified with the direction of a computation in dissipative QNNs and the initial and
final states correspond to inputs and outputs. Both models propagate the state successively by applying a
sequence of unitary gates on adjacent layers. The choice of the QCA update rule in equation (2) can also be
seen as restricting the class of allowed (local) computational units in the QNN picture.

4, Lindbladian evolution of the initial state

The purpose of this section is to find the explicit forms of the local gates Ly (5t), Gi (1), Ri(d¢) such that the
global gate in equation (2) gives rise to the most general Lindbladian evolution of the reduced layer state with
local Hamiltonians and dissipation processes (cf figure 1). More precisely, we want to show that for small d¢
the gate in equation (2) propagates the reduced state at time # according to

plt+1) = p(t) + StLlp(8)] ~ ¢ [p(1) 3)

with the Lindblad generator [59—61]

ol == [ S5 Ao | + 3 Yol (A (a) = 5 { () a0} ).
B=1 k=1 B=1 k=1
4"—1
= > > £ (4)
B=1 k=1

the m-local Hamiltonians

[5] [ ] — [ﬁ]»m#lz SO0y al am
HO = H i emn, = D O g1 ® O, ® - @ 0 5)

Q1,000

and the m-local jump operators

[B] [ ] _ [B]vahO‘Z ----- Qm ) Otm
A=Ak k= D & O g1 ® 0L, ® - @ 0 (6)

Note that, in contrast to the last section, in equation (3) we refer to the time as an argument rather than as an
index. This is because we want to distinguish in the following between the instantaneous reduced state at a
certain time and the layer on which this is supported. The former will be indicated as an argument while for
the latter we use an index notation. In equations (5), (6) the symbol c®=!2-* denotes the Pauli matrices and
o0 the identity. The indices .. ., ,, are summed over 0, 1,2, 3. We consider first the general case of
periodic boundary conditions with

ot m+1®0k mp2 @ ®ng®011+l® @og"

f— e a1+1 .. am
N k41 @ Ok @ ®ON ® 01T ® -+ @ oy

implying that sites at the ends may interact locally. Choosing nonnegative rates -, ] the coefficients
[ﬂ] ay,an,...,
%k

[SIRYe S REPPR) A

"™ such that the operators A[ﬁ  are pairwise orthonormal and the coefficients d,[cﬁ ) such

that the H ,[f | are Hermitian, equation (4) implements the most general Lindbladian dynamics with jump
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operators and local Hamiltonians supported on at most m sites. Motivated by equations (5) and (6) we
define the operators acting on layer ¢

[ﬁ] _ [5]701170427 s Om oy a”,
H, = E: dy O m+lt®0k mi2t @ Qo
A,y Oy
[/3] _ [/3],(!17012» H5Qm Qg %3 Qy
A = Z Ck Ohmmt1,t @ Oy O @0
Q1,000

and furthermore the Hermitian operator acting on layers ¢, + 1

i
Bl _ i8] _ ./ [ﬁ] 5] 18 -
Vi (1) T V}( mtLk—m+2,.. k,(tt+1) (Ak 1 @ Jk 1 (Ak,z) ® Jk,t—i—l)

* = (¢! +i0?)/2. We also introduce the swap gate

with the raising and lowering operators ¢
23 0% ® o
a=0"k,t k,t+1

SWAP; = )

Given these operators, we argue below that the choice (see equation (2))

Ly =SWAPy,
G =SWAPe VoWilhin o= i0tH )
Rk —e _lka (Lt+1) @ _létHkﬁ

evolves the reduced state according to equation (3). The gates Gy, Ry all have the same structure and
furthermore become translation invariant if

B

NCINC I )

dgﬁ],alyaz,...,am — dgﬁ],al,az,m,am = d}\?],al,az,...,am7
Cgﬁ],auaz,n.,am _ C£6]5a17a2;"-7am L C}[\?],ahazw-,am-

First, we reorder the gate G; ;1 such that all swap operators are collected to the left. This can be done since

each swap gate in the Gy is multiplied from the left only by operators with different support and therefore

\ka

commutes with them. Then, expanding the operators e 1) to second order in v/ dt, the operators

_isel#) . . . .
¢ "9 to first order in 8¢ and, in their products, keeping only terms up to second order in v/dt, the global
gate reads

N
Grerr = [ [SWAP| 1 —zﬁz e _EZ(V% ) —16tZHI[(5t]

k=1 k=1 k=1
B8] B Bl

— ot Z V{ K, (1, z+1)V§<’ (hi41) — Z Vi (tt+1)V£’ (1)

kk €{m,...N} k,k’e{l,...,m—1}

k<k’ k<k’
N m—1 ]
B B]

751‘22 V}( (t,t41) V{ K, (t,t4+1) +O 59/2)]

k=mk/'=1

Inserting in equation (1) an identity operator, in the form 1 =[], SWAP}, between the G, ;. and the state,
the propagation prescription can then be written as

T
peea(t+1) =Tr, <g£i>l,t|o>t<o @ pra (1) (gfﬂ,t) ) +0(587),

with gfj)l . the second order contribution to G; ;41 where layers ¢ and ¢ + 1 are swapped. Denoting by

B8] (8]
V[ ,(t41,1) and Hk t+1 ,(t,141)

only contributions up to second order in /dt, we compute

the operators V[ ] and H ,EB t] with swapped layers, respectively, and again keeping
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prr1(t+1) = pra (1) — idt [Z kt+1apt+1( )]
k=1
—iV/otTr, ([Zv{ (a1 100 <0®pm(t)D
k=1

_7Trt ({ ( (t+1 t) 3|0>t<0|®pt+1(t)}>

N
o (3B 001 03,
k=1 k=1
=0T [ Y Vi Vi 0000 @ pea (1)
k,k' e{m,....N}
k<k
— o¢Tr, Z V{’B(]tJrl t)Vﬁf(m 510)¢(0] @ pera (1)
kK e{1,....m—1}
k<k
N m—1
— ¢Tr, (Z Z VW(]H_1 N V}f (r+1,0]0):(0] @ prya ( ))
k=mk'=1
— otTr; |0>r<0‘ & Pt—H(t) Z VL?](H-I t) Vw]t-i—l f)
k,k' €{m,...,N}
k<k'
— OtTr; | 10)4(0] ® pry1 (1) Z Vl[f](rﬂ ¢ V[ﬁ]tH )

— OtTr, (

kK e{1,....m—1}
k<k’
N m—1

12D

k=mk/=1

e

10):(0] @ pet1 (2 K (t41,0)

ﬁr+1 . > + 06877,

While we immediately recognize the coherent contribution to the Lindblad master equation, it remains to be

shown that the last terms have the form of a dissipator. Since Tr(o

Similarly, since Tr(oF o5 10)(0]) =

evaluate to

ot

— —Tr
2 t

— 0tTr;

— O0tTr;

—iV/orTr

Al
Vi ,(t41,1)

> (

k=1

(2

kK €{m,....N}
k<K'
>V
k,(t+1,
kK e{1,....m—1}
k<k'

Tr(o} 0, 10)(0]) = 0 and Tr(o 010)(0]) =

),o<M®pﬁmo}>

otTr, (Z K, (41, t)|0 0| ®pt+1

£10)(0]) = 0 Vk we have

t([zv{ (41,2100 0|®Pt+1()]>

85k Wk, k', the other terms

ot

N
By Z’y[ ! { (Al[ﬁ]ﬂ

2
k=1

T
) A][{i]+17pt+l(t)} 3

¥
Z V{ﬁ]t+1 t) ) ’

k=1

- ‘”Z VIEB]Ak P (1) (Al[cﬁt]+1
k=1

)-

B] B8] _
Z Vgc,(t-i-lt)v{ (t+1t)|0 O] @pesa(t) | =0,

t)V[IB](t-H 1000l @ peta (1) [ =0,
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N m—1
- &Tr‘ (Z Z Vgc,ﬁ(]tJrl,t) Vl[f,}(ﬂrl,t) |0>t<0| ® pt+1(t)> =0 )

k=mk'=1

—0tTr, | 0)(0] @ prya(2) Z Viﬁ] Vel

(t+1,1) " k,(t41,1)
kK €{m,....N}

k<k

=0,

=0T | 000l @ o () D Vg Vi | =0
kK e{1,....m—1}
k<k’

N m—1
— 0tTr, <|0> (0] @ prga (2 Z Z ng](z-}-l ' Vw(t-s-l t))

k=mk/=1

As a consequence, we see that

N
Pri1(t+1) =pra (t [Z k¢+1vpz+1 ]

k=
o1 f
#0r 3l (Al ) () 2 (L) A0}
k=1
+0(587%)

= pe1 (1) + 0L [pry (0] + O(57°)7)

with L8] [p] = 25:1 E,EB] [p]. Thus, up to second order in /3t the instantaneous reduced state at time ¢+ 1,
defined on layer ¢+ 1, is given through the instantaneous reduced state at time ¢, defined on layer t+ 1, by
means of an open quantum dynamics generated by £1%l. Hence, G, ;11 can be seen as first swapping p; () to
layer t+ 1 and then evolving it. Keeping in mind that the reduced state actually propagates successively from
left to right, with each time-step implementing a change according to a Lindbladian, the updated state can be
expressed as in equation (3). It follows that the small parameter 0t can be interpreted as a time-increment
between layers t,t+ 1 (which are in units of §¢) and the state p(t) obeys the Markovian quantum master
equation

PEEDZP0) . i),

The current description allows us to consider N jump operators and local Hamiltonians. However, in the
most general m-local Lindbladian (cf equation (4)) we have N - (4™ — 1) of them occurring simultaneously
(although there will be redundancies). In order to account for all of these L8], we have to introduce more

vacant states and release the constraint that the gate G; ;11 has to be the same for all ¢. As already suggested by

our labeling, we denote by gf‘fj | the 4™ — 1 layer-to-layer unitaries yielding the different contributions to the

Lindblad generator. The dynamics is then modified by requiring that these gates are repeatedly applied in
ascending order from left to right. As a result, the recurrence relation for the evolution of the reduced state is
now given by (f =4" —1)

prif(t+1)

T T
= Tft—i—f—l (gz(-{)f—l,t+f ( -+ Try (gt(,lzltlpt(t) ® ‘O>t+l <0|gt(,1tzr1 > *® |0>t+f<0> t+f—1,t4+f )

f
~ praf(t) + Zc[ﬂ] [pe+1(t)]6t (8)
B=1
with L[p] = 24 ~' £18][p] the most general Lindbladian for m-local dissipation processes and Hamiltonian

which is a sum of m- local Hamiltonians. In the last line of equation (8) we used again that we may neglect all
contributions of higher order in /3¢ than two. Although the reduced state of a layer is still determined by the
reduced state of the previous layer according to equation (1), we are now interested in it only after 4™ — 1
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iterations as incorporating (4" — 1)N jump operators and Hamiltonians requires 4™ — 1 consecutive

},d,[f]’a“""a'” and c,[f]’a“""a"’ we have complete parametric control over

time-steps. Therefore, through 7,£’8

all local Lindbladian evolutions.
We explained how the gates Qt[ﬂl (see equations (2) and (7)) give rise to a Lindbladian dynamics in

terms of periodic boundary conditions. For open boundary conditions the Hamiltonians H ,[(B Jand jump

operators A,[(ﬁ] in the superoperator £ in equation (4) cannot be supported across the boundary and all

d,[(m’a' e m c,Em’a' % can be set to zero in the gates g}ﬂl if k < m and it reduces to

m—1 N
Goipr = ( I1 SWAPk) ( [ swaPie™ mVi,B<]t,r+l>e"5inﬁ]) .
k=m

k=1

Following a similar derivation, we can show how this then results in the most general m-local Lindbladian
evolution with open boundary conditions.

5. Numerical simulation results

Having established that the gate in equation (2) can propagate the initial state of the (14+1)D QCA according
to a Lindbladian as given in equation (4), we now want to demonstrate that, indeed, in the limit 6t — 0 the
dynamical behavior of Markovian open quantum ensembles of N two-level systems can be accurately
simulated (classically) by a (1+1)D QCA. To this end, we consider three concrete models whose
time-evolutions are governed by Lindblad master equations (with periodic boundary conditions). They all
have two-site local Hamiltonians and at most two-site jump operators, such that for each of these we can
specify the parameters d,[f ] ,W;EB ) , c,[f Jenea,0m a0 d choose a certain total evolution time trand
number of layers L. The latter corresponds to fixing 6t = t;/L. Then we numerically simulate the respective

(14+1)D QCA dynamics of the order parameter by resorting to equation (1) with the gate

yO1, 00, Oy

N
Grip1 = SWAP (H SWAPke’WV‘k"“e"&Hh) ¢ VOV ittt
k=2

where
= AN Ry |
Hk,t = kal,k,n Vk = kal,k7

and compare the results with those obtained by numerically integrating the master equation. Note that from
the QNN perspective (see section 3) this can be interpreted as processing an input state via fixed elementary
units. The output state can then be understood as approximately the input state evolved through a quantum
dynamical semigroup.

The first model we study is an open quantum version of the transverse-field Ising model [62, 66, 67] (see
figures 2(a) and (b)) with Hamiltonian given by

QO N v N
HIsing = E ZU;(C + Z Zalio'iJrla 9)
k=1 k=1

rates fy,Eﬁ J = 581 and jump operators A,[(ﬁ V=58 "'o. Thus, in the (14+1)D QCA which simulates the open
dynamics the parameters in the gate G; ;1 are given as (see also [35])

Q \%
dal,az — 76041705012,1 75a1,3§0¢2,3
k 2 3 ’
Yk =k,
COéhOéz — 16041,05042,1 _ 15a1,06a2,2.
k 2 2

In the thermodynamic limit this model exhibits a transition/crossover from a phase where the stationary
z-magnetization, i.e. the stationary expectation value of the operator

N
z_ Zk:l Ui
2N

m
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Figure 2. Simulation of (14-1)D QCA dynamics and solution of master equation: transverse-field Ising models with local decay.
(a) Stationary average magnetization in z-direction as function of €2 for the Ising model with Hamiltonian in equation (9). The
curves for the numerical simulation of the QCA dynamics approach the one corresponding to the numerical solution of the
master equation as §t gets smaller. We consider the values §t ~ 0.3,0.15,0.043,0.008. The total evolution time is t; = 30 and we
start from an all-occupied initial state. (b) For a specific field-strength € = 10 we further compare the time-evolution of the
master equation solution with the simulations of the QCA dynamics for 6¢ ~ 0.4,0.3,0.12,0.008. (c) For the Ising model with
Hamiltonian (10) we plot the stationary magnetization in x-direction (inset) and its stationary variance as a function of €2 for the
solution of the master equation and the simulation of the QCA dynamics with 6t = 0.015 (6t = 0.08). (d) Finally, for 2 = 4,
starting from a flat initial state (see main text) we illustrate the convergence of these quantities for the QCA simulation

(6t~ 0.6,0.3,0.2,0.008 and 6t ~ 0.6,0.3,0.04 in inset), as a function of time, to the one obtained from numerically integrating
the master equation. In all plots we fixed N = 4, V = 10 and all parameters are given in units of the dissipation rate s and time is

given in units of 1/x.

is (m*)s = —0.5 (ferromagnetic) to a phase where it is (m?)s = 0 (paramagnetic), upon increasing the field
strength €2. Within a mean-field analysis, it is also known to possess an emergent symmetry [68]. For finite N
this model possesses a unique stationary state [69] and in figure 2(a) it is shown for N = 4 how the stationary
z-magnetization changes from the ferromagnetic value to the paramagnetic one as a function of the field
strength. In the figure, we show results for interaction strength V = 10, evolution time ¢ = 30 (which is well
in the stationary regime) and with initial state the one with all-occupied sites py = ®Ik\]:1 |e)(e]. Plotting this
quantity for decreasing parameter xdt ~ 0.3,0.15,0.043,0.008 we see that the stationary z-magnetization of
the (14+1)D QCA dynamics converges—as a function of {2—to the one obtained by solving the master
equation. Moreover, focusing on a specific instance {2 = 10k, we show in figure 2(b) the time-evolution of
the order parameter. Here we numerically simulated the (14-1)D QCA dynamics for

k0t~ 0.4,0.3,0.12,0.008 and as can be seen, the time-behavior of the z-magnetization is well-captured by it
for small enough values of kdt.

For finite N, the different phases and the ergodicity breaking of the Ising model manifest in metastability,

i.e. a partial relaxation into a long-lived paramagnetic or ferromagnetic state before a decay to the true
stationary state, which depends on the initial state [62, 70, 71]. It is important to note that metastability
emerges in the proximity of the crossover regime and, moreover, gets more pronounced as N gets larger. In
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the QNN picture, such a metastable behavior can be interpreted as partial retrieval of patterns (similar to
Hopfield neural networks). From a practical perspective, indeed, provided that metastability persists for
sufficiently long times, this mechanism can give rise to genuine pattern retrieval over experimentally relevant
time scales.

Secondly, we consider the modified Hamiltonian, emerging from the Hamiltonian in equation (9) by a
change of basis, i.e. a rotation by 7 /2 about the y-axis,

0L V&
HZZ:E;ai—Z;crfU@_l. (10)

Now the coefficients in the local Hamiltonians are given by

d?uaz — g(ga],o(sazﬁ _ L/(Sm,l(saz,l_
4

2
The jump operators remain the same such that the Lindbladian possesses a strong symmetry with respect to
the operator ngl of [72, 73]. In the thermodynamic limit, this Z,-like symmetry can be spontaneously
broken and besides a paramagnetic stationary solution two ferromagnetic ones may exist. Interestingly, the
phase transition can be first or second-order, depending on the interaction strength [63]. For finite systems
the (unique) stationary solution is the paramagnetic one as becomes evident from the inset in figure 2(c)
where we depict the stationary x-magnetization, i.e. the stationary expectation value of the average operator

N
X _ Zk:l O';cc
)

m
2N

as a function of the field strength for N = 4. However, as can also be seen from figure 2(c), the stationary
expectation value of the operator #** has a pronounced peak, signaling a regime of field strengths where
there is a high variance in the stationary paramagnetic state. As illustrated in figure 2(c) for £t ~ 0.015 (and
k0t~ 0.08 in the inset), for small xdt the (14-1)D QCA simulation displays the same stationary behavior as
the solution of the master equation upon varying (2. Choosing the state

N

po= Q) (W] with [¢) =

k=1

) +10)
V2

as initial state and ¢ = 15, in figure 2(d) we show how the time-evolution of the order parameter and the
variance approach the master equation solution when simulating the QCA dynamics for
K6t~ 0.6,0.3,0.2,0.008.

While the Ising model with Hamiltonian as in equation (9) shows metastable behavior, a transient
ergodicity breaking with one long-lived paramagnetic and two ferromagnetic states is not known for the one
in equation (10) for finite N. This is, however, expected [62] and may be useful in order to study how
recognition of many patterns could work in QNNs.

Furthermore, as a model undergoing dissipation with two-site jump operators, we look at a quantum
generalization of a paradigmatic reaction-diffusion process [64]. Namely, we study the coherent hopping
Hamiltonian

N

_ tom 4 oot
Hep= Q) (0f 0 +0p 0il)
k=1

with coupling strength €2 and (dissipative) pair-annihilation at rates W;EB J = 6815 with jump operators

A,[f =58 oo, 1 This model features a trivial stationary state but the approach towards it is characterized
by cooperative behavior [74]. Simulating its (1+1)D QCA dynamics with the parameters

d?lgaz — %(5(11,15@271 +5a1,25az,2)
Tk=K

C?uaz — i((sm,l(saz,l _ 1-5(11,15@272 _ 1-5(11,26@2,1 _ 5@1,26a2,2)
we observe that the time-evolution of the expectation value of

N
A= Zk:l Mk
N
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Figure 3. Simulation of (14-1)D QCA dynamics and solution of master equation: quantum reaction-diffusion model. (a) Starting
from an all-occupied initial state, for N = 4, N = 5 we compare the time-behavior of the average particle density for the
numerical solution of the master equation with the one obtained from simulating the QCA dynamics (¢ = 0.01). (b) Simulation
of the QCA dynamics for N = 4,5,6,7 and 6t = 0.0015. We have fixed 2 = 1. All parameters are given in units of the dissipation
rate x and time in units of 1/k.

with r; = |e),(e|, which represents the average number of occupied states, approaches the one of the
solution of the master equation. In figure 3(a), setting {2 =  and starting from an all-occupied initial state,
for N =4 and N = 5 we compare the latter with the QCA simulation results for k0t = 0.01. Already for large
values of k0t we see a good agreement. In addition, simulating the QCA dynamics for N = 4,5,6,7 with

k0t = 0.0015, the density of occupied states shows the characteristic splitting of the stationary states into
zero and finite density ones for even and odd number of sites, respectively [64] (see figure 3(b)).

For our (small-scale) simulations presented in this section we used Python as a coding language, together
with the quantum toolbox library QuTiP [75]. With its central quantum object class the latter provided the
means to represent our operators and quantum states and we employed the integrated Lindblad master
equation solver.

6. Discussion

In this paper we have shown how a general many-body Lindbladian dynamics emerges in completely unitary
(14+1)D QCA and QNNs in the limit of a large number of layers. We further underpinned our analysis by
numerically simulating the (14-1)D QCA dynamics of two variants of open quantum Ising models with local
decay and an open quantum reaction-diffusion process with coherent particle hopping and dissipative
pair-annihilation. This opens several paths for future research directions. One would expect emergent
collective behavior in (1+1)D QCA or QNNs when the parameters are chosen close to a critical point of a
many-body system. In the large-size and large-dimension limit both Ising models feature a phase transition
and ergodicity breaking with the dynamics splitting into different basins of attraction; for finite size and
dimension this may manifest in metastability. However, from the practical perspective this may be sufficient.
Generally, the manifold of metastable states can feature decoherence-free subspaces and noiseless
subsystems, where the dynamics is completely unitary [76—-86]. These have in the past been concatenated
with quantum error correcting codes to achieve fault-tolerant quantum computing [87, 88].

The focus of this work was on showing the connection between (14+1)D QCA, QNNs and open system
dynamics. In order to investigate larger systems, we will have to rely on advanced numerical methods,
e.g. based on tensor networks [33—35], to overcome the limitations imposed by the exponentially growing
dimension of the Hilbert space with system size. In a second step these results could be exploited to
investigate more closely how learning of a dissipative quantum many-body time-evolution could work in
QNNs. Having many different basins of attraction shrinks the volume of parameters for suitable open
quantum dynamics [89, 90]. Thus, a learning routine may reliably find the relation underlying the data. In
[50] a (quantum) learning algorithm for general unitaries was presented and the trainability of these
architectures was demonstrated. It might further be interesting to study the impact of critical points in the
many-body dynamics on the learning behavior. A key point here will be to circumvent so-called Barren
plateau phenomena [91-93].

11



10P Publishing

New J. Phys. 25 (2023) 093020 M Boneberg et al

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: https://doi.
org/10.5281/zenodo.7941120.

Acknowledgments

The research leading to these results has received funding from the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Project No. 449905436, as well as through the Research Unit FOR
5413/1, Grant No. 465199066. This Project has also received funding from the European Union’s Horizon
Europe research and innovation program under Grant Agreement No. 101046968 (BRISQ), and from
EPSRC under Grant No. EP/V031201/1. We acknowledge support by Open Access Publishing Fund of
University of Tiibingen. FC is indebted to the Baden-Wiirttemberg Stiftung for the financial support of this
research Project by the Eliteprogramme for Postdocs. IL is a member of the Machine Learning Cluster of
Excellence, funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy—EXC Number 2064/1 - Project Number 390727645.

ORCID iDs

Mario Boneberg ® https://orcid.org/0000-0003-0103-6075
Federico Carollo ® https://orcid.org/0000-0002-6961-7143
Igor Lesanovsky ® https://orcid.org/0000-0001-9660-9467

References

[1] Georgescu I M, Ashhab S and Nori F 2014 Rev. Mod. Phys. 86 15385
[2] Altman E et al 2021 PRX Quantum 2 017003
[3] Schuld M and Killoran N 2022 PRX Quantum 3 030101
[4] Schuld M, Sinayskiy I and Petruccione F 2014 Quantum Inf. Process. 13 2567-86
[5] Schuld M and Petruccione F 2021 Machine Learning with Quantum Computers (Springer)
[6] Biamonte J, Wittek P, Pancotti N, Rebentrost P, Wiebe N and Lloyd S 2017 Nature 549 195-202
[7] Wilkinson S A and Hartmann M ] 2022 Evaluating the performance of sigmoid quantum perceptrons in quantum neural networks
(arXiv:2208.06198)
[8] Poland K, Beer K and Osborne T J 2020 No free lunch for quantum machine learning (arXiv:2003.14103)
[9] Wolpert D and Macready W 1997 IEEE Trans. Evol. Comput. 1 67-82
[10] Arrighi P 2019 Nat. Comput. 18 885-99
[11] Farrelly T 2020 Quantum 4 368
[12] von Neumann J 1966 Theory of Self-Reproducing Automata (University of Illinois Press)
[13] Wolfram S 1983 Rev. Mod. Phys. 55 601-44
[14] Piroli L and Cirac J I 2020 Phys. Rev. Lett. 125 190402
[15] Duranthon O and Di Molfetta G 2021 Phys. Rev. A 103 032224
[16] Hillberry L E, Jones M T, Vargas D L, Rall P, Halpern N Y, Bao N, Notarnicola S, Montangero S and Carr L D 2021 Quantum Sci.
Technol. 6 045017
[17] Mlodinow L and Brun T A 2021 Phys. Rev. A 103 052203
[18] Nigmatullin R, Wagner E and Brennen G K 2021 Phys. Rev. Res. 3 043167
[19] Piroli L, Turzillo A, Shukla S K and Cirac J 1 2021 J. Stat. Mech. Theory Exp. 2021 013107
[20] Ney P M, Notarnicola S, Montangero S and Morigi G 2022 Phys. Rev. A 105 012416
[21] Sellapillay K, Verga A D and Di Molfetta G 2022 Phys. Rev. B 106 104309
[22] Shirley W, Chen Y A, Dua A, Ellison T D, Tantivasadakarn N and Williamson D J 2022 PRX Quantum 3 030326
[23] Labuhn H, Barredo D, Ravets S, De Léséleuc S, Macri T, Lahaye T and Browaeys A 2016 Nature 534 667-70
[24] Bernien H et al 2017 Nature 551 579-84
[25] Kim H, Park Y, Kim K, Sim H S and Ahn J 2018 Phys. Rev. Lett. 120 180502
[26] Browaeys A and Lahaye T 2020 Nat. Phys. 16 132—42
[27] Wintermantel T M, Wang Y, Lochead G, Shevate S, Brennen G K and Whitlock S 2020 Phys. Rev. Lett. 124 070503
[28] Ebadi S et al 2021 Nature 595 22732
[29] Scholl P et al 2021 Nature 595 2338
[30] Lesanovsky I, Macieszczak K and Garrahan J P 2019 Quantum Sci. Technol. 4 02LT02
[31] Gillman E, Carollo F and Lesanovsky I 2020 Phys. Rev. Lett. 125 100403
[32] Gillman E, Carollo F and Lesanovsky I 2021 Phys. Rev. A 103 1L.040201
[33] Gillman E, Carollo F and Lesanovsky I 2021 Phys. Rev. Lett. 127 230502
[34] Gillman E, Carollo F and Lesanovsky I 2022 Phys. Rev. E 106 L032103
[35] Gillman E, Carollo F and Lesanovsky I 2023 Phys. Rev. E 107 1L022102
[36] Domany E and Kinzel W 1984 Phys. Rev. Lett. 53 311-4
[37] Hopfield J J 1982 Proc. Natl Acad. Sci. USA 79 2554-8
[38] Amit D J, Gutfreund H and Sompolinsky H 1985 Phys. Rev. A 32 1007-18
[39] Amit D J, Gutfreund H and Sompolinsky H 1985 Phys. Rev. Lett. 55 15303
[40] Amit D J, Gutfreund H and Sompolinsky H 1987 Ann. Phys. 173 30-67
[41] Nielsen M A 2015 Neural Networks and Deep Learning (Determination Press)

12


https://doi.org/10.5281/zenodo.7941120
https://doi.org/10.5281/zenodo.7941120
https://orcid.org/0000-0003-0103-6075
https://orcid.org/0000-0003-0103-6075
https://orcid.org/0000-0002-6961-7143
https://orcid.org/0000-0002-6961-7143
https://orcid.org/0000-0001-9660-9467
https://orcid.org/0000-0001-9660-9467
https://doi.org/10.1103/RevModPhys.86.153
https://doi.org/10.1103/RevModPhys.86.153
https://doi.org/10.1103/PRXQuantum.2.017003
https://doi.org/10.1103/PRXQuantum.2.017003
https://doi.org/10.1103/PRXQuantum.3.030101
https://doi.org/10.1103/PRXQuantum.3.030101
https://doi.org/10.1007/s11128-014-0809-8
https://doi.org/10.1007/s11128-014-0809-8
https://doi.org/10.1038/nature23474
https://doi.org/10.1038/nature23474
https://arxiv.org/abs/2208.06198
https://arxiv.org/abs/2003.14103
https://doi.org/10.1109/4235.585893
https://doi.org/10.1109/4235.585893
https://doi.org/10.1007/s11047-019-09762-6
https://doi.org/10.1007/s11047-019-09762-6
https://doi.org/10.22331/q-2020-11-30-368
https://doi.org/10.22331/q-2020-11-30-368
https://doi.org/10.1103/RevModPhys.55.601
https://doi.org/10.1103/RevModPhys.55.601
https://doi.org/10.1103/PhysRevLett.125.190402
https://doi.org/10.1103/PhysRevLett.125.190402
https://doi.org/10.1103/PhysRevA.103.032224
https://doi.org/10.1103/PhysRevA.103.032224
https://doi.org/10.1088/2058-9565/ac1c41
https://doi.org/10.1088/2058-9565/ac1c41
https://doi.org/10.1103/PhysRevA.103.052203
https://doi.org/10.1103/PhysRevA.103.052203
https://doi.org/10.1103/PhysRevResearch.3.043167
https://doi.org/10.1103/PhysRevResearch.3.043167
https://doi.org/10.1088/1742-5468/abd30f
https://doi.org/10.1088/1742-5468/abd30f
https://doi.org/10.1103/PhysRevA.105.012416
https://doi.org/10.1103/PhysRevA.105.012416
https://doi.org/10.1103/PhysRevB.106.104309
https://doi.org/10.1103/PhysRevB.106.104309
https://doi.org/10.1103/PRXQuantum.3.030326
https://doi.org/10.1103/PRXQuantum.3.030326
https://doi.org/10.1038/nature18274
https://doi.org/10.1038/nature18274
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/nature24622
https://doi.org/10.1103/PhysRevLett.120.180502
https://doi.org/10.1103/PhysRevLett.120.180502
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1103/PhysRevLett.124.070503
https://doi.org/10.1103/PhysRevLett.124.070503
https://doi.org/10.1038/s41586-021-03582-4
https://doi.org/10.1038/s41586-021-03582-4
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1088/2058-9565/aaf831
https://doi.org/10.1088/2058-9565/aaf831
https://doi.org/10.1103/PhysRevLett.125.100403
https://doi.org/10.1103/PhysRevLett.125.100403
https://doi.org/10.1103/PhysRevA.103.L040201
https://doi.org/10.1103/PhysRevA.103.L040201
https://doi.org/10.1103/PhysRevLett.127.230502
https://doi.org/10.1103/PhysRevLett.127.230502
https://doi.org/10.1103/PhysRevE.106.L032103
https://doi.org/10.1103/PhysRevE.106.L032103
https://doi.org/10.1103/PhysRevE.107.L022102
https://doi.org/10.1103/PhysRevE.107.L022102
https://doi.org/10.1103/PhysRevLett.53.311
https://doi.org/10.1103/PhysRevLett.53.311
https://doi.org/10.1073/pnas.79.8.2554
https://doi.org/10.1073/pnas.79.8.2554
https://doi.org/10.1103/PhysRevA.32.1007
https://doi.org/10.1103/PhysRevA.32.1007
https://doi.org/10.1103/PhysRevLett.55.1530
https://doi.org/10.1103/PhysRevLett.55.1530
https://doi.org/10.1016/0003-4916(87)90092-3
https://doi.org/10.1016/0003-4916(87)90092-3

10P Publishing New J. Phys. 25 (2023) 093020 M Boneberg et al

[42] Goodfellow I, Bengio Y and Courville A 2016 Deep Learning (MIT Press)

[43] Hornik K, Stinchcombe M and White H 1989 Neural Netw. 2 359-66

[44] Widrow B and Hoff M E 1960 1960 IRE WESCON convention record 4 96-104

[45] Killoran N, Bromley T R, Arrazola ] M, Schuld M, Quesada N and Lloyd S 2019 Phys. Rev. Res. 1 033063

[46] Mangini S, Tacchino F, Gerace D, Bajoni D and Macchiavello C 2021 EuroPhys. Lett. 134 10002

[47] Bravo R A, Najafi K, Gao X and Yelin S F 2022 PRX Quantum 3 030325

[48] Fiorelli E, Lesanovsky I and Miiller M 2022 New J. Phys. 24 033012

[49] Rotondo P, Marcuzzi M, Garrahan J P, Lesanovsky I and Miiller M 2018 J. Phys. A: Math. Theor. 51 115301

[50] Beer K, Bondarenko D, Farrelly T, Osborne T J, Salzmann R, Scheiermann D and Wolf R 2020 Nat. Commun. 11 1-6

[51] Sharma K, Cerezo M, Cincio L and Coles P ] 2022 Phys. Rev. Lett. 128 180505

[52] LeCun'Y, Bengio Y and Hinton G 2015 Nature 521 436—44

[53] Carollo F, Gillman E, Weimer H and Lesanovsky I 2019 Phys. Rev. Lett. 123 100604

[54] Lorenzo S, Ciccarello F and Palma G M 2017 Phys. Rev. A 96 032107

[55] Ciccarello F 2017 Quantum Meas. Quantum Metrol. 4 53—63

[56] Ciccarello F, Lorenzo S, Giovannetti V and Palma G M 2022 Phys. Rep. 954 1-70

[57] Cattaneo M, De Chiara G, Maniscalco S, Zambrini R and Giorgi G L 2021 Phys. Rev. Lett. 126 130403

[58] Cattaneo M, Giorgi G L, Zambrini R and Maniscalco S 2022 Open Syst. Inf. Dyn. 29 2250015

[59] Lindblad G 1976 Commun. Math. Phys. 48 119-30

[60] Gorini V, Kossakowski A and Sudarshan E C G 1976 J. Math. Phys. 17 821-5

[61] Breuer H P and Petruccione F 2002 The Theory of Open Quantum Systems (Oxford University Press)

[62] Rose D C, Macieszczak K, Lesanovsky I and Garrahan J P 2016 Phys. Rev. E 94 052132

[63] Overbeck V R, Maghrebi M F, Gorshkov A V and Weimer H 2017 Phys. Rev. A 95 042133

[64] van Horssen M and Garrahan J P 2015 Phys. Rev. E 91 032132

[65] Weimer H, Miiller M, Lesanovsky I, Zoller P and Biichler H P 2010 Nat. Phys. 6 382-8

[66] Ates C, Olmos B, Garrahan J P and Lesanovsky I 2012 Phys. Rev. A 85 043620

[67] Weimer H 2015 Phys. Rev. Lett. 114 040402

[68] Marcuzzi M, Levi E, Diehl S, Garrahan J P and Lesanovsky I 2014 Phys. Rev. Lett. 113 210401

[69] Schirmer S G and Wang X 2010 Phys. Rev. A 81 062306

[70] Macieszczak K, Guta M, Lesanovsky I and Garrahan J P 2016 Phys. Rev. Lett. 116 240404

[71] Macieszczak K, Rose D C, Lesanovsky I and Garrahan J P 2021 Phys. Rev. Res. 3 033047

[72] Buta B and Prosen T 2012 New J. Phys. 14 073007

[73] Zhang Z, Tindall J, Mur-Petit J, Jaksch D and Buca B 2020 J. Phys. A: Math. Theor. 53 215304

[74] Perfetto G, Carollo F, Garrahan J P and Lesanovsky I 2022 Reaction-limited quantum reaction-diffusion dynamics (arXiv:2209.
09784)

[75] Johansson J R, Nation P D and Nori F 2013 Comp. Phys. Commun. 184 1234

[76] Plenio M B, Vedral V and Knight P L 1997 Phys. Rev. A 55 6771

[77] Zanardi P and Rasetti M 1997 Phys. Rev. Lett. 79 3306—9

[78] Zanardi P 1997 Phys. Rev. A 56 4445-51

[79] Lidar D A, Chuang I L and Whaley K B 1998 Phys. Rev. Lett. 81 2594—7

[80] Zanardi P 2000 Phys. Rev. A 63 012301

[81] Knill E, Laflamme R and Viola L 2000 Phys. Rev. Lett. 84 2525-8

[82] Viola L, Fortunato E M, Pravia M A, Knill E, Laflamme R and Cory D G 2001 Science 293 2059—63

[83] Lidar D A and Birgitta Whaley K 2003 Decoherence-Free Subspaces and Subsystems (Springer)

[84] Zanardi P and Campos Venuti L 2014 Phys. Rev. Lett. 113 240406

[85] Zanardi P and Campos Venuti L 2015 Phys. Rev. A 91 052324

[86] Dubois J, Saalmann U and Rost ] M 2023 Phys. Rev. Res. 5 L012003

[87] Lidar D A, Bacon D and Whaley K B 1999 Phys. Rev. Lett. 82 4556—9

[88] Lidar D A, Bacon D, Kempe J and Whaley K B 2001 Phys. Rev. A 63 022307

[89] Lewenstein M, Gratsea A, Riera-Campeny A, Aloy A, Kasper V and Sanpera A 2021 Quantum Sci. Technol. 6 045002

[90] Bodeker L, Fiorelli E and Miiller M 2022 Optimal storage capacity of quantum Hopfield neural networks (arXiv:2210.07894)

[91] McClean J R, Boixo S, Smelyanskiy V N, Babbush R and Neven H 2018 Nat. Commun. 9 4812

[92] Ortiz Marrero C, Kieferovd M and Wiebe N 2021 PRX Quantum 2 040316

[93] Patti T L, Najafi K, Gao X and Yelin S F 2021 Phys. Rev. Res. 3 033090

13


https://doi.org/10.1016/0893-6080(89)90020-8
https://doi.org/10.1016/0893-6080(89)90020-8
https://doi.org/10.1103/PhysRevResearch.1.033063
https://doi.org/10.1103/PhysRevResearch.1.033063
https://doi.org/10.1209/0295-5075/134/10002
https://doi.org/10.1209/0295-5075/134/10002
https://doi.org/10.1103/PRXQuantum.3.030325
https://doi.org/10.1103/PRXQuantum.3.030325
https://doi.org/10.1088/1367-2630/ac5490
https://doi.org/10.1088/1367-2630/ac5490
https://doi.org/10.1088/1751-8121/aaabcb
https://doi.org/10.1088/1751-8121/aaabcb
https://doi.org/10.1038/s41467-020-14454-2
https://doi.org/10.1038/s41467-020-14454-2
https://doi.org/10.1103/PhysRevLett.128.180505
https://doi.org/10.1103/PhysRevLett.128.180505
https://doi.org/10.1038/nature14539
https://doi.org/10.1038/nature14539
https://doi.org/10.1103/PhysRevLett.123.100604
https://doi.org/10.1103/PhysRevLett.123.100604
https://doi.org/10.1103/PhysRevA.96.032107
https://doi.org/10.1103/PhysRevA.96.032107
https://doi.org/10.1515/qmetro-2017-0007
https://doi.org/10.1515/qmetro-2017-0007
https://doi.org/10.1016/j.physrep.2022.01.001
https://doi.org/10.1016/j.physrep.2022.01.001
https://doi.org/10.1103/PhysRevLett.126.130403
https://doi.org/10.1103/PhysRevLett.126.130403
https://doi.org/10.1142/S1230161222500159
https://doi.org/10.1142/S1230161222500159
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://doi.org/10.1063/1.522979
https://doi.org/10.1063/1.522979
https://doi.org/10.1103/PhysRevE.94.052132
https://doi.org/10.1103/PhysRevE.94.052132
https://doi.org/10.1103/PhysRevA.95.042133
https://doi.org/10.1103/PhysRevA.95.042133
https://doi.org/10.1103/PhysRevE.91.032132
https://doi.org/10.1103/PhysRevE.91.032132
https://doi.org/10.1038/nphys1614
https://doi.org/10.1038/nphys1614
https://doi.org/10.1103/PhysRevA.85.043620
https://doi.org/10.1103/PhysRevA.85.043620
https://doi.org/10.1103/PhysRevLett.114.040402
https://doi.org/10.1103/PhysRevLett.114.040402
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevA.81.062306
https://doi.org/10.1103/PhysRevA.81.062306
https://doi.org/10.1103/PhysRevLett.116.240404
https://doi.org/10.1103/PhysRevLett.116.240404
https://doi.org/10.1103/PhysRevResearch.3.033047
https://doi.org/10.1103/PhysRevResearch.3.033047
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1751-8121/ab88e3
https://doi.org/10.1088/1751-8121/ab88e3
https://arxiv.org/abs/2209.09784
https://arxiv.org/abs/2209.09784
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1103/PhysRevA.55.67
https://doi.org/10.1103/PhysRevA.55.67
https://doi.org/10.1103/PhysRevLett.79.3306
https://doi.org/10.1103/PhysRevLett.79.3306
https://doi.org/10.1103/PhysRevA.56.4445
https://doi.org/10.1103/PhysRevA.56.4445
https://doi.org/10.1103/PhysRevLett.81.2594
https://doi.org/10.1103/PhysRevLett.81.2594
https://doi.org/10.1103/PhysRevA.63.012301
https://doi.org/10.1103/PhysRevA.63.012301
https://doi.org/10.1103/PhysRevLett.84.2525
https://doi.org/10.1103/PhysRevLett.84.2525
https://doi.org/10.1126/science.1064460
https://doi.org/10.1126/science.1064460
https://doi.org/10.1103/PhysRevLett.113.240406
https://doi.org/10.1103/PhysRevLett.113.240406
https://doi.org/10.1103/PhysRevA.91.052324
https://doi.org/10.1103/PhysRevA.91.052324
https://doi.org/10.1103/PhysRevResearch.5.L012003
https://doi.org/10.1103/PhysRevResearch.5.L012003
https://doi.org/10.1103/PhysRevLett.82.4556
https://doi.org/10.1103/PhysRevLett.82.4556
https://doi.org/10.1103/PhysRevA.63.022307
https://doi.org/10.1103/PhysRevA.63.022307
https://doi.org/10.1088/2058-9565/ac070f
https://doi.org/10.1088/2058-9565/ac070f
https://arxiv.org/abs/2210.07894
https://doi.org/10.1038/s41467-018-07090-4
https://doi.org/10.1038/s41467-018-07090-4
https://doi.org/10.1103/PRXQuantum.2.040316
https://doi.org/10.1103/PRXQuantum.2.040316
https://doi.org/10.1103/PhysRevResearch.3.033090
https://doi.org/10.1103/PhysRevResearch.3.033090

	Dissipative quantum many-body dynamics in (1+1)D quantum cellular automata and quantum neural networks
	1. Introduction
	2. (1+1)D quantum cellular automaton and local update rules
	3. Equivalence of (1+1)D QCA and dissipative QNNs
	4. Lindbladian evolution of the initial state
	5. Numerical simulation results
	6. Discussion
	References


