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In this paper, we develop a novel method to solve problems involving quantum optical systems coupled
to coherent quantum feedback loops featuring time delays. Our method is based on exact mappings of such
non-Markovian problems to equivalent Markovian driven dissipative quantum many-body problems. In
this work, we show that the resulting Markovian quantum many-body problems can be solved (numeri-
cally) exactly and efficiently using tensor network methods for a series of paradigmatic examples,
consisting of driven quantum systems coupled to waveguides at several distant points. In particular, we
show that our method allows solving problems in so far inaccessible regimes, including problems with
arbitrary long time delays and arbitrary numbers of excitations in the delay lines. We obtain solutions for
the full real-time dynamics as well as the steady state in all these regimes. Finally, motivated by our results,
we develop a novel mean-field approach, which allows us to find the solution semianalytically, and we
identify parameter regimes where this approximation is in excellent agreement with our tensor network

results.
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I. INTRODUCTION

Feedback is a cornerstone concept in modern tech-
nology, serving as the backbone for optimization and
control in complex systems, where feedback loops take
data from systems, process it, and adjust system parameters
to achieve the desired outcome. Quantum feedback refers to
the situation when the system of interest is quantum mecha-
nical in nature [1-10]. Here, one can distinguish between
two classes of feedback. In conventional, measurement-
based quantum feedback, data are taken by projective or
weak measurements, processed classically, and then used to
adjust classical controls of the quantum system [1,2]. In
contrast, coherent quantum feedback refers to the situation
where the sensors, processors, and actuators are all quan-
tum systems that interact coherently with the quantum
system to be controlled [11,12]. In this scenario, the
controller receives, processes, and feeds back quantum
information [see Fig. 1(a)]. An exciting scientific frontier in
this field is the exploration of phenomena that emerge in a
regime when the controller can store and process the
quantum state of multiple degrees of freedom.
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In quantum optical systems, continuous coherent quan-
tum feedback can be introduced naturally by reflecting the
output radiation fields of a quantum emitter back onto
the emitting system [13], e.g., by means of atom-photon
interfaces in waveguide QED systems [14,15]. This kind of
coherent feedback loops can acquire a true quantum many-
body character when the associated time delay is large, i.e.,
when the time required for excitations to propagate through
the feedback loop is large compared to the time required to
emit an excitation, and the delay line can accommodate
several excitations at a time [16]. Remarkably, several
recent experiments across multiple platforms can now
access this regime of large time delays. For instance, both
in optical as well as in microwave settings, new milestones
were established in scaling-up distances in distributed
quantum networks [17-24]. Moreover, pioneering experi-
ments with on-chip networks with superconducting devices
also accessed this non-Markovian regime by employing
slow excitation interconnects realized with structured
waveguides [25,26] or by using propagating phononic
modes [27-29].

On the theoretical side, dealing with time-delayed
continuous coherent quantum feedback poses significant
challenges, and traditional quantum optical techniques fail:
Analytical treatments are limited to linear systems [30-32]
or small excitation numbers in the feedback loops [33-40],
while advanced, nonperturbative techniques [41-58] are
typically limited to either finite time delays, or short-time
dynamics. Among the latter, several approaches are based
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FIG. 1. Overview. (a) Schematic depiction of a generic coherent quantum feedback scheme, where a system interacts coherently with a

feedback loop consisting of sensor, processor, and actuator. In this general illustration, both systems and feedback loop contain multiple
degrees of freedom. (b) Simplest quantum optical setup that features continuous coherent quantum feedback, where photons
propagating from an atomic emitter to a mirror and back represent the feedback loop. If the time delay in this process is large, the
feedback loop can host multiple modes. The circuit representation of the dynamics (bottom) highlights the similarities with the generic
scheme in (a). Note that in this setting the coherent feedback consists of only a sensor and a (delayed) actuator, since the processor acts
trivially. (c) The problem in (b) can be exactly mapped to the Markovian problem of a 1D cascaded chain, where replicas of the atomic
system interact with their nearest neighbors via cascaded channels. (d) The method developed in this work solves this problem by
constructing a matrix product representation of the evolution operator of the 1D cascaded chain, together with a proper contraction
scheme. Each block in (d) represents a tensor and connected lines indicate tensor contractions. (e) We find that the corresponding
operator entanglement entropy obeys an area law; that is, the operator entanglement entropy of a subsystem does not increase with
subsystem size. As a consequence, the maximum operator entanglement (over all subsystems) does not increase with the total systems

size, as shown in (e). This underlies the efficiency of the method developed in this work.

on extending the Markovian cut and including the degrees
of freedom of the feedback loop using tensor network
techniques [41,43-45,51]. However, the computational
cost associated with representing the feedback loop typi-
cally increases exponentially with the time delay [41]. A
similar problem arises in approaches based on tensor
network representation of the Feynman-Vernon influence
functional [53-58], which are also expected to suffer from
the growth of temporal entanglement with time delays. An
alternative approach is based on representing the system
dynamics in the form of a Markovian many-body system
[42,52,59]. However, applications of this approach suffered
from the exponential growth of the many-body Hilbert
space, limiting the solution to short-time transient dynam-
ics, preventing the access to steady-state quantities [60].
Predicting properties of systems subject to (continuous)
coherent quantum feedback with time delays in generic
parameter regimes, thus, remains an outstanding practical
as well as conceptual challenge.

In this work, we address this challenge and develop
methods for efficient and (numerically) exact solutions of
the full real-time dynamics as well as the steady-state
values of several important quantities of setups with

continuous coherent time-delayed quantum feedback.
Below, we first illustrate our method in detail on the
simplest relevant example, that is, the problem of a single
coherently driven two-level system coupled coherently to a
long delay line shown in Fig. 1(b). Despite its simplicity,
this problem already contains the essential challenges
associated with coherent time-delayed quantum feedback
and has, thus, served as a benchmark for numerical
methods [41,42]. Based on this example, we review an
exact relation between this non-Markovian problem and a
corresponding Markovian many-body problem, the one-
dimensional (1D) cascaded chain [42] [see Fig. 1(c)]. This
relationship is established in two steps: We first represent
the wave function of the quantum optical node and of the
delay line as a 2D tensor network [16] and then relate the
transfer operator of this tensor network to the propagator of
the 1D cascaded chain. Our central technical result is that
this propagator can be represented accurately and effi-
ciently in matrix product form, and its operator entangle-
ment entropy obeys an area law in the entire parameter
space. Specifically, we show that the maximum operator
entanglement entropy, which serves as a proxy for the
computational cost associated with this representation, does
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not increase with the chain length [see Fig. 1(d)].
Leveraging this insight allows us to solve for the real-time
dynamics and the steady state of the reduced state of the
system as well as for all low-order correlation functions of
the propagating fields. We also show that analogous results
hold for several additional, more complicated quantum
optical problems with time delays, including the paradig-
matic model of two driven, distant atoms coupled to a
common waveguide, as well as multiatom generalizations
thereof. Our work represents the first complete solutions of
all these problems in their entire parameter regime and
opens the door to study quantum optical phenomena in a so
far inaccessible regime.

Finally, we also develop a semianalytical approach for
the problems studied in this work. This is based on a mean-
field approximation of the propagator of the 1D cascaded
chain. This approach is motivated by our empirical obser-
vation that the effective bond dimension of the propagator
is small in large regions of the parameter space. We show
that our mean-field ansatz indeed reproduces the exact
results in the relevant regions of parameter space.

II. MODEL DESCRIPTION

A. Continuous coherent quantum feedback
with time delays

In this work, we develop a new approach to solving
problems involving continuous coherent time-delayed
quantum feedback. For the sake of clarity, we discuss this
approach on the simplest but paradigmatic quantum optical
model exhibiting time delays, consisting of a single driven
nonlinear quantum optical system whose output is fed back
to itself with a time delay. Physically, this is realized, e.g.,
by a driven atom coupled to a semi-infinite waveguide
with a distant, perfectly reflecting mirror on one side, as
shown in Fig. 2(a). The total Hamiltonian for this model
consists of three terms describing the system (e.g., the
atom), the bath (e.g., the waveguide), and their interaction,
respectively:

H:Hsys+HB+Hint' (l)

For concreteness, below, we often use a two-level atom as
an example representing the system, where the system
Hamiltonian is given by

h ,
Hy = hw,gle)(e| — 5 (Q|g>(e|e”“’0’ + H.c.) (2)

Here, w, is a driving laser frequency, Q is the Rabi
frequency, w,, is the atomic transition frequency, and i
is a complex unitary. We denote the states of the atom by |g)
and |e) and the associated Hilbert space by H,y. This
model can be straightforwardly generalized to higher-
dimensional systems, and we denote the system Hilbert
space dimension by d = dim(H,,) in the following.

(a) Right-propagating photon
Driven two level system

l lDriving laser

TR a2
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FIG. 2. Two schematic setups. (a) An atom in front of a mirror:
A driven two-level system is coupled to a one-dimensional
waveguide, terminated at one side by a mirror. (b) Two driven
distant atoms coupled to a one-dimensional waveguide. In both
setups, the systems are driven by a classical driving field, either
via the waveguide or via a separate channel (as depicted here).

The bath Hamiltonian describing, e.g., a 1D semi-infinite
waveguide is given by

Hp = /da)ha)bT(w)b(a)), (3)

where b(w) [b"(w)] denotes a bosonic destruction (crea-
tion) operator of a bath excitation with frequency w. For
convenience, we refer to these bath excitations as photons
in the following. To describe the interaction of the system
with the one-dimensional waveguide, we define system
operators ¢; and cy associated with the coupling to the left-
and right-propagating photons and corresponding decay
rates y; and yg. In general, these can be different for left-
and right-moving photons, but for the simple two-level
example we chose them to be the same; i.e., we use ¢; =
cr =|9){e| and y; = yg =T'/2. The Hamiltonian repre-
senting the interaction between the system and the bath
(in rotating wave approximation) is given by

Hiy = \}—Z—ﬂ dw [b"' (o) (c,_ N TR CR\/Eeﬁwx/p)
— H.C.:| , (4)

where x denotes the distance between the atom and the
mirror and » the photon group velocity in the waveguide
with linear dispersion relation. These are connected to the
two quantities characterizing the delay line formed by the
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reflecting waveguide: The delay time 7 = 2x/v required by
a photon to propagate from the atom to the mirror and back
and the phase ¢ = 7 — @7 that a photon with frequency wy
accumulates during this round-trip. We note that couplings
of the system to other Markovian environments can be
included straightforwardly in this model.

We find it convenient to change from the frequency
representation to a time representation of the waveguide
radiation modes. For this, we introduce the so-called
quantum noise operators

. 1 .
b(t) = —plwot/2 \/E/ dwb(w)e—u(w—wo)(t—r/Z)’ (5)

which satisfy bosonic commutation relations [b(¢), bT(¢')] =
5(t — t'). The operator b’ (¢) creates a photon in the radiation
mode labeled by #. The definition (5) differs from the
conventional one [61] by a phase choice and a time shift,
which simplifies notation in the following [62]. With this, the
Hamiltonian Eq. (1) can be rewritten in the frame rotating
with the laser frequency @, and in the interaction picture with
respect to the bath Hamiltonian as

HRI (1) = HE! + HE (1). (6)

nt

In the example of the driven two-level system, we have
HEL = —nAle)(e| — h/2(Q|g)(e| + H.c.), with detuning
A = @y — w,,. The interaction Hamiltonian takes the form

Hiy (1) = ﬁh([\/ﬁb*(t +1)ep + V1t (1)t e,] — Hc)
(7)

This formulation allows for a transparent interpretation of
the dynamics: At each time instant #, the system interacts
with two modes of the environment, namely, the ones labeled
by t+ 7 and t. Note that the modes labeled s, with
t < s < t+r, represent the field in the delay line at time
t,1.e., the radiation field between the atom and the mirror. The
modes that are located (at time ?) to the left of the atom and
propagate to the right are labeled with s, where s > ¢+ 7.
The modes that are located (at time ¢) to the left of the atom
and propagate to the left are labeled by s, with s < ¢ [cf. Fig. 2
(a)]. As time progresses, the system thus interacts with each
mode of the environment exactly twice. The time separation
between these two events results in a memory of the
environment that underlies the non-Markovian nature of
this setup. While we derive the model described by Eq. (7) for
the specific setup of an atom coupled to a semi-infinite
waveguide, we note thatit also applies to other setups, such as
giant atoms [63] or collisional models [64].

B. General quantum optical network

This example straightforwardly generalizes to an arbitrary
network of n distant quantum optical nodes interconnected

by a set of w photonic channels, which is described by a
Hamiltonian of the form

HO =Y HO LSS H W, @®)
i=1

i=1 j=1

where

Hiy (1) = ih(\7bl (1 + 1), —He)  (9)

and x = (i, j), a superindex. Here, a node i is described by a
system Hamiltonian H. §’y>s and coupled to w; photon channels,
with jump operators ¢;; (jE€{l,...w;}). The b;(t) are
quantum noise operators of the jth waveguides, satisfying
[b;(1), bj,(t’ )] = 6, 76(t — ). The network structure is com-
pletely specified by a set of time delays z, and propagation
phases ¢,, as well as an index function o(x) € {1,...w}.
Here and in the following, we drop the superscript R,
[cf. Egs. (6)], since we always work in this frame from
now on.

We note that this model includes the important example
of two atoms coupled to a common 1D waveguide at two
distant points; see Fig. 2(b). In this case, w = 2, corre-
sponding to the left- (¢ = 1) and the right- (6 = 2) moving
modes in the waveguide. Moreover, we stress that the above
models also describe so-called giant atoms that can
potentially couple at multiple (distant) points to a wave-
guide [63]. Finally, we note that the above model can
accommodate standard Markovian channels describing,
e.g., the emission of photons into unguided modes. Such
a general network can be used as a continuous quantum
feedback setup, with some of the nodes playing the role of
the feedback processor, allowing for more precise control.

III. MAPPING TO 1D CASCADED CHAIN

In this section, we discuss how the physics of the non-
Markovian problem of time-delayed coherent quantum
feedback is related to the Markovian problem of the 1D
cascaded chain [65]. This relationship forms the basis of
our numerical algorithm described in Sec. IV. While
we illustrate this relationship on the example defined in
Sec. IT A, the discussion directly generalizes to a subclass
of quantum optical networks introduced in Sec. II B.

A. Quantum state as 2D tensor network
1. Quantum state of system and waveguide

We now integrate the Schrodinger equation associated
with the Hamiltonian (6) for the total wave function of
system and waveguide and introduce a convenient repre-
sentation of this wave function using a tensor network.
To start, we formally write the quantum state of the system
and bath, i.e., the atom and radiation field, at time ¢ as
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|¥(1)) = U(t — 1y)|¥(ty)), where the evolution operator is

Ult— 1) = T{exp (-f"l / tH(t’)dt’)} (10)

with 7 denoting time ordering. We consider for simplicity
the initial state of the waveguide with all the modes in the
vacuum state, i.e., b(#)|¥(zy)) = 0 for all 7> 1, [66]. A
generalization to other important initial states of the wave-
guide (such as thermal, coherent, and squeezed states) is
straightforward and discussed in Appendix B. To proceed,
we find it convenient to discretize the total time of
evolution in (infinitesimally) small steps Az, such that ¢, =
to + iAt and 7 = kAt with both i and k integer numbers.
We define Ito increment operators for each time bin as

AB; = ,ti"+A’ b(¢')dr'. They satisfy the bosonic commuta-
tion relations [AB;, AB'J’:] = At6;;, such that we can asso-
ciate a (bosonic) Hilbert space H; with each time bin 7 and

denote its vacuum state by |0;). Thus, we can Trotterize the
evolution operator as U(t, — ty) = U,_;...U,U, with

U, = exp (—%HsysAz+Yl.L+Tf>, (11)
where
TR = \/rrcrABL,, —H.c.,
YL = Jfyrec, AB] —H.c. (12)

To simplify the following expressions, we introduce the
notation R = ,/ygcg and L = \/yzec;. The unitary U,
acts nontrivially only in the Hilbert space of the atom and
the Hilbert space of time bins i and i + k (cf. Fig. 3). Since
the waveguide is initially in the vacuum state, it is useful to
form the isometry V;: Hyys @ H; = Hoys @ H; @ Hipso
which is induced by an application of the unitary map to
the vacuum state of time bin i + k, V; = U;|0;,) [67].
With this, we can write the state at time ¢, as

(W(2,)) = Vi ViVolg)|v). (13)

where |¢) is the state of the system at time #, and |v) =
®*=110;) is the initial state of the first k time bins, i.e., the
initial radiation field in the delay line. For the following
discussion, we find it useful to depict Eq. (13) in the form
of the tensor network shown in Fig. 3 (see Ref. [16] for a
detailed discussion). Each isometry V; corresponds to a
tensor in a two-dimensional square lattice. The size of the
network along the first dimension (vertical direction in
Fig. 3) is set by £, i.e., by the round-trip time 7 in units of
At, while the size along the second dimension (horizontal
direction in Fig. 3) is given by m = [n/k], i.e., total
evolution time 7, — f; in units of the delay time 7z rounded
up. The bond dimension along the vertical direction, y,, is
set by the dimension of the system Hilbert space, y, = d,
while the bond dimension along the horizontal direction,

(a) Input R . Output R
—» itk ——»
o
utput L . Input L 10
(0] o o O
=2 i—1 i i+l it2
(b)  System output )
Output L

Input L Output R — —‘_
Input R 0;) = @—

System input

(d)
FIG. 3. (a) Illustration of the time discretization. The time bins

represented by the white bubbles move as a conveyor belt in the
directions pointed by the arrows, such that the system simulta-
neously interacts with the time bins i and i+ k— 1. This
interaction imposes a unitary map U; (b) acting on the atom
and the two time bins. It is depicted here as a tensor with three
input and three output legs (L and R stand for left- and right-
moving time bins, respectively). Right-moving time bins assume
to always have a vacuum input; therefore, we form an isometry V;
(c). (d) Tensor network representing a total wave function of both
the system and the waveguide at time 7,,: The atom is initially in a
state ¢, and the waveguide including the feedback loop is in a
vacuum state. This tensor network corresponds to Eq. (13).

Xn» 1s set by the effective dimension of the bosonic modes
associated to each time bin. For our workhorse example of
the two-level system in front of the mirror, we have
X» = xn = 2; that is, each time bin can host only zero or
one photon. The reason for this lies in the fact that the
probability to have more than one excitation 7, in a single
time bin is proportional to (Af)" (see also Ref. [61]) and
the error introduced by restricting the photon number
vanishes in the limit Ar — 0. An important peculiarity
of the network geometry is the shifted periodic boundary
conditions along the first dimension, as depicted in
Fig. 3(d). We note that this state belongs to the class of
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FIG. 4. (a) To obtain the reduced density operator of the atom, we “sandwich” the network of the wave function |¥(z,)) (Fig. 3) with
its counterpart (¥(#,)| and contract all the open legs containing photonic degrees of freedom (light blue legs) to trace out the bath. The
transfer superoperator E"/(At) for the resulting tensor network is indicated by the light blue area, while the dark blue area encloses
E"=1(At). The superoperator E”/(At) acts on m replicas shown above the tensor network and consists of m connected tensors T;
(b) acting on the corresponding replica [i/k]. These tensors are decomposed as T;X = TFTRX, corresponding to the right output field
and the left input field. This decomposition is correct and symmetric up to higher-order Trotter terms: 7,X = TRTEX [see Eq. (14)].
(c) The tensors acting on the adjacent replicas T and T%, when connected, form a two-site superoperator W jj+1 = exp L%, At with
Ejajsil defined by Eq. (17). For simplicity, we schematically represent double legs as one thick leg of dimension d”. Tensors on the
borders Tt and T® do not have a connecting pair and result into one-site boundary local propagators W2 = exp LYAt and W, =

exp £2,At with the boundary terms defined by Eq. (18). With this, we show that the transfer operator E"J(Af) is an infinitesimal

propagator for a 1D cascaded chain (d) as defined in Eq. (15).

2D isometric tensor network states [68-72], with its
orthogonality center located in the lower left corner in
Fig. 3. The isometric property of the tensors follows here
directly from the sequential generation process.

2. Reduced state of the system

One of the central quantities of interest is the state of the
atom at time 7, described by the reduced density operator
Poys(tn) = trp, {|¥(2,)) (¥ (2,)|}. Here, the partial trace is
performed over the Hilbert space of the radiation modes,
Hp = @ '"H,;. For notational simplicity, we introduce a
superoperator 7, defined via T.X = try, {V,X Vj} This
allows us to write

psys(tn) = trHDL{Tn_l...TlTOC[)}, (14)

where Hp;, = ®/ %1, is the Hilbert space of the bosonic
modes in the delay line (DL) and @ denotes the projector
onto the initial state |¢)|v). In tensor network notation, this
expression takes on a simple form shown in Fig. 4: It
corresponds to a contraction of a network of tensors on a

square lattice with shifted periodic boundary conditions.
Each tensor in this network corresponds to a map 7;, and its
dimensions are given by y? and y2 in the horizontal and
vertical direction, respectively. As illustrated in Fig. 4, the
tensor 7T; can be obtained from the tensors V; and V} by
contracting the leg corresponding to the output field of the
ith time bin.

B. Relation to cascaded chain

To gain insight into the 2D tensor network defined by
Eq. (14), it is useful to consider its transfer operator
E(Af), as defined in Fig. 4. This transfer operator is
a map from the m-fold replicated Hilbert space of
system operators onto itself, i.e., E" (A7) B(Hy,)®" —
B(H,y)®™. Importantly, it can be shown that EI/(At) can
be exactly written as the (infinitesimal) propagator gen-

erated by a Lindblad superoperator £, acting on these m
replica systems, that is,

EM(Af) = exp (Atc[ml). (15)
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Specifically, £!"! is the Lindblad superoperator describing
the dynamics of the /D cascaded chain of the m replica
systems described by the system Hamiltonian, such as in
Eq. (2), i.e.,

m—1

L = o4y " Lome 4+ b, (16)
j=1

Here, Ejajj | is the Lindblad operator corresponding to a
cascaded coupling between replicas j and j+ 1. Such
cascaded coupling has been studied by Gardiner and
Carmichael [65,73] and, more recently, in the context of
chiral quantum optical systems [74]. Cascaded couplings
arise when an output field of a system (e.g., replica j) is
injected as input to another system (e.g., replica j 4+ 1) viaa
unidirectional channel. In the 1D cascaded chain, nearest
neighbors are coupled in this unidirectional manner (see
Fig. 4 for an illustration). Mathematically, the Lindblad
operator describing the cascaded interaction between rep-
licas j and j + 1 is given by (cf. Ref. [61])

[fease y — _E

e h [ Hcasc

LX)+ DR+ Lja]X,  (17)

where we define the cascaded Hamiltonian

1 .
H5 =5 (H o T Hago i TH(RILj1 ~ L,T‘+1Rj))
and introduce the shorthand notation D[C]X = CXC' —
1(CTCX + XCTC). Here, Hyy ;, L;, and R; are simply the
system Hamiltonian [e.g., Eq. (2)] and jump operators,
acting on the jth replica system. Note that the total
Lindblad operator (16) also contains the boundary terms,
which are simply given by

rhdly — L
! 2h

rodRy — 1
" 2h

[Hgys1, X] + DILy X,
[Hgys.ms X] + DIR,]X, (18)

and act independently only on the first and the last replica.
We refer the reader to Fig. 4 for a diagrammatic derivation
of this equivalence between the transfer operator EI"!(Af)
and the propagator of the 1D cascaded chain. A formal
derivation can be found in Appendix A. This correspon-
dence has an intuitive physical origin already pointed out in
Ref. [42]: The right-propagating output field emitted by the
system at a time s becomes the left-propagating input field
of the system at a later time s+ 7. In turn, the right-
propagating output field of the system at time s + 7 turns
into the left-propagating input field of the system at time
s + 2z, etc. The different replicas in the cascaded chain,
thus, assume a role analogous to the one of the system
at different points in time, separated by multiples of .

From this equivalence between the tensor network transfer
operator and the infinitesimal propagator of the 1D cas-
caded chain, it is straightforward to see that the reduced
state of the system, pgy (2,), can be obtained from the finite-
time propagators E"l(s) = exp (SL[’"]). To be specific, we
define r via 1, = (m — 1)z + r, with 0 < r < 7. As shown
in Fig. 4(a), the reduced state of the system, py(t,), can be
obtained from contracting E")(r) with E"~1(z — r), with
shifted periodic boundary conditions, and applying the
resulting composite map to the initial state of the system,
Psys(to). Denoting the contraction imposed by shifted
periodic boundary conditions applied to a tensor network
X by P(X), we can write

puysltn) = P(EU(z = 1)E(1) )y (10). (19)

This contraction can be conveniently performed if E"(s)
is given in matrix product form, as discussed in the next
section.

C. Multinode networks

The mapping of the delayed quantum feedback problem
to the 1D cascaded chain described above can be gener-
alized to more complicated networks with multiple nodes.
Below, we present, for simplicity, the results for certain
networks where all time delays between nodes are iden-
tical. In Appendix D2, we generalize the results to the
situation of nonequal time delays and more complicated
networks. The reduced state of the multiple nodes is always
described by a 2D tensor network (with generalized shifted
periodic boundary conditions), whose transfer operator is
the propagator of a 1D unidirectional master equation on
several replicas of the nodes (with potentially long-range
interactions). An important example in this class is the
problem of two distant nodes, A and B, interacting with a
common, bidirectional waveguide, where the time delay
due to the photon propagation between the two nodes in
both directions is identical: For large time delays, the node
dynamics is non-Markovian, but again it maps to the
Markovian problem of a 1D cascaded chain with a two-
site unit cell where every odd site corresponds to a replica
of node A and every even site to a replica of node B. We
refer the reader to Appendix D 1 for a detailed derivation of
this correspondence.

IV. NUMERICAL METHODS
A. Matrix product form of the propagator

We are aiming now to efficiently represent the propa-
gator of the 1D cascaded chain, E"l(s) = exp (sE[m]) for
0 < s <7, using matrix product state (MPS) techniques.
For this, we first recall that EI(s) is a linear operator
which maps the Liouville space of m-fold replicated system
operators, B(Hsys)@’m, onto itself. Following the literature
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(e.g., Ref. [61]), we refer to such maps as superoperators.
Note that such superoperators form a d*"-dimensional
vector space. Defining D = 4*, this vector space is the
tensor product space of m D-dimensional vector spaces,
each a local superoperator vector space C, whose elements
act only on one site of the 1D chain and map B(H,y) onto
itself. The tensor product space is, therefore, C,, = C®".
We choose a basis of C and denote its basis elements by S;,
with i =1, ..., D, from which we can construct a product
basis of C,,. With this, we can write any superoperator
SeC,, in a matrix product form:

Jisdzseeesm=1

(1] ~[2] [m]
C,C,--C 5,858,885,
(20)

where §; is a local basis superoperator on the site i and the
summation includes all such superoperators. The matrix
CB’;_] associated with the local basis superoperator S; has
dimension y x y, with y > 1 being the bond dimension of S
(the boundary tensors cV and CE{:’] are simply vectors of

J1
length y). We refer to a superoperator in the above form as

matrix product superoperator (MPSO).

@ &

Ho b o

-

1. Evolution equation

To construct a representation of the finite-time propa-

gator EI" () in the matrix product form Eq. (20), we first
recall that it satisfies

d
A giml 5y = il gin
B (s) = LIMEM(s), (21)

with the initial condition E(0) = 1%, Importantly,
El™] (0) is a product (super)operator. Moreover, L") contains
only nearest-neighbor terms. Therefore, we can use the
standard time-evolving block decimation (TEBD) algorithm
[75] to integrate Eq. (21). For this, we Trotterize the
propagation with the cascaded Lindbladian for an infinitesi-
mal time step into m — 1 nearest-neighbor propagators,
W; i1 =exp (AtLS%S,), and two local boundary terms
Wb = exp(AtL?) and W% = exp(AtLh,) [see Figs. 4(d)
and 5(a)]. The computational cost of the associated updates
in the matrix product representation for each such two-site
update is O(y>d'?). Note that the time step Atz in this
Trotterization has to be chosen much smaller than the
timescale on which the system evolves, e.g., Ar< 1/
|2|, 1/|A[, 1/T. In all our numerical results below, we check
convergence in the size of Ar.

Physical leg, d? Elm(r)

Bond leg, x

FIG. 5. Tensor network illustration of the numerical method described in Sec. IV. (a) The propagator EI")(r) is obtained by the
Trotterized evolution of m sites until time r [see Eq. (21)]. (b) The reduced density matrix of the atom p,y(#,) is a result of contraction of
the propagators E"l(r) and E"=(z — r) [see Eq. (19)]. (c) The two-times correlation function of the system operators (x()y(f'))
requires a contraction of the three propagators with the system operators inserted between them at the corresponding times and sites as

indicated in Sec. IVA 3 [Egs. (22) and (23)].
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2. System density operator

Once the propagators E"l(s) are obtained in matrix
product form, the reduced state of the system can be
calculated at all times ¢t < mz via Eq. (19). For this, first
note that one can obtain E~'(s) directly from E(m, s):
Because of the unidirectional nature of a cascaded chain, one
can simply trace out the mth replica to obtain the propagator
for a shorter chain, that is, E/~'(r) = (1/d)tr,, (E"(1)).
The contraction (19) can then be performed efficiently, since
it can be cast in the form of a 1D tensor network contraction
as shown in Fig. 5(b). The computational cost of this
contraction is O(my>d*).

3. Multitime correlation functions

Beside the system density operator, we are also interested
in the properties of the radiation field. Importantly, arbitrary
field correlation functions can be related to multitime
correlation functions of system operators, using input-output
relations (see Ref. [61]). Multitime correlation functions
can be accessed by a straightforward generalization of the
above discussion. For instance, consider the two-times
correlation function (x(z)y(#)) for two arbitrary system
operators x and y. We introduce the notation (---) =
(¥(tg)]...|¥(t9)) for quantum mechanical expectation val-
ues and denote the system operator x in the Heisenberg
picture at time t by x(¢) = U'(t — ty)xU(t — t,). Without
loss of generality, we consider ¢ > #. We define integers m
and m’ as well as remainders r and v/, viat = (im — 1)t +r
and 7 = (m' — 1)+ r'. We then can write (x(7)y(?)) =
tr(P(M)p(0)) with

M = E"U(z = 1) x, E" (r = )y, EM(F)  (22)
for r > v and
M = E"U(z — )y, EP(r = r)x, E™(r)  (23)

for r < r'. Here, x,, denotes the operator x, acting on the mth
replica, and y,,, is defined analogously [see Fig. 5(c)]. Again,
this contraction can be performed efficiently with a cost given
by O(my*d*). This can be straightforwardly generalized to
arbitrary p-times correlation functions of system operators. It
is easy to see that the corresponding contraction can be
performed at a cost O(my?*2d*), leading to an exponential
scaling with the order of the correlation function p.

B. Infinite cascaded chain

One of the most important quantities of interest is
the steady state of the system density operator, py =
lim,_ o, p(t) = lim,,_,, p(m7). If the steady state is unique,
itcan be expressed in terms of the finite-time propagator of an
infinite 1D cascaded chain [see Eq. (19)] as

py = lim ’P(E[’”] (1)) Ly (24)

m—oo d

Importantly, we can directly target the steady state of the
system by directly calculating infinite system size propagator
using infinite matrix product state techniques [76]. For this,
one assumes a translation invariant matrix product repre-
sentation of E®!(s), with Cl(s) = C(s) (for all k) and
integrates Eq. (21) self-consistently froms = Otos = 7 [77].
Besides accessing pg, this enables the calculation of multi-
time system correlation functions in the steady state using
expressions analogous to Egs. (22) and (23) and, in turn, field
correlation functions via input-output relations. Moreover,
one can also directly access the relaxation time i of the
system: This is determined by the correlation length & of
El®l(7), via t, = £r. Since E®! is given in translational
invariant matrix product form, its correlation length can be
directly accessed from spectral decomposition of the tensor
CM(z). For details regarding the infinite chain algorithm, we
refer the reader to Appendix C.

C. Multinode networks

As discussed in Sec. III C, we consider n-node networks
where all time delays are identical. These can also be
mapped to 1D cascaded chains. Therefore, we can straight-
forwardly generalize the numerical methods introduced
above to such multinetwork setups. Figure 6 illustrates this
generalization for setups with two and three atoms. In each
case, the tensor network representing the reduced state
of the n nodes can be constructed from the propagator of a
1D cascaded chain with an n-site unit cell. Specifically, as
shown in Figs. 6(b) and 6(c), the state of the nodes is
obtained from a contraction of n such propagators with
n-fold shifted periodic boundary conditions. For each
1D cascaded chain, we construct this propagator using
standard TEBD procedure in the exact same way as for
the case of a single node. The computational cost of
constructing the propagator is independent of the number
of nodes n. However, the cost of contraction scales as
O(my>+2=1)g*+20=1)) " where n is the number of the
nodes in the model, and we assume that all nodes have the
same local Hilbert space dimension d.

V. RESULTS

A. Propagator bond dimension

We now proceed to discuss the computational cost of the
method outlined in the previous section, i.e., the cost of
constructing the propagator of the 1D cascaded chain. The
computational cost depends crucially on the bond dimen-
sion of E"l(7): The problem of interest can be solved
efficiently if the matrix product representation of E"(z)
obeys an area law for all 7, that is, if the bond dimension y
required to represent the E)(z) grows at most polyno-
mially with m. Important quantities in this context are the
singular values of the splitting of E”)(z) in two partitions
formed by the first £ replicas and the last m — ¢ replicas,
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FIG. 6. Generalization of our approach to the multinode networks discussed in Sec. IV C. (a) The atom in front of the mirror is mapped
to 1D cascaded chain of identical replicas corresponding to the state of the atom at a different time. The chain is evolved using MPS
methods to obtain the total propagator, which is then contracted (b) with the shifted periodic boundary conditions and applied to the
initial density operator. (c) A problem of the setup with two atoms connected through a bidirectional waveguide is mapped to two
cascaded chains. (d) The propagators obtained after the evolution of these chains are then contracted together with the double-shifted
periodic boundary conditions. (e) A configuration with three atoms connected through a unidirectional waveguide is mapped to three
cascaded chains. (f) The resulting three propagators are contracted with the triple-shifted periodic boundary conditions.

respectively. We denote these singular values by o, (with
a =1, ..., y) and define normalized singular values as 6, =
6a/ (3 _503)'/*. We also introduce the entropy of the
normalized singular values associated with this splitting:

- 5%log,(53)

as well as the maximum entropy among all cuts of the chain
S =max, S(¢), and use it as a proxy for the bipartite

(25)

correlations in the propagator and the effective bond
dimension y ~25. One can distinguish two qualitatively
different behaviors of S(¢) for large #: If S(£) grows
(linearly) with #, one calls this a volume law (since ¢ is the
subsystem volume); if S(£) saturates to a constant value,
one calls this an area law (since the subsystem boundary in
1D is independent of the subsystem size). An area law of
the entanglement entropy implies that S also saturates to a
constant value as the chain length m grows, as S(I)
becomes independent of the subsystem size. The entropy
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FIG.7. Entropy area law demonstrated for the propagator of the
atom in front of the mirror. (a) Dependence of the bipartite
entropy S on the length of the chain m exhibiting an area law for
I'c=2,5, 12, 18 and Q/T" =0.5, y =50, and Trotter step
I'At = 0.05. (b) The dependence of the maximum entropy during
the time evolution, S,,,x = max, S, on the phase and the Rabi
frequency for m = 20, y = 80, and I'Atr = 0.05. (c) Steady-state
normalized singular values squared corresponding to the maxi-
mum entropy bipartition for different driving strengths, I'r = 20,
¢ =0, y =250, and ’'At = 0.1. (d) Steady-state entropy S for
different delay times I'z and Rabi frequencies, ¢ = 7, y = 100,
and I'A¢ = 0.001. For all plots, the detuning A/T" = 0.

area law implies that the operator can be represented
efficiently as MPO for an arbitrary number of sites in
the chain, since the corresponding bond dimension is
independent of the system size y ~25, where S is the
saturation entropy value.

In Fig. 7(a), we show S as a function of m for the 1D
cascaded chain corresponding to our example of a driven
two-level atom coupled to a delay line (see Sec. IT A).
Importantly, this shows a clear area law for all values of z;
that is, the entropy saturates to a finite value as m increases.
We calculate the saturation entropy value also for different
round-trip phases and driving strengths in Fig. 7(b), where
we plot the maximum value of the entropy in the nonzero
delay time range, S,,,x = max, S. To give a more detailed
perspective on the (operator) entanglement properties, we
show in Fig. 7(c) the squared normalized singular values
in the steady state for different driving strengths. This
indicates once again the efficiency of the matrix product
representation of the propagator, since one can truncate
the bond dimension y in a controlled way and reach
sufficiently small truncating errors even for bond dimen-
Sions y < y¥max ~ d". In Fig. 7(d), we show the entropy
saturation value, calculated for an infinite number of

replicas, and confirm that the saturation value is finite in
the entire parameter space. Perhaps counterintuitively, the
saturation value is the highest for zero driving, despite
the existence of an analytical solution in that case (for a
single excitation). This is resolved by noting that the
operator entropy is calculated for the propagator of the
cascaded chain and, therefore, contains information about
the dynamics of all possible initial states of the cascaded
chain, including those where multiple excitations are
present. More importantly, the entropy is remarkably small
if both 7 and Q are large, demonstrating the applicability of
our method even in previously inaccessible regimes, that
is, efficient calculation of a transient dynamics for an
unlimited number of round-trips in the case of both long
delay times and multiple excitations in the delay line. We
use this feature in Sec. VII and propose a semianalytical
approach to describe the system in this latter regime.
While our results in Fig. 7 demonstrate the area law
explicitly for the 1D cascaded chain of driven two-level
systems, we find analogous results also for other examples
(see Appendix D). In general, one expects an area law for
the propagator of a 1D Markovian master equation when-
ever it is rapidly mixing; i.e., its mixing time scales at most
logarithmic with m [78].

We note that the entanglement entropy area law and,
therefore, efficient classical calculation of the state of the
system do not contradict the results of Ref. [16], where it
was shown that universal resource states for measurement-
based quantum computing can be generated from a single
emitter with time-delayed feedback. In order to harness
the cluster state as a resource for quantum computation,
one needs to measure every (relevant) mode of the output
field. This is indeed equivalent to calculating a very high
order correlation function. In contrast, our method allows
us to efficiently access few-body observables, such as the
reduced state of the emitter(s), or few-body correlations
functions of the output field.

B. Single driven atom in front of a distant mirror
1. Atomic dynamics and steady state

In this subsection, we present results obtained from
solving for the dynamics and the steady state of the atom in
front of the mirror, using the methods developed in the
previous sections.

In Fig. 8(a), we plot the evolution of the atomic
excitation probability for a resonant driving field as a
function of time, p,,(t) = (e|p(t)|e), for up to 15 round-
trip times with long time delays I'z = 20 and a round-trip
phase of ¢ = z. To interpret the results, it is useful to recall
that a two-level atom in its ground state acts like a mirror
for photons in a frequency band of width I" around the two-
level transition frequency. With the choice of ¢ = z, the
delay line and the atom, therefore, form a perfect cavity for
a (single) photon that is resonant with the atomic transition
frequency. This effect leads to a dynamical accumulation of
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FIG. 8. Excited state probability of the atom in front of the
mirror. (a) Probability dynamics for the various driving strengths
Q=0.1,02,0.5I", delay time I't =20, ¢ =z, y =80, and
A/T = 0. (b) Excited state probability in the steady state as a
function of the round-trip phase ¢ and the detuning A/T,
Q/T'=0.5, I't =20, and y = 50. The Trotter step is ['At =
0.1 for both plots.

photons in the delay line, as long as the atomic excitation
probability is small. This dynamic proceeds until the field
in the delay line is strong enough to effectively saturate
the two-level atom, rendering it nonreflective and allowing
photons to leak out of the delay line. This interplay between
photon trapping and atom saturation determines the steady
state. If the coherent driving field is very weak, it takes
several round-trip times until this point is reached, while for
a stronger drive the atom saturates much quicker due to the
coherent drive.

If the coherent driving field is not resonant with the
two-level system transition frequency, i.e., if the detuning
A is nonzero, the reflectivity of the atom and, thus, the
trapping capabilities of the setup change. In fact, these
trapping capabilities are determined by a nontrivial inter-
play between the detuning and the round-trip phase. This is
displayed in Fig. 8(b), where we show the steady-state
excitation probability of the atom, which is related to the
photon number in the delay line via the input-output
relation. In Fig. 8(b), we show only half of the round-trip
phase range, since the excitation probability has a sym-
metry A - —A and ¢ — —¢. This symmetry already
appears in the case of an atom with (instantaneous)
coherent feedback [41]. Specifically, one can define the
effective detuning Ay = A — y/2sin(¢) with the last term
indicating the so-called phase-dependent Lamb shift. This
detuning is invariant under simultaneous sign change of A
and ¢. To give further intuition into the qualitative features
in Fig. 8(b), we note that the structure of the plot can be
understood by analyzing the analytic solution for zero
driving field [79]. One can show that in the absence of a
driving field a nontrivial dark steady state exists if
[iA — y(1 + e7)| = 0. Signatures of this dark state survive
also for finite driving so that the steady-state excitation
probability is enhanced around the dark state condition.

As noted, our method allows us also to directly access
the time it takes the system to relax to its steady state, 7.
Figure 9 shows ¢ for a resonant drive as a function of delay
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FIG. 9. Steady-state time t, of the atom in front of the mirror.
(a),(b) The dependence on Rabi frequencies and delay times,
¢ =0, and ¢ = 7. (c),(d) The steady-state time relative to the
delay time in the small driving limit for different values of Q,
¢ =0, and ¢ = 7. (e),(f) The steady-state time calculated for the
different phases and delay times, Q = 0.2I", and Q = ST". For all
plots, the parameters are I'Ar = 0.1, y = 250, and A/T" = 0.

time and driving strength as well as round-trip phase.
Because of the photon-trapping mechanism discussed ear-
lier, we observe long relaxation times in the regime of
weak driving and long delay times; for large enough Rabi
frequencies, f,, oscillates with a period proportional to 27z /Q.
This can be understood by noting that the Rabi oscillations of
the atom affect the probability of the photon to be reflected by
the atom. When the delay time becomes large enough for the
atom to reach an equilibrium state during a round-trip time,
these oscillations damp out. The round-trip phase also affects
the chances of a photon to be trapped, thus increasing the
steady-state time as seen in Fig. 9(b).

2. Output field properties

The infinite chain algorithm for the atom in front of the
mirror discussed earlier can be used to calculate the steady-
state properties of the output field, such as the spectrum and
the intensity correlation functions.
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FIG. 10. Steady-state output field properties for the setup with
the atom in front of the mirror. (a) The dependence of the
incoherent part of the spectrum Sj,.(v) on the round-trip phase.
(b) The dependence of the second-order correlation function g, (7)
on the delay time I'z for the round-trip phases ¢ = 0, /2, x; for
both plots, Q = 2I',T't = 20, A/T = 0, y = 80, and 'Ar = 0.01.

The steady-state spectrum of the output field detected at
the open side of the waveguide is given by

S@) = 2Re{ A "t (bl (1) bow(t — z’)>e—ﬁw’}, (26)

where the output field operator is obtained using the input-
output formalism as

out( ) \/HCL( )

. o2 1
where we use the definition boy() = ei®o?/ 7= X

[dob(w,t > t)e @ @)(=7/2) with b(w,') being a
bosonic operator in the Heisenberg picture. Based on
the expression Eq. (27), the output spectrum can be
obtained from two-times system correlation functions
(see Appendix C for details). The incoherent part of the
spectrum in the case of the long delay time and for different
round-trip phases is shown in Fig. 10(a) and exhibits a
pattern of minima and maxima with a periodicity propor-
tional to 1/z. This periodicity is a result of the correlations
between the photons emitted with the time difference .
Using the input-output formalism Eq. (27), one can also
calculate the normalized second-order correlation functions
of the output field:

Yre Peg(t—1) + e b(1), (27)

<bout bzut /)bout(t - t/)bout(t)>
<bout t)bout(t ><bout t/)bout(t - t/)> .

The result is shown in Fig. 10(b) for different round-trip
phases and exhibits both bunching and antibunching
behavior depending on the round-trip phase. This behavior
occurs due to the fact that the output field consists of both
the field that is directly emitted by the atom into the output
port and the field that first passes through the delay line and
only then leaves through the output port. Generically, one
expects both these fields to be each independently anti-
bunched, since they are emitted by a two-level system.

w(t) =
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FIG. 11. Excited state probabilities dynamics for the multinode

setups. (a) pA and pE of the two atoms A and B connected
through the bidirectional waveguide as a function of I'z. Both
atoms are initially in the ground state, with parameters y; = I'/2,
v, =T/10, @, =T/5, Q, =0, ¢ =z, I't =20, and y = 50.
(b) The excited state probabilities pZ., pZ., and p& of the three
atoms A, B, and C connected through 1D unidirectional wave-
guides as a function of I'z; initially, the atoms are in the excited,
ground and ground states; y; =y, =y3 =1/2, Q, =T1/2,
Q, =Q; =T/10, ¢ =z, 't = 10, and y = 25. For both plots,
A/T =0 for all nodes and Az = 0.1.

Bunching can, however, occur, when a first photon is
emitted into the delay line and upon its return triggers a
stimulated emission of a second photon from the atom into
the output port, leading to two photons in the output. For
this effect to happen, several factors need to align. First, the
delay line needs to be long enough, such that the atom can
get reexcited before the first photon completes its round-
trip. Thus, this effect is exclusively present in the non-
Markovian limit. Second, the round-trip phase needs to be
chosen to avoid destructive interference for the stimulated
emission process, which explains the differences in the
plots for various round-trip phases.

C. Other networks

In this subsection, we present results from the applica-
tion of our method to other simple quantum optical net-
works, connecting two or three nodes. Figure 11(a) shows
the dynamics of a pair of two-level atoms coupled to a
bidirectional waveguide at two distant points. The time
delay is a result of the propagation time a photon needs to
travel between the two systems. For this case, we assume
Yir = vip = v; and I' = 2y,. Next, Fig. 11(b) shows the
dynamics of three nodes connected pairwise with unidi-
rectional waveguides, with equal time delay in each
interconnect. Here, again, y;x =y, =v7; and I' = 2y,.
These results can be obtained through an adaptation of the
derivation given in Sec. III B and a corresponding, simple
modification of the algorithm given in Sec. IV. We discuss
these generalizations to more complicated networks in
detail in Appendix D.

VI. COMPARISON WITH EXISTING METHODS

In this section, we analyze the cost and limitations of the
method presented in this paper and compare it with existing

031043-13



KSENIIA VODENKOVA and HANNES PICHLER

PHYS. REV. X 14, 031043 (2024)

TABLE 1.

Comparison of computational cost for various numerical methods for the problem of a single node with time-delayed

coherent quantum feedback studied in this work (see the text for definitions).

Method Time evolution Steady-state access Density matrix Two-times correlation functions
Ref. [41] O(nky3d®), y ~2r° Indirect, finite O(xd) O(kyd)

Ref. [42] o(d™) No O(a*m+1)) O(d*m+1)

This work O(mky3d'?), y ~ const Direct O(my*d*) O(my*d*) or O(my’d*) [80]

methods. Specifically, we compare it with two methods that
have been recently developed and which have been applied
to several problems.

The first is a method proposed in Ref. [41]. The central
idea underlying that approach is to represent the wave
function of the entire system containing node(s) as well
as waveguide(s) using a 1D MPS. The Hilbert space of
the bosonic modes in this approach is also decomposed
in time-bin modes, which are organized in a 1D array
according to their time label. This matrix product state is
then propagated using the Hamiltonian Eq. (7), e.g., using
the TEBD algorithm, which allows one to access real-time
evolution. In this 1D construction, time delays lead to long-
range interactions, which, in turn, result in long-range
entanglement and correspondingly require a large bond
dimension y of the MPS, scaling typically exponentially
with the time delay. Accessing systems with very long time
delays is, thus, prohibitively expensive with that approach.
For instance, for the paradigmatic problem of a single atom
in front of a mirror, the regime yz 2 10 is out of reach for
state-of-the-art implementations of this approach. In con-
trast, the method presented in this work does not encounter
this exponential barrier and allows one to access the long-
time-delay regime with polynomial costs [see Figs. 7, 8(a),
10, and 11(a) in Sec. V].

Another approach to solve problems with time-delayed
feedback was given in Ref. [42], which is based on solving
for the propagator of the cascaded chain using exact
numerics. This is an exact method that does not suffer from
long time delays. Instead, it is limited to finite evolution
times. More specifically, the exact dimension of the replica-
operator space grows exponentially with the number of
round-trip times as d*", and exact diagonalization of the
cascaded propagator within this space scales exponentially
with the number of round-trips. Correspondingly, exact
numerics are accessible only for problems with very
small dimension of the node Hilbert space and for the
transient dynamics up to few round-trip times. This limit is
overcome by the method introduced in this paper, where
computational cost grows only polynomially with the
number of the round-trips and the steady state can be
targeted directly (see Figs. 7-10 in Sec. V).

In Table I, we list the costs of certain procedures of each
method mentioned above. In the first column, we compare
the cost of evolution, that is, the cost of evolving the total
wave function in the method proposed in Ref. [41] and the

cost of calculating the cascaded propagator performing
exact diagonalization in the method presented in Ref. [42]
as well as in the method presented in this paper. We recall
here that the delay time is given as 7 = kAt, a total
evolution time ¢, = nAt, m = [n/k], and d is a local
Hilbert space dimension of the system. The second column
indicates whether the method under consideration provides
access to the steady state of the system (atom). The third
column shows the computational cost of contraction
required to obtain the system density matrix after the
evolution is performed. For the method in Ref. [41], one
has to contract the total wave function in MPS form. The
algorithm presented in Ref. [42] requires a contraction of
d*" x d*™ matrix of the cascaded propagator. As discussed
before, in this work, we contract the cascaded propagator in
MPS form, which leads to a favorable scaling. Last, we also
compare the cost of calculating the two-times correlation
functions. For the method in Ref. [41], this leads to a
contraction of the total MPS wave function with the
operators applied to the sites separated by at most k — 1
sites. The method from Ref. [42] requires one to perform
another propagator evolution at a cost O(d®") with the
operators inserted during the evolution followed by a
contraction, the cost of which is the same as for the density
matrix calculation. Our method offers two ways of com-
puting two-times correlation functions. That is, one can use
the results of the propagator evolution obtained before,
insert operators, and then contract with the cost of con-
traction being O(my*d*), or one can again perform the
evolution with the operators inserted on the way and then
contract MPSO at a cost O(my>d*).

In addition to this qualitative analysis of the scaling
behavior, we also perform a quantitative comparison of the
run-time of different algorithms on the same problem. The
results are presented in Appendix E.

As discussed above, the main advantage of our method
lies in the fact that it does not scale exponentially with time
delay or with evolution time. We note, though, that the
scaling with the dimension of the local Hilbert space d is
less favorable when compared to Ref. [41]; see Table . This
limits the applicability in settings with large-node Hilbert
spaces. In particular, in setups where the nodes themselves
are composed of many-body systems, the cost of a direct
application of this (as well as other) method(s) becomes
prohibitively expensive. In such scenarios, one can attempt
to combine the tools developed here with efficient state
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representations of the node Hilbert space. A simple
example of such an extension is presented as part of the
following section.

VII. MEAN-FIELD APPROXIMATION

In this section, we use the insights of the numerical
results from Sec. V to propose a semianalytical solution
based on the mean-field approximation of the 1D cascaded
chain. As Fig. 7 indicates, the correlations in the propagator
El"(s) are small when both the time delay and the Rabi
frequency are large [81]. This suggests that in this regime
the m-site propagator E" (s) can be approximated as a
tensor (direct) product of local propagators:

EMl(s) ~ ® E™(s), (29)
j=1

where E;“f(s) is a mean-field propagator at site j. We use the
standard mean-field approach to determine these local
propagators, starting with the equation for the total propa-
gator El”l(s), Eq. (21): Assuming the above product form of
the propagator, one readily obtains the equation of motion for
the local mean-field propagator E™ () by tracing out all sites
except i in Eq. (21). This procedure gives

d A

;E?f(S) = LPM(s)EM(s), (30)
s

with initial condition E™(0) = 1. Here, L™ (s) is a mean-

field Lindblad operator at site i, which is given via

- o i+1
£ ) =t { (655, + £ B

(31)

Here, tr; | denotes the partial trace oversites i — 1 and i + 1.
Straightforward algebra allows one to bring the above
expression into a particular transparent form:

LB (s) = LYE(s) 1 [h(s), X)), (32)

Here, we introduce the notation LY X = —(i/h)[Hys ;. X] +
DIL)X + DIR;]X as well as h;(s)=1tha[rr_(s)L; -
ri_l(s)L,T]. In the last expression, we use the shorthand
notation for the maps r;_; (s)X;_; = tr_ {R,_1 E™, (s)X;_1 }
and i, (s)X;_, = tr;_ {E™ (s)X;_;R]_,}, which map
operators in the Hilbert space of replica i — 1 (specifically,
density matrices) to a c-number. Note that £ is manifestly
of Lindblad form. The first term in Eq. (32), Eﬁ-"’ , 1s in fact
simply the generator of a Markovian master equation
describing the replica system i coupled to a bath without
time-delayed feedback, such as a waveguide that is open
on both ends. The second term captures the effect of the

time-delayed feedback on a mean-field level: It generates an
additional coherent evolution of the replica i, dependent on
replica i — 1. Specifically, one can interpret this second term
as an additional coherent field driving the replica system i.
The amplitude of this driving field is simply determined by
the expectation value of the output field of the neighboring
replica at site i — 1. It is this second term that renders the
mean-field equations nonlinear. Note that the mean-field
equations for EM(s) depend only on E™,(s) but not on
E™ | (s). This is the direct consequence of the unidirectional
nature of the cascaded chain.

With the expression (32), we can solve the nonlinear,
coupled mean-field equations (30) to obtain the propagator
E™(s) in mean-field approximation and, consequently,
calculate from it the mean-field approximation of all
quantities of interest as discussed in the previous sections.
Figures 12(a) and 12(b) show the fidelity between the
steady state in mean-field approximation and the exact
steady state calculated in the previous section. As expected,
the fidelity improves and approaches 1 when both the delay
time and the driving increase.

Remarkably, the mean-field approximation can also cap-
ture relevant two-time correlation functions successfully:
Figure 13 shows the incoherent part of the output field
spectrum calculated both by the exact algorithm and using
the mean-field approximation for different parameters.
Again, as the driving strength and the delay time increase,

(a) (b)
1.0 1.0
—Tr=5 / —T7=5
“rroo 0.96 S
0.99 —I'r=1 — I'r=1
S 6—0 |=0.92 b=
0.88
0.98 1 2 3 4 ) 1 2 3 5
Q/T o/f
() (d)
1.0 1.0
0.95 — I'r=5 0.98 — I'r=5
. —Ir=2 —TI7=2
. —Tr=1 R0~96 —r=1
0.90 ¢=0 | 0.9 p=m
0.92
0.85 0.90
0 2 3 4 5 2 3 5
QT QT

FIG. 12. Comparison of the exact steady-state solution and the
mean-field approximation. (a),(b) The fidelity of the steady-state
mean-field solution with the exact solution for the atom in front

of the mirror [see Fig. 6(a)], F = (tr mpggfm)z [82],
dependence on the driving with the delay times I'z = 1, 2, 5, and
(a) ¢ =0 and (b) ¢ = 7. (c),(d) The fidelity of the steady-state
mean-field solution with the exact solution for two atoms
interacting with a common waveguide [Fig. 6(c)]. (c) ¢ =0
and (d) ¢ = z; Q;/T" =1 for both plots.
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(@) (b)
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0.4 Ir= —; I'r=5
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0.1
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Q=T
N oaf -2

FIG. 13. Comparison of the exact steady-state solution and the
mean-field approximation for the atom in front of the mirror. A
comparison between the exact output field spectrum and the
spectrum obtained using mean-field approximation (MF). The
parameters are (a) Q/I' =5, Tt =5, and ¢ = 0; (b) Q/T =2,
I't=5 and ¢p=m (c) QT =1, I't=2, and ¢p=0;
d Q/T'=1, T't=1, and ¢ =x. In all panels, we use
A/T' =0, y =50, and 'Ar = 0.01.

the mean-field approximation becomes more accurate. In the
case of sufficiently large Rabi frequencies and delay times,
the mean-field picture allows for a simple interpretation of
the spectrum: Itis given by the standard Mollow triplet found
in the output of a strongly driven two-level system coupled to
a Markovian bath [83], which is modulated with a frequency
1/7 as a result of constructive (destructive) interference
between the emitted photons and those returning to the atom
from the delay line (previous replica).

This mean-field approach can also be applied to more
complicated systems, e.g., multinode setups. In Figs. 12(c)
and 12(d), we show the results of such a mean-field
approximation applied to two distant, driven atoms coupled
to a bidirectional waveguide [see Fig. 6(c)]. Also, in this case
the mean-field ansatz reproduces the exact solution with high
fidelity. This example highlights the fact that the mean-field
factorization can be particularly useful in setups with
multiple nodes. As mentioned above, the cost of the tensor
network method developed in this work increases rapidly
with the dimension of the system Hilbert space, which poses
limitation for systems with multiple nodes. Whenever the
mean-field approach developed in this section can be applied,
this unfavorable scaling can be eliminated.

VIII. CONCLUSION

In this work, we developed a novel approach for solving
problems with continuous coherent quantum feedback
involving time delays. Our method allows for numerically

accurate and efficient calculations of several quantities of
interest that are inaccessible with other state-of-the-art
methods. Specifically, this includes parameter regimes with
arbitrary time delays and direct access to steady-state
properties. It is important to note that our algorithm is
efficient for calculating few-body observables, such as the
reduced state of the emitter(s), or few-body correlation
functions of the output field (such as the spectrum or g,),
while the cost of accessing higher-order correlation func-
tions grows exponentially with n. This is indeed consistent
with the fact that it is not possible to classically simulate
universal quantum computation (Ref. [16]).

In this work, we mainly focused on the minimal, non-
trivial example of a system with coherent time-delayed
feedback, as a way to illustrate the key concepts underlying
our method and to facilitate benchmarks against other
approaches. But our method could also provide a path to
solve other open problems, e.g., understanding the fate of
superradiance, a phenomenon in which time delays inevi-
tably become relevant. We also envision that our methods
are particularly useful to theoretically model and describe
solid state quantum systems that employ inherently slow
excitation carriers in on-chip quantum devices, such as
surface acoustic wave phonons [28,29]. In addition, it
seems plausible that the key ideas of our work can be
generalized and integrated with other approaches that are
used to deal with systems coupled to various forms of non-
Markovian environments [53-58].

One of the most interesting challenges in going beyond the
models presented in this work is to understand if it is possible
to construct examples where the methods developed here fail.
For instance, this could happen if one finds examples of 1D
cascaded chains whose propagators are not rapidly mixing,
such that the corresponding operator entanglement does not
obey an area law. In this case, our method would no longer be
efficient, and the computational cost would grow with the
time delay. It is not clear if such dynamics exists, but recent
results from the theory of isometric tensor networks (Ref. [84])
suggest that this may be possible. Identifying such setups
would potentially allow one to engineer quantum optical setups
that can produce qualitatively more complex output states, such
as states with algebraically decaying correlation functions. This
would have important implications for photonic quantum
simulation approaches [22,85-87].

The datasets generated during and/or analyzed during the
current study as well as the method code are available on
the public repository Zenodo [88].
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APPENDIX A: MAPPING TO 1D
CASCADED CHAIN

We now prove the direct correspondence between the
equation for the reduced density matrix of the atom in front
of the mirror and the 1D cascaded chain. This proof can be
naturally generalized to the case of multinode networks;
however, for illustrational purposes, we consider here the

|

simplest example. We start out with Eq. (14) and proceed
by decomposing the superoperator 7; in two superoperators
TR and TE, with the first one acting on both the system
and the time bin i 4 k and the second one on the system and
the time bin i as in Fig. 4(b): T;X = TRTEX, where we
define T8X = VEXVE" and TEX = try {VEXVET} with
the unitary V} = exp[—(i/h)H(A1/2) + YF] and the
isometry VF = exp[—(i/h)Hy(At/2) + TF]|0),,; corre-
spondingly. This decomposition is correct up to Trotter
errors that vanish in the Ar — O limit. Note that (up to
higher-order Trotter terms) this decomposition is symmet-
ric: T;X = TRTEX = TFTRX.

We rewrite Eq. (14) using the unitaries and the isometries
introduced above as

(A1)

k—1
psys(tn) = trHE{Vllf—lvlg—l"'VtRViL"'V(I)?V(%psys(tO) QB |Oi><0i|V(I;TVgT'"ViLTVfT'“VsiIVfil}'
=

We now carefully work out the whole expression by taking the partial trace over the bath degrees of freedom of each time
bin. To do so, we introduce matrix elements of the operators V} and VX as Vi, = (b|VF]a) and VF, , = (a|VF|D),
respectively, where |a) and |b) are the basis states of the d-dimensional system' Hilbert space. Note that these matrix
elements act on the photonic time bins. Specifically, ViL,b,a is an operator that acts on time bin Z, and Vfa’ » 18 a state of the
time bin i + k. We now can write the matrix elements of the system density matrix at time ?,:

Sys _ R L R L
parna;x (t”) - Z trHB { V"—1~an~bn—1 V"—l,bn—lﬂn—l - 'Vi-,ai+1~bi Vi-,bi-ﬂi

ab,a’ b’
VR yL (1) ® [0)(0|VET, VT yLt R Vi % (A2)
Y 0.arby Y 0.bg.agPanag\10) STV o.a by Y obgay o Via Y idal Vst b a1, f
M — — ! !/ / ! / /
where the sum goes over the indexes a = ay, ..., a,_;, b = by, ....b,_,a' = ag,....,a,_,,and b’ = by, ..., b, _, and where

we use p,.a (fo) = (dolp(to)|ap). To perform the partial trace over the time bins, we rearrange the terms in the above

expression, grouping together all the terms that involve the same time bin. Therefore, we group pairs Vf_k,ai_w b, and

K with V-1
1

V%b,,ai (and analogously Vt—k,bﬁ-,k.aﬁ-,H a0, ), since these are the only terms involving the time bin i. This allows us to

trace out all time bins i that appear in the state (i.e., the time bins from i = Oto i = n + k — 1), sequentially, which gives rise
to three different types of terms. The first type of terms arises from the trace over the time bins i = 0, ..., k — 1, which gives
terms of the form

(L) _ L Lt
Wbi,b:.,a,»,a; - trHi{Vi.b,-,a,-|Oi> <0i|Vi,a:.,b:.}' (A3)
The second type of terms arise from the trace over the time bins i = k, ..., n — 1, which gives terms of the form

s

_ L R Rt Ly
bybjti i1y ardibi b, try, { ViviaVickayeobiiV }

. / ! L /
zl’c.IJI.il\v,a[ikJrl i,a.b'

(A4)
The third type of terms are obtained from the trace over the time bins i = n, ..., n — 1 + k, which gives terms of the form

W(R) R R¥
= 1r . . .
Q151 Diisbl_y t H; { Vl_k"li—kﬂ bick Vl—k,bé,k,a;,kﬂ }

(AS)

To proceed, we evaluate now all three of these terms. To do so, we use the definition of V* and V* and expand to the first
order in At (recalling that the Ito increment AB; gives contributions in the order of +/Af):

il
2n
_|_...’

1
Vll:b,a = 5b,a H:;{/ZAI + (Lb.aABj - HC) + 5 ((Lz)b.aAsz - (LLT)b,aAB}LABi - (LTL)baABlABZL + (LTz)b,aABlg)

(A6)
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n S S 1
Vi = <5ab 2fz AL+ R, ,ABL, (RTR)a,bAt> 10;4) +§(R2)a,bABzEk|0i+k> +e. (A7)

With this, one can evaluate the above expressions [Eqs. (A3)-(AS5)] using the commutation relation of the Ito increment
operator, [AB;’, AB j] = At5;;. For the term (A3), we obtain to the first order in Az

. ; ;
W(b,g’,a,a’ = 5b,a5b’,a’ - ﬁ (Hsys)b,aéa’,b’At + ﬁéb,a (Hsys) b’At +3 D) [2Lb aley b’ (LTL>b,a5a',b’ - 5b,a (LTL)a’,b’]At' (A8)

The right-hand side can be identified with the propagator generated by a Lindblad operator £ given in Eq. (18) of the
main text and written here explicitly in the basis of the system Hilbert space. To leading order in At, this can be rewritten as

W)

bdL
bbad (eAtL )

b,b a,d"> (A9)

where we define the matrix element of a superoperator as (e2/£™") bt aa = Wsyst D) (D] (eA£"")|a) (d’|}. Analogously, we
find for the third term (AS5)

R bd
Wiy = (@ o (A10)
where £ is the term given in Eq. (18) in the main text. Finally, the term in Eq. (A4) can be evaluated in a similar way:
W) = 6,06, + 8,00 + 06, + 8,008, + 04,8, + OF . (A11)

where we introduce superindexes r = {a;_x.1, b}, | = {b;.a;} and ¥ = {b_;.d;_, ,}, I' = {a}, b}} (see Fig. 14). The
total map is a result of different physical processes: The contributions due to the system Hamiltonian evolution are

Q1 Qo1 (E[mil](At))an,...,a§ﬁ1 /
A AT 4T AT ™

Tl 1 Qi—ket1

a;

RS /b s \

FIG. 14. Mapping to 1D cascaded chain. Reduced density matrix of the system p(z,) as a tensor network, the connection of the
isometry V; to its neighbors is encircled and shown in detail to the right, where we separate VX and V* and explicitly write the indexes
associated with each leg. Traces over the bath degrees of freedom are indicated as the contracted blue legs. Contraction of Vf_k and V¥
creates local propagator W(-R), leading to a ladderlike structure made of these propagators for each horizontal layer in the original tensor
network. Note that in the main text we use the fact that Trotter decomposition is symmetric 7;.X = TRTEX = TETRX and the resulting

chain of propagators has a different (zigzag) structure. In a light blue rectangle, we enclose the transfer operator £ _ m™ 1] (Ar) and denote
the indexes through which it connects to the lowest transfer operator E([) }(At).
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i
Oi?/rs’ = _ﬁ [(Hsys)rér’ - 5r(Hsys>r’}Atv
sys i
OZ};’ = _ﬁ [(Hsys)l(sl’ - 51(Hsys)l’}Ats

the dissipation through the action of the jump operator R,

1
o, = 5 2R.R', — (R'R),8, — 6,(R'R),|At,

and the dissipation through the action of the jump operator L,

o !

=5 2L,L) = (LTL),8y = 8,(L7L) ] At.

The last contribution is a cascaded interaction between two system states:
OLR = [Li8,R8) + 8,R,5,L) — L|R,5,8y — 5,5,R|,Ly]At.
We note that the total map is then a propagator generated by the cascaded Lindblad operator defined in Eq. (17) on twofold-

replicated system Hilbert space:

WEng,Ij’),I’ - ‘A/CaSC N — [exp(Atﬁcasc)}ryl’r/,ll.

r.lr

(A12)

Using the above derivations, one can trace out all the time bins in the expression (A2) and rewrite it using the three types of
propagators we identified earlier:

Sys — (R) casc (R)
P (t W W 14
/ — / / / / / / 7 /
Apsty N1 aman'bn—lqhn,l bn—lvb,,_lsan—ba,,,pan—]van_pbn—]—ksb”,l,k an—]’a”,lvbn—lshn,z

ab.a’.b’

casc casc

/ / ! / / ! ! /
biy1:by | im2.8_ 0 @i @ bi D) T bibaiai_y.ai.a0 b by
(L) % (L) A
W casc W 13

cee / ! / / ! / / / U (t ) (

by.bl.ay.d, " by.bj.ay.d).a;.a).by.b) bo,bo.ao.aopaovao 0

This equation describes the tensor network in Fig. 14(a). This network consists of two types of transfer operators, E" (Ar)
and E"-1(At), which we now explicitly define in terms of local propagators W as

- W(R) Wease

Apktise-d;

[EV (a0)]

/

! / / / /
Apietis@pe 5D peizt Dy iy Dpeiot Dy i1 Qpketioko@(, o Gphei=t o @iy Dok ti= 1B,y

pycase (L)
/ ! ! / / !
bivkby Q1,0 Qi dl bibL T biblaga

(A14)

where p = {m, m — 1}. Using this, we can write the expression in Eq. (A13) using tensor network transfer operators:
Sy m—1 m—1 m
Py ) = > B A0, PR 0] DA
ab,a’.b’

B A B A Pana (10), (A15)

where i, = r/At. Thus, a calculation of the density matrix
of the atom in front of the mirror results in performing the
evolution of 1D cascaded chain.

The presence of the shifted periodic boundary conditions

can be shown by considering the first and the last
infinitesimal propagators EE’:]](At) and E([)m](At) in the
above expression. These propagators enter the sum with

the number of coinciding indexes. To see this, we can
compare the indexes of two arbitrary W¢ found at the
same position in the definition (A14) of both propagators:
{b(n+1)k—2vb/(nJrl)k_Q’ank—l’a/nk_lva(n+1)k—2»al(n+1)k_2vbnk—2v
bot and {1, Dly_ys aguoiiks a/(n—l)k’ Ang—1 Ay
b(n—l)k—l’bl(n—l)k—l} with n €N. Indexes a,;,_; and a},_,

coincide, and performing summation over these indexes
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leads to the contraction of the propagators Eg':l](At) and

Eg”](At), resulting in the shifted periodic boundary con-
ditions (see also Fig. 14).

APPENDIX B: NONVACUUM INITIAL STATE
GENERALIZATION

In the main text, the method is illustrated for the vacuum
initial state of the waveguide. However, it is feasible to
incorporate any initial state provided it can be expressed
as a product state of the local time bin states. This
representation is possible, for example, for thermal, coher-
ent, and squeezed states, among others, even if their
corresponding parameters (temperature, coherent ampli-
tude, and squeezing) depend on time. We now illustrate
this generalization for the time-dependent squeezed
coherent state as an example and derive the connection
between the 1D cascaded chain and the atom in front
of the mirror. As for the vacuum initial state, the deri-
vations can be generalized to the case of multinode net-
works. We define the squeezed coherent state of the time
bin i as

@) = la(t;). &(1;)) = Dla(1;)]S[E(1:)]]0;).  (B1)
|

ab.a’ b’

k—1
L
. Vg.al by Vé,bo,aopaoy% (tO) ig) |wl> <wl | VOJ; b’

where the sum goes over the indexes a = ay, ...
we use pao,a6<t0) -

R L R
Z Ty, {V’l—l by V”_]vbn—] N Vi»ai+1 bi 4
Vi

b = by, ...
l’l 1» 0>
(aglp(ty)]ay). Again, we rearrange the terms in the above expression, grouping together all the terms

where we use displacement operator D|[a(t;)] = expla(t;) x
AB,T —a*(t;)AB;] and squeezing operator S[E(7;)] =
exp[L&* (1) AB? — &(1;)(AB])?] with time-dependent com-
plex parameters a(1;) and &(t;) = r(t;)e"). We now
proceed by deriving an equation for the total wave function
of the atom and the waveguide as in the main text [see
Eq. (13)]. We form the isometry V;: Hy @ H; —
Heys ® H; ® Hiyx, which is induced by an application
of the unitary map to the initial state of time bin
i+k Vi=Ul®w).

We write the total state of the atom and the waveguide at
time ¢, as

(¥(22)) = Vet ViVolg)|v),

(B2)
where |¢) is the state of the system at time 7y, |v) =
®* ;) is the initial state of the first k time bins and
V; = VRVE with VE = exp[—(i/h)Hy 5 + YF], and the
isometry VK = exp[—(i/h)Hy(A1/2) + TR]|0); 4

The reduced density operator at time f, is given
by pays(tn) = tra, {[W(2,)) (P (2,)]}-

As in Appendix A, we can write the matrix elements of
the system density matrix at time ¢, based on Eq. (B2):

L
i,b;.a;
Lt RY Lt RT
0.by.d "* Vza b’vzb’ " Vn La,_,.bl_ lvn lb;]lan}’ (B3)
/ ! __ / /
b,_;,a —ao,...,an_l,andb = by, ..., b,_, and where

that involve the same time bin, which gives rise to three different types of terms. The first type of terms arises from the trace

over the time bins i =0, ...,k —

L
WE,.);,'.,%. p =y, {V,b ol

i

The second type of terms arise from the trace over the time bins i =k, ...,

(LR)

/ !
b[,biqa[wrl gy

w

The third type of terms are obtained from the trace over the time bins i = n, ...

_ L RY L
apaibi bl T trHi{Vi.b,».a, Vl —k,a;_jy1.bi_ kvz kb’ Vi,a;,b;}'

1, which gives terms of the form

@il Vil ) (B4)

n — 1, which gives terms of the form

(B5)

i—k* Lk+l

,n— 1+ k, which gives terms of the form

(R) _ R RY
W“i-kﬂ’“;—ﬂhbi—k-b;_k o trHi{Vl —kdip1.bi- "V‘ —kobl_ o } (B6)
We first consider Eq. (B4) and insert the identity 1 = Dla(1;)]S[E(;)]ST[E(7;)] DT [a(1;)]:
L
Wi ara = o ADa(t)ISIEE)IVE, 1000 VE] , STIE()]D ()]}, (B7)

where we define VE = ST[¢(t,)]|D"[a(t;)]VED[a(t;)]S[E(t;)]. After using the permutation property of the trace, we arrive at

the expression analogous to Eq. (A3):

WEf

is

v = T AVE, 0O VE ).

(B8)
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We now use the fact that ST[&(t,)]D[a(r;)]AB;D[a(t;)]S[E(1;)] = AB; coshr(t;) — ) AB sinh r(1;) + a(t;) At to
expand VE:

Vi = S'e(ID ) exp (5 o5+ 11 ) Dlas)81e(0)
—exp(— Hou 3+ [LSTEUID e AB]Dla(r)]SIe) - Hec) )

i At 7 .
= exp <_ > A L[AB; cosh r(t;) — ) AB sinh r(1;) + a(t;) At] — Hc})

no 2
= exp <— %Hsys % + :a(t,»)LAt + [cosh r(t;)L — €' sinh r(t,)LT]AB; — H.c.} >
— exp <—%ﬁsys(zi) % n [I:(t,-)ABi - HCD —1- th (t)Ar + [L(1;)AB] — H.c/]
5 (L8] ~ L)L 0)]AB]AB, - LLGIABAB] + EP(W)IAB )+ (B)

where we define H(1;) = Hyys + 2ih[a(t;)L — a*(t;)L] as well as L(t;) = cosh r(t;)L — =" sinh r(;)L" and expand
the exponent to the first order in Az. The operator L is a redefined system operator that now depends on time. The expression
in Eq. (B9) is analogous to the one in Eq. (A6), and, therefore, W(*) is again a propagator generated by a Lindblad operator
in the form of £ given in Eq. (18) with a redefined expression for system Hamiltonian and system operators:

(L) _ i
Wi b ava, = ObiaOba, = 57

+%{2Z( 1), a‘i( )a b [Z(fi)TZ(fi)]b,-,a}sa;.b; _5b,,ai[z‘( DL(1 )]a b’}At

[~<ys(t )]b a,5 ﬁ,bﬁAt+2h5b a; { sys( )] b’At

i
= 5b,»,a,»5h;.,a:. - ﬁ (Hsys)bi,a,»aa;,h;At + ﬁébi,ai(Hsys)a;,bfAt + a(ti)Lb,aéa’,b’At - 61) a (t )L ’b’
(1+N;
+ % [2Lb,-,a,-LZ;J,; ~(L'L), 4,85 = Opr.a; (LTL)a;,bﬂAt

N, .
+ 71 [2L£i,a,-La;,b; - (LLJr)bi,ui‘Sa;,b; - 5h,-,a,-(LLT)a§,h§]At

M, | M
= [2in,a,La;.b;LZ;,b; = (L)}, 00, = Oy (L), ] AL — 5 [Lya Loy~ L3, 0,845, = B0 Ly 1]

(B10)

At,

where we introduce the number of quanta \V/; in time bin i and the corresponding squeezing measure M; in each time bin,
respectively, as

N; = sinh?r(t;),
M; = =€) sinh r(t;) cosh r(z;). (B11)

We proceed with the expression in Eq. (B5) and perform the steps analogous to those used in derivation of Eq. (B10).
After inserting identities T = D[a(t;)]S[é(t;)]ST[£(2;)]D"[a(t;)] and using the permutation property of the trace, we obtain

W(LR)

bi.bl,ai 1.4,

R (7RT L
Ja;.ab;_ kb’ - tr'H {Vlh \a; Vl —k,a;_j1.b; kvz kb’ Vi,a;,b;}' (B12)

i—k+1° i~k tk+l

The operator VX is given in Eq. (B9), and analogously we define V¥, = ST[&(2,)]D"[a(#;)]VE,. The latter can be
expanded as
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Vs = SR ate) exp (-~ Hos 5+ TE4 ) Dlate ISIe()]0)

= (1= g Fl(1)0 + RUAB]  [R(5) R0 [0) +

with the redefined system operator R(z;) = coshr(t;)R —

1

S [RG)1ABP(0;) +

(B13)

e~9:) sinh r(#;)R'. Thus, the expression in Eq. (B12) is a

propagator generated by the cascaded Lindblad operator in the form defined in Eq. (17) on twofold-replicated system
Hilbert space with the redefined system Hamiltonian and system operators:

ng;li') ! 61 l’5r v + 51 1 OsyS + 0;};

where we introduce superindexes r = {a;_y11,b,}, | ={b;,a;} and ¥ ={b}_.a/_, |}, I' =

Sr r’+5l,l’0 ﬂ+0 rOr.r +01rr N

(B14)

{a},b}}. The above

expression is a sum of different operators. The contributions due to the system Hamiltonian evolution for both replicas are

> Sys i
Or?l,l = _ﬁ [(Hsys)réf
~ cue i
O;};’S = _2h [( sys) 5[’

-6 ( 9}’9) ]At + a( )Rh.uéa’,b’At_ 517,11 ( )Ra b’At

8;(Hoys) ) At + a(t;) Ly o8 yy At — 8, ya* (1)L, , At

The interaction of the first replica with the right-moving modes is given by

~ (1+N;) + N
of, = T[2R,R ' —(R'R),6, — 5,(R'R) |At +—* 3
-~ MT 2RIR!, — (R")26, — 6,(R")%] At —

"[2RIR, — (RR"),5, — 6,(RR"),/|At

*

“[2R,R, — R?5, — 5,R% At

The interaction of the second replica with the left-moving modes is given by

- +N;
o, = 1N

2

The cascaded interaction between the two replicas is

RLIL) — (LY7o, — 8,(LT)2]Ar -

OLR

Lr,r

=00+ NDILS,R.8; + 5,R,5,L)
—L,R,.6,.6y — 5[5,Rr/Ll/]At.

It is easy to show that the term W®) given in Eq. (B6)
is also a propagator generated by a Lindblad operator
in the form of £"R given in Eq. (18) with the
redefined expression for the system Hamiltonian and
system operators. The three types of propagators
described above combined together describe the evo-
lution of 1D cascaded chain and the density matrix
given in Eq. (B3) can be obtained using the methods
described in Sec. IV.

APPENDIX C: INFINITE CHAIN ALGORITHM

As discussed in the main text in Sec. IV B, the steady
state of the atom in front of the mirror can be accessed by
calculating the propagator of the infinite 1D cascaded chain.
To do so, we make a translational invariant ansatz where all

N

2L,Ly = (LTL)8y = 8,(L7L)y)Ar + 71 RLLy = (LL");8y = 8,(LLT),] At

M-
2' [2L,Ly — L35y — 5,L7]At.

— LR85y — 8,8,R\,Ly|At + N[L]8,R. 6y + 8RL8, Ly — LiR.S,5;
— 8,8,R. L} At — MG[LI8,R6, + 8,RI6,L), — LI RLS,6y — 8,5,R\,L

AL — ME[LS.RySy + 8RS8 Ly

[

tensors are identical independently of the site they are
associated with, CI¥(s) = C(s). We solve Eq. (21) for this
transitionally invariant infinite system size propagator using
the infinite time-evolving block decimation algorithm
(iTEBD) [76]. This is done using a two-site unit cell, with
tensors denoted by A(s) and B(s) for even and odd sites,
respectively. The integration of Eq. (21) is achieved in a
Trotterized fashion, where at each integration step we
first apply W, to A and B, then exchange the tensors,
and apply W, to B and A. Note that this construction leads
to tensors that are identical up to the Trotter errors:
A(r) = B(r) = C(7).

Once the infinite system size propagator is obtained, the
density matrix of the atom in front of the mirror in the
steady state, p., is obtained by a contraction with shifted
periodic boundary conditions; see Eq. (24). To perform
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’ ﬁ
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Pss
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©) E 2
FIG. 15. The infinite 1D chain algorithm. (a) Two tensors A(0)

and B(0) are evolved until time 7 using iTEBD by applying two-
site superoperators W, p and Wp,; (b) acquired after this
evolution, identical tensors C(z) are contracted together. To
achieve that, we first rearrange the legs of the tensor C(z) (c)
and then apply spectral decomposition (d), where Q; and Qp are
matrices consisting of the left and right eigenvectors, respectively.
To calculate p, we contract an infinite number of the decom-
posed tensors; therefore, only vectors Q) and Q} associated with
the eigenvalue |4;| = 1 are left to be contracted (e).

this contraction, we first reshape the tensor C(z) such that
it forms a square matrix of dimension yd” x yd* and
subsequently calculate its eigenvalues 4, as well as the
matrices containing left and right eigenvectors, Q; and Qg
[cf. Figs. 15(c) and 15(d)], i.e., C(s) = >_,(01)eta(Or)q-
Introducing the diagonal matrix A, p = d,p4,, the
steady state is given by pg = tr{lim,_, C"} =
tryi{lim,,_ o O, A"Qr}1/d, where we introduce
tryi{- -} representing the trace over the virtual degrees
of freedom [see Fig. 15(e)]. Since C(z) is a completely
positive trace-preserving map, its largest eigenvalue is
of magnitude one, i.e., [4;] = 1. If the steady state is
unique, all other eigenvalues are smaller, i.e., |1;] <1
(for k =2,3,...). Therefore, we can easily perform the
total contraction in the infinite limit, obtaining pg =
tryin {lim,,eo O, D" Qr} = 0L Qk1/d, where Q! and
Q) are the left and the right eigenvector, respectively,
associated with the eigenvalue |4;| = 1.

Another useful feature of the above procedure is that
we can compute the time required to achieve the steady
state 7. Specifically, we can bound this time via the
second-largest eigenvalue of the transfer tensor C(z),
|A,|[%/7] = exp(—t/t,), which describes how fast the
information about the initial state fades with time (the
number of sites in the chain). Thus, we obtain the steady-
state time as

(@)

X

(b)

©

FIG. 16. Steady-state two-times correlation function algorithm.
(a) To calculate the system correlation function, we first apply the
system operators to two semi-infinite propagators with propa-
gating times 7 = 7 — 7 and 7 and then contract the whole structure
with the shifted periodic boundary conditions. (b) The contrac-
tion is performed using the spectral decomposition of a combined
transfer operator C comprising C(7) and C(7) contracted over the
physical leg. C is again a completely positive trace-preserving
map with |1, = 1. (c) We then contract an infinite number of C
with p = (1/d) and the rest tensor structure on the right and then
trace over the virtual degrees of freedom. When taking the trace
over the system degrees of freedom of the resulting structure, we
obtain the correlation function lim,_,, (x(#)y(t — 7')).

T
fg = —2—-——. Cl1
SS log; [4s| (€

Arbitrary system correlation functions as well as field
correlation functions (using input-output formalism) can
be calculated in the infinite limit in a similar way as
in the case of the transient dynamics. Let us consider
the example of two-times system correlation function
lim,_, o, (x(¢)y(# —7')). This expression depends only on
the time difference ¢ = mz+ 7. Again, we can write
lim,_ o (x()y(t = 1)) = r{P(MI®))(1/d)}  with Ml
defined as
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M = By B (=), (C2)
where we use propagator El®/(#) defined as a propagator
of 1D semi-infinite cascaded chain with infinitely many
sites on the left. In contrast to the finite chain algorithm,
here we count sites from the right (finite) side of the
chain; thus, x; denotes the operator x acting on the
rightmost replica in the chain and y, acts on the replica
located m sites away from the right as illustrated in
Fig. 16. We perform the contraction of the infinite side of
the chain again by means of the spectral decomposition.
As for the transient case, the computational cost of
calculating the steady-state p-times correlation function
scales exponentially with p.

APPENDIX D: MULTINODE SETUPS

1. Multinode setups connected unidirectionally

We now provide details on the generalization of the
analysis described in the main text for the case of the
multiple-node networks discussed in the main text. First,
we consider the case of two nodes coupled to a bidirec-
tional waveguide. Note that this setup can be equivalently
interpreted as a network of two nodes (denoted A and B)
coupled to two unidirectional waveguides, where these
waveguides represent the left- and the right-moving pho-
tons of the bidirectional waveguide, respectively. We also
generalize our algorithm to the case of n nodes interacting
with n unidirectional waveguides in setups of the form
given in Fig. 6 for n = 3. In each of these cases, time delays
lead to an essential non-Markovianity due to the possibility
of information to propagating in loops with time delays.
Surprisingly, any multinode problem with commensurate
round-trip times between the nodes mediated by the
unidirectional channel can be mapped to a set of
Markovian 1D cascaded chains; e.g., the two-node problem
maps to the evolution of two 1D cascaded chains, and,
consequently, the three-node setup corresponds to the three
1D cascaded chains.

To start, let us consider the case of the two connected
nodes shown in Fig. 2(b). For this configuration, one can
again build a tensor network representing the total wave
function |¥(z)) of both nodes and the state of the wave-
guide. Similar to the single-node case, one can obtain
the tensor network for the reduced density matrix of both
nodes by tracing out the bath degrees of freedom
Poys(t) = trp {|P(1))(P(2)[}. The size of this network
along the first dimension is set by 2k, i.e., by the round-
trip time 27 in units of A¢, while the size along the second
dimension is given by m = [n/k], i.e., total evolution time
t, — to in units of the time 7, rounded up. Again, we identify
the transfer operator of the total network. For this network,

|

PAR() = P Ef (e = ) Ey

(ME ) (7 = PE{iyy ()| o8 (10),

we find that there are two relevant transfer operators:
These operators are the propagators describing the evolu-
tion of two 1D cascaded chains. The first chain consists of
replicas of node A on odd sites and replicas of node B on
even sites (ABABAB...), and the second chain has opposite
order (BABABA...). We therefore call the first chain AB
chain and the second chain BA chain. Each chain has m
replicas, where m is defined again through ¢, = mz + r,
with 0 < r < 7 [see Fig. 6(c)]. The corresponding propa-
gators for these chains satisfy the following equations
[analogous to Eq. (21)]:

d im) m] gl
%E{AB}( s) = E{AB}E{AB}< 5), (D1)
d pim) m] gl
%E{BA}( 5) = ‘C’{BA}E{BA}< 5), (D2)
with the Lindblad superoperators defined as
‘C[{YZ]B} _ Z £casc Z casc ?Z?fary . (D3)
j€odd jEeven
[m] casc casc b undz
‘C{BA} Z £ T Z E {OBAH} w, (D4)
j€odd JjEeven

where the summation goes over odd (even) j from 1 to
— L and LFy (LF5)) describes a cascaded coupling from

rephca A to replica B (from B to A):

L35X = = [H5.X] + DRy + LglX.  (DS)
with the cascaded Hamiltonian
1 .
Hixa;ac = 5 (Hsys,A + Hsys,B + ”(RIXLB - L;RA))
and analogously
L35X = = [H5%. X + DRy + LyJX.  (D6)

with the cascaded Hamiltonian

1
casc __ _
HB,A -

) (Hsys,B + Hsys,A + ﬁ(Rl';LA - L:QRB)) .

The expression Eq. (D3) also contains boundary terms
ﬁboundary nd L:boundary
{AB} {BA}

of each chain, analogous to Eq. (18).

To calculate the reduced density matrix of the nodes A
and B at time ¢,, we calculate the total propagators for the
two chains, contract them with each other and with double-
shifted periodic boundary conditions, and then apply the
result to the initial density matrix [see Fig. 6(d)]:

acting on the first and the last replica

(D7)
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where we use P,(X) to denote an application of the
double-shifted periodic boundary conditions to the tensor
network X. The cost of the total contraction in Eq. (D7)
is O(my’d°).

Note that one could also calculate one total propagator of
one chain of length m + 1 (ABABAB...) by first applying
the cascaded Lindblad propagators to the sites 2, ..., m until
time r, then propagating only sites 2, ..., m — 1 until time ,
followed by the evolution of sites 1,...,m — 1 for time r,
and finally evolving the sites 1,...,m —2 for time 7 —r
[cf. Fig. 6(d)]. The resulting propagator is again contracted
with the double-shifted periodic boundary conditions and
the initial density matrix at a computational cost of
O(my*d®). Even though this approach is more efficient
for calculating the density matrix at a fixed time f,, it
requires iterating the entire calculation for each different
time of interest. In contrast, the method described above
allows one to compute the propagators for a fixed 7 in

|

(NE(Car

P?ygc(tn) =P; [E[m_l] (T - r)E[m] {CAB}

{ABC} {ABC}

where we denote an application of the triple-shifted
periodic boundary conditions to the tensor network X as
P3(X). The contraction cost is O(my’d®).

The generalization to larger number of the nodes n
(A1,A,, ...,A,) in the setup, thus, requires the following
steps. First, one needs to construct n 1D cascaded chains.
The unit cell of each chain is obtained using the cyclic
permutation of the node order (A, A,, ..., A, ). The second
step requires calculating the total propagators for each

|

(r— r)E[m]

parallel and then construct tensor networks for the various
times of interest, tracing out the last replicas if needed
during the process. This discussion applies to the calcu-
lation of the correlation functions described in the main
text: One can evolve the cascaded chain and insert
operators x and y at the right places during the evolution.
The algorithm in the end must be chosen based on the
specific task.

In the case of three nodes A, B, and C connected in a
loop via unidirectional waveguides [see Fig. 6(e)], the
total tensor network for the reduced density matrix has three
types of transfer operators. These operators are pro-
pagators for three cascaded chains consisting of replicas
of the nodes: (ABCABCABC...), (CABCABCAB...), and
(BCABCABCA...), as illustrated in Fig. 6(e). The three
resulting total propagators are contracted with the triple-
shifted periodic boundary conditions and applied to the initial
system density matrix p,pc (o) as depicted in Fig. 6(f):

m—1 m
{CAB} (V)E[{Bc/i} (r - r)E[{B]CA} (r)]p&R (1),

chain with two-site superoperators, which are different for
each chain as long as the nodes in the setup are not
identical. This is followed by the contraction of the
resulting n propagators with the periodic boundary con-
ditions shifted by n sites and applying the whole structure
to the initial density matrix of the nodes. One can write a
generalized expression for the system density matrix of n
nodes at time 7, as

Al A, A, m m m A1Ay,. A,
Piys]' ’ }(tn) = Pn[E[{A]I,AZ ..... A,,}(T_ r, r)EF{A]n,AI,A..,A,,,I}(T -r r>"'E[{A]2,A3 ..... A,}(T_ r, r)]Piysl ’ }(t0)7

where we use the shorthand notation E"!(z — r, r) = E"=!(z — r)El"](r). While the chain evolution can be performed in
parallel, the cost of the propagators’ contraction scales exponentially with the number of nodes O (my3*+2("=1) g4+2(n=1)),

2. General multinode setups

In this appendix, we provide a recipe on how our method can be used for generalized setups with coherent feedback
loops. Specifically, multinode setups with nodes coupled to a bidirectional waveguide with unequal distances between the
nodes and, therefore, unequal delay times of the excitation propagation. Below, we discuss two examples that illustrate the
important points of the method generalization: (i) a setup with two atoms and a mirror and (ii) three atoms coupled to a
bidirectional waveguide.

Let us demonstrate how to apply the algorithm to a setup with two driven atoms A and B connected to a bidirectional
waveguide terminated by a mirror. The delay time between nodes A and B and between node B and the mirror is 7 = 2x/v,
and the characteristic round-trip phase is ¢y = —wy7 [see Fig. 17(a)]. The interaction Hamiltonian in the frame rotating with
the laser frequency @, and in the interaction picture with respect to the bath Hamiltonian for this setup reads

Hiy (1) = ﬁh[ vEDY (1 4 20)e B + \[yEbT (1 + 7)) B 4\ [yabT(t 4 37) e + /bt ()PP el —Hec.|.

(D8)
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We note here that this setup can be considered as a setup
with atom A connected to feedback loop with a proces-
sing node (atom B) inside (cf. Fig. 1). We build a tensor
network representing the total wave function |¥(¢)) of
both nodes and the state of the waveguide and then
obtain the tensor network for the reduced density matrix
Psys(t) = try {[¥(2)) (P(2)|}. The size of this network is
k x 2m, where k is a round-trip time 7 in units of Az and
m = [n/k], i.e., total evolution time #, — t; in units of the
time 7, rounded up. The transfer operator for this network is
the propagator describing the evolution of a generalized 1D
cascaded chain. The chain consists of replicas of nodes A
and B (ABABAB...) at times {0,7,27,3z,...} resulting
in a total number of sites being 2m [see Fig. 17(a)]. The
corresponding propagator for this chain satisfies the fol-
lowing equations:

d
— EPm(5) = P ERm(5), (D9)
ds
with the Lindblad superoperators defined as
£ = S L e, (D10

j€odd

where the summation goes over odd j from 1 to 2m — 7 and
Lja(if) describes a four-node cascaded interaction [indicated

by the subscript (4)] from replica A at position j through
replicas B at positions j+ 3 and j+ 5 to replica A at
position j + 6:

Lewe X = —i[HS, X] + X;D[R,, +LJx. (DI11)
p>
with the cascaded Hamiltonian
Hse = (ZHW + YRIL, - L) ).

p>k

where the summation p, k goes over the set S = {j, j + 3,
Jj+5,j+6}. Boundary terms now include three-node

J
mt = ih |:1 / bT [+ _|_ﬂ ) (/)AB+(/)BC

PR+ et +\[rAb()ch +\/7b (1 + [+ ple)e ) cf — Hic

We note here that the characteristic delay time 7 can be as
small as At, allowing one to work with setups with arbitrary
delay times between the nodes. The tensor network of the
reduced density matrix of the nodes has a transfer operator
equivalent to a propagator of a generalized cascaded chain
shown in Fig. 17(d). This chain consists of 3m replicas of

cascaded interactions A > B — B and B—> B - A and
two-node cascaded interactions A — B and B — A:

ﬁde‘X — Etl)dLX—i—D[L ]X+£cascLX+ EcascLX’
LORX = LRX + D[Rop]X + LS5 3 X + LSK o X,
(D12)

where operators £ and £59 are analogous to Eq. (18).
Cascaded Lindblad operators Ef‘gC)L and Elca(;")L are analo-

gous to Eq. (D10) with the summation going over sets
{i,i+2,i+3} and {i,i+2} correspondingly and for
L5} and LR with sets {i,i+3,i+5} and {i.i+ 3}
correspondingly. To calculate the reduced density matrix of
the nodes A and B at time f,, we calculate the total
propagator for the chain, contract it with double-shifted
periodic boundary conditions, and then apply the result to
the initial density matrix [see Figs. 17(b) and 17(c)]:

PEC2)(z = r)EP"(r)] i (19).

where we use P,(X) to denote an application of the
double-shifted periodic boundary conditions to the tensor
network X. The cost of the total contraction in Eq. (D13)
is O(2my3d").

The results of the numerical representation of the above
procedure are presented in Fig. 18. Specifically, Fig. 18(a)
shows an area law of entanglement entropy with the
number of round-trip times corresponding to the number
of A or B nodes in the chain m. The dynamics of the nodes
is shown in Fig. 18(b), where we plot the excitation
probability of both atoms as a function time.

We now generalize our method for a setup with three
nodes (A, B, and C) coupled to a waveguide with delay
times 745 = ar and 7z = fr, where 7 = x/v is a charac-
teristic delay time, and phases ¢, p = —wo745 and ¢pc =
—wyTpc acquired by the photons after propagating between
the corresponding nodes [see Fig. 17(d)]. The interaction
Hamiltonian in the frame rotating with the laser frequency
@, and in the interaction picture with respect to the bath
Hamiltonian for this setup reads

paa(ty) = (D13)

rEbT(1)cl +\/vEbT(t + az)eiss CE

(D14)

|
nodes A, B, and C, where m = [(t, — t;)/7]. There are two
types of cascaded interactions: between the nodes A —
B — C at positions {i,i +3a+ 1,i+ (a+ p) + 2} with
i=3n;+1,n;€{0,1,2,3,...} and between the nodes
C—>B—A at positions {i+2,i+3f+1,i+3(a+
B)} [cf. Fig. 17(d)]. As before, we obtain the total
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FIG. 17. General multinode setups. (a) Two atoms in front of the mirror Eq. (D8) are mapped to a generalized 1D cascaded chain of
systems’ replicas A and B at different times. This cascaded chain has one type of cascaded interaction indicated by the light blue line
going through the replicas {A, B, B, A}. The interaction occurs between each replicas {A, B, B, A} in the right order as indicated in the
text [see Eq. (D10)]. (b) The evolution operators Wy g g 4, W4 ps,» Wa p g, €tc., generated by the Lindblad operators Eqs. (D11) and
(D12) are applied to the initial identity operator of the chain using the TEBD method. (c) The propagators obtained through the evolution
are then contracted with the double-shifted periodic boundary conditions and applied to the initial density operator as in Eq. (D13).
(d) Setup with three atoms connected to a bidirectional waveguide with unequal delay times Eq. (D14) is mapped to a generalized 1D
cascaded chain consisting of replicas A, B, and C at different times with two types of cascaded interactions between A, B, C and C, B, A
indicated by blue lines. (e) The propagator is obtained after the MPS evolution of this chain with the evolution operators W, 5 ¢, We p 4,
etc., generated by the corresponding cascaded Lindblad operators. (f) To apply a multisite evolution operator, we break it down in
multiple two-site operators and apply them one after another. (g) The propagators in MPS form are then contracted with the triple-shifted
periodic boundary conditions, where we for simplicity depict three tensors corresponding to A, B, and C at the same time period as a
single larger block.
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FIG. 18. Setup with two driven atoms in front of a mirror

[Fig. 17(a)]. (a) Dependence of the bipartite entropy S on the
length of the chain m exhibiting an area law. Note that for each
site m we indeed have two atoms A and B at time mAz (b) p4. and
pE. of the two atoms A and B as a function of t/7. Atom A is
initially in the ground state and atom B in the excited. For both
plots, the parameters are y4 = y4 =y2 =y8 =T/2, Q, = 5T,
Qp =4I, ¢ =0, 't = 0.2, and y = 120.

propagator of the chain for time z by applying the evolution
operators of the Lindblad master equation, W, 5~ and
Wep.a as well as boundary terms, to the identity operator
as shown in Fig. 17(e). To obtain the density matrix of the
nodes, we contract the resulting matrix product operator
using triple-shifted periodic boundary conditions and apply
it to the initial density matrix as demonstrated in Figs. 17(g)—
17(k). The cost of this contraction is O(3my>d®).

As discussed above, we consider a setup with a = 2
and # = 3 and calculate the entropy of the total propagator
and the resulting density matrix of three nodes. The results
are presented in Fig. 19. We again observe an area law for the
entanglement entropy as can be seen from Fig. 19(a).
The excitation probability dependence on time is shown
in Fig. 19(b).

During the evolution of the matrix product operator for
both types of setups discussed above, we separate for
simplicity the multisite evolution operator into a number of
two-site operators as shown in Fig. 17(f). Then we apply

(a) (b)
2 1
025 : @® ©
0.20 08} \|s =
0.15 0.6
0.10 204
0.05 (e @ @] >
ST E e s o0 0 5 10
m
t/T

FIG. 19. Setup with three driven atoms coupled to a bidirec-
tional waveguide [Fig. 17(d)]. (a) Dependence of the bipartite
entropy S on the length of the chain m exhibiting an area law.
Note that for each site m we have three atoms A, B, and C at time
mAt (b) pi., pE., and p&, as a function of ¢/7. Atom A is initially
in the excited state, atom C in the ground state, and atom B in a
symmetric superposition. For both plots, the parameters are
ra=rg=rc=T/2, Qu=5I, Qp=06I' Qp =4I', ¢yp =
¢BC = 0, I't= 01, FTAB = 02, FTBC = 03, and}{ = 120.

SWAP operators to move the two sites of interest close to
each other and perform a step of TEBD algorithm by
applying the two-site operator. After that, another series of
SWAP operators is applied to return to the original order of
the chain. These additional steps in comparison to the
algorithms presented in the main text, of course, increase
the cost of propagator evolution. Specifically, the cost
grows linearly with the number of nodes participating in
cascaded interaction and with the value k.« = Tmax/7»
that is, the maximum delay time in the setup in units of
characteristic time 7.

We note here that the effective dimension of the bosonic
modes associated to each time bin of left- (right-) propa-
gating modes for the multinode setups is dim(H;) = 2 as
for the case of the atom in front of the mirror. Again, the
probability to have more than one excitation 7, in a single
time bin is proportional to (Af)". As mentioned before, all
our results are converged in At; that is, we choose such At
that computational errors of the order of Az* and higher are
negligible.

APPENDIX E: RUN-TIME BENCHMARKING

In this appendix, we present a quantitative comparison of
the runtime of the algorithm presented in this paper and the
algorithm proposed in Ref. [41] on the same problem.
Specifically, we compare the computational time required
to reach the state of the driven atom in front of the mirror with
afidelity F > 0.9999 for both methods. This is done by first
calculating the (numerically) the exact solution using the
new method with a large bond dimension (and a rigorous
convergence check); then, for each data point, we calculate
the state of the atom for both methods for some fixed, finite
bond dimension and check the fidelity with the exact
solution. If the fidelity is below the required precision, the
bond dimension is increased until the precision limit is met.
The computational time is measured only for the value of
bond dimension that corresponds to the required fidelity. The
results presented in Fig. 20 show the dependence of these
computational times on the delay time for two different Rabi
frequencies. For the parameters chosen in this figure, one
finds a decrease of the run-time for our new method in
comparison with the method in Ref. [41] of up to 3 orders of
magnitude. In addition, the favorable scaling with time delay
is clearly visible. Furthermore, we show the dynamics
calculated with the method in Ref. [41] and the method
proposed in our manuscript with the fixed bond dimension
x = 15 forboth methods in Fig. 20(c) and compare it with the
exact solution. One can see that, while the new method
reproduces exact dynamics well even with this small bond
dimension, the method in Ref. [41] struggles to converge.
Moreover, as indicated in the right side of the plot, the
new method requires 2 orders of magnitude less time to
calculate the dynamics presented in the plot than the method
in Ref. [41]. We also note here that, while the method in
Ref. [41] allows one to reach the steady state of the atom for
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FIG. 20. Computational time dependence on delay time for the method in Ref. [41] (old) and the method of our manuscript (new).
Driving strengths are (a) Q = 0.2, (b) Q =T, for both plots ¢ = 7, A/T" = 0, and the Trotter step is A = 0.005. (c) Excited state
probability dynamics calculated using the method in Ref. [41] (old) and our method (new) with the computational time indicated on the

right side. The bond dimension y = 15 for both methods.

some finite 7, it can be done only indirectly through a long-
time evolution (see also Table I). Contrary to that, the new
method can target the steady state directly and for any delay
time, which to our knowledge was not possible before.

1. Approach based on Laplace transform

Finally, we consider an analytical approach based on the
Laplace transform that is often used in Markovian systems
to study the steady state and discuss the issues that arise
when this is applied to the current problems. First, we
discuss this method in the absence of a driving field, where
it works, and then highlight the difference and difficulties
that are encountered when the driving field is included. For
this, we first explicitly write down the dynamical equation
for the system operator c(¢), whose evolution is governed
by the Hamiltonian in Eq. (6) with zero driving:

é(t) =1Ac(t) —ye(t) + ye ™ c(t — 1) + Vfyo.(6)b(t + 7)
+ Vre o (1)b(1), (E1)

where, for simplicity, we set cy(f) = ¢, () = c¢(t) and
yr =y = y. After performing Laplace transform of the
equation above and applying it to the initial state of the
setup at time ¢t = 0, we obtain

_re T Es)¥(0)) )
s+y—IiA

&(s)|¥(0)) = +¢(07)[¥(0)).

This equation can be integrated analytically, giving us

c()]P(0)) = c(0)|P(0))e~ i)

[2/7] 1 . .
% . [_ye—u¢+(y—uA)r(I _ pf)} p‘

>0 (E3)

[2(s) = c(07)]]¥(0))

1 Q
2

:s+y—ﬁA

i-6:(s)[¥(0)) +

Equation (E2) is easy to analyze using the final-value
theorem to find the steady state, that is,

sc(0)[*¥(0))

lim s¢(s)|¥(0)) = lim

5—0 s=05 — 1A + ]/(1 + €_ﬁ¢_”) '
cOI¥O) 55 5A — 4(1 iy —
lim s¢(s)[¥(0)) — { e o WO r(1+e™) ’
§=0 0, otherwise.
(E4)

When the driving is switched on, Eq. (El) has to be
generalized as

e(r) = iAc(r) + ?O‘Z(l‘) —ye(t) +ye o, (t)c(t — 1)

+ 1o, (0)b(t + 1) + /re o, (1)b(1). (ES)

In the same fashion, one obtains

o.(1) =1Q[cT (1) — c(t)] = dyct () c ()
=2rct(t)[\rePe(t—7)+ b(t+7)+ e (1))
—2[yect(t—1) 4+ /yb (1 +17) + /re?bT (1)]c(1).

(E6)

This is a nonlinear system of equations for the system
operators. After applying the first equation above to the
initial wave function at time ¢ = 0 and performing Laplace
transform, we arrive at

—igp a-+iT ,
" lim 5.(s')e(s — ") P(0))e~ ) dy' |,

271 T—oo Juir

(E7)
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where the integral is taken along the line Re(s) = a chosen
in such way that it lies within the region of convergence
of ¢(s). In its general form, this equation is nonlinear and
has an integral that requires a knowledge of &_(s")¢(s —
s")|¥(0)) for various s’. To calculate the steady-state
excitation probability, one could again use the final-value
theorem and consider the limit s — 0. Unfortunately, even
in this limit the aforementioned integral is not simplified,
and to the best of our knowledge the steady state can, thus,
not be obtained from this expression.
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