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Abstract — We consider a one-dimensional (1D) array of coupled quantum harmonic oscillators

of arbitrary size in the presence of staggered losses.

The dynamics of the system is analyzed

thoroughly, through exact solutions in which exceptional points (EPs) are found to greatly impact

the system dynamics.

In particular, different dynamical regimes arise due to the progressive

emergence of EPs varying the interaction strength, also allowing for single frequency emission of
all array components. Signatures of these regimes are found in the decay dynamics of the system,
in the transmission and fluctuation spectra, and in the emergence of frequency windows where
resonant absorption and emission are strongly inhibited because of interference effects.

Copyright @ EPLA, 2019

Introduction. — Coupled open quantum systems dis-
play dynamical features which cannot be inferred solely
by the unitary dynamics of the system nor by the dis-
sipative dynamics of its uncoupled units. Instead, even
in the presence of local dissipation, the interplay of co-
herent interactions and decays needs to be considered
as a whole to explain the dynamics of the system. Re-
cently, effective non-Hermitian models have been explored
in this context. Contrary to Hermitian (closed) systems,
non-Hermitian ones can show exceptional points [1-9].
An exceptional point (EP) is a point in parameter space
at which two or more eigenvalues and their respective
eigenvectors of the Hamiltonian coalesce [1,2]. Such de-
generacies are ubiquitous in open systems that exchange
energy with their surrounding environment [3] and are
at the heart of a wide variety of intriguing phenomena
observed in different physical settings, such as parity-
time symmetry breaking [4-8,10-13], extreme sensitivity
to perturbations [14,15], chiral dynamics for adiabatic EP
encircling [16-19], anomalous quantum decay [20,21], and
topological phenomena [22]. In particular, dissipation can
dramatically change the way a composed system oscil-
lates: while in closed systems any coherent coupling mod-
ifies the eigenfrequencies, dissipation can give rise to a

(2) Contribution to the Focus Issue The Physics of Quantum En-
gineering and Quantum Technologies edited by Roberta Gitro, J.
Gonzalo Muga and Bart A. van Tiggelen.

far richer variety of phenomena. For instance, a dissipa-
tive system can oscillate at the bare intrinsic frequency
of its units in spite of their mutual coupling. This effect
can be related to the normal mode splitting earlier pre-
dicted for atoms interacting with vacuum in cavity [23,24]
and observed in several platforms (see [25,26] and refer-
ences therein). Dissipation-induced frequency degeneracy
can influence also the response of the system as observed
in emission and absorption spectra. Indeed, excitations
with the same frequency can interfere destructively yield-
ing transparency windows, in which the system does not
react to resonant driving [27-31], as well as frequency win-
dows in which thermal emission is strongly inhibited [32].
The interplay between interactions and damping in com-
posite systems, besides modifying the decay of excitations
to the continuum introducing polynomial corrections to
the typical exponential decay [20,21], distributes the de-
cay rates of modes of the system leading to phenomena like
superradiance [33] and synchronization [34,35], as well as
the possibility of decoherence-free subspaces [36-38].

In this work, we study the interplay between coher-
ent dynamics and dissipation arising independently on
each unit of composite systems when we allow for dif-
ferent damping rates. We consider a 1D array of co-
herently coupled identical bosonic systems each of which
dissipates into its own independent environment with stag-
gered rates. This kind of model is of relevance in the
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context of quantum technologies, where systems made of
coupled resonators are ubiquitous, as, for instance, me-
chanical [32,39,40] and optomechanical [41,42] arrays, cou-
pled photonic modes [43], and arrays of superconducting
microwave resonators [44]. Interestingly, the 1D array
system with staggered dissipation shows a set of EPs
in both first and second moments dynamics which sep-
arate different dynamical regimes characterized by a rich
phenomenology, such as qualitative distinct temporal be-
haviors towards the stationary state and the emergence
of interference effects in the transmission and fluctuation
spectra. Quite remarkably, the EP entails the possibility
of achieving a regime where all system components oscil-
late at the same (bare) frequency for any initial condition,
in spite of coherent couplings. Finally, we briefly estab-
lish connections with phenomena already familiar in the
literature and observed in different physical systems, such
as Fano interference and electromagnetic-induced trans-
parency (EIT) [45].

Model. — We consider a 1D tight-binding chain of
quantum harmonic oscillators with uniform frequencies wg
and tunneling rates A. The units are weakly coupled to
independent baths in a staggered way, such that the sys-
tem is composed by NN cells of two dissipative modes each.
The Hamiltonian and master equation in Born-Markov ap-
proximations describing the system in the rotating frame

with wp read (h = 1)
ff)\z (afb, +h.c.) )\Z(IL+1Bn+h-C-);
n=1

Cp = —ilH ) £3S (enp

n=1o0=a,b

N—-1

(1)

+7, Do), (2)

where D[6] = 26p6" — 676p — pot6. Notice that in prin-
ciple we consider general out-of-equilibrium environments
in which the rates v¢ b) and 72(1;) do not satisfy necessarily
detailed balance. Moreover, the local character of dissipa-
tion is well justified when the coupling between units is
small A < wy [46].

Dynamics of the first moments. — Let us start our
analysis considering the first moments, whose dynamics
can be understood as the superposition of N independent
pairs of interacting modes. Each of these pairs, from now
on referred as k-modes, displays two dynamical regimes
separated by an EP. These regimes are characterized by
the number of dynamical frequencies of the system and
the way it decays (fig. 1). The equations of motion of the
first moments read

o) = )~ A(boc)0— ) + B, 3)
S ba) = —lba) — N({n) + ()1~ 50, (@)
with n € [1,N], yau) 72(17) — '72(17)7 and Oy p

the Kronecker delta. Equations (3) and (4) can be
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Fig. 1: (a) Real and imaginary parts of th are shown as red
solid lines and blue dashed lines, respectively. (b) Real part of
(a1) as a function of time. In magenta \/wo = 0.025 in which
all k-modes are in the single-frequency regime except for k.
In green A/wo = 0.1 in which all modes are in the two-frequency
regime except for those of k3. In blue A/wp = 0.5 and all modes
are well into the two-frequency regime. The initial condition
corresponds to excitation of the first site solely. In both panels
N =3, va/wo = 0.1 and v, /wo = 0.01.

conveniently written in matrix notation as %u =
Mu + F, where w = ((a1), (b1), ..., (an), (bx))T and F =

(al(t)a 61(07 SERE) aN(t)a 6N(t))T

ditional driving term.

represents a possible ad-

Ezxceptional points.  Let us introduce the vector of mo-
ments via the orthogonal transformation u = PTu, where
u contains the k-modes ay,, by, defined by

N N
i = Y S\, ik S,y (5)
n=1 =1
(@ _ 2 1
S,kl = N+%sm{kl( —5)]
) _ 2
k= AN % sin(k;n),
with k = #l/(N+1/2), | = ., N and similarly
for b,,by,. This transformation preserves the commu-
tation relations because Z T(f,zle:]zll = J,y and
Zl 187(zx11187(f)kl = 0 (r = a,b), as one can readily
show. Then M = PTMP with M = @l 1 I\/Ikl and

N —Ya _i)\kl
My, = ( , >, 6
' _Z)\kz —7b ( )
with A\g, = 2Acos(k;/2). The eigenvalues of the whole
system are obtained by diagonalizing the 2 x 2 blocks and

read
+ ’Y
b =T+ - (7)

with ¥ = v4 + V. We denote the eigenvalues real and
imaginary parts as 71:5 and V];tl, respectively (fig. 1(a)).
We obtain that, as the coupling A is varied, below a cer-
tain threshold the eigenvalues are real, while above they
become complex. When the imaginary parts vanish (mov-
ing from the rotating frame to the lab one) all units oscil-
late at their bare frequencies, wp, in spite of their mutual

4)\2
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interactions. This is in stark contrast to what one observes
in the corresponding closed system where, for any coupling
strength, the eigenfrequencies differ from the intrinsic fre-
quency wp. At the symmetry breaking threshold point the
square root in eq. (7) vanishes and the two eigenvalues
with the corresponding eigenvectors coalesce [1,2]. This
point is thus an EP, at which |\~/Ikl (and thus M) becomes
non-diagonalizable. Therefore, our system displays N EPs
(fig. 1(a)), one for each k;. The EPs separate different
regimes in which the number of frequencies varies from 1
to 2N, a feature that cannot be observed for any closed or
homogeneously dissipating system. Indeed, in the case of
balanced loss rates v, = 7, the bath would only introduce
a uniform dissipation decay, while the frequencies would
depart from wp and be modified as in the absence of the
environment.

Decay dynamics.  To study the decay dynamics near
an EP, we proceed to solve directly the block-diagonal
system of equations using the Laplace transform method.
The equations for the k-modes are

) = i) — i (o) )
b = —wlbe) — i i) )

Solving their Laplace transformed version we obtain in the
s-domain:

(s + 70) (k. )0 — ik, (br,)o
(s+ ) (s + Q)

(s + 7a) (br,)o — i, (i, Do
(s—i—Q;)(s—i—Q;l) ’

<dkz (3)> -

; (10)

<(;kz (3)> -

(1)

and the initial condition given by (ég, (br,))o. The poles
Qfl correspond to the eigenvalues of M, which display
an EP in each k-block at |2A\;| = |va — 7»|- Here, as
well as in the scattering matrix, an EP appear as a dou-
ble pole, which makes clear the emergence of polynomial
deviations from the typical exponential-decay behavior.
From egs. (7), (10) and (11) we identify two dynamical
regimes for each k-mode, separated by an EP. i) Single-
frequency regime |y, — Y| > |2Ak,|: we have two differ-
ent real poles and no oscillations (in the rotating frame).
ii) Exceptional point |ve — | = |2Ag,|: we have a real
second-order pole, yielding polynomial corrections to the
exponential decay without oscillations. iil) Two-frequency
regime |Yo — Y| < |2Ag,|: we have two different complex
poles, yielding oscillations with equal damping. In the time
domain the dynamics in each regime read as follows.

i) Single-frequency regime:

X (- ’y,:j)e_”’jlt — (9 — Y )e Tt
<akz> = <akz>0 = F
Vi, = Vi
TR it
—iAg, <bkl>0_—+}9(t)v (12)
Vi, = Vi

where 0(t) is the Heaviside step function. Notice that in
all cases the solution for (by,) is obtained from the one
of (ar,) by exchanging the labels a <> b and the initial
conditions. In this regime the poles are real and read as
29E = 7% /(v — ) — 49X,

ii) Exceptional point:

() = e { o |1 25204 = it ),
(13)
iii) Two-frequency regime:

(ar,) = elt{<akl>0 Pb — % in(up t) + Cos(l/klt)]

2”]@[

fz‘ﬁ@mo sin(uklt)}G(t), (14)

Vkl

Here the poles are complex, and the imaginary part is
e —r

The solution in the site basis is obtained reversing the
orthogonal transformation, i.e., u = Pu (eq. (5)). Hence,
in the site basis, the local dynamics is a combination of the
different k-modes ones. As anticipated, the number of fre-
quencies at which the modes can oscillate change depend-
ing on the regime. Below the first EP, the modes oscillate
mono-chromatically, despite the finite coherent coupling.
This region of monochromatic evolution of all units oc-
curs in a parameter window that depends on the size of
the system: in the limit of large N the decay contrast
[Ya — 5| > 4\ is required to overcome coupling, while for
just a pair of oscillators one would get a smaller contrast
[Va — M| > 2.

When the previous condition is not fulfilled, for instance
increasing the coupling A between elements, more k-modes
enter in the two-frequency regime and, in the site basis,
up to 2N frequencies are observed (fig. 1). At the EP,
the first moments present an exponential-power-law de-
cay [21]. The exponent of the polynomial corrections can
be at most h — 1, where h is the number of eigenvalues
that coalesce, i.e., the order of the EP. For higher-order
EPs, more frequencies merge at the EP, and the variabil-
ity in the number of frequencies displayed by the system
is magnified. This could occur in our system when peri-
odically modulating losses over larger cells. Finally notice
that, despite the peculiar behavior at the EP and its singu-
lar spectral character, the solutions are continuous in the
transition from one regime to the other, as also observed
in other physical contexts (see below).

Driven system and transmission spectrum.  Let us now
move to the case of a system with driving, i.e., non-zero F'.
The details on the general solutions are provided in the
supplementary material Supplementarymaterial.pdf
(SM). Here we focus on the particular case in which
we only drive one mode with an oscillatory input
of frequency w,, e, an,(t) = n.ae®t(t) with
A, = wg—wy. Then in the k-basis the driving terms read

20001-p3
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as ay, (t) = nea T(:,llem"tﬁ(t) and S, (t) = 0 VI, where
« is the driving strength and 7. characterizes the input
channel. Assuming vanishing initial conditions (SM), the
solution in the s-domain is given by

N (s + ’Vb)ncas(a)

(ar, (s)) = : R (15)
(s —iAn)(s + Q) (s + Q)

; (a)

R —1iA NS,
b (s)) = ALY ) 16
(b () (s —iAn) (s + Q) (s + Q) (16)
Notice that the only pure imaginary pole is s = iA,,.

Hence, in the transient dynamics towards the steady
state, the different dynamical regimes are manifested in
the dynamical response of the system to the oscillatory
drive through Qi In fact, in the steady state, the
intrinsic dynamics of the system appears through the
residue of s = iA,,, which leads to the following stationary
amplitudes for the k-modes:

(iA, + ’yb)ncaST(:,ll eiAnt
(iA, + Q) (A + Q)

<&kz>ss = (17)

—i\, ncaST(f,)ﬂeiA”t
(iAn + L) (A + Q)

<l;kz>ss = (18)
It is useful for the discussion that follows to particularize
the expression for (ay,)ss in the two dynamical regimes,
making use of the explicit expression of Qi In the
single-frequency regime we have

Y=
i, + ;"
n T Vg,

B %ﬂ—%] (19)
z‘AnJrfy,; ’

n,ky

+ —
Vi, = Ty

R ncas(a) eiAnt
<ak1>ss =

while in the two-frequency regime we have

(@) iA,t Ya—" .
_ Me0Sn g O e 4 vy
i

& 88 — .
{ar,) 2ivy, Ap+ug)+

[N]S]

(20)

We can find signatures of these dynamical regimes in
the transmission spectrum of the driven mode. Within
the assumption that the system is driven through the
environment described in eq. (2), the input-output rela-
tion for the driven mode is just aS"* = ai* — n.a,,, where
(al"y = ae'®n'0(t) and 1. = /7, [47]. The transmission
coefficient is defined as T = (a2'%)/(a!®), which in the
steady state reads

(a) 4~
'Sn k; <ak1 >SS
—_—. 21
< (21)

N

Tos =1~ \/%Z ain)
=1 n

It is clear that the different regimes described explicitly
by egs. (19) and (20) translate into different behaviors
of the transmission spectrum. This can be observed in
fig. 2, in which we plot eq. (21) (red solid lines) for three
different cases: in (a) and (b) A/wg = 0.02 all k-modes

1 0.5

08 0.4 (b)
o 0.6 0.3
& 04 0.2

. 0l [ N7/ 9%
-0.3-0.2-0.1 0 0.1 0.2 0.3 -0.04 -0.02 0 0.02 0.04
Ay /wy Ay /wy
1 1
0.8 0.8
506 0.6
& 04 04

0.2 (c) 0.2 (d)

-%.5 -0.3 -0.1 0.1 03 05 0—1 -0.6 -0.2 0.2 06 1
Ay fwy Ar/wy

Fig. 2: Spectral transmission |TSS|2 for mode a; driven at
frequency wi/wo with A1 = wo — wi1. (a) Awo = 0.02.
(b) Zoom-in of the interference window. (¢) A/wo = 0.1 and
(d) M/wo = 0.35. In all cases N = 3, vq/wg = 0.1, and
~Yp/wo = 0.001. Red solid lines: exact expression. Blue dashed
lines: approximate expression.

are in the single-frequency regime, in (¢) A/wy = 0.1
(only the modes of k3 are in the single-frequency regime),
while in (d) AM/wy = 0.35 (all k-modes are well into the
two-frequency regime).

A surprising feature of this spectrum is that, in
cases (a), (b), (c), the system displays a transparency win-
dow centered at wq, despite the presence of k-modes of this
frequency that naively should resonate perfectly with the
driving. This can be understood by analyzing the sta-
tionary amplitude of the k-modes in the single-frequency
regime. Indeed, from eq. (19) we see that these ampli-
tudes have two contributions that interfere destructively,
both centered at the same frequency but with different
decay rate. In fact, for weak coupling v, > A,, large dis-
parity v, > v, and near the resonant driving v, > |A,|,
we can approximate the transmission spectrum as

1= 3" M)
o =1 ZAn +’7b "')‘il/’ya7

(22)

where we have made the replacements fy;: R Yay Yy, N
Yo + )\il/’ya and v, + 1A, & 7,4, accordingly to the above
approximations. In fig. 2(a) and (b) we compare this ap-
proximate expression (blue dashed lines) with the exact
one, finding good agreement in the expected region. Thus,
eq. (22) enables us to clearly visualize the Lorentzian
transparency window that emerges in the single-frequency
regime. Notice that the height and width of this window
increase with the coupling strength, as is clear from this
expression and panels (a) and (¢). The interaction-induced
transparency windows have been already observed in dif-
ferent systems and configurations, as, for instance, in op-
tical resonators [27,28] or optomechanical systems [29-31],
and can be ultimately traced back to the rather general
phenomena of Fano interference and EIT [45,48].

20001-p4
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In the two-frequency regime we find the more intuitive
result that each k-mode contributes to the transmission
spectrum with a Lorentzian absorption line centered at
its frequency (see eq. (20) and fig. 2(d)). In this case it is
no surprise that the system is fully transparent at A; =0
as there are no k-modes resonant to this frequency. Fur-
thermore, a distinctive feature of our system is that it can
work in both regimes simultaneously, as in case of fig. 2(c),
in which there is the transparency window due to the
ks-modes, but there are also two double-peak Lorentzian
absorption lines due to the other k-modes. Finally we ob-
serve that the transmission coefficient is continuous along
the different dynamical regimes, as follows from eqs. (17)
and (21) and the fact that Qkil are continuous. This is in
spite of the singular character of the EPs and in accor-
dance with what we have commented previously.

Dynamics of the second moments. — Let us now
consider the dynamics of the second moments. We will
first discuss the general method to solve the set of coupled
equations of motion, showing that in general the dynam-
ical scenario becomes more complex. Nevertheless, the
same dynamical regimes will be shown to emerge in some
special instances. Then we will compute the stationary
state, which will be used to analyze signatures of the EPs
in the fluctuation spectrum of the system.

FEquations for the second moments.  The system of dif-
ferential equations describing the dynamics of the second
moments is divided into two uncoupled blocks: a homo-
geneous set of equations for the dynamics of all possible
moments of the kind (dild;,% (lA)LIA)ZL,), (dLIA)L,) and their
Hermitian conjugates, and an inhomogeneous system of
equations set for the dynamics of all terms of type <&Ldn/>,
(bl bpr), (@l b,) together with their conjugates. The inho-
mogeneous block of equations (the only relevant part in
our analysis) can be readily written from egs. (1) and (2)
(as done in the SM) and its structure is that of a square
lattice with four different sites per unit cell, fig. 3(a). This
suggests that the system of equations can be brought to
a block diagonal form by means of the orthogonal trans-
formation P generalized to a 2D lattice. Thus, two wave
vectors are needed, k, and k,, and each block reads

Ay, ky = 1(Aky Dy by — My Chiy iy )

— 294 Ak, by + 2V 0k ke (23)
Biy by, = 1Mo, Choy oy — Moy Diea ey

— 2% Br, ko, + 2V 0k ke, » (24)
Chy by = 1 (M, Bry by — Moy Ak y) — FCho ey s (25)
Dkw,ky = i(Ak, Aky ky — Moy Bro k) — YDk, (26)

where we have defined Ay, r, <d;2w&ky>’ By, k,

(bF br,), ek, = (@) br,), and Dy, s, = (b} ax,) and
we have used the dot in place of the time derivative.
Hence, we have transformed a general set of 4N coupled
differential equations into a reduced one of only 4 coupled

10

0 20 40 60 80
wgt

100

Fig. 3: (a) Lattice model for N = 3, red dots (1) (a},am), green
dots (4) (bl,b,), blue dots (2) (al,bym), orange dots (3) (b, am).
(b) Population of the first site for A/wg = 0.01 (magenta),
A wo = 0.025 (green), and A\/wo = 0.2 (blue), with N = 3,
YaJwo = 0.01, yp/wo = 0.1, Y2 /va = 4/ = 0, ne = 10,
ny = 1.

equations, which can readily be solved. In the following we
calculate explicitly the general solution of egs. (23)—(26)
in the cases in which EPs are observed and the stationary
state of the system.

EPs in the second moments.  Let us take an initial
condition that is uniform along each sublattice, (a,dn,)o =
Nabnms (Bhbmdo = npbpm and (bl am)o = (albm)o = 0
V' n,m, and analyze the evolution of the population of each
mode. Using the orthogonality properties of the canonical
transformation defined in eq. (5), we can show that in the
k-basis the initial condition reads as (d;w g, )0 = Nadk, k,
(lA);iT l;ky>0 = N0k, k, and the rest of the second moments
zero. Then all sectors of egs. (23)—(26) with k, # k, vanish
identically at all times. The solutions in the k-basis and
in s-domain are

22, A (s427) (s+7)]A(5) +2)F, B(s)
A (8) = (5+7) (s +29 ) (s +29; ) - (27)
_[22% + (54 270) (s )] B(s) + 28 A(s)
Bru(s) = (5+7)(s+29 ) (s+29 )  (28)
_ Ak [(5+274) B(s) — (s + 2) A(s)]
Crvda(8) = (s +7)(s +200 )(s +20;) (29)
with Dy, 1, (s) ok (8) A(s) = ng + 27" /s and
B(s) = np + 29{!/s. As before, the dynamics of the

second moments in the site basis can be obtained trans-
forming back to time domain and writing (afd,,) =

h N b) (b
Zl 1 Aklvkl T()’LLl)kl S'I(‘L‘,l/)fﬂ <b1— b > Zl:l Bklikl S’r(‘L,;ﬂ S’r(n,)kl
and (aflbm) = lel Chy ki, Sr(la,)ﬂS . From eqs. (27)—(29)

it is clear that Ay, ,, Bk, and Ckl,k“ display the same
dynamical regimes as the first moments, and, thus, the
time evolution of the second moments presents also the
characteristic features of each regime: only one frequency
(wp) and multiple decay rates in the single-frequency
regime, polynomial corrections in the decay just at the
EP, and multiple frequencies with the same decay rate in
the two-frequency regime. Indeed, here at the EP three
poles coalesce, which makes the polynomial corrections to
be quadratic in time. Examples of the emergent dynamics
in the site basis are plotted in fig. 3(b).
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Stationary state.  Two key observations are needed
to find the stationary state: only the equations for the
blocks with k, = k, have sources, and all blocks described
by a homogeneous system of equations go to zero in the
stationary state. Then, setting the time derivatives of
egs. (23)—(26) to zero and solving the algebraic equations,
we can obtain the non-zero moments in the stationary
state. In this way the obtained stationary second moments
recombined in the site basis read as

N r = 2 h 2 . h
(WYX )V A ] a(a) ola)
QY Qm)ss = — — S S s 30
(Ot ; e (e} niaSmar (30)
N ¢ = 2 \AF 2 h
(51 ) :Z (Ya ¥+ A5 + A%, Yo s g® (31)
B R b
N -
i iMe, (Ya W = W) ] ala) (b
@b =3 [ S (2
L

and (b]a,,)ss follows from eq. (32) exchanging the labels
a <> b. In case that sublattice effective temperatures are
the same, ng = ¥"/v. = '/, we recover the famil-
iar scenario, induced by the presence of local losses in the
Lindblad equation (2) in which the only non-zero moments
are (a] Gn)ss = (lA)L(A)n%S = ng Vn. However, in the general
case off-diagonal terms are also present, which can lead
to the presence of correlations in the stationary state of
the system. Indeed, as the master equation (2) is bilinear
in the mode operators, if the initial state is Gaussian the
stationary state is Gaussian too, and we can fully describe
it constructing the covariance matrix, o, from the above
solutions [49], which displays the characteristic block diag-
onal structure of our system: o = @fil ok,. Notice that
even though the difference in sublattice effective temper-
ature can induce non-local correlations in the stationary
state, such correlations are not related to the transient dy-
namics and to the presence of EPs and will not be reported
here.

Emission spectrum. — As described by eq. (2), our
open quantum system is subjected to the influence of the
environments, which cause fluctuations and fluxes of en-
ergy. These effects can be characterized by means of the
emission and absorption fluctuation spectrum which can
be computed from two-time correlation functions in the
stationary state [47,50,51]. In this section we show that
in these quantities, we also find signatures of the different
dynamical regimes, and thus of the presence of EPs.

In fig. 4 we plot the emission spectrum S(A) =
Re[(ala;(A))] vs. the coupling strength for a chain of
six elements (N = 3) and with ng = v2/va = 7/ %.
This quantity is defined from (ala; (A)) = limy_ 0 JoSdr-
(@l (t)ay (t + 7))e™T with A = w — wp, which can be com-
puted from the previous results following the quantum
regression theorem [50] (see SM). In panels (b) and (d)
we show two limiting cases in which, for A\/wy = 0.02,
the system response is characterized by one frequency

005 0.1 015 02 025 -08 -04 00 04 08
)\/WU A/wo

Fig. 4: (a) In color the emission spectrum, S(A/wo)/no, of
the first site. Dashed white lines correspond to the eigen-
frequencies of the system given by the imaginary part of
eq. (7). (b)—(d) S(A/wo)/no of the first site for different
coupling strengths: (b) A/wo = 0.02, (c) AM/wo = 0.1, (d)
A wo = 0.35. In all figures N = 3, v, /wo = 0.1, v»/wo = 0.01
and 0 = 7 /va = Vb /-

(all k-modes are in the single-frequency regime) and for
A/wo = 0.35 the system response is characterized by six
frequencies (all k-modes are in the two-frequency regime).
In panel (a) one can observe the progressive emergence
of EPs with the coupling, i.e., a continuous splitting of
peaks as the coupling A increases. This is in agreement
with what we found above: despite the singular character
of EP, the dynamical behavior is continuous in the transi-
tion from one regime to the other.

In order to better understand these results we look at
the spectrum S(A) = Zfil ka)lReK&]{dkl (A))] consider-
ing its components in the k-basis and for the different
regimes. In the single-frequency regime we find

(@l (A)) = noSti, [(%fl — ) (v, +i4)
1%k -

(Vi =) A2 4 ;2
- ~ A
e %)(%22 )} (33)
A2 + Vi

while in the two-frequency regime we find

<&T&k (A)> _ ’IloSSlk)l |:(’ng’ya +in1)(% +i(A+Vkl))
19k, 21y, ;f_,_(A_i_Vkl)Q
(2522 — ) (2 + (A — )

} . (34)

Z (A

The similitude between the expressions given in egs. (19)
and (20) and the ones obtained here, for the same regimes,
is remarkable. In fact, in panels (b) to (d) of fig. 4
one can observe the same characteristic features of each re-
gime: the interference windows in the single-frequency
regime, and the expected Lorentzians in the two-frequency
regime. These phenomena can be clearly identified in
egs. (33) and (34). In the single-frequency regime we al-
ways have 7,:; > Vi, = - Hence, from eq. (33), we clearly
see that the spectrum is made of a Lorentzian dip with the
smaller decay rate on top of a Lorentzian with the larger
one. In fig. 4(b) all k-modes are in this regime, which
explains the observed shape. This dip is also observed
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in panel (c) as Ak, is still below the critical value (EP).
Thus, in eq. (33) we recognize a clear manifestation of the
interference effect also found in the transmission spectrum:
in the single-frequency regime two modes with the same
frequency but different damping rate fyffl interfere destruc-
tively and inhibit (in the present case) thermal emission
at a frequency in which the system is actually resonant.
In contrast, this interference effect is not present in the
two-frequency regime. From eq. (34) we see that the spec-
trum is composed of different frequencies which, for large
enough coupling strength, can be observed as well-defined
resonance peaks in the spectrum (fig. 4(d)). These two
different regimes have been observed in different physical
systems, as, for instance, inhibited emission in a system
of two coupled mechanical modes [32] (single-frequency
regime) or the so-called parametric normal mode splitting
in optomechanical systems [25,26] (two-frequency regime).

Concluding remarks. — 1D coupled open quantum
systems with staggered losses display a rich dynamical
scenario that emerges from the interplay between coher-
ent and incoherent effects. By a detailed analysis of the
dynamics for first and second moments, we disclosed qual-
itative different behavior as compared to what one would
naively expect from the closed system, or from the un-
coupled dissipative units. A major result of our analysis
is the appearance of different regimes due to the progres-
sive emergence of EPs, both in first and second moments
dynamical equations, for increasing interaction strength.
Remarkably, we have shown that the existence of EPs
can even cause the whole open system to oscillate at a
single frequency, despite the presence of a finite coupling
strength between the many units. This single frequency
emission can be achieved also in the limit of long chains, as
the contrast is bounded by the bare coupling strength. In
the presence of an external driving force, our open system
presents peculiar properties in its transmission spectrum,
such as transmission windows arising from destructive in-
terference effects. The present results could be generalized
to include additional effects, for example in the presence of
frequency mismatch between units [52] and/or non-local
dissipation effects [46,53].
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