CHAL

UNIVERSITY OF TECHNOLOGY

Chiral quantum optics with giant atoms

Downloaded from: https://research.chalmers.se, 2025-05-17 10:18 UTC

Citation for the original published paper (version of record):

Soro Alvarez, A., Frisk Kockum, A. (2022). Chiral quantum optics with giant atoms. Physical
Review A, 105(2). http://dx.doi.org/10.1103/PhysRevA.105.023712

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



PHYSICAL REVIEW A 105, 023712 (2022)

Chiral quantum optics with giant atoms

Ariadna Soro®” and Anton Frisk Kockum®*
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® (Received 29 June 2021; accepted 26 January 2022; published 16 February 2022)

In quantum optics, it is common to assume that atoms are pointlike objects compared to the wavelength
of the electromagnetic field they interact with. However, this dipole approximation is not always valid, e.g.,
if atoms couple to the field at multiple discrete points. Previous work has shown that superconducting qubits
coupled to a one-dimensional waveguide can behave as such “giant atoms” and then can interact through the
waveguide without decohering, a phenomenon that is not possible with small atoms. Here, we show that this
decoherence-free interaction is also possible when the coupling to the waveguide is chiral, i.e., when the coupling
depends on the propagation direction of the light. Furthermore, we derive conditions under which the giant atoms
in such chiral architectures exhibit dark states. In particular, we show that unlike small atoms, giant atoms in a
chiral waveguide can reach a dark state even without being excited by a coherent drive. We also show that in
the driven-dissipative regime, dark states can be populated faster in giant atoms. The results presented here lay
a foundation for applications based on giant atoms in quantum simulations and quantum networks with chiral

settings.

DOI: 10.1103/PhysRevA.105.023712

I. INTRODUCTION

In recent years, new paradigms in quantum optics have
emerged. On one hand, it has been shown that the dipole
approximation, i.e., the assumption that atoms are small com-
pared to the wavelength of the light they interact with, is
not always valid. We typically refer to atoms that break this
approximation as giant, since they can couple to light—or
other bosonic fields—at several points, which may be spaced
wavelengths apart. The physics of such atoms has mostly
been studied from a theoretical perspective [1-22], with find-
ings including a frequency-dependent relaxation rate [2] and
decoherence-free interaction between multiple giant atoms
coupled to a waveguide [4]. Experimental demonstrations of
giant atoms have also been realized, by coupling supercon-
ducting artificial atoms [23-25] to surface acoustic waves
[26-37] and microwave waveguides [38,39].

Another new approach in quantum optics is based on chiral
interfaces, where the coupling between light and matter de-
pends on the propagation direction of the light [40,41]. Such
chirality emerges naturally in optical nanofibers when light is
strongly transversely confined [42—44] and it is also achiev-
able in atomic waveguides [45] and in microwave waveguides
by using circulators [23,46—49], sawtooth lattices [50], or
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entangled states between quantum emitters [51]. Besides pho-
tonic reservoirs, other architectures have been proposed to
realize chiral coupling, such as phononic waveguides con-
sisting of Bose-Einstein quasicondensates [52—-54] or trapped
ions [55], and magnonic waveguides made of yttrium iron gar-
net (YIG) [56] or spin chains [55,57]. Chiral quantum optics
is increasingly attracting interest [41,58—65] since it can be
harnessed in quantum information for quantum state transfer
between qubits and for manipulation of stabilizer codes for
quantum error correction [8,40].

In this paper, we study the overlap between the afore-
mentioned paradigms in quantum optics, which has barely
been explored due to its recentness [7,8,12,13,16,17,21,22].
In particular, Refs. [8,16,17,21] use giant atoms to induce
effective chirality and Refs. [12,13] use a collision model for
exploring chiral setups. In this manuscript, however, we ana-
lyze the behavior of multiple giant atoms chirally coupled to
a one-dimensional (1D) bosonic waveguide through a master-
equation treatment. We show that a certain arrangement of the
connection points of the giant atoms allows them to interact
without decohering into the waveguide, in agreement with the
results found in Refs. [12,13], and in a similar way as they
do when the coupling is bidirectional [4,38]. This protected
interaction is independent of the state of the giant atoms and
not accessible to small atoms.

Furthermore, we look into dark states [66—68] as another—
less robust—way of protecting the system against decoher-
ence. We derive conditions for the existence of such states in
undriven atomic ensembles and show that unlike small atoms
[60], certain configurations of giant atoms allow for perfect
subradiance regardless of the chirality of their coupling. We
also extend this analysis to the driven-dissipative regime and
find that compared to small atoms [60], giant atoms can pop-
ulate dark states faster.

Published by the American Physical Society
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FIG. 1. Diatomic setups considered in the present work: (a) two small atoms, (b) two separate giant atoms, (c) two nested giant atoms,
and (d) two braided giant atoms, coupled to a 1D open waveguide. The atoms are denoted by a and b, and their connection points to the
transmission line are identified by their position x; and their relaxation rates y, for k = 1, 2, 3, 4. At each coupling point, we distinguish
the decay rate to the right- and left-propagating modes as yxz and y;,, in such a way that yxzr + % = . The phase shifts acquired between
neighboring coupling points are denoted by ¢, = w|xx11 — x¢|/v for k = 1, 2, 3, where w and v are the frequency and velocity of the traveling

boson, respectively.

The theoretical treatment presented here is valid for any
two-level systems that can chirally couple to 1D waveguides
of a bosonic nature at multiple points. This implies that
numerous architectures could potentially realize this chiral
coupling of giant atoms, e.g., transmon qubits [69] coupled
to meandering transmission lines with circulators, ultracold
atoms in dynamical state-dependent optical lattices [5], and
perhaps also cold atoms coupled to optical nanofibers.

The present work can find applications in quantum simu-
lations [70] of open chiral many-body systems. In particular,
decoherence-free interaction between distant atoms allows the
simulation of open quantum many-body systems [38] and
the results found here extend the simulatability to chiral in-
terfaces. Furthermore, we believe that giant atoms can be
used to generate spatially entangled photons [71] and entan-
gled cluster states for one-way quantum computing [72]. On
the other hand, dark states are typically involved in coher-
ent population trapping [73-75], electromagnetically induced
transparency [15,39,76-79], and stimulated Raman adiabatic
passage [80—82], which are key phenomena to develop quan-
tum memories [83—85] and quantum networks [86,87].

This paper is structured as follows. In Sec. II, we present
a theoretical model that we use to describe two atoms chi-
rally coupled to a 1D open waveguide. We use the standard
master-equation treatment, where the dynamics of the sys-
tem are obtained by tracing out the waveguide modes in the
Born-Markov approximation. We employ this model to study
decoherence-free interaction in Sec. III and find possible dark
states in Sec. IV. In particular, in Sec. IV A, we assume that

the atoms are not driven, whereas in Sec. IV B, they are driven
by a coherent field. Finally, in Sec. V, we discuss how the
results found here generalize to multiple atoms with multiple
coupling points, and we conclude in Sec. VI with a summary
and an outlook. We also include two appendices with more
detailed derivations of the mathematical model used here (Ap-
pendix A) and the dark-state conditions (Appendix B).

II. THEORETICAL MODEL

The setup we initially consider in this article is a system
consisting of two two-level quantum emitters (qubits) dissipa-
tively coupled to a bosonic bath, which we assume to be an
open 1D waveguide with constant density of states (Fig. 1).
The two atoms are the simplest layout that allow us to first
illustrate the main physical phenomena. Later, in Sec. V, we
consider a larger system with an arbitrary number of atoms
and coupling points, and provide a more comprehensive de-
scription of the dynamics.

Depending on the amount of coupling points between the
atoms and the waveguide, we distinguish small atoms, which
are coupled at a single point [Fig. 1(a)], and giant atoms,
with two or more connection points each [Figs. 1(b)-1(d)].
For simplicity, we assume here that the giant atoms interact
with the waveguide at only two points, and we identify three
different topologies according to the arrangement of their
coupling points [4]: separate [Fig. 1(b)], nested [Fig. 1(c)],
and braided [Fig. 1(d)].
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Besides the amount and arrangement of the connection
points, the coupling of the atoms to the reservoir can also be
characterized by the directionality of the propagating modes
in the waveguide. Throughout this article, we say that atoms
couple chirally to a waveguide when their bare relaxation rate
(the relaxation rate before any interference effects are taken
into account) is generally different towards the right and left
directions, i.e., yg # yL. Consequently, there are two limit-
ing cases: the bidirectional or nonchiral case, where atoms
couple symmetrically to the right and left (yg = y1), and the
unidirectional or cascaded case, where atoms couple to modes
propagating in only one direction (e.g., y, = 0).

We remark that chiral coupling does not in itself break
Lorentz reciprocity [88] in the waveguide. For instance,
in photonic nanostructures, the strong confinement of light
causes a spin-momentum locking effect, which allows direc-
tional propagation of photons without breaking reciprocity.
In the model we present here, we consider the bath-system
ensemble to be nonreciprocal, whether it consists of a recip-
rocal bath with chiral coupling to the system or an intrinsically
nonreciprocal bath. This means it does not necessarily apply
to unidirectional transducers (UDTs) [89,90] and other recip-
rocal devices.

Formally, we can derive a master equation for the density
matrix p of all the setups described above. In order to do so,
we assume that the coupling of each atom j € {a, b} is weak
compared to their transition frequency, ie., I'; € w;, and
that the travel time between connection points is negligible
compared to the relaxation times 1/I"; of all the atoms. We
also disregard losses caused by the coupling of the atoms
to other environments by assuming those coupling rates are
much smaller than I';.

Then, we use the SLH formalism [91-93] for cascaded
systems to derive a master equation for the diatomic ensemble.
The SLH triplet, which consists of a scattering matrix S, a
vector L of n collapse operators that describe the coupling of
the system to the transmission line, and the Hamiltonian H of
the system, yields the master equation for the system in the
Lindblad form (% = 1 throughout this article):

p = —ilH, pl+ Y _ DILlp, (1
k=1

where D[X1p = XpX ' — L{X "X, p} are Lindblad superoper-
ators. In particular, as shown in Appendix A, we can write the
master equation for all the setups in Fig. 1 as follows:

a b
P . /Uz /Gz a b
p=—i a)a7 +a)b7 +(golol +Hc)+Hy, p

+ T, Dlo“lp + Dl 1p
1
+ [rwu(a“paf - E{afaf, o))+ Hc] 2)

where o} = w; + dwj, w; is the transition frequency of atom j
only including Lamb shifts from individual connection points,
dw; is the contribution to the Lamb shift of atom j from
interference between connection points, g is the exchange
interaction between atoms, I'; is the individual relaxation rate
of atom j, and ' is the collective relaxation rate for the

atoms. A possible external drive is accounted for by Hy, the
Pauli Z matrix and the raising (lowering) operator of atom j
are denoted by o7 and o (¢), respectively, and H.c. denotes
Hermitian conjugate.

As shown in Appendix A, the right (R) and left (L) collapse
operators can be written as

Lri = /Taryp 0 + /Torjr 0’ 3)
and they relate to the individual and collective decay rates in

the following way:

I'j=Tj+Tj forj=a,b, 4

Leon = \/ Lorlir + \/ Lo Ui o)

Note that the collective decay ¢ is set by interference
between the emission from connection points belonging to
different atoms, whereas the exchange interaction g is set by
emission from connection points of one atom being absorbed
at connection points of the other atom [4].

The drive Hamiltonian H; in Eq. (2) accounts for a co-
herent drive which, without loss of generality, we assume
is incoming from the left side and thus propagating towards
the right. Then, the drive is quantifiable by a boson flux of
|B]> bosons per second or, equivalently, a Rabi frequency

§2; = 2BSg, /T, and the Hamiltonian reads
Hy = —ifSkL} + He.
i
= —5( a0y + Qo) + He., (6)

where Si = /%% is the right-propagating scattering-matrix
term and X, ¢y is the sum of the phase shifts acquired between
the outermost connection points to the waveguide. Similarly,
we denote the other terms of the system’s Hamiltonian H
by H,, for undriven Hamiltonian. In Secs. III and IV A, we
neglect the drive term (i.e., we set H; = 0 and H = H,); we
only consider it in Sec. IV B.

The coefficients dw;, I'j, I, and g in Eq. (2) are well
known for small atoms [60,94,95] and also for giant atoms
in a bidirectional open waveguide [4]. In Table I, we pro-
vide the coefficients for the chiral case, assuming that the
bare relaxation rate at each connection point is y = yg + ¥y,
where R and L denote right and left, respectively. From these
expressions, a first difference to note with respect to the bidi-
rectional case [4] is that "¢, and g are no longer always real:
they can become complex in the chiral case due to the phase
shifts acquired in the waveguide. In the following sections,
we use these expressions to derive conditions where atoms
are protected from decoherence, either through decoherence-
free interaction (Sec. III) or dark states (Sec. IV). Formulas
for arbitrary bare relaxation rates and arbitrary phase shifts
between connection points are given in Appendix A.

III. DECOHERENCE-FREE INTERACTION

One aspect to note from the expressions in Table I is that, in
general, atoms lose their excitations into the waveguide due to
nonzero relaxation rates I'; and I'c,;;. However, braided giant
atoms have the distinctive feature of being able to interact
without decohering, i.e., g # 0 while I'j = Tcon = 0. This
result was found in Ref. [4] using a similar master-equation
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TABLE I. Frequency shifts, exchange interaction, and individual and collective decay rates [dw;, g, I';, I'con in Eq. (2)] for two small and
giant atoms chirally coupled to a 1D open waveguide. We assume arbitrary phase shifts ¢y, ¢, ¢3 and equal bare relaxation rates at each
coupling point k, i.e., yr = yxg and y, = y for k = 1, 2, 3, 4. For the general case with different y;, see Table VI in Appendix A.

Coefficient Topology Atom a Atom b
Frequency shifts, Small 0 0
Sy, Swy Separate (yr + 1) sing, (yr + y)sin¢s
Nested (yr + o) sin(¢r + ¢2 + ¢3) (yr +yr)sing,
Braided (v + y1)sin(g + ) (v + v1)sin(gs + ¢)
Individual decays, Small YR+ YL YR+ Ve
Lo, Ty Separate 2(yr + yo)(1 +cos ) 2(yr + yo)(1 + cos ¢3)
Nested 2(yr + yoll + cos(pr + ¢ + ¢3)] 2(yr + yo)(1 +cos )
Braided 2k + 7l + cos($i + )] 2k + 7l + cos(s + ¢3)]
Collective decay, [ Small Yre?® + y e
Separate VR(ei(dJleriz) + el @1+d2t43) 4 pidr 4 ef(¢2+d>3))
+yp(e7i 01492 | omi@1Hd2193) 4 o=if2 4 pmild2443))
Nested VR(eitbl + el @1td2) 4 pmild2t43) 4 e—i¢3)
+)’L(€7i¢l + g7 B1H62) 4 pild2+3) 1 ei¢3)
Braided )/R(€i¢l + el (@1 +d2+¢3) + e~ in + ei¢3)
_H/L(e*itbl + e i@1Hd2t¢3) 4 pit2 4 e*i¢3)
Exchange interaction, g Small [yg €® — yi e™1/(20)
Separate [yr(e@1192) 4 ol @1502%03) 4 pidr | pid2+63))
_yL(e*i(tler'#z) + e i@1+d2+d3) 4 pmidn 4 e*i(¢2+¢3))]/(2i)
Nested [yR(eim + el@P1+d2) _ pmildrtds) e*i¢3)
g (i i) _ girtdn) _ gits)]/(2i)
Braided [)/R(eid" + ¢f@1+P2+83) _ p—idr 4 ei¢3)

—y (e 4 T i@i1Fdatds) _ ot o pmid3)] /(2i)

model, but only for the case of bidirectional coupling. In
Ref. [13], it was shown that this interaction was also possible
in waveguides of any chirality, a result that was proved by
using a collision model without resorting to a master equation.
Here, we show that we can use the master-equation treatment
described in Sec. II to derive conditions for decoherence-free
interaction in waveguides of any chirality.

By definition, an atomic ensemble does not decohere into
the waveguide when the individual decay rate of each atom
is zero, i.e.,, I'; = 0 V. In braided atoms, this implies that
an excitation acquires a phase w (mod 2m) between the cou-
pling points of atom j or, equivalently, that the coupling
points are separated by half the excitation’s wavelength, A/2
(mod ). For this particular distance, the emission from each
atom’s connection points interferes destructively, making the
sum over all atoms zero and thus preventing collective de-
cay (I'con = 0). In separate and nested atoms, the connection
points of atom b are consecutive, so the emission between
them cancels (g = 0) when I', = 0. Unlike these topologies,
braided atoms have the particularity that no consecutive points
belong to the same atom, allowing a nonzero exchange inter-
action. This implies that an excitation can be released from
atom a to be reabsorbed by atom b, and vice versa, in a
continuous loop.

We observe that this reasoning applies separately in each
propagation direction and thus it holds for waveguides of
any chirality. Mathematically, the decoherence-free interac-
tion conditions for two braided giant atoms reads

é1 + ¢ = (2n + D,

ny,npy € N, (7)
¢+ ¢35 = 2nmy + D,

which yield g= (2y.e® —2yge™2)/(2i), according to
Table I. Therefore, for bidirectional coupling, the additional
condition ¢, # n3m with ns € N is required in order to obtain
nonzero interaction.

The reasoning is also valid for arbitrary bare relaxation
rates, as shown in Ref. [4] for bidirectional coupling. Nev-
ertheless, in such a case, I'; is only zero for both atoms when

YIR/L = V3R/L and Y2R/L = V4AR/L-

IV. DARK STATES

A. Undriven system

An important aspect of the decoherence-free interaction
in Sec. III is that it is independent of the states of the giant
atoms, meaning that the entire Hilbert space of the atomic
ensemble is protected from decoherence. A less robust way
of preventing atoms from decaying is through dark states
[66-68,94], whereby only a subspace of the Hilbert space
is protected from decoherence. In an atomic network, dark
states are nonradiative pure states which are annihilated by
all collapse operators and are eigenstates of the multiatom
Hamiltonian [58,60,61,67,95].

In the case of two small atoms coupled nonchirally, a
nontrivial dark state (i.e., not the ground state) arises when
the atoms share an excitation that is prevented from decay-
ing by destructive interference between coupling points. This
behavior, however, is not possible if the atoms are coupled
to a unidirectional waveguide, wherein only one of the atoms
is “aware” of the other [40]. Therefore, in general, when the
system is not driven [H; = 0 in Eq. (2)], chirally coupled
small atoms do not exhibit dark states. In this section, we look
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FIG. 2. Energy-level diagrams of two two-level atoms coupled by a chiral waveguide. (a) The four canonical basis states are that both
atoms are excited (|ee)), one atom is excited while the other is in its ground state (|eg) , |ge)), or both atoms are in their ground state (]gg)).
The decay rates I', and 'y, as well as the drives 2, and €2;,, depend on the topology of the atoms. They are defined in Table I and Eq. (6),
respectively. (b) Equivalent four-state basis, where |S/T') is a dark state which does not decay to the waveguide and |7'/S) is a bright state that
decays with a superradiant rate I', + I',. The states |S) and |T') denote the singlet and the triplet, respectively [see Eq. (9)], and they act as dark
or bright states according to the conditions in Table II. As derived in Appendix B, they are coupled by & = (w) — @], + g — g")/2, meaning
that if H; = 0, then £ must also be zero for |S/T) to be a dark state. If H; # 0, then & # 0 and we can find a dark state |Dg,r) in the subspace
spanned by |gg) and |S/T). Also, as shown in Eq. (B8), the drive couples states |gg) <> |T/S) <> |ee) by ~/2(2, = ,)/2, which under the
dark-state conditions is equal to V29, = V29. (¢ Diagram for the driven-dissipative regime, where the dark and bright states |Dg/7) and
|Br/s) are defined in Eqs. (10) and (11), respectively. The rate I'p . at which they are populated can be found in Eq. (12). The choice of singlet
and triplet states complies with the conditions in Table III, which also contains expressions for «.

for dark states in setups with two giant atoms and find that
in the nested configuration, they can share an excitation even
when they are chirally coupled.

Let us consider two qubits a and b with ground states |g)
and excited states |e¢). The canonical states of the ensemble
can then be described by the basis {|gg), |ge), leg), |ee)},
where |nm) = |n), ® |m), is the tensor product of the state
of both atoms [see Fig. 2(a)]. A dark state |D) is therefore,
in general, a linear combination of the four states above. It is
derived from the aforementioned definition, which formally
reads

Lr|D) = L.|D) =0,
H|D)=pn|D), neR. ®)

In particular, the first condition ensures that |D) is nonradia-
tive and the second one ensures it is a steady state.

Taking the undriven Hamiltonian of the system H = H,
and the collapse operators Lg/; defined in Sec. II, we find
that under certain restrictions, the dark state can either be the
singlet state |S) or the triplet |T):

1
1S) = —=(Ige) — leg)),
V2
1
V2

These restrictions are collected in Table II, where we show
that the dark state is |S) or |T') depending on the phase ac-
quired by the traveling boson in the waveguide. Note that, for
simplicity, we have derived the constraints assuming the bare
relaxation rates are equal at all connection points, but different
in each propagation direction. In all atomic setups, this perfect
subradiance can only be achieved if both atoms have the same
transition frequency (w, = wp) and, with the exception of
nested atoms, only if the waveguide is bidirectional (yg = y).
A key result that we find is that nested atoms allow for the
existence of a dark state regardless of the chirality of their
coupling to the waveguide.

IT) = —=(lge) + |eg)). €))

Taking a closer look at the dark-state conditions in
Table II, we see that nested atoms require ¢, # m, i.e., they
require atom b to be able to decay (I', # 0). If this atom
does not relax, it is also not able to absorb an excitation, and
Icont, g = 0. Then, if ¢; and ¢3 are chosen such that atom a
cannot decay either, the diatomic ensemble does not decohere,
but it also does not interact. In such a situation, all the states
are dark and the system does not evolve. Therefore, setting
¢o # 7 allows atom b to release an excitation which can be
absorbed by atom a, even in chiral waveguides. If we then
choose ¢; = ¢3, this release is compensated by the possibility
of atom a relaxing to excite atom b, thus making the maximum
entanglement between |ge) and |eg) a dark state. Note that
the reason why the other topologies do not have a dark state
in chiral waveguides is because atom b cannot excite atom

TABLE II. Conditions for the existence of a nontrivial dark state
[D) in the setups described in Fig. 1. We assume arbitrary phase
shifts ¢y, ¢,, ¢3 and equal bare relaxation rates at each coupling
point k, i.e., yr = yr and y, = yy for k =1, 2, 3, 4. In all cases,
the frequencies of atom a and » must be equal (w, = wy).

Topology Dark state Phase shift Chirality
Small |S) ¢=0 YR = VL
IT) p=m YR=VL
Separate 1S) or=¢sF# 7 YR = VL
o1 =~
IT) d=¢s#T YR=VL
topr=m
Nested |S) ¢r=¢3=0 Any
h#
IT) =¢s=m7 Any
h#w
Braided 1S) pr=¢;3=0 YR=VL
o #F T
IT) =¢s=m YR=VL
¢ #0
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a with the same probability as a can excite b. In fact, this
distinctive symmetry that allows nested atoms to have a dark
state regardless of the chirality is also present when a giant
atom a nests a small atom b between its connection points.

Another significant difference between small and giant
atoms exists with regard to trivial dark states. In small atoms,
only |gg) is a trivial dark state, whereas in giant atoms, we can
also find phase shifts that make all states dark. In this case,
the atoms are completely decoupled from the waveguide and
each other. This regime should be accessible in architectures
with tunable atomic frequencies (which changes the phases
¢;) [2,38], such as superconducting qubits coupled to a trans-
mission line.

As derived in Appendix B and depicted in Fig. 2(b), an
alternative multiatom state basis is {|gg), |S), |T), |ee)},
where |S) and |T') are coupled by £ = (0, — @, + g — g%)/2.
Whenever & = 0, there can be a dark state |D) = |S/T) that
does not relax into the waveguide, and a bright state |B) =
|T/S) that decays at a superradiant rate I', + I',. We use the
notation |S/T), |T/S) to denote that when |D) = |S) in the
instances presented in Table II, then |B) = |T'), and vice versa.
Let us remark that £ =0 when g € R and ], = wj,, which
ultimately imposes the chirality and frequency restrictions
from Table II.

B. Driven-dissipative regime

In Ref. [60], it is shown that one can get around the ab-
sence of dark states for small atoms in chiral waveguides by
coherently driving the system. When such a drive is added, the
diatomic ensemble evolves to a dynamic equilibrium between
drive and dissipation where the stream of bosons scattered
from the first atom interferes destructively with the bosons
scattered from the second [40]. Here, we show that such a
regime is also accessible for all three topologies of giant
atoms.

We consider an incoming coherent signal from the left side
of the waveguide, as described in Eq. (6). Then, with the modi-
fied Hamiltonian H = H, + H,, it follows from the conditions
in Eq. (8) that the dark state in the driven-dissipative regime
is one of the following:

|Ds/r) = (@ |S/T) + 188)), (10)

1
VI + Jal?

where o = iv/2Q /(2§) is a function of the bare relaxation
rates, the coherent drive, and the detuning of the atoms from
the drive (see Table III). These dark states exist in all topolo-
gies regardless of the chirality of the waveguide the atoms
are coupled by, but only under the constraints collected in
Table III. In particular, if the atoms are detuned from the
drive frequency by §;, then [Dg/7) only exists if the detunings
are opposite (i.e., 8, = —§p), and additionally, the detuning
must be nonzero for nested atoms. Moreover, from the phase
shifts in Table III, it follows that the drive amplitudes of both
atoms are equal (2, = €2;) when |Dg) is dark and opposite
(2, = —2p) when |D7) is dark. We use the notation Q = 2,
and § = §, to refer to the drive and detuning, respectively.

TABLE III. Conditions for the existence of a nontrivial dark state
in the coherently driven versions of the setups in Fig. 1. |Ds) and |Dr)
are the states defined in Eq. (10). We assume arbitrary phase shifts
@1, ¢2, ¢3 and equal bare relaxation rates at each coupling point &,
i.e., ¥ = Yk and yp = y for k =1, 2, 3, 4. These dark states exist
regardless of the chirality of the coupling between the atoms and the
waveguide, but only when the atoms have opposite detunings (§, =
—3p). We use the definitions § = §,, 2 = Q,, and Ay =y, — y&.
Note that with the phase shifts below, 2, = €, when |Dy) is dark
and Q, = —;, when |Dr) is dark.

Dark  Phase
Topology  state  shift a(B) a(2)
24/2 2Q
Small IDg) ¢ =0 7fﬁﬁ V2 -
Ay —2id Ay —2i8
24/2 2Q
|Dr) ¢=m 7fﬁm V2 -
Ay —2id Ay —2i8
2V2B. /7% V20
S t D =0 —F"F
cparate  [Ds) ¢ 28y —i8 4Ny — 2i8
$p=x
¢ =0
24/2 2Q
|Dr) ¢ =0 7fﬂﬁ V2 ;
2Ay —ib 4Ay —2ib
$h=x
$:=0
2 14 €% 2Q
Nested [Ds)  ¢1=0 fﬁm(. ) [
—id —2i6
b #7
¢ =0
2 14 €% 2Q
|Dr) h =7 [ﬂm(. ) f
—id —2ié
h#F
p3=m
2 1+ €% 2Q
Braided |Ds) ¢1 =0 fﬂ\/%( ,—’_e ) f N
Ay —id 2Ay —2i$
h#*T
$;=0
2 1 — e 2Q
|Dr) o= fﬁ\/%( ; ) f ;
Ay —id 2Ay —2i8
$ #0
p3=m

Note that the bright states accompanying the dark states
above are

|Bs/r) = (IS/T) — ™ Igg)). Y

1
V14 |a?
The existence of these dark and bright states |Ds,7) and |Bg,7)
is intuitive from the fact that the diagram of states |gg), |S/7T),
and |T'/S) in Fig. 2(b) mimics a A system [15,60,61]. Thus,
when the atoms are externally driven, a new dark state arises
in the subspace spanned by |S/T) and |gg).

In the driven-dissipative regime, it iS more conve-
nient to write the master equation in the basis {|Ds/r),
|Bs/r), IT/S), lee)}, as depicted in Fig. 2(c). In Appendix
B 2, we show that this change of basis allows us to derive the
rate I'py,, at which the dark state is populated,

Fa+rh

Upgr = T+ 12)

023712-6



CHIRAL QUANTUM OPTICS WITH GIANT ATOMS

PHYSICAL REVIEW A 105, 023712 (2022)

TABLE IV. Populating rate I'pg,, of the dark state in the driven-dissipative regime for all the setups described in Fig. 1. To calculate
Ipgp = (Ca+T5)/(1 + lor|?), we take T, and T}, from Table I with the phase shifts from Table III. We also take o from Table III and assume
equal bare relaxation rates at each coupling point k, i.e., yg = g and y, = yy for k = 1,2, 3, 4. We use the definitions § = §, = —4,,
Q= Q, ==+, and Ay =y, — yg. In the expression of I'p, I for braided giant atoms, £ denotes + when the dark state is |Dg) and — when

itis |Dr).
Topology Tpgr (B) I'pg,, ()
Small 2y + y)(Ay” + 45%) 2yr + v )(Ay? + 48%)
8yr|BI* + Ay? + 487 202 + Ay? 4 482

Separate 8(re + y)(4AY? + 59 16(yk + 7)(4AY> +5°)

' 8yrlBI® +4Ay? + 62 Q2 +8Ay? + 2482
Nested 4(yk + 71)(1 + €05 $2)8 8(yk + y)(1 + cos ¢,)8°

4yr|BI*(1 + cos ¢,) + 82 Q2 + 282

Braided 4(yr + yo)(1 £ cos o) (Ay* 4 8%) 8(yk 4 y)(1 %+ cos ¢)(Ay? + 8%)

4yr|BIP(1 £ cosgr) + Ay? + &7

Q2 4+ 2Ay2 + 282

In particular, we write the full expression of I'p, for each
setup in Table IV, from which we observe that giant atoms
can populate the driven-dissipative dark state faster than small
atoms.

It is not trivial to quantify how much faster the dark state
can be populated in a giant atom than in a small one. We
propose several ways to do so:

(i) By keeping the same drive amplitude €2, we find that
Upg; (2)|giant < 64FDS/T(Q)|small- However, that might seem
like an unfair comparison since €2 contains interference effects
between the connection points of the same atom which are not
present in small emitters.

(i) A fairer comparison might be made by assuming
the same boson flux |B|?>. By looking at the expressions
in Table IV, we see that in the limiting case where the
drive yg|B|? is weak compared to the detuning 8> and the
coupling-strength asymmetry Ay?, then oy (B3 ¥ )lgiant <
4Tpy,, (85 V)lsman. However, by evaluating the rates numeri-
cally, it can be seen that when the drive strength is comparable
to the coupling-strength asymmetry, L', (8: ¥ )lseparatc can be
up to 160", (B; ¥ )|sman- In this comparison, we are assuming
that both small and giant atoms have a bare relaxation rate
y = yr + YL at each connection point. This means that for a
small atom, max(I"j)|sman = ¥, Whereas for a giant atom with
two coupling points, max(I";)|giant = 4y . Since the individual

J

relaxation rate then is not the same for small and giant atoms,
some might consider this still an unfair comparison.

(ili) We could therefore impose max(I';)|sman =
max(I";)|giant, Which is achieved by taking the bare relaxation
rate to be y at each of the coupling points of the giant atoms
and 4y at each connection point of the small atoms. In this
case, FDS/T (B; V)lgiant < 4FDS/T (B:4Y)|sman-

Hence, we conclude that regardless of the choice of com-
parison, giant atoms can populate the driven-dissipative dark
state faster than small atoms. This feature might be advanta-
geous in typically slow processes such as adiabatic-passage
techniques [80-82].

V. MULTIPLE ATOMS WITH MULTIPLE
COUPLING POINTS

Now that we have illustrated the main mechanisms to avoid
decoherence with two small and giant atoms, it is natural
to generalize the dynamics to multiple atoms with multiple
connection points each. In the same way we have built a
model in Sec. II for two atoms, we can derive a master
equation for an arbitrary number of atoms N, where each
atom j has M; connection points. In this case, following the
procedure described in Appendix A, we obtain the master
equation

N j N-1 N N
. . , 03 ik .
p=—i Zw,?z + Z Z (gjx0’ X +He) +Hyp | + Z I'/Dlo? 1p
j=1 j=1 k=j+1 j=1
N-1 N A {
+ ' Z |:Fcoll,j,k (UJ,OUJ]ﬁ - E{Uiaf, /0}) +H~C~]’ 13)
Jj=1k=j+1
with the constants
M—1 M,
Swj = Z Z (VYiRYjuR + VL)L) SIND;, j,), (14)
n=1 m=n+1
M My
& . .
8jk = Z Z 2—1.[«/ ViR Yi,R €XP(EIBj, k) — /VjiLVi,L XP(—EiPj, i, )], (15)

n=1 m=1
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(a) Braided chain

(b) Braided triad

FIG. 3. Examples of atomic setups that allow decoherence-
free interaction [4] even when coupled to a chiral waveguide.
(a) 1D braided chain with protected nearest-neighbor interaction.
(b) Braided triad with protected all-to-all connectivity.

M; M
Ty =Y (VikVik + VilVi) cos(@;, ;). (16)
n=1 m=1
M; My
Teotjk = ) Y [/VikVink eXp(eid, i,,)
n=1 m=1
+ YL VL €Xp(—€idj, k)]s (17)

where ¢y, , = ZZ:m ¢r, the position of connection point j, is
denoted by x;,, and

+1 ifx;, < xg,
e=141 0 ifx;, =x,

=1 ifx;, > x,.

(18)

In particular, for N = 2 and M| , < 2, we retrieve Eq. (2) with
the coefficients from Table VI in Appendix A.

Note that it becomes evident by Eq. (16) that if the bare
relaxation rates are the same at each coupling point, i.e.,
Yj, = Vj, ¥n, m, then the maximum individual relaxation rate
max(I';) scales quadratically with the number of coupling
points M, as shown for a single giant atom in Ref. [2].

At first sight, it might seem difficult to distinguish in the
equations above the three giant-atom topologies displayed
in Fig. 1. But when there are multiple atoms with multiple
connection points, we can still define the three canonical lay-
outs as follows. By taking the atoms in pairs, we define the
separate configuration as the one where all connection points
of atom j are situated to the left of all connection points of
atom k, and the nested configuration as the one where all cou-
pling points of atom k are situated between two consecutive
points of atom j. The braided topology encompasses all other
configurations, i.e., the cases where some connection points
of atom j are between some connection points of atom k.

A. Decoherence-free interaction

A first thing to notice from Eq. (13) is that all interactions
are pairwise, which means that the phenomena derived for two
atoms in the preceding sections can be generalized to multi-
ple atoms. For instance, in order to achieve decoherence-free
interaction between multiple atoms, it is necessary to have
gik #0and I'j, Ieon, jx = 0 for all j, k, which by the defi-
nition above is still only possible in braided configurations.
Therefore, interesting layouts such as a 1D spin chain with
protected nearest-neighbor interaction [Fig. 3(a)] or an atomic

(a) Matryoshka

T
o7 T

FIG. 4. Examples of undriven atomic setups that have dark states
even when coupled to a chiral waveguide. (a) Matryoshka nested
atoms, which illustrate that the number of atoms does not affect the
existence of a dark state, only its form. (b) Enclosed braided atoms,
which show that atoms with different numbers of connection points
can also be entangled and share an excitation to form a dark state.

(b) Enclosed braided

triad with protected all-to-all connectivity [Fig. 3(b)] [4] can
be built with waveguides of any chirality.

Let us remark that decoherence-free interaction is also
achievable with more than two coupling points, as shown in
Ref. [13]. For instance, the three-coupling-point architecture
used in Ref. [38] to demonstrate decoherence-free interaction
in a bidirectional waveguide is also protected from decay in a
chiral waveguide.

B. Dark states

In Sec. IV A, we showed that two atoms with two connec-
tion points each can share an excitation and form a dark state,
but only nested atoms can do so with chiral coupling due to
their distinctive symmetry. This property can be generalized to
multiple atoms with multiple coupling points through the fol-
lowing sufficient conditions for the existence of a dark state:

(1) VTjr/vTig = /Tjr /T Vj. k and for certain
phase shifts. This ensures that a dark state |D) exists such
that Lg |D) = L |D) = 0 for those phase shifts. Note that if
T'jr/L = 0 Vj, then all states are dark.

(2) H|D) = n|D), n € R. By definition, a dark state is
an eigenstate of the Hamiltonian.

3) a); = w), ¥j, k. One way to ensure this, but which is not
necessary, is setting w; = wy and §; = 0 Vj, k.

(4) gjx € RV, k. This condition, together with the previ-
ous one, ensures that the dark and bright states are decoupled,
as explained in Sec. IV A, where we set £ = 0.

Some symmetric layouts that obey these conditions are
“matryoshka” nested atoms [Fig. 4(a)], which, like the epony-
mous Russian doll, are iteratively nested one inside another,
or enclosed braided atoms [Fig. 4(b)], which are braided,
but have the two outermost connection points belonging
to the same atom. For instance, if we set all the phases
to 0 mod 27 and all the relaxation rates to y = yg + 1,
then three matryoshka atoms can share one excitation in the
state |D) = (|egg) + |geg) — 2 |gge))/\/6, and two enclosed
braided atoms can share an excitation in the state |D) =
(2leg) — 3 [ge))/V/13.

The existence of a dark state is invariant under the splitting
of connection points, provided that if one point with relaxation
rate y splits into n consecutive points with coupling strengths
Vi, -« Yus then (327_, \/¥7)* = y and there is no additional
phase shift between points (mod 27). Such a case is illus-
trated in Fig. 5, where Fig. 5(a) and Fig. 5(b) depict a braided
layout before and after splitting, respectively.
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(

a) (b)
(=) (—)
Z J Z
@=runn
v vy vy Y1 Y2 Tn
f % f f )

d) | | | |

T

FIG. 5. Example of the invariance of a dark state under splitting
of connection points. (a) Braided configuration which exhibits a
dark state when ¢ = 0, . (b) Splitting of the last connection point
in layout (a) into n consecutive connection points with coupling
strengths yi, ..., ¥,. This layout exhibits a dark state provided that
(Z'}Zl ﬁ)z =y and no additional phase shift (mod 27) is ac-
quired in the splitting.

o 0 0

VI. CONCLUSION AND OUTLOOK

In this paper, we have derived a master equation for mul-
tiple giant atoms chirally coupled to a 1D open waveguide at
multiple points. We have shown that when giant atoms have
their connection points in a braided configuration, they can in-
teract without decohering into the waveguide. This exchange
interaction is mediated by the waveguide and is not protected
from decay in small atoms (nor in separate and nested giant
atoms). In braided giant atoms, however, the protection is
possible regardless of the chirality of the waveguide and the
atomic state of the system.

Moreover, we have shown that giant atoms exhibit dark
states in both the static and driven-dissipative regimes, and we
have derived conditions for the existence of such subradiant
states. In particular, we have found that unlike small atoms,
undriven giant atoms in the nested and braided configurations
can present dark states regardless of the chirality of the waveg-
uide. We have also shown that dark states of coherently driven
giant atoms can be populated faster than their counterparts in
small atoms.

This work has potential applications in quantum simula-
tions and quantum networks in chiral settings, as discussed
and demonstrated in the experiments of Refs. [38,39]
for nonchiral waveguides. As shown in Ref. [38], the
decoherence-free interaction enables the creation of any quan-
tum many-body state among the atoms since the interaction
can be used to form a universal set of quantum gates. The
interaction of this many-body system with the environment
represented by the waveguide can then be turned on and off
for quantum simulations by controlling the phase shifts ¢; in
the setup, e.g., by tuning the atomic frequencies. Similarly,
the universal gate set can be used to create entangled states
that then are released into the waveguide for quantum com-
munication or one-way quantum computing. Furthermore, the
dark states we have found here for giant atoms could find
applications in quantum memories and quantum networks, as
described in Sec. I.

Future work may include studying the driven-dissipative
regime beyond the diatomic case presented here, to observe
the effect of chirality on the formation of dimers, tetrameres,

and other multipartite entangled states [60,61]. The theory
derived here may also be extended by considering the time
delay between connection points [3,9,10,18,35], e.g., to de-
termine how robust the decoherence-free interaction or the
dark states are to such time delays. Another interesting path
to explore might be to make the atoms three-level =, A, V,
or A systems [41,61]. Finally, we believe that the phenomena
found here unique to giant atoms in a chiral setting are ready
to be demonstrated experimentally in several platforms, e.g.,
using superconducting qubits coupled to a transmission line
with circulators inserted to provide the chirality [46].
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APPENDIX A: DERIVATION OF THE MASTER EQUATION
1. Two atoms with one or two connection points

In the model presented in Sec. II, we use the Lindblad
form of the master equation [96,97]. For this to be valid, we
need to make several assumptions. First, we make the Born
approximation, which relies on the coupling between the atom
and the waveguide being weak. This implies that the density
matrix of the waveguide does not change significantly due to
the interaction with the atoms. Second, we make the Markov
approximation, through which we assume that the waveguide
has no memory, i.e., that any effect that an atom has on the
waveguide at a certain time does not affect the dynamics of
the atom at a later time. This relies on the assumption that the
travel time between the connection points of the giant atoms is
negligible compared to the relaxation times of the atoms. With
these two approximations, we can further apply the rotating-
wave approximation (RWA) and trace over the waveguide
modes to obtain the master equation in the Lindblad form, as
written in Eq. (1) in the main text,

p=—ilH,pl+ ) _DILilp,
k=1

(AL)

where D[X1p = XpX' — H{X'X, p}.

In order to find the Hamiltonian H and collapse operators
L of the atomic ensemble, we use the SLH formalism for
cascaded systems [91-93]. In the way we present it here, this
formalism requires the Born and Markov approximations, that
the bosons propagate in a linear medium without dispersion,
and that the travel time between connection points is negligi-
ble compared to the relaxation times of the atoms.

In the SLH formalism, an open quantum system with n
input-output ports is described by a triplet G = (S, L, H),
where S is an n x n scattering matrix, £ is an n x 1 vector
representing the coupling between the system and the envi-
ronment at the input-output ports, and H is the Hamiltonian
of the system. In our case, £ models the coupling between an
atom j and the waveguide at a connection point k, in such a
way that £, = ykal.
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TABLE V. Right and left collapse operators L and £, for each atomic setup depicted in Fig. 1. We assume arbitrary phase shifts ¢, ¢», ¢3
and arbitrary bare relaxation rates yg, yi. at each coupling point k = 1, 2, 3, 4.

Topology Collapse operator
Small Lr=Vre?c" + /yro’
L = /o’ + v €90’
Separate L = (JTiREPH9) [y 9054 4 (/ar € + JViR)o”
Lo = (Y7L & + JTDIo™ + (YA €040 L[y el @1+
Nested Lr = (Jyige@rtoten) 4 VYR + (JVar 93 L /et )gh
L = (fyaL 0249 1 yino + (v €9 + o e)o?
Braided Lr=( ViR ol P1+42+¢3) + VR U Yoo 4+ (/Vor ei(@2+¢3) + M)Uf

ViL ei(¢‘1+¢z))af + (/7L e+ Vil ei(¢1+¢2+¢3))af

Ly =/viL+

We proceed in the following way, similar to the derivation
for giant atoms in a bidirectional waveguide in the supplemen-
tal material of Ref. [4]. At each connection point k, we define
an SLH triplet:

(1, ykai, %wjazj) if k is the first coupling
point of atom j,
otherwise.

Gy = (A2)

(1, 7o', 0)

To account for the phase shift acquired between connection
points k and k + 1, we define

Gy, = (€, 0, 0). (A3)

We then take one propagation direction and apply a series
product between all the triplets, as if the system was cascaded.
In the SLH formalism, the series product between two triplets
is defined as follows:

G<G = [3251, SLy+ Ly, Hi+ H,

+ zli(ﬁgsz.cl ~L]S] ﬁz)}. (Ad)

If the waveguide is unidirectional, the series product yields
the final triplet. Otherwise, we repeat the process in the other
propagation direction, which results in two triplets, Gg and
G,. Since propagation to the right and left directions occurs
simultaneously, we can concatenate the two triplets according
to SLH practice,

S, 0\ (L
GIEEIG2=<<01 32>,(L;>,H1+H2>.

Therefore, for all the setups depicted in Fig. 1, the final
SLH triplet has the following form. The scattering matrix

reads
S = Sk 0 _ e 0
N0 S ) 0 ez )

where X ¢y is the sum of all the phase shifts acquired in the
waveguide. The collapse operator, also known as the coupling
vector or jump operator, reads

_(Lr+ Ly
where Lr/1 = /Tar/ 0% + /Thry 02 and L, = 0 if there

is no external drive. In particular, we write L, for each
topology as shown in Table V.

(A5)

(A6)

(AT)

Finally, the last component of the SLH triplet is the Hamil-
tonian of the system, which reads

H=1o,0f + w0l + go%0t + g'cta® + Hy,  (A8)

where a); and g obey the expressions in Table VI and g*
denotes the complex conjugate of the exchange interaction
g. Using the series product and concatenation from the SLH
formalism, we find that given an incoming coherent drive from
the left, with a boson flux of | 8|2, then

Ly = BSk,

—i il * QT (A9)
H; = T(ﬂSRﬁR - ,3 SRL:R)~

Using Egs. (A7)-(A9), we can expand the master equation
in the Lindblad form [Eq. (A1)] to obtain

p = —ilH, pl + DILg + L4lp + DILL1p
= —i[w;U—Z‘a + w’b%f + (go“0” +H.c.) + Hy, ,0:|
+T,Dlo*1p + I'yDla’1p
+[Ceon(c® pol — %{ofaﬁ, phH+Hcl, (A0

which we note is the same as Eq. (2), with the constants from
Table VI. It can be shown that the dynamics of a system with

M o B B G 3)---'>> Gon Ho
Gr
|
G
L S

FIG. 6. Diagram illustrating the SLH calculation for an arbitrary
number of atoms, N, and a total of n = Zy:l M; coupling points
to the waveguide. In the sketch, Gig,. is the SLH triplet from
Eq. (A2), which describes the connection point k, and Gy, is the
triplet from Eq. (A3), which accounts for the phase shift acquired
in the waveguide. The symbols <1 and H describe the operations
defined in Eqgs. (A4) and (AS) according to the input-output flow.
The full system is described by the resulting triplet Gg 8 G, with
Gr = Gr<d...<Gr and G, = G <... <Gy
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TABLE VI. Frequency shifts, exchange interaction, and individual and collective decays [dwj, g, I'j, I'con in Eq. (2)] for small and giant
atoms chirally coupled to a 1D open waveguide. We assume arbitrary phase shifts ¢;, ¢», ¢3 and arbitrary bare relaxation rates yig, yi. at each

coupling point k = 1, 2, 3, 4.

Coefficient Topology Expression for two atoms, a and b
Frequency shifts, dw,, dw, Small 0
0
Separate (VYIRV2R + /ViLY2L) sin ¢
(VV3rVar + /Y31 VaL) sin ¢3
Nested (V71RVaR + /ViLYar) sin(@r + ¢ + ¢3)
(VV2rV3R + /YarV3L) sin ¢
Braided (VYRV3R + /ViLyaL) sin(@r + ¢2)
(V72rVar + /VarVar) sin(¢z + ¢3)
Individual decays, I',, 'y Small Yir + YiL
VR + VoL
Separate VIR + ViL + Var + VoL + 2(/VirV2r + /V1LY2L) COS P
ViR + Vi + var + var + 2(/VarVar + /V3LVaL) COS P3
Nested VIR + Vi + Var + var + 2(/VirVar + /V1Var) €0s(P1 + ¢2 + ¢3)
Var + VoL + V3r + V3L + 2(/V2rV3R + /V2LV3L) €COS ¢
Braided VIR +ViL + Var + vaL + 20/ VirY3R + /V1LV3L) €os(Pr + ¢2)
Vor + Voo + Var + Var + 2(/VarVar + /Varvar) cos($2 + ¢3)
Collective decay, T'eon Small VYRVR € + JSViLvar e

Separate mg’(@ﬂ&) + mei(¢l+¢z+¢3) + mé@
+mei(¢z+¢3) + me—i(¢1+¢z) + me—i(¢1+¢z+¢3)
+me—i¢z + me—i(¢z+¢3)

Nested VVIRVR €+ fVirViR €D+ [yrpyar (#2193
+\/me*i¢3 + me*i‘ﬁ] + me*i(qﬁ]ﬂbz)
+mei(¢z+¢s) + meirbs

Braided VIRV €91+ \[ViRYVar €D L+ fypysg e
+mei¢3 + me*im + me*i@]ﬂbzﬂbs)
+mg¢z + meﬂ'dn

Exchange interaction, g Small [/7irV2R €¢ — /ViLyar €1/ (20)

Separate [m elort+e2) 4 mei(¢1+¢z+¢3) + \/Meid’z
+mei(¢z+¢3) _ me#&mﬂbz) _ me#(d)lﬂtzﬂbs)
_me*itbz _ meﬂ(mw;)]/(zl-)

Nested [VVirV2R €7 4 SVirvsr € P79 —  fyapyag e 1)
—Me’i¢3 — Me’i¢l — meﬂ‘(mﬂﬁz)
+mei(¢z+¢3) + Mei¢3]/(2i)

Braided [V/7iRV2R €7 + /ViRVar € P00 —  fyaryag e ®

+/V3RVaR €7 — VirvaL €7 — YLy e 1 Orotes)
+/VoLviL €7 — fvarvaL €%/ (20)

this master equation, and the collapse operator and Hamilto-
nian from Eq. (A9), are the same as for a system whose drive
operators are

Ly =0,
Hy = —i(BSkLy — B*SELR).

(Al1)

For convenience, we use the latter in the derivation of the dark
states in the driven-dissipative regime.

Let us remark that the frequency shifts dw; used in the
master equation are just a contribution to the Lamb shift and
not the full Lamb shift itself. In fact, the SLH formalism yields

a contribution to the Lamb shift from the interaction between
connection points at frequencies close to the atomic frequency
w;, provided the waveguide is at a low temperature and has a
constant density of states [2]. For a small atom, there is no
such contribution at all since there is only a single connection
point, which is why dw; = 0 for small atoms in Tables I and
VI. Reference [2] also explains that with an increasing num-
ber of connection points in the giant atom, dw; becomes the
dominant contribution to the Lamb shift. An exact derivation
of the full Lamb shift is beyond the scope of this manuscript.
We refer the reader to Ref. [2] for an in-depth discussion about
frequency-dependent Lamb shifts in giant atoms.
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2. Multiple atoms with multiple coupling points

We can use the same procedure described above to derive the SLH triplet of an arbitrary number of atoms, N, where each

atom j has M; connection points (see Fig. 6). The result is

_ (exp (i1, n, ) 0
S = ( 0" i) (A12)
N M .
L= ZJ 1 Zn jl €xp (l¢]n NMN)\/ y]nR GJ (A13)
Z] lZn_l exp(ig1,,j,)/Vi,L oL
N M—1 M, o!
H = Z wj + Zn:jl Zm —nt1 (VYjRYjuR + Vil Vj1) SIND}, ) 72
=1
! dw;
N-1 N
2 e (X S S v exp(eid.i) — TR exp(—eid )1} e [ (Al4)
=1 k=j+1
j i+ ~
[
where ¢, = Y y_,, ¢« and Since
Lrit =v/Tarr 0% + /Toryp o’

+1 ifx;, < x,
e = 0

if xj, = x (A15)
—1  ifx;, > x,.

m

This SLH triplet yields the Lindblad master equation shown
in the main text [Eq. (13)].

APPENDIX B: HAMILTONIAN IN THE DARK-STATE
BASIS

1. Undriven system

When the diatomic system is not driven, the Hamiltonian
can be written in the basis {|gg) , |S), |T), |ee)} as follows:

1
H=H,= Ea)a +2a)ba + got a++g*ai ol
/ / /
- Mwex | Cat @) : TP
g+ (g+g9
+ ITYT| — ———|S)(S|
2 2
/ _ / _ *
+ @b =T ETED G 4 He (B1)

2

taking |S) and |T) from Eq. (9) in the main text, using the
definition o] = le); (el; —18); (8l;s and allowing the abuse of
notation o = o ® I, 04 IL® 0’ . With the Hamiltonian
in this form itis stralghtforward to see from the last two terms
that whenever o, # wj or g ¢ R, the singlet and triplet states
are coupled and none of them can be dark states.

This can also be mathematically derived using the dark-
state conditions from Eq. (8),

Lg D) =
H|D) = u|D),

Ly |D) =0,
weR. (B2)

2
=§(\/ Carse — /Tersr )(IS) {ee| —
V2
+ 7(\/ Carr + +/Torse YT ) (ee| + |gg) (T 1),

(B3)

the first condition implies that |D) = |S) when /T'ug/L =
Terse and |D) = |T') when /T g/ = —/Tsr/L, Which sets
the phase shifts from Table II. Then, the second condition
implies that |.S) and |T') must be uncoupled, i.e., that o], = w)},
and g = g*. These constraints, in turn, imply that w, = w
and yg = y, for all setups, with the exception of nested giant
atoms. The symmetry of nested atoms with the dark-state
phase shifts allows g = g* without the need to impose bidi-
rectional coupling (see Table I with ¢, = ¢35 = {0, 7}). Note
that the instances presented in Table II assume the bare relax-
ation rate to be the same at all connection points; however,
conditions for arbitrary decay rates can be obtained using the
same procedure.

With the Hamiltonian and the collapse operators in this
basis [Egs. (B1) and (B3), respectively] and knowing that the
master equation reads

lgg) (S1)

p = —ilH, p] + DILrlp + DIL.]p, (B4)

we can derive the decay rates from the states |S) and |T') by
tracking the time evolution of the ground-state population,

Pggee =(8810188)
Z%(Fa + Ty + Ceon + Ll orr
+ 3@y +Ty—Teon — T
+ 3Ty =Ty — Teon + Tlgy)pst
+ %(Fb — Ty + Teon — Tl prs, (BS)

:011 )pss
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where the first two terms yield the decay rates from the triplet
and singlet states,

I'r = %(Fu + T+ Teon + T,
Ts = 2Ty 4+ T — Toon — Ty,

Using the conditions in Table II, we find that when y; =
y» = y3 = Y, the last two terms in Eq. (B5) cancel and that

ID) =1IT) =Tt =0, DIs=T.+T,,
ID)=|S) = Ts=0, I'r=T.+T.

(B6)

(B7)

This means that whenever |D) = |T'), the triplet state does not
decay, agreeing with the fact that it is a dark state, whereas
the singlet state decays with a superradiant rate I';, + I', thus
making it a bright state. Conversely, when the singlet state is
a dark state, the triplet state is bright.

2. Coherently driven system

When we drive the system coherently as described in
Eq. (All), the collapse operators do not change, and the
Hamiltonian in Eq. (B1) gets an extra term:

Hy = —iBSkL} + Hec.
:[_lﬁSR (Ve — v pg )ee)(S| — S)(ggl)

l,BSR ,/FZR—i-,/FZR )(Jee) ( T|+|T)(gg|)i| +H.c.

(B8)
|

/ /

gt+g

In this case, the possible dark states are

|Ds/r) = («[S/T) + 1g8)), (B9)

1
1+ |af?
as mentioned in Eq. (10).

Since the collapse operators have not changed, they im-
pose the same dark-state restrictions as without the drive, i.e.,
|D> = |D5> when w/FaR/L = w/FhR/L and |D> = |DT> when
VTarsL = —/Try, Which sets the phase shifts in Table III.
These constraints, in turn, impose that the drive amplitudes
of both atoms are equal (2, = 2,) when |Ds) is dark and
opposite (2, = —2;) when |Dr) is dark. In both cases, we
define Q = Q,.

The second dark-state condition, which requires |D) to be
an eigenstate of the Hamiltonian H, + Hy, yields

i29
2&

with the expression of o as a function of the parameters of
the system collected in Table III for all the atomic setups. The
second condition also implies that the existence of the dark
state in this regime is subject to the atoms having opposite
detunings, i.e., 8, = —&.

It is now convenient to change to the basis {|Dg/r),
[Bs/r), IT/S), lee)}, with |Bg/r) shown in Eq. (11). In this
way, we can monitor the time evolution of the occupancy of
the state |Dg/7) and derive at which rate I'p, this state is
being populated. In this basis, the undriven Hamiltonian and
the collapse operators read

) (B10)

o =

(@, o) £+ gl

H, _+wa+a)b| >< |D )(D |
= > ee){ee 20+ laP) 5,7 ){(Ds;r
(), + wp)le|* £ (g + &%) (), — ) + (g — g
- Bs/r)(Bsr| + T/S)(D,
2(1+|a|2) | S/T>< S/T| |:oc Zm | / ) S/T|
T/S){Bs/r| + B D +H.c., Bl1l
N IT/S){Bs/r| + o 20 1P |Bs/)( S/T|:| c (B11)
Lrjp =+ —(Mi VT )IT/S) (ee| + \/7(\/7@? VTari )(@*|Ds/r) (ee| + |Bs/r){eel)
V2
1+¢|J¢i;zivT;;XWwTYVﬂ—awWﬂﬂvﬂ)
ﬁ 2
+ 3 @ Ve F VTor Y@lDyr) (D | = @lBsyr) (Byr |+ Dsyr) (Byyr| = o |Bor) D). (B12)

where + (F) means that we take + (—) in the basis
{IDs) . |Bs), IT), lee)} and — (+) in the basis {|Dr),
|Br), |S), |ee)}. The drive Hamiltonian is H; = —i,BSREITe +
H.c. with the above definition of Lg.

Similarly to the previous section, we now have all the el-
ements necessary to derive the master equation. In particular,

(

we find that the dark and bright states evolve as follows:

F +Fb:i:1“wuj:l"
201+ |af?)
+...’

coll

PDy/r. Dy = PT/S,T/S

(B13)
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. e (Ty 4 Tp & Cean £ Tl)
PBr. By = 2(1 + |ee]?)

PT/S, T/S

+eee (B14)
where we are only interested in tracking the dependence on
the population of the |7'/S) state. From Eq. (B13), we can
define the effective pumping rate of the dark state,

Fa+rh:|:FCO11:|:F*”
r = Lon, B15
Dgr 2(1 + |0[|2) ( )

Using the conditions from Table III, we find that when
Y1 = Y2 = Y3 = V4, the dark state is populated at a rate

_ 1—‘a"i_l—‘b
Dgyr — 1+ |Ol|2’

with the full expression of I'p,, for each layout in Table IV.
Similarly, the bright state is populated at a rate |« |2FDS/1.

We note that the procedure used in this Appendix can
also be applied to multiple atoms with multiple connec-
tion points by using the pertinent Hamiltonian and collapse
operators.
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