arXiv:2403.00058v1 [quant-ph] 29 Feb 2024

Examining the quantum signatures of optimal excitation energy transfer

Jonah S. Peter,>2 * Raphael Holzinger,? Stefan Ostermann,

1 and Susanne F. Yelin!

! Physics Department, Harvard University, Cambridge, MA 02138
2 Biophysics Program, Harvard University, Boston, Massachusetts 02115, USA
3 Institute for Theoretical Physics, University of Innsbruck,
Technikerstrasse 21a, A-6020 Innsbruck, Austria

Light-harvesting via the transport and trapping of optically-induced electronic excitations is of
fundamental interest to the design of new energy efficient quantum technologies. Using a paradig-
matic quantum optical model, we study the influence of coherence, entanglement, and cooperative
dissipation on the transport and capture of excitation energy. In particular, we demonstrate that
the rate of energy extraction is optimized under conditions that minimize the quantum coherence
and entanglement of the system. We show that this finding is not limited to disordered or high
temperature systems but is instead a fundamental consequence of spontaneous parity time-reversal
symmetry breaking associated with the quantum-to-classical transition. We then examine the effects
of vibrational fluctuations, revealing a strong dephasing assisted transport enhancement for delocal-
ized excitations in the presence of cooperative interactions. Our results highlight the rich, emergent
behavior associated with decoherence and may be relevant to the study of biological photosynthetic
antenna complexes or to the design of room-temperature quantum devices.

I. INTRODUCTION

The efficient transport of optically-induced electronic
excitations is an important process mediating long-
range energy transfer in atomic, molecular, and artificial
quantum systems. Transport in isolated systems (i.e.,
“closed” quantum systems) is driven by the build-up of
quantum coherences that mediate interactions between
quantum emitters at spatially separated sites. As com-
pared to classical transport, the quantum properties af-
forded by these coherences—such as entanglement—can
allow for exponential speedups in information transfer [1]
and may be useful for designing new quantum tech-
nologies [2]. In practice, however, these processes are
invariably subject to environmentally-induced decoher-
ence that destroys the well-defined phase relationships
required for quantum superpositions [3-6]. The coupling
of such “open” quantum systems to lossy external envi-
ronments therefore limits any possible advantages pro-
vided by quantum coherence or entanglement. When the
system-environment couplings are large, the transport
process admits an effectively classical description given
by a series of incoherent rate equations. As such, the tra-
ditional approach to designing new quantum devices has
been to engineer platforms in which these environmen-
tal couplings are minimized, with the express purpose of
preserving quantum correlations over long timescales.

However despite the role of decoherence in limiting the
quantum properties of excitation transport, recent stud-
ies have shown that, in some cases, environmental fluctu-
ations can actually improve the rate of energy transfer.
The crucial role of dephasing in overcoming Anderson
localization [7] in disordered spin networks [8], molecu-
lar aggregates [9-13] and quantum dot arrays [14, 15] is
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now an active area of research. The crossover between
coherent and incoherent dynamics has also attracted sig-
nificant interest in the study of biological photosynthetic
complexes where the role of long-lived coherent oscilla-
tions remains controversial [16-23]. Further analyses of
quantum signatures in the presence of decoherence are
therefore fundamental to the characterization of energy
transfer processes in complex optical systems. A more
complete understanding of mixed quantum-classical in-
teractions in both the transport and extraction (or “trap-
ping”) of excitation energy may also lead to the design of
novel biomimetic light-harvesting technologies that oper-
ate at room temperature [24].

The underlying task of how to describe, overcome,
and ultimately leverage system-bath interactions to ef-
ficiently extract energy from a quantum optical system
motivates a more in-depth exploration of the quantum-
to-classical transition in realistic electromagnetic envi-
ronments. Within the context of molecular and arti-
ficial light-harvesting, the inter-emitter interactions are
typically assumed to be those of near-field electrostatic
dipoles, and the bath dynamics are often limited to mod-
els of independent decay and/or pure dephasing [9, 11—
13, 25-27]. These simplifications are warranted only for
localized excitations at very short time scales, or when
vibrational fluctuations render phase coherences negligi-
ble. However, the full light-matter interaction between
quantum electric dipoles also involves cooperative dissi-
pation that leads to the formation of delocalized super-
radiant and subradiant modes. These collective modes
are essential to the accurate description of quantum dy-
namics in excitation transport systems [28-34] and can
greatly influence how these systems respond to environ-
mental decoherence. Consideration of these cooperative
effects within the context of biologically-inspired design
may also offer new insights into optimal quantum device
engineering.

In this work, we seek to elucidate the fundamen-
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tal mechanisms that drive efficient energy transfer be-
tween quantum emitters—with particular emphasis on
the role of quantum coherence and entanglement. Using a
paradigmatic model of excitation transport and trapping,
we present a series of general results linking a wide va-
riety of optimal transport conditions to the quantum-to-
classical transition. In particular, we demonstrate that,
counterintuitively, optimal transport occurs for excita-
tion trapping rates that minimize the total entanglement
of the system. We show that this finding is not limited
to disordered or high temperature systems but is instead
a fundamental consequence of spontaneous parity time-
reversal (PT ) symmetry breaking associated with the en-
ergy extraction process. We then highlight the influence
of cooperative decay and compare the effects of both vi-
brational and static disorder on localized and delocalized
exciton states. Our results demonstrate that dynami-
cal dephasing can be used to enhance the transport of
delocalized excitations, even in the absence of Anderson
localization.

The remainder of the manuscript is organized as fol-
lows. Section II introduces the cooperative decay model
for long-range quantum transport and excitation trap-
ping. Section ITT A discusses how minimizing quantum
coherence and entanglement via P7 symmetry breaking
leads to the optimal extraction of excitation energy. Sec-
tions III B and IIIC relate these results to exceptional
points in non-Hermitian optics. Section IV A presents
results on dephasing assisted transport in cooperative
quantum optical systems without static frequency dis-
order. Section IV B demonstrates how level broadening
can enhance the robustness of excitation trapping in the
presence of static disorder. Section V summarizes the
main results and offers perspectives on future work.

II. THEORETICAL MODEL

We are interested in describing the quantum transport
and subsequent trapping of optically-induced electronic
excitations between atoms or atom-like emitters (e.g.,
molecules, quantum dots). In a complete description,
this transport is mediated by interactions with a quan-
tized radiation field and includes cooperative effects that
result from collective coupling to the vacuum field modes.
In later sections, we also examine the influence of addi-
tional environmental fluctuations that induce both dy-
namical (dephasing) and static (frequency shifts) disor-
der. For clarity of presentation, we focus here on the key
concepts required to understand the results of the main
text. Additional details and derivations can be found in
the appendices.

We consider the paradigmatic example of a one-
dimensional chain of N equally spaced two-level emit-
ters, each with an excited state |e;) and ground state |g;)
separated by a resonance frequency wg = 2wc/Ag (Fig 1).
Coherent excitation transport between the emitters is de-

9:) — lgn) — ;ﬁap
Y S S
i(l)l () J,T () ZS)J\{

FIG. 1. Schematic drawing of the excitation transport-
trapping process in a one-dimensional chain of quantum emit-
ters. An initial excitation within the chain can travel between
emitters via resonant dipole-dipole interactions J;;. Each
emitter also experiences independent spontaneous emission
with rate v and cooperative radiative decay with rate I';;.
The “acceptor” emitter at site ¢ = N is incoherently coupled
to an external trap state with rate k, leading to the irre-
versible extraction of energy from the system.

scribed by the Hamiltonian
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where the transition operators o, = |e;) (¢;| and o; =
|g:) (e;] describe the raising and lowering of an excitation
at site . The emitters are coupled to one another via
resonant dipole-dipole interactions with rate
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for dipole matrix element vector gp; = @;p and relative
coordinate £ = wor/c, wherer = rf and r = |r; —r;| (Ap-
pendix A). The quantity v denotes the independent ra-
diative decay rate of each emitter. Crucially, the dipole-
dipole interaction also includes cooperative decay that
leads to superradiant and subradiant emission at sub-
wavelength distances [35, 36]. In the limit where the
chain admits (at most) a single excitation at any given
time, these radiative processes can be described through
the anti-Hermitian term
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where the diagonal elements of the collective emission
rate
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are equal to v. The off-diagonal elements of I';; are es-
sential to the study of nontrivial quantum dynamics and
cannot be neglected even in the limit as £ — 0 (Ap-
pendix B). As such, the full Hamiltonian describing ex-
citation transport through the chain—including both in-
dependent and collective radiative emission—is given by
H,, = H + Hp.

In addition to transport, the successful transfer of en-
ergy from the site of initial photon absorption to a spa-
tially separated location also involves extracting the ex-
citation from the system. This process could be medi-
ated, for example, by nano-wire structures [2, 37, 3§],
semiconductor wells [39, 40], or via strong coupling to
a photochemical reaction center [41], and is of consider-
able interest to the design of efficient biologically-inspired
light-harvesting complexes. As such, we explicitly incor-
porate the irreversible trapping of excitonic energy at a
designated trap site into our model. Trapping with rate s
is modeled as an additional incoherent (i.e., Forster-type)
decay channel on the N'! site (denoted the “acceptor”
site) by the term
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yielding the complete transport-trapping Hamiltonian
H.g = Ho, + Hy. As discussed below, the trapping pro-
cess itself has a significant influence on the energy trans-
fer efficiency and can be a source of nontrivial quantum
dynamics.

III. EXCITATION TRAPPING AND THE
QUANTUM-TO-CLASSICAL TRANSITION

In this section, we demonstrate that the quantum-to-
classical transition can be probed by varying the ex-
citation trapping rate [Fig. 2(a)]. Most notably, we
show that the optimal trapping condition is one of max-
imal decoherence, and is accompanied by a spontaneous
PT symmetry breaking that facilitates unidirectional en-
ergy transfer. The main results are presented in Sec-
tion IIT A. Additional supporting analyses based on ex-
ceptional point physics are presented in Sections IIIB
and ITI C using simplified two-site and nearest neighbor
models, respectively.

A. Unidrectional energy transfer through P7T
symmetry breaking

An initial excitation |¥(0) = |e;) located at one
end of the chain will evolve according to Heg via the
Schrodinger equation 0 |¥(¢)) = Heg |¥(t)). The pri-
mary quantity of interest for evaluating the excitation
capture process is the trapping efficiency
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which quantifies the probability that an initial excitation
located within the chain at time ¢t = 0 is found in the trap
state at a much later time ¢ = 7. We can study the quan-
tum nature of this process by analyzing the population
coherences and entanglement between different emitters.
We define the total quantum coherence of the system as
the sum of the [y norms of off-diagonal density matrix
elements [42] C(t) = >_,,;|pi;(t)|, where p;; = (ol0}).
As a measure of quantum entanglement, we consider the
logarithmic negativity, which is an entanglement mono-
tone defined for an arbitrary density matrix of a general
bipartite system [43]. The logarithmic negativity for sub-
systems A and B is given by E(A|B) = log,||p”2 ||, where
the superscript -T2 indicates the partial transpose of sub-
system B and the operation ||-|| denotes the trace norm.
For the case where there is at most a single excitation in
the chain, the logarithmic negativity can be written in
terms of the population coherences as [44, 45]

E(1,....klk+1,..,N) =logy(1 — po + \/pZ +4X), (7)

where X = S5 0oy 2 and po = 1- TN, s
We thus define the total entanglement of the system &(t)
as the sum of the logarithmic negativity across all possi-
ble (unique) bipartitions.

Fig. 2(b) shows the trapping efficiency for a chain of
N = 10 transversely polarized emitters as a function of
the lattice spacing and the trapping rate. In all con-
figurations, the efficiency exhibits a clear maximum, in-
dicating the existence of an optimal trapping rate x°Pt.
Strikingly, we find that the trapping process is optimized
under conditions that minimize the “quantumness” of
the system. At short times, the inter-site couplings drive
the build up of spatial coherences between different emit-
ters. These coherences decay as a consequence of radia-
tive lifetime broadening, but can be long-lived when the
coherent couplings are large. As the trapping rate in-
creases, the lifetime of the acceptor site is reduced, and
decoherence proceeds more rapidly due to the additional
lifetime broadening of the acceptor emitter induced by
the trap. Fig. 2(c) shows the time evolution of the total
coherence for different values of the trapping rate. At
small trapping rates, the coherences undergo damped os-
cillations with a decay envelope o e~%/7¢ characterized
by a coherence time 7¢. This damping is accompanied
by a similar exponential decay of the quantum entangle-
ment with rate constant 7¢ [Fig. 2(d)]. At the optimal
trapping rate, both the total coherence and the total en-
tanglement are critically damped and tend rapidly to zero
as the excitation leaves the chain via the trap.

Examination of the site populations p;; illustrates this
transition from coherent quantum behavior to incoher-
ent classical transport [Figs. 2(e) and (f)]. As the system
evolves, the initial excitation delocalizes into an extended
wave packet that acquires a group velocity and proceeds
forward to the acceptor site at the opposite end of the
chain. When the trapping rate is small, the excitation is
not transferred rapidly enough for the entire wavepacket
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FIG. 2. (a) Illustration of the quantum-to-classical transition. Small trapping rates lead to coherent oscillations and long-lived
quantum entanglement. Optimal excitation trapping occurs for trapping rates that minimize the quantum properties of the
system and is accompanied by spontaneous P7T symmetry breaking. At much larger trapping rates, the quantum behavior of
the system is restored via the quantum Zeno effect. (b) Transport efficiency 7 for a chain of N = 10 emitters as a function of
the trapping rate x and lattice spacing a at time vt = 10. The green line denotes the optimal trapping rate based on the group
velocity argument, k°P* a2 2J. (c) The total quantum coherence C(t) as a function of time for different values of the trapping
rate. (d) The total entanglement £(t) as a function of time for different values of the trapping rate. (e) Site populations p;; for
each of the emitters and the trap state when x/x°"* = 0.001. (f) Site populations for x/k°®* = 1. Figure legend is the same as

in panel (e). Lattice spacing for panels (c)-(f): a/Ao = 0.05.

to be captured [Fig. 2(e)]. A significant portion of the
wave is then reflected backwards and can interfere with
the remaining forward moving component. This leads
to coherent oscillations between the emitters that are
damped by the vacuum decay channels. At the opti-
mal trapping rate, the transport becomes unidirectional
and proceeds down the chain into the trap without reflec-
tion [Fig. 2(f)]. Consequently, the interference phenom-
ena associated with the superposition of the forward and
backward moving waves is suppressed, and the excitation
loses its wave-like nature.

A prediction of this interpretation is that optimal en-
ergy extraction should occur when the rate of transfer
to the trap is commensurate with the rate of popula-
tion arriving at the acceptor via the other emitters in
the chain. We can validate this claim by comparing the
optimal trapping rate with the group velocities of the res-
onant chain eigenmodes [33]. In the limit of large N and
small dissipation, the eigenenergies of H, form a contin-
uous band and are approximately given by the nearest-
neighbor estimate E(k) ~ 2J cos (ka), where J = J; ;11
is the nearest-neighbor hopping rate, a is the distance
between nearest-neighbor sites, and k is the lattice quasi-
momentum. The eigenmodes that are on resonance with
the acceptor emitter are located at ka = +7/2 and have
group velocity v = |dE(k)/dk|; /> = 2a|J|. The rate at

which population arrives at the acceptor via these reso-
nant modes is then given by x°P* = v/a = 2|J|. This
analytical estimate shows excellent agreement with the
exact numerical values [Fig. 2(b)].

The transition between the coherent (oscillatory) and
incoherent (unidirectional) transport regimes is a mani-
festation of spontaneous P7T symmetry breaking. This
symmetry breaking is a known consequence of non-
Hermiticity in classical optics [46] and can be extended to
the quantum optical transport processes described here
(see also Sections IIIB and IIIC for more detail). Quite
generally, PT symmetry breaking can be identified by
examining the eigenmode structure of the non-Hermitian
Hamiltonian. The exact eigenvalues of H.g are complex
and given by &, = ¢, — (i/2)T",,, where €, and T',, denote
the real energy and decay rate of each mode. The on-
set of PT symmetry breaking is marked by the existence
of an eigenmode with a first derivative in its decay rate
that changes sign at the P7 symmetry breaking tran-
sition kp7. We denote this “slowly decaying” mode as
|vs). That is, PT symmetry breaking occurs when the
decay rate of this mode I'y satisfies

dFS/d"3|n:n;T >0 and dFs/d/{|K:K7+;T <0, (8

where r5 and /<;7J§ denote evaluation of the deriva-
tive immediately to the left or right of kpy, respec-
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FIG. 3. (a) Decay rates I',, for the N = 10 chain as a function of increasing trapping rate. The system undergoes spontaneous
PT symmetry breaking characterized by a slowly decaying mode with a first derivative that changes sign at kp7. (b) Excitation
probabilities in the site basis for each eigenmode showing progressive localization of the acceptor with increasing trapping rate.
(c) Characteristic decay rate of the total system coherence 7¢ and entanglement 7¢. Optimal transport occurs near the PT
symmetry breaking transition where both the coherence and entanglement times are minimized. The blue shaded area indicates

the classical regime.

tively [47, 48]. Fig. 3(a) shows the behavior of the eigen-
mode decay rates as a function of the trapping rate. The
slowly decaying mode exhibits a sharp decrease in its
decay rate near the optimal trapping rate x°P*. Concur-
rently, the decay rate for the “fast” mode |vf) diverges
towards I'y — & + ~y. The rapid splitting of the fast and
slow decay rates is a hallmark feature of spontaneous P7T
symmetry breaking.

As discussed above, the slow trapping regime k <
KOPY 2 kpr is domlnated by wave-like behavior that re-
sults in interference between the incident and reflected
excitations. This regime corresponds to the P7T sym-
metric phase where the oscillatory nature of the quantum
transport is most apparent. Trapping rates in the vicin-
ity of k°P* ~ kp correspond to the P7T broken phase,
where the transport is unidirectional down the chain and
into the trap. An interesting feature of this system is that
the quantum, oscillatory, and P7 symmetric aspects of
excitation capture become dominant again at large trap-
ping rates. This is apparent from Figs. 2(c) and 2(d),
which show the revival of long-lived quantum coherence
and entanglement for x >> k°Pt. This phenomenon can
be studied in more detail through an eigenmode analy-
sis of Heg. For large N and very small trapping rates
(k < Jij), the collective eigenmodes [v,) = 3 vnj lej)
are well-approximated by the analytical form [30]

2
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where kpa = /(N + 1) and z; = ja — (N + 1)a/2.
As the trapping rate is increased and the P77 symmetry
is broken, the acceptor site becomes isolated from the
remaining states. Fig. 3(b) demonstrates this isolation
numerically for the N = 10 chain. Each block shows the
site probabilities in the eigenbasis |v,,;|* for different val-
ues of the trapping rate. The site index j runs along the
columns of each block, whereas the rows denote different

2
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eigenstates |v,). At k = 0, the eigenstates are well de-
scribed by Eq. (9). For k < kp7, the fast and slow modes
|vs) and |vs) acquire increasingly larger overlaps with the
acceptor site |ey) with increasing x. However, at the PT
symmetry breaking point, |v¢) becomes rapidly localized
at the acceptor site and the overlaps with the other sites
are drastically reduced. As k/J — oo, |vy) — |en) and
the remaining eigenstates again become well described by
Eq. (9) but with N — N —1. The original N dimensional
Hilbert space H = H 4 @ Hp is therefore partitioned into
two non-interacting subspaces: H 4 consisting of the lo-
calized state |vf) = |en), and Hp spanned by the re-
maining N — 1 basis states |e;) for i # N.

The simultaneous decrease in the trapping efficiency
that accompanies the isolation of the acceptor site is a
direct consequence of the quantum Zeno effect (QZE) [9,
14, 15, 26, 49-52]. The high frequency trapping rate acts
as a continuous environmental measurement of the accep-
tor site and prevents transitions to (or from) the remain-
ing, longer-lived states. The suppression of these tran-
sitions can be studied by examining the survival proba-
bility S(¢) for an initial state |¥(0)) to be found in the
same state at a later time ¢. For an external measure-
ment apparatus, the trend towards S(¢) — 1 for increas-
ingly frequent projective measurements is a hallmark of
the QZE [53]. Here, we impose only a single projective
measurement at time ¢ and show that the high frequency
trapping rate leads to a “freezing” of the coherent time
evolution. The survival probability for |¥(0)) = |en)
under Hamiltonian evolution with Heg is given by

S(t) = [enle= e |en)|?
= [(T(0)|1 2H T+ ..
where the Hamiltonian acts as

—%(7+m) len)+ > (Jin— %FiN) les) (11)
iAN

— iHogT — 1 (0)*, (10)

Heff |6N> -

(for convenience, we subtract off the constant energy wq
contribution). In the limit & > J;n, T'iv, the initial state



is an approximate eigenstate of Heg, and the survival
probability is S(t) ~ e~ (7*®)t The equality becomes ex-
act as k/J — oco. The exponential decay of |¥(0)) is the
same as that for an isolated atom (i.e., J;n, ;v = 0). In
other words, the initial state does not feel the influence of
the surrounding atoms: the coherent evolution is “frozen
in time.”

The effect of this isolation is that initial states that
do mot have overlap with the acceptor site are fully con-
tained within a restricted subspace. In the high frequency
trapping limit, the Hamiltonian then takes the form

Her — PHeaP = Z(y+ R)okon (12)

where the projection operator P = 37,y |e;) (e;| runs
over the restricted subspace. A general state on this sub-
space |1) = 37,y ¢;|e;) is therefore immune to the addi-
tional decoherence imposed by the trapping process and
cannot escape the chain except by decaying to vacuum.
In the limit where x > J;; > 7,1, these states form
an (approximate) decoherence-free subspace resulting in
long-lived quantum coherence and entanglement. The
net result is that the QZE effectively restores the P7T
symmetry of the system at a cost of reducing the dimen-
sionality of the Hilbert space. Optimal excitation trap-
ping occurs between these two P7T symmetric regimes,
where decoherence imposes a directionality on the energy
transfer process.

B. Two-site model

We can gain some intuition for the results of the pre-
ceding section by studying a simple two-site model where
the transition from coherent to incoherent evolution and
the accompanying P7T symmetry breaking are more ap-
parent. For simplicity, we neglect cooperative dissipation
in this discussion (I';; = d;;y). In the {|e1),|e2)} basis,
the non-Hermitian effective Hamiltonian is

Ha= |5 0] (13)

(we set wg = 0 and J € R without loss of generality).
Beginning in the initial state |¥(0)) = |e1), the time
evolution of the vector |U(t)) = c1(¢)|e1) + ca(t) le2) is
given by

in (At
er(t) = X2 [”Sm() + cos (/\t)} (14)
4 A
in (At
co(t) = —iJefxt/Qw,
where we have defined the quantities A =

(1/2)\/4J? — (k/2)? and x = v + /2. Tt is clear
from Eq. (14) that both the excited state popula-
tions p;i(t) = |ci(t)]> and the population coherences
pij(t) = ci(t)cj(t) experience a transition from un-
derdamped to overdamped dynamics when « = 4J.
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FIG. 4. (a) Trapping efficiency n(oco) for the two-site model
as a function of the trapping rate x and inter-site coupling J.
The solid green line indicates the optimal trapping rate x°P*
whereas the solid blue line denotes the EP at x = 4J. The
dashed white line marks where optimal transport coincides
with critical damping at J = /2. (b) Energies e, (solid lines)
and decay rates I',, (dashed lines) of the collective eigenmodes
showing a branch cut singularity at the EP. (¢) Populations
of the emitter sites and trap state in the coherent (left) and
incoherent (right) trapping regimes.

The critical damping condition therefore delineates the
coherent and incoherent transport regimes. For the
Hamiltonian (13), this transition is marked by a branch
cut singularity at A = 0, known as an exceptional point
(EP). The EP denotes the location where the complex
eigenvalues and eigenvectors of the non-Hermitian
Hamiltonian coalesce.

We may further examine the dynamics by solving for
the transport efficiency as a function of the trapping rate,
k. In the limit as t — 0o, the analytical solution is given
by

4J%k
(27 +K) [4T2 +y(v + K)]

n(o0) = (15)

The efficiency reaches a maximum of
NPt = 4.J% /(4% 4 377 4 27/8J2 + 272) (16)

for the optimal trapping rate x°P* = /8J2 +2v2. At
much larger trapping rates, the transport is hindered by
the QZE. Fig. 4(a) compares the optimal trapping rate
with the location of the EP at kgp = 4J. Except at
very small coupling strengths (J < ~/2), the optimal
trapping rate is well-approximated by the critical damp-
ing condition. As discussed in the previous section, the
emergence of irreversible, incoherent dynamics is a man-
ifestation of spontaneous P7T symmetry breaking. The
coherent (underdamped) regime corresponds to the PT
symmetric phase where the two eigenmodes differ in en-
ergy but have equal decay rates [Fig. 4(b)]. In this phase,



the PT operation leaves the eigenmodes invariant, up to
a global decay that changes sign (Appendix C). At the
EP, the decay rates split into one fast (I'y) and one slow
(T's); the PT symmetry is spontaneously broken. As the
trapping rate is increased further, the larger decay rate
tends towards I'y — x++ while the other asymptotically
approaches the bare emitter decay rate I's — .

Strictly speaking, true P7T symmetry occurs only in
balanced gain-loss systems where the Hamiltonian com-
mutes with the PT operator. The Hamiltonian (13) is
related to a true P7T symmetric Hamiltonian through a
global decay term with rate Y,

Heg = HPT - %X]lv (17)
where [Hp7, PT| = 0 and 1 is the identity operator. The
eigenmodes of Hog and Hp7 are related through a gauge
transformation. In this context, Heg is said to exhibit
a “passive” PT symmetry that can be defined through
properties of its complex eigenvalues, &, = &, — (i/2)I,,.
Here, €, and T, are the (real) energies and decay rates
of each eigenmode. Passive PT symmetry breaking is
then defined by the existence of an eigenmode with a
first derivative in its decay rate that changes sign at the
PT symmetry breaking transition kp7 [Eq. (8)]. For
Eq. (13), kp7 = KkEp, though the definition (8) remains
valid even in the absence of EPs (see Section IIIC and
Ref. [47]).

Despite its simplicity, the two-site model highlights
several fundamental aspects of excitation transport in
quantum systems:

1. Optimal excitation capture occurs for trapping
rates that minimize the “quantumness” of the sys-
tem.

2. Unidirectional energy transfer and the transition
from quantum to classical behavior is associated
with P7T symmetry breaking.

3. In the limit of small dissipation (k > =), the trans-
port process is rate limited by the QZE, which im-
poses a quantum “speed limit” on the rate of exci-
ton trapping.

As discussed in the previous section, these concepts hold
generally for more complex systems beyond the two-site
model.

C. Nearest-neighbor model

In order to study the crossover between the indepen-
dent decay two-site model (where PT symmetry breaking
occurs at the EP) and the more complicated N-site coop-
erative decay model (where the role of EPs is less clear),
we now focus on an N-site nearest-neighbor model. We
continue to set I';; = d;;7, as the inclusion of coopera-
tive decay in a nearest-neighbor transport model can lead
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FIG. 5. (a) Location of the EPs in the complex plain for
the nearest-neighbor Hamiltonian. Colors indicate different
system sizes: N = 2 (blue), N =5 (red), and N = 20 (green).
(b) Eigenmode decay rates for exemplary even (left) and odd
(right) N chains. kgp = kp7 for even N. (¢) Comparison of
the nearest EP projected onto the real axis with the location
of the PT symmetry breaking transition as a function of chain
length. The two quantities converge as N — oo.

to unphysical results. In this case, the nearest-neighbor
transport-trapping Hamiltonian is given by

N . .
? ?
Heg = E (wo — 27) Jjai +J E O’JO’j - 5&0}\,01\;,

i=1 (i,9)

(18)
where the angled brackets denote a sum over nearest-
neighbor sites. This Hamiltonian also exhibits EPs,
which can be found by first solving for the degenerate
eigenvalues. After a suitable gauge transformation (see
Appendix D), the eigenvalues & of Eq. (18) are given by
the roots of the characteristic equation

ox(e) =1V (G = 20) Uxa(o) - Una(o)]

2J

(19)
where z = —£/(2J) and U, (z) is the n*® degree Cheby-
shev polynomial of the second kind. The EPs are then
found by setting the discriminant of ¢ (x) equal to zero
and affirming the degeneracy of the associated eigenvec-
tors. It is easy to verify that Eq. (19) reproduces the
location of the single EP for the two-site model given in
the previous section.

Fig. 5(a) shows the location of the degenerate eigen-
values in the complex plane for chains of N = 2, 5, and
20 atoms. There are always 2N — 2 points where ¢y ()
has at least one degenerate root. Notably, there is a
prominent distinction between systems of even and odd



numbers of atoms. Nearest-neighbor chains of even N
yield an EP on the positive real axis, corresponding to
a physically realizable value of the trapping rate. Sim-
ilar to the two-site case, this EP is located at a branch
cut singularity where the initially identical decay rates of
two separate eigenmodes begin to diverge [Fig. 5(b)]. The
lower branch exhibits a first derivative in x that changes
sign at the EP, indicating a passive PT symmetry break-
ing phase transition.

For odd N, however, all EPs are shifted into the com-
plex plane. The branch cut singularity is therefore in-
accessible for real-valued J and k, and the eigenmodes
never coalesce by varying the trapping rate. Yet de-
spite the obfuscation of the EP, odd N chains continue to
demonstrate spontaneous P7 symmetry breaking. The
fast and slow modes involved in the EP form an avoided
crossing on the real axis as a function of k, with the ex-
tremum in the slowly decaying branch dI's /dx = 0 denot-
ing the phase transition at kK = kp7. As for the even N
chains, the transition yields two distinct phases: a passive
PT symmetric phase in which the decay rates increase
with x, and a passive P7T broken phase characterized by
a decay rate with a first derivative that changes sign.

For large N, the location of the passive P7T transition
is well-approximated by the projection of the nearest EP
onto the positive real axis [Fig. 5(b)]. The two quantities
are identical for even N. As N increases, the distance
between the nearest EP and the real axis decreases (for
odd N), and the difference between even and odd—that
is, N and N +1—becomes less consequential. One should
note that For N > 2, Eq. (18) is not isomorphic with any
true PT symmetric Hamiltonian and cannot be identity-
shifted in the way of Eq. (17) to form a balanced gain-loss
system. Nevertheless, the eigenmodes of the multi-site
model still exhibit the same symmetry breaking charac-
teristics of a passive P7T phase transition.

IV. ENHANCING TRANSPORT THROUGH
VIBRATIONAL AND STATIC DISORDER

The previous section illustrates that the directionality
imposed by spontaneous P7T symmetry breaking can en-
hance the efficiency of excitation trapping through the
critical damping of spatial coherences. In this section,
we look at two other mechanisms of decoherence: vi-
brational disorder through dynamical dephasing (Sec-
tion IV A) and static disorder through frequency fluctua-
tions (Section IV B). We show that proper consideration
of cooperative dissipation [Eq. (4)] reveals new mecha-
nisms for enhancing long-range excitation energy trans-
fer, and that level broadening can increase the robustness
of the trapping process.

A. Dephasing assisted transport without disorder

The traditional picture of vibrational-induced decoher-
ence in the context of excitation transport is that lo-
cal fluctuations reduce the transport efficiency through
dynamical dephasing. A simple example is the expo-
nential decay of perfect Rabi oscillations in the pres-
ence of a thermal reservoir. However, numerous studies
have since demonstrated that high temperature dephas-
ing can actually enhance transport when the transition
frequencies of the emitters are nonuniform [8-15]. In
these instances, system-bath interactions can overcome
the effects of Anderson localization induced by the static
frequency disorder. Such phenomena have been termed
“environment assisted quantum transport” or “dephas-
ing assisted transport” and play a crucial role in modern
theories of biological photosynthetic light harvesting.

Here we demonstrate a strong dephasing assisted
transport enhancement that occurs in cooperative quan-
tum optical systems without static disorder. The effect is
only revealed through a proper inclusion of off-diagonal
cooperative decay [Eq. (4)]. At finite temperature, the
emitters are subject to thermal fluctuations that couple
to the electronic degrees of freedom through the interac-
tion term [9, 54]

N
Hy =" qi(t)olo:. (20)
=1

Here, ¢;(t) denotes classical stochastic fluctuations in
the resonance frequencies of the emitters due to the ef-
fects of the thermal bath. We assume the fluctuations
at spatially distinct sites are independent, identical, and
Markovian such that (g;(t)g; (")) = ['y0;;6(t —¢') for ho-
mogeneous linewidth I'y. The Markov approximation is
valid in the high temperature limit kg7 > J where the
vibrational coherence time is much shorter than the char-
acteristic timescale of the emitters [55, 56]. For unbiased
Gaussian fluctuations satistying (g;(t)) = 0, the dynam-
ics generated by Eq. (20) are well described by the pure
dephasing Lindbladian

r

Lylp] = Z ?4) (ZU;raipazoi — {J;ra,;,p}) . (21)
i=1

This Lindbladian leads to a suppression of quantum co-

herence and therefore probes the quantum-to-classical

transition. The resulting equations of motion are then

given by

plt) = =i (Hep(t) = p(O Hlg) + Lolp()].  (22)

We note that excitation and stimulated emission by ther-
mal photons remain negligible in this regime so long as
the assumption wg > kpT remains valid (e.g., optical
transitions at room temperature).
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FIG. 6. (a) Comparison of the transport efficiency between the localized initial state |e1) (blue) and the delocalized initial state
|G) (red) as a function of dephasing strength. Dashed lines show the corresponding transport efficiencies in the absence of

collective dissipation. The time-averaged quantum coherence C(t) is shown in grey. (b) Comparison of the mean residence times
between the localized (left) and delocalized (right) initial states for each chain mode. Blue and yellow curves indicate the dark
and bright states |D) and |B), respectively. (c) Blue and yellow circles denote the site amplitudes for states |D) and |B). Dashed
lines show the corresponding values according to the mode ansatz in Eq. (9). (d) Open circles denote the optimal dephasing
rate as a function of mean eigenmode energy splitting for the delocalized state in the independent decay model. A slope of 1 on
the log-log plot (dashed line) indicates a linear relationship. Parameters for all panels: N = 10,a = 0.05X0, k = 4J,¢t = 10/~.

The effects of dephasing on excitation transport and
trapping are strongly influenced by the degree of local-
ization of the initial state. Here, we consider the delo-
calized Gaussian initial state |G) = (1/A4)>_, g(x;) [e;),
where g(z;) = exp {f:c?/QsQ}, x; is defined as in Eq. (9),
s is the standard deviation, and A is a normalization
factor. To maintain the notion of “transport,” we set
s/a =3 < N/3 such that the initial overlap with the ac-
ceptor site is negligible—though this is not essential, and
similar results are obtained for other states with symmet-
ric phase distributions (e.g., plane waves). The bottom
panel of Fig. 6(a) shows the transport efficiency for the
delocalized state as a function of the dephasing strength.
The time-averaged quantum coherence in the site basis
is given by C(t) = (1/t) fg C(t')dt" and is denoted by the
dotted-dashed grey line. Remarkably, thermal fluctu-
ations can strongly improve the transport efficiency in
the presence of cooperative dissipation (solid red curve).
The enhancement is maximized for dephasing rates on
the order of the nearest-neighbor coupling, I'y/J ~ 1.
This is a strikingly different result than that observed
in quantum random walks where the onset of dephasing
and the associated loss of quantum coherence greatly re-
duces transport speed [1, 57] (though we note that at

very large dephasing rates transport is again suppressed,
this time by the QZE [9]). Dephasing assisted transport
in delocalized symmetric states thus highlights another
key instance where decoherence effects can be leveraged
to enhance excitation transport and trapping.

The dynamics are qualitatively different when initial-
izing in a completely localized state. For the case of
|T(0)) = le1), the trapping efficiency is a monotoni-
cally decreasing function of the dephasing rate [Fig. 6(a),
solid blue line]. In this instance the conventional wisdom
holds, and the rapid decay of inter-site coherences leads
to a reduction in trapping efficiency. The steep drop-off
at I'y/J =~ 0.1 is typical of cooperative quantum optical
effects in the presence of ~ 10% noise [58]. A comparison
with the independent decay model (dashed blue curve),
demonstrates that an accurate quantitative assessment of
excitation transport at small dephasing is only possible
by including cooperative decay.

The mechanism responsible for enhancing the trans-
port of the delocalized initial state is fundamentally dis-
tinct from similar dephasing assisted transport phenom-
ena that have been described previously [8-15]. In those
works, static frequency disorder induces Anderson local-
ization [7] that suppresses the transport of initially lo-



calized states by shifting the site energies off resonance
from one another. Dynamical dephasing then acts as
a diffusive process and allows the excitation to explore
other sites via a classical random walk [9]. By contrast,
here we describe a system without static disorder, and
where the effect is lost for localized initial states (blue
curves) and for non-cooperative decay channels (dashed
red curve). Instead, the difference in transport dynamics
between the localized and delocalized initial states in the
cooperative decay model is primarily due to the existence
of subradiant and superradiant collective modes. These
modes are eigenstates of the chain Hamiltonian H., and
are either dark (I'p < ) or bright (I'p > v) depending
on the local phase relationships. The most subradiant
mode |D) and the most superradiant mode |B) are given
approximately by Eq. (9) for n = N and n = 1, respec-
tively. The influence of these modes on the transport dy-
namics can be quantified using the mean residence time
Tn [26]. When computed in the eigenbasis of H.y,, the
mean residence time denotes the average time an excita-
tion spends in a particular chain mode until decaying to
the vacuum or trap state:

ralt) = / 46 T {p(t') [va) (val}. (23)

Fig. 6(b) shows the mean residence time for each eigen-
mode as a function of the dephasing rate. In the case of
|¥(0)) = |G), the initially delocalized excitation couples
strongly to the short-lived bright state. The correspond-
ing contribution from dark state transport is negligible,
and the excitation is rapidly lost to vacuum. More time
spent in the bright state therefore leads to low trans-
port efficiencies at zero dephasing. However, the differ-
ence in the mean residence times between the bright and
dark states is reduced in the presence of dynamical dis-
order. In the site basis, the components of |B) and |D)
are nearly identical in magnitude but differ in their phase
relationships [Fig. 6(c)]. As the strength of the thermal
fluctuations is increased, the Lindbladian (21) acts to
randomize the phases of p in the site basis with charac-
teristic time 1/T"y. The corresponding loss of coherence
renders the bright and dark states largely indistinguish-
able. The excitation is then able to access the subra-
diant mode where it can reach the acceptor site before
decaying. The loss of quantum coherence therefore en-
hances excitation transport by disrupting superradiant
decay paths.

On the other hand, when the initial state is fully local-
ized in |e;), Hamiltonian evolution generates large over-
laps between the initial excitation and the long-lived dark
state. The dark state is able to facilitate transport to
the acceptor site with minimal losses, where it is subse-
quently trapped. When the dephasing rate is small, the
time spent in the bright state is also small, and the exci-
tation is protected from decaying to vacuum. As the de-
phasing strength is increased, the initial state generates
overlap with the bright state and the transport efficiency
is reduced.

10

The inclusion of cooperative decay is quantitatively
significant at small and intermediate dephasing (I'y/J <
4) where the mean residence times are different between
the subradiant and superradiant collective modes. Trans-
port for the localized initial state is less efficient in the
independent decay model because the enhancement due
to long dark state lifetimes is eliminated. The opposite
effect is seen in the delocalized case due to the omission
of the superradiant decay path. At larger dephasing, the
excitation spends roughly equal amounts of time in states
|B) and | D) such that the influence of cooperative decay
is lost. This is an intuitive result: collective modes re-
quire coherent phase relationships that are randomized
in the presence of strong fluctuations. Nevertheless, the
off-diagonal elements of Eq. (4) cannot be neglected for
dephasing rates on the order of the nearest-neighbor cou-
pling strength (or smaller), especially when the initial
state is delocalized (see also Appendix B).

Interestingly, we report a slight dephasing assisted
transport enhancement for the delocalized state even in
the absence of collective dissipation. This effect can-
not be caused by the disruption of superradiant path-
ways because all eigenmodes have equal decay rates when
I'yj = 7v6;5. We attribute this enhancement to classi-
cal homogeneous broadening induced by the dephasing
process [45]. Because the initial state has only a very
small overlap with the acceptor site, the excitation must
make transitions to other states in order to reach the
trap. However, the initial superposition state experiences
an energy shift due to the coherent couplings J;; in the
Hamiltonian. This pushes the initial state off resonance
with the other available modes. In the presence of ther-
mal fluctuations, the linewidths of these states are in-
creased, with the homogeneous linewidth determined by
I'y. Fig. 6(d) shows the optimal dephasing rate for the
delocalized initial state in the independent decay model
under various lattice spacings. Values are plotted as a
function of the average chain eigenmode energy splitting

Ae= > len—eml (24)

n<m

for each geometry. The optimal dephasing rate increases
linearly with the average energy splitting, suggesting
an optimal spectral overlap resulting from homogeneous
broadening. Importantly, however, this mechanism is not
sufficient to explain the magnitude of the transport en-
hancement in the cooperative decay model.

B. The influence of static disorder

As a final result, we now consider the influence of static
disorder in the resonance frequency of the acceptor emit-
ter. As a consequence of the additional lifetime broaden-
ing induced by the trapping process, highly efficient en-
ergy extraction can be achieved in both the broad-band
and narrow-band regimes. The bandwidth of this pro-
cess is determined by the trapping frequency and can be
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FIG. 7. (a) Trapping efficiency as a function of trapping rate x and acceptor detuning A. Larger trapping rates result in a
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assessed by adding a frequency detuning to the acceptor
emitter

Ha = Ackoy. (25)

Fig. 7(a) shows the trapping efficiency for the N = 10
chain beginning with a localized excitation at the first
site. As the trapping frequency increases, the range of
acceptor detunings for which there is highly efficient trap-
ping also increases. This allows for flexibility in the en-
ergy extraction process, as excitations of multiple fre-
quencies can be trapped without sacrificing efficiency.
The high trapping efficiencies are, once again, mediated
by a reduction in quantum coherence [and therefore also
by a reduction in entanglement via Eq. (7)]. Fig. 7(b)
shows the time-averaged coherence for the same trapping
frequency and detuning ranges as in panel (a). Much
like in Section IIT A, the increase in total coherence for
detunings outside the optimal bandwidth results from
wave-like oscillations following reflection at the acceptor
site. In this case, reflection is caused not by suboptimal
trapping rates, but by the level shift of the acceptor. At
larger trapping rates, the increase in acceptor linewidth
compensates for this shift, allowing the excitation to be
trapped without reflection.

In turn, the broader bandwidth induced by larger trap-
ping rates leads to a robustness against static disorder.
Fig. 7(c) shows the average trapping efficiency across 100
realizations with A drawn from a normal distribution
N(0,0¢) of zero mean and standard deviation cg. At
large disorder (o¢ 2 2J), the optimal trapping rate is no
longer equal to the group velocity of the resonant chain
eigenmode and is instead dictated by the bandwidth of
the acceptor site. The broad-band nature of this site al-
lows for robust transport and trapping even with disorder
much larger than the coherent coupling strength. This
feature may allow for flexibility in designing incoherent
energy extraction mechanisms that may introduce large
amounts of local disorder.

V. CONCLUSION

In this work, we have shown that a wide variety of de-
coherence mechanisms can be leveraged to enhance the
extraction of excitonic energy from a paradigmatic quan-
tum optical system. In particular, we have demonstrated
that excitation trapping is optimized under conditions
that minimize the total quantum coherence and entan-
glement of the system. This is in stark contrast to quan-
tum random walk models of excitation transport that
have demonstrated exponential speedups in information
transfer. The key difference between those models and
the results presented here is the explicit inclusion of the
trapping process that mediates the retrieval of energy
from the system. As shown, this trapping facilitates a
quantum-to-classical transition through spontaneous P7T
symmetry breaking that results in unidirectional energy
flow. We have also demonstrated that vibrational fluc-
tuations can greatly enhance the trapping of delocalized
excitations in the presence of cooperative radiative de-
cay. This cooperative dissipation is present in all dipole
coupled systems and cannot be neglected unless the de-
phasing strength is sufficiently large. Finally, we have
examined the influence of static frequency disorder and
shown that the transition from narrow-band to broad-
band trapping results in an increased robustness to dis-
order, and is again associated with minimal quantum co-
herence. Due to the simplicity of the models studied,
these phenomena are expected to be generalizable to ar-
bitrary configurations of quantum emitters.

Our results are of fundamental interest to the design
of new photonics devices, artificial light-harvesting tech-
nologies, and to the study of biological photosynthetic
energy transfer. The role of cooperative decay could be
important for accurate quantitative studies of transport
efficiency, coherence, and entanglement in these systems,
particularly at low temperatures. Moreover, whereas sev-
eral studies have examined photosynthetic energy trans-
fer within the context of optimal disorder, comparatively
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little attention has been given to the role of excitation energy extraction. Future studies of more realistic biolog-

trapping at the photochemical reaction center. In addi- ical and biologically-inspired geometries can help assess
tion to vibrational dephasing and static frequency disor- the role of these interactions in nature and will help shed
der, the trapping rate represents another potential evolu- light on the many fascinating features associated with

tionary knob that may have been tuned towards optimal decoherence and the quantum-to-classical transition.

Appendix A: Light-matter interactions

For a collection of N two-level atoms with excited states |e;), ground states |g;), and resonance frequency wp, the
full atom-photon Hamiltonian is given in the electric dipole approximation by

N N
1
Happh = E_l woa;-rai + gk Vi (altak + 2) — E_l p; - E. (A1)

Here, ag = le;) {(gi| and o; = |g;) (e;| are atomic raising and lowering operators, and alT( (ax) creates (annihilates) a
photon in mode k with frequency v. The third term describes electric dipole interactions between the quantized
electric field E = ), (Exax + S;‘(al) and atoms with dipole moment p; = p;0; + p; O';-r . It is convenient to trace out
the field degrees of freedom and to consider effective dipole-dipole interactions between the atoms directly. Treating
the radiation field as a Markovian bath and applying the Born and rotating wave approximations [28-30, 59, 60], the

system Hamiltonian and radiation Lindbladian can be written as

N
H:Zwoagai—i—ZJijazoj (A?)
=1 1:75'
N oo ’ N oo
Lall = Y2 S2+nlwo)] (20500] = {olosp}) + 32 Satwo) (20]00: = {oi0lp}) | (A3)
i,j=1 i,j=1

where 7(wp) = 1/[e@o/(*5T)) —1] is the average thermal photon occupation in the Bose-Einstein distribution, 7" is the
temperature, and kp is the Boltzmann constant. For optical frequencies at room temperature (wo > kgT'), we may
approximate f(wg) ~ 0. The quantities J;; and I';; describe the coherent and dissipative components of the effective
interaction between oscillating optically-induced dipoles. They are given in terms of the dipole matrix element vector
9 = i and the relative coordinate £ = wor/c for r = r#, and r = |r; — r;| as

5y =2 {0 00,0 - vl (55 T5E) o0 0wl (T2} 4w
r =5 {06, 5 o pl (5B ) <o nes -l ()} @

The terms proportional to 1/£3, 1/£2, and 1/£ in each expression correspond to the familiar near field zone, intermedi-
ate zone, and radiation zone regimes of the time dependent electric dipole field. The term v = [';; = wi|pi|?/(37heoc?)
describes the Wigner-Weisskopf spontaneous emission rate of each atom.

For very short distances (£ < 1), or equivalently very short times (vt < 1), it is common to invoke the quasistatic
approximation and neglect the intermediate and radiation zone contributions. The atomic interactions are then
reduced to those between electrostatic dipoles,

3(p; - B)(p; ) — 9] P
4meqrs ’
[ij — vDi - Dy- (A7)

Jij —

(A6)

Numerous studies, including those concerning photosynthesis and artificial light-harvesting, further neglect off-
diagonal dissipation altogether by setting I';; = d;;y. This approximation is, however, not generally correct when the
exciton states are delocalized, even in the limit as & — 0 [61]. The finite contribution of the off-diagonal I';; terms
leads to cooperative phenomena, such as superradiance and subradiance, that are not captured when these terms are
neglected (see Appendix B below). Such effects are crucial to the accurate description of quantum optical systems,
but are not typically included in transport analyses of biologically-inspired light-harvesting.
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FIG. 8. (a) Site populations p11 (blue) and pa2 (red) for the N = 2 chain with x = 0. Solid lines denote the full cooperative
decay model whereas dashed lines indicate the independent decay approximation I';; = ~d;;. Columns indicate different
emitter spacings. The top row corresponds to an initial excitation on the first site, whereas the bottom row shows results
when initializing in the dark state |D) = (|e1) — |e2))/v/2. (b) The characteristic coherence time 7¢ for the N = 10 chain
of Section IIT A in the presence (solid line) and absence (dashed line) of cooperative decay. (c) Comparison of the trapping
efficiency n with (left) and without (right) cooperative decay as a function of the trapping rate and chain length. Different rows
correspond to different initial states. From top to bottom: |¥(0) = |e1)), |¥(0) = |D)), |¥(0) = |B)). Additional parameters
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For a general multi-excitation system, the time dynamics are governed by the master equation p = —i[H, p]|+ Lg|[p].
However, if we restrict ourselves to the case when there is at most a single excitation in the system at any given time,
we may neglect the quantum jump terms o< 20 pU;r in the radiation Lindbladian. Setting 7(wp) = 0, the equations of
motion are then equivalent to evolving with the Schrodinger equation for the non-Hermitian effective Hamiltonian

N . .
1 1
Heg =) <wo - 27) oloi + > (Jij - 2Fz’j> alo;. (A8)

i=1 i#£]

This single-excitation regime is most suitable to the study of optimal transport parameters under low light conditions,
or when the rate of photon absorption is low relative to the transport time.

Appendix B: The role of collective dissipation

Here we expand on the necessity of including off-diagonal collective dissipation in order to accurately describe
excitation transport between quantum emitters. It is sometimes assumed that for inter-emitter spacing a much less
than the dipole transition wavelength A that the off-diagonal terms of the dissipative interaction I';; can be neglected.
This erroneous assumption likely stems from the fact that J;; > I';; when a < Ao, but is incorrect because it neglects
the role of destructive interference. Fig. 8(a) compares the population dynamics for a two emitter system in the
presence (solid lines) and absence (dashed lines) of cooperative decay (we set x = 0 for simplicity). In direct contrast
with the above assumption, the discrepancy between the cooperative and independent decay models actually increases
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as a/Ao — 0. For subwavelength spacings, the approximation I';; = vd;; is valid only for localized excitations at very
short times (t < y~!). For delocalized excitations, the approximation is applicable only when the emitters are far
apart, or in the presence of strong dephasing (Fig. 6).

The independent decay model can be used in the presence of strong dephasing because dephasing destroys the
phase coherences required for destructive interference. However, as discussed in the main text, these coherences play
an instrumental role in describing the fundamental aspects of excitation transport and trapping. Fig. 8(b) compares
the coherence time results of Section III A with the corresponding values in the independent decay model for the
N = 10 chain. The transition between the quantum and classical regimes is obfuscated by the neglect of cooperative
dissipation. Moreover, this approximation also prohibits an accurate quantitative assessment of the trapping efficiency.
Fig. 8(c) shows the results with and without cooperative dissipation when initializing in either the dark or bright
state. When collective effects are included, initializing in |D) leads to minimal losses and enhances the transport as
compared to the localized initial state. The opposite effect is seen for the bright state |B). In the independent decay
model, all modes have equal decay rates and the discrepancy between the dark and bright states is greatly reduced.
Collective dissipation is therefore essential to the accurate description of excitation trapping in the absence of strong
vibrational fluctuations.

Appendix C: P7 symmetry breaking in the two-site model

The PT symmetry breaking transition is most easily observed through the gauge transformation

(g;) e (2) (cn)

which removes the trivial global excitation loss with rate x. The resulting gauge-transformed Hamiltonian H.g obeys
[PT,H)s]) =0, where, for the bipartite system, the parity and time-reversal operators act as P = o, and 7 : ¢ — —i.
H' has eigenvectors

1 ikt4A
|’Ui> = —— ( 41J >
/1 + |zni]4k|2

and eigenvalues €+ = £\ that transition from purely real to purely imaginary when x = 4J. For 4J > k, A € R such
that |(ik £4X)/4J] = 1 and Eq. (C2) may be written as

eiOéj:/2 eifli/Q
lvg) = A (emi/2> (C3)

for ay = arg[(ix & 4)\)/4J]. Tt is easy to verify in this case that PT : |vx) — e+ |uy) such that the eigenstates are
invariant under the combined PT operation up to a U(1) gauge ambiguity. For 4J < &, the components of |v4) no
longer have equal modulus and the P7T symmetry is spontaneously broken.

(C2)

Appendix D: EPs of the nearest-neighbor Hamiltonian
The nearest-neighbor effective Hamiltonian given in Eq. (18) can be written as Heg = Ho + H’, where

N .
1
Hy = Z (wo — 27) U:ai, (D1)
i=1

HI

JZ agaj — %FLU}LVO'N. (D2)
(i,4)

The EPs of the system can be found by first solving for the eigenvalues of Hog that have algebraic multiplicity greater
than their geometric multiplicity. To aid in this calculation, we first move to the interaction picture with Hy and
define the interaction picture states |¥(t)) = e/o! |W(t)). In the single excitation subspace, the number operator a;r o;
simply acts as the identity, and the interaction Hamiltonian satisfies H' = e*Hot {’e—iHot — [f’ The eigenstates then
obey |0,,) = e®@ot7/2)t |y ) In other words, the eigenstates are transformed into the frame rotating with complex

frequency wgy — i/2. This change of reference frame does not change the multiplicity of the eigenvalues, meaning we
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can work exclusively with H'. For k = 0, the eigenvalues of H' are distinct and given by &, = 2J cos [n7/(N + 1)]
with orthonormal eigenvectors |vn) = >, vnjle;), where v,; = sin[njr/(N +1)] and n,j = 1,.., N. This is the
standard result for a finite-size tight-binding Hamiltonian [62]. However for £ # 0, the eigenvalues of H’ are not
necessarily distinct, but can still be calculated as the roots of the characteristic polynomial ¢y (&) = det(H' — £l n),
where 1y is the N x N identity matrix. In search of an analytic solution, we note that the Hamiltonian may be
written as H'/J =T — (ik/2J)K, where T;; = ; j+1 + ;41 is an N x N tridiagonal symmetric Toeplitz matrix with
zeros on the diagonal and K;; = d;ndn;. Using the identities derived in Ref. [63], the characteristic polynomial for

such a matrix is given by
- —iKk € —£ —£
on(E) = (2J - J) Un-1 <2> —Un_2 (2> (D3)

where U, () is the n*® degree Chebyshev polynomial of the second kind. Finally, using the identity det(aA —ély) =
aN det(A — (£/a)1y) for scalar a and N x N matrix A, the characteristic polynomial for H' is given by

o= [ 5o (35) -0 B

in agreement with Eq. (19).
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