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We investigate periodic optomechanical arrays as reconfigurable platforms for engineering the coupling
between multiple mechanical and electromagnetic modes and for exploring many-body phonon dynamics.
Exploiting structural resonances in the coupling between light fields and collective motional modes of the array,
we show that tunable effective long-range interactions between mechanical modes can be achieved. This paves
the way towards the implementation of controlled phononic walks and heat transfer on densely connected
graphs as well as the coherent transfer of excitations between distant elements of optomechanical arrays.
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Introduction.—Optomechanical systems (OMS), naturally
lying in the intersection between optical technologies
and electronics, play a major role in communication and
information-processing sciences [1]. Recent advances in
the fabrication of high-quality mechanical resonators and
their integration with electromagnetic fields have allowed
us to bring the control of mechanical motion to, or close to,
the quantum regime, with potential applications in areas as
different as metrology and sensing, quantum information
processing, and tests of the fundamental laws of physics
[2—4]. While these investigations have principally focused on
the interplay between electromagnetic radiation and single
mechanical resonators, multielement OMS are beginning
to be actively studied theoretically [5-18], as well as
experimentally [19-24]. The motivations for exploring their
potential are manifold. First, their multimode nature makes
them well suited for applications in communication technol-
ogy [1,10]. In addition, they hold the promise for enhanced
performance in quantum optomechanics and metrology
[14,15]. Finally, the common interaction of several mechani-
cal elements with one or more electromagnetic fields allows,
in principle, for the engineering of complex long-range
interactions among the mechanical components, paving the
way to the investigation of quantum many-body phenomena
with macroscopic elements [8,14,16,17,25]. A key challenge
in OMS is to engineer reconfigurable systems, in which the
interactions are not predetermined by the bulk properties
of the system but can be tailored and switched on or off.
This would open the way towards, e.g., efficient and con-
trolled manipulation of heat transfer and single excitations
in optomechanical arrays.

In this Letter we propose to use periodic optomechanical
arrays as reconfigurable platforms for engineering the
coupling between multiple mechanical and electromagnetic
modes. Such a device operates in a regime where the array
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is transmissive and light permeates through the structure.
This allows for both the enhancement of the optomechan-
ical response [14] and the coupling to specific collective
motional modes of the array [17]. We show that effective
long-range phonon-phonon interactions can be achieved
by addressing these transmissive modes. Arising from
structural resonances defined by the light fields, these
interactions are naturally tunable and reconfigurable. We
provide two illustrations of controlled many-body dynam-
ics made possible in this setting. (i) In the bad-cavity
regime of optomechanics, the structure acts as a beam
splitter array for phonons with effective long-range mode
coupling, enabling the investigation of phononic random
walks on highly connected graphs and controlled transfer
of heat between distant elements in the array; (ii) in the
good-cavity regime, coherent and reconfigurable transfer of
single excitations is shown to be possible between distant
array elements.

These results should enable the investigation of, e.g.,
nonstandard heat transport and thermodynamics as well
as excitation and information transfer in a wide range
of periodically ordered OMS, e.g., nanoelectromechanical
resonators [26,27], microtoroids [28,29], dielectric mem-
branes [30] or particles [31], optomechanical crystals [32],
or cold atoms [24]. The engineering of genuine quantum
many-body effects in such an array of mesoscopic systems
will provide an additional element into the mechanical
quantum simulator that we propose here. This will allow for
addressing, e.g., fundamental issues related to the persist-
ence of quantum features in multielement systems with
comparatively large masses, dimensions, and at finite
temperature. While these conditions would normally imply
Newtonian mechanics, the results presented here suggest
that clear signatures of nonclassical behavior can persist
even in such a mesoscopic simulator.
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FIG. 1 (color online). Top: Notation used for referring to the
mirrors (index j) and light fields (/). Bottom: Optomechanical
coupling for the transmissive modes [ =1 (squares), [ =2
(circles), and [ = 3 (triangles) in a six-element array.

Generic model.—We consider the dynamics of an exter-
nally driven optomechanical system composed of N iden-
tical mechanical elements, here dubbed mirrors, and N — 1
optical cavity modes. The mirrors are modeled as harmonic
oscillators with annihilation operators b ;» vibrational fre-
quency w, and decay rate y. The /th optical mode is detuned
by A; with respect to its driving field, has a decay rate ,
and is described by the annihilation operator a; Here,
j=1,....,Nandl=1,...,N — 1. We treat the mechanical
oscillators as a periodic array of lossless 1D scatterers
operating in the Lamb-Dicke regime. Such an array displays
N — 1 optical resonances for which the effective reflectivity
vanishes [14,33] and for which the transmissive light modes
strongly couple to collective motional modes of the array
[14,17]. The Hamiltonian of the system reads [34] (A = 1)

=" "[wblb;+&a]a,+e,;(gia] +g;a;) (b} +b))]. (1)
jil

where the coupling vectors €, = (¢, ;); are dimensionless,
have unit norm, and are determined mainly by the optical
properties of the system. In the case of a periodic array of
identical scatterers, at the frequencies where the array is
transparent these vectors take the sinusoidal form ¢;; o
sin[2zl(j — 1/2)/N] [17]. The optomechanical couplings
of the elements thus have a long-ranged sinusoidal profile
spanning the whole array (Fig. 1). Each complex frequency
g < a; is determined by the mean-field amplitude of
the respective mode (@;) and the overall optomechanical
coupling strength multiplying €;.

Hamiltonian (1) allows for the engineering of a flexible
toolbox for the manipulation of phonon dynamics in an
optomechanical array. In the following we shall investigate
two regimes. (i) In the bad-cavity regime (x > w), we
derive an effective Hamiltonian for the mechanics and
investigate phonon diffusion and heat transfer through the
array; (ii) in the good-cavity regime (k < w), we derive an
analytical expression for the matrix describing the unitary
evolution, which allows for the engineering of controlled
coherent phonon dynamics.

Bad-cavity limit.—By generalizing the standard procedure
[35], the optical fields can be eliminated from the dynamics

- > e
- B B ‘:“‘
¥ - - *re, Pabglh s
- e - - e o B
e - -
- e o ~ - -
- g S2
-l = -
<</ See < ® <! eyt e
J - J - J -
- -

FIG. 2 (color online). Coupling matrices, E; = [e; ;e ;]; s
which determine how excitations flow throughout the array,
for N = 6. Lefttoright: ] = 1,2,3; ] =4 (5) is identical to [ = 2
(1). Positive values in magenta, negative in blue.

of the optomechanical system provided that |¢,| < @ < «.
This yields the effective linear-coupling Hamiltonian Az =
Zl.j.j’ﬁlel,jel,j’bj'bj’ [34], with 8, =2|g,|* A/ (A} —* +x7)/
(A7 —@* —k?)* +(24k)?]. The matrices E; = [e; je; 7] 1»
illustrated in Fig. 2 for N = 6, and the tuning of 3;, performed
by adjusting g; and A;, determine how excitations spread
through the array. The resulting system is the phononic analog
of the random walks explored in Refs. [36-43]. Using the
vectors €; to build an orthonormal similarity matrix P, we
can cast the evolution of the operators describing the mecha-
nical modes as (b(r)) = (PTe~"#'P)(h(0)) [34], where § =
(8191j), j- In a similar fashion to Ref. [44], the matrix P can
be decomposed into linear optics components (cf. Fig. 3),
allowing a general and physically transparent description
of the dynamics, and illustrating the way phonons flow
through the array.

Figure 4 illustrates a situation where phonons are initially
prepared in a coherent state localized at one element of the
optomechanical array [Fig. 4(a)]. As expected, Fig. 4(b)
shows that H g imposes a final population distribution with
a sinusoidal shape mimicking that of (|e,;|*);. [It can be
demonstrated numerically that if the coherences between
the different modes are set to zero after each step in the
interferometer, the resulting classical distribution does not
bear any resemblance to (|e; ;|*) ;.] Furthermore, we find that
the population distribution can be modified by a proper design
of the effective beam splitters and phase shifters described
above [45]. As examples of this flexibility in the manipulation
of phonon dynamics, we impose two kinds of randomness
on the system: (i) a random phase offset to the phase shifters
making up B, which can be generated by adding noise to the
optical parameters, and (ii) a randomization of the
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FIG. 3 (color online). Decomposition of the Heisenberg-picture
propagator for the vector b [44]. P is decomposed into beam
splitters (gray, at 45°) and phase shifters (green, horizontal and
vertical); adding randomness influences the spread of phonons in
the array. We show N = 4.
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FIG. 4 (color online). A random walk for phonons. Starting
from (a) a coherent state launched from the sixth element in a
20-element array, the final populations (b) in the absence of
randomness mimic the vector €, (we use / = 1 here). (c) Ran-
domizing the phase shifts in the evolution yields a quasiflat
population distribution, whereas (d) randomizing the transmis-
sivity (parametrized as an angle [44]) yields a highly localized
distribution. The random angles were drawn from a distribution
with mean zero and standard deviation z; each plot represents
an average over 10000 realizations. (f;.; = 0, evolution time
t=rx/p; p < w is arbitrary.)

transmission of the beam splitters in the decomposition of P,
which corresponds to perturbing ¢, ;, i.e., changing the
properties of the mechanical elements [17]. In the former
case, Fig. 4(c) shows that averaging over many realizations of
random phase distributions yields almost uniform phonon
populations. In the latter case, Fig. 4(d) shows that disorder has
instead the opposite effect: the probability distribution col-
lapses into a highly localized one with significant population
only at the element where the excitation was injected.
Combinations of these possibilities can be realized, resulting
in a flexible control of the type of phonon walk to be
implemented.

Let us now explore the flow of heat throughout the array.
The Hamiltonian A described above is quadratic and
therefore preserves the Gaussian nature of any input state
of this kind. With this in mind, we constrain the present
analysis to the set of Gaussian states. Each of the mechani-
cal elements is coupled to a Markovian bath characterized
by a temperature giving rise to a mean number of

excitations 7; in element j. We choose n; = n + Ané; ;

for 1 <J < ]]\7 Therefore, each phonon bath has a mean
number of excitations 7 except for that of element J, which
has 7+ An. The heat dynamics in the array is then
analyzed by solving the differential equation governing
the evolution of the covariance matrix of the (2N — 1)-
partite system [46].

The adiabatic elimination discussed previously yields a
system of N harmonic oscillators coupled not only to the
aforementioned N thermal baths, but also to N — 1 shared
reservoirs. These reservoirs, which arise through the coupling
of each optical field to collective mechanical modes [17],
complicate the picture and prevent the standard identification

— 36
20.0

. a— o 16.3

14.0
12.5
11.6

11.0
10.6

Element number

0.4 0.6
Time (arb. units)

FIG. 5 (color online). Heat diffusion in optomechanical arrays.
Top: We evaluate the mean excitation number on each of 20
elements as a function of time; initially each element is in thermal
equilibrium with the bath that it is in contact with in the absence
of light. The optical field causes excitations to flow from the
hotter element to the rest of the array. In marked contrast with a
nearest-neighbor coupling (bottom), the flow does not take
place via conduction through adjacent elements, but is mediated
by the optical field and occurs to the entire array simultaneously.
(/o =5x107,k/w =64,A;/0 =—1,g,/w =03, 9., =0,
7 =10, An = 20. The nearest-neighbor coupling strength was
chosen to be 0.3w.)

of “heat flowing through an element,” in the spirit of Ref. [47].
The alternative we explore in this section is to calculate the
occupation number of the N mechanical elements and infer
from this the effective heat flow through the array.

The results, illustrated in Fig. 5, exhibit two nonstandard
behaviors that are intimately tied with the properties of the
optomechanical system under consideration. First, this
system exhibits static reconfigurability; i.e., the form of
the steady-state phonon population distribution can be
chosen by changing which of the optical fields is used
to induce the indirect couplings between them. While it is
not possible to choose an arbitrary distribution, owing to
the symmetry of the effective Hamiltonian, this choice
still admits considerable flexibility. Second, the flow of
energy from one mechanical element to another takes place
indirectly, through the cavity field. It therefore proceeds
at a similar rate throughout the entire array, governed not by
the distance between the source element J and the element
in question but by the coupling constant of the latter to the
optical field. A corollary of this is, if €, ; = 0 for some J,
one can speak of heat flow from the element J < j' to
another element j > j’ without necessitating any form of
heat conduction through element ;' itself. This situation
occurs, e.g., for I =1 and j/ = (N + 1)/2 whenever N is
odd [17]. For even N, the elements closest to the center of
the array are the least affected. What distinguishes optically
mediated from direct coupling is thus (i) reconfigurability
and (ii) time scales, as excitations flow to every element
simultaneously in the optical case, rather than sequentially.
These studied interactions enable the study of heat transfer
and thermodynamics in nonstandard settings [48,49]. The
parameters selected for plotting Fig. 5 were such that for
An = 0 the steady-state occupation numbers were, to a
good approximation, all equal to 7, regardless of the
cooling effects of the optomechanical coupling.

Good-cavity limit.—We now turn to the good-cavity
regime, for which k¥ < |g;| < . This allows us to neglect
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FIG. 6 (color online). Phonon shuttling in an optomechanical
array. Shown are (top to bottom) the populations in two optical
fields and four mechanical elements, offset for clarity. Shaded
regions denote when the mean component of the optical field is
nonzero. (a) “Hold-and-switch” protocol: A phonon on element 1
is transferred to a superposition and then to element 4. (b) A
phonon initially in a superposition state between elements 1 and 4
is transferred into an excitation shared between the mechanical 2
and 3 and the light fields. For @ > «, the short-time dynamics is
not affected appreciably upon inclusion of dissipation [34]. (“Off”
amplitudes g; = 0, “on” amplitudes g; = Q; Q < w is arbitrary.)

the nonunitary dynamics in an approximate picture if we
confine ourselves to times < 1/k. Upon setting A; = —w,
moving into a rotating frame with respect to the free
Hamiltonian (i.e., A with g, =0V ), and neglecting
rapidly oscillating terms in the Hamiltonian, we obtain
the evolution operator

U(t) = exp [—itZel‘j(g,&;bj + g}*&,b;) . 2)

jil
Our interest lies in the coherent shuttling of single
excitations around the system. We therefore constrain
ourselves to the single-excitation subspace and express
the state vector as a (2N — 1)-dimensional vector with the
first N —1 (last N) entries representing the probability
amplitude of the excitation to be found in the respective
optical (mechanical) mode. To simplify the notation, let us
define the matrix A = [igje; ], ; (N columns, N — 1 rows).
It can then be shown that the unitary evolution matrix can
be written in the block-matrix form [34]

U(r) - [ ty "12}, 3)

—Up Uy

where u,; = cos(tVAA"), uy, = cos(tVATA), and u, =
—Asin(tVATA)(VATA)™ [50].

In principle, this evolution can even be dynamically
reconfigurable if we allow for the possibility that the ampli-
tudes ¢g; of the optical modes can be changed on a time
scale < 1/w, and therefore significantly shorter than any
other time scale of the problem. The implementation of this is
discussed in detail in Ref. [34]; we note that it is crucial that
this switching occurs when the mechanical and optical subs-
ystems are uncorrelated and no excitations reside in the optical
subsystem. With this in mind, we can therefore string together
sequences of U(¢), between which the amplitudes g; are

changed instantaneously. The result of this procedure is a set
of linear equations that allow us to engineer the route of an
excitation through the array. As an example, we illustrate the
casefor N = 4, where the fact that |e; ;| = 1 independently of /
and j allows for particularly simple protocols to be devised.
We demonstrate our ideas by means of the two different
examples shown in Fig. 6: (a) by switching the amplitudes of
two fields, we transport a phonon from mirror 1 to mirror 4,
and (b) starting from an initial superposition of the phonon
on mirrors 1 and 4, we end up with a polariton oscillating
between mirrors 2 and 3 and the light fields.

Discussion and outlook.—We have investigated collec-
tive dynamics in multimode OMS with the goal of simulat-
ing many-body effects. The dynamical regimes considered in
our analysis showcase distinctive possibilities, ranging from
diffusionlike propagation of phononic excitations across the
array to the controlled transfer of phonons between targeted
elements of the mechanical system. Other regimes of interest
could be similarly explored. For instance, operating with
blue-detuned cavity fields would allow for investigating
collective self-oscillations and synchronization [16] in such
systems; exploiting the intrinsic nonlinearity of the opto-
mechanical coupling could enable simulation of many-body
models (e.g., the Bose-Hubbard Hamiltonian) [51] or
quantum information processing [52] with mechanical
systems; and using ring cavities would allow exploring
geometric phases [18]. Such studies are promising for
engineering nontrivial many-body dynamics, a possibility
we plan to pursue in future works addressing dissipative
quantum state engineering, dynamical phase transitions, and
fluctuation theorems of thermodynamics origin [53-55].
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