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Preparing macroscopic mechanical resonators close to their motional quantum ground-
state and generating entanglement with light offers great opportunities in studying fun-
damental physics and in developing a new generation of quantum applications. Here we
propose an experimentally interesting scheme, which is particularly well suited for sys-
tems in the sideband-unresolved regime, based on coherent feedback with linear, passive
optical components to achieve groundstate cooling and photon-phonon entanglement
generation with optomechanical devices. We find that, by introducing an additional
passive element — either a narrow linewidth cavity or a mirror with a delay line — an
optomechanical system in the deeply sideband-unresolved regime will exhibit dynamics
similar to one that is sideband-resolved. With this new approach, the experimental re-
alization of groundstate cooling and optomechanical entanglement is well within reach
of current integrated state-of-the-art high-Q mechanical resonators.

1 Introduction

Over the past decade, optomechanical systems have seen great progress towards studying funda-
mental physics and in realizing new applications [1-8]. In particular, microfabricated optome-
chanical systems with large mechanical resonators and an integrated optical cavity have attracted
significant interest, as they provide a versatile and easy-to-use platform in many areas including
sensing [2, 9], quantum networks [10-12], and for studying quantum effects in massive, macro-
scopic systems [13]. Demonstrating quantum effects in optomechanics has almost exclusively been
the realm of systems in the sideband-resolved regime [3, 6, 7, 14-18], with several notable excep-
tions [19-21]. This is in great part due to the strong suppression of either the phonon creation
or the annihilation process through the optical cavity [14, 17] when the cavity linewidth is small
compared to the mechanical frequency.

For fundamental tests using optomechanics, large and massive mechanical resonators are re-
quired however, which typically puts these systems far into the sideband-unresolved regime, where
the mechanical resonance frequency is smaller than the linewidth of the optical cavity. While sig-
nificant advancements have been made for device designs in the sideband-unresolved regime, both
in terms of the mechanical resonator [22-25] and the integration with optical cavities with large
optomechanical coupling strength [24, 26, 27|, the difference in suppression of the optomechani-
cal sidebands is insignificant due to the large optical linewidth. This makes them incompatible
with many of the standard approaches for quantum experiments used to date. At the same time,
the large bandwidth of the optical cavity allows obtaining the information of the mechanical res-
onator and interacting with it very efficiently and with little delay. This has lead to several ideas
specifically designed for this regime, including short-pulse [28-31] and measurement-based [32]
approaches for quantum state preparation. However, several challenges to experimentally imple-
ment these schemes exist, such as using an optical pulse with a duration much shorter than the
mechanical oscillation period typically being limited by noise introduced by unwanted mechanical
modes [33]. While measurement-based scheme are mostly focused on feedback cooling, creating
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photon-phonon entanglement through continuous measurement has also been proposed, with po-
tential squeezing of the Einstein-Podolski-Rosen (EPR) quadratures of up to 50% [34].

In this work, by further exploring the large bandwidth of the optical cavity, and by using either
a continuous laser or pulses that are much longer than the mechanical period, we propose schemes
based on coherent feedback by external linear, passive optical elements. Effectively, the extra
optical element creates an asymmetry in the suppression, similar to the sideband-resolved regime.
We show that using this new approach, groundstate cooling and quantum entanglement, with
squeezing of the EPR quadratures beyond 50%, is possible with realistic experimental requirements,
even with systems deep in the sideband-unresolved regime.

2 Model

2.1 Optomechanical system

We consider an optomechanical system consisting of a single mechanical mode and a single-mode
optical cavity. The mechanical mode has an angular resonance frequency €, and an energy
damping rate I'y,. Its field is bosonic, and the position and momentum quadratures are described
by two normahzed Hermitian operators X and Yy,. The optical field has a resonance frequency
of w. and an energy damping rate k., with the amplitude and phase quadratures X, and Y,.

Throughout this work, we combine the quadratures o = (X , Y) to simplify our expressions. The
quadratures satisfy the commutation relation [tq,;,Ug ;] = idagei;, Where «, 3 are for ¢ (cavity
field) or m (mechanical field), 4,5 € {1,2} for the X or ¥ quadrature. ¢;; =1 fori =1, j =2,
€5 = —1fori =2, j =1, and 0 otherwise. The annihilation operators of the two bosonic fields
are o, = (Xa +iY,)/v/2. We use the the frame rotating with the laser (drive) frequency wy, and
we define the detuning A, = w) — w. as being the frequency difference between the input laser
and the cavity field. The mechanical resonator and the optical cavity couple dispersively, with
a (linearized) coupling strength g = /ncgo [17, 35], where go is the single photon coupling rate
enhanced by the intra-cavity photon number n,.

The mechanical resonator and the optical cavity couple to the environment through their re-
spective loss channels, the energy dissipation rate I'y, and k.. For the mechanical mode, in a
typical experiment in the sideband-unresolved regime at temperature T', the thermal phonon ex-
citation is given by ng, =~ ’gg: > 1, with kg being the Boltzmann constant. We further as-
sume the mechanical quality factor @, to be large. The bath only couples to the momentum

quadrature of the harmonic oscillator and is approximately Markovian, 4% = (0, Yéln), with

<3A’I;“(t)?;1“ (') + Yin(¢)yn (t)> ~ (ngn +1/2)6(¢t —t') [34]. Due to the high frequency of the cavity
field any thermal excitations can be neglected and the cavity input field is in the vacuum state.
We consider two loss channels for the cavity, where one is due to the coupling to an external mode
with an energy dissipation rate of /<; ) and all other losses are included in n( i) , with k. = (e) + kK ( ),

The associated optical field are 4i™° and @™, respectively. The linearized dynamics of the system
are then described by the Quantum Langevm equation [34, 35]

Xe= =52 Re = Acde+ RO RPe 4 /w0 R,

YC = AC)A(c - %ch —29Xm + /‘?ge)f/cin’e + \/Ef/cin,i7 (1)
Xm = QmYA'mv
Vin = — QX — T Yin — 29Xe + /20 V0.

Only the field coupled back to the external mode can be collected, 42" =

~ine _ (e)
) Ke U

2.2 Coherent feedback with linear optical elements

With additional resources included, coherent feedback can have a significant impact on the dynam-
ics of a system [36-50]. In our approach, we consider the optomechancial cavity being connected
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Figure 1: (a) Coherent feedback scheme. The optomechanical cavity, with an intrinsic loss rate £ and an

external coupling x| is connected to an auxiliary component via an optical path. The output light from the
optomechanical cavity couples to the auxiliary component, and then travels back to the optomechanical cavity,
forming a feedback loop. The optical path introduces a single-way delay of 7., phase ¢s, with a single-way
efficiency of ns and can be used as a channel to couple driving laser into the feedback system and to perform
measurements. We consider (b) an auxiliary cavity or (c) an auxiliary mirror for the auxiliary component in this
work. The auxiliary cavity has a coupling rate KS) to the internal feedback optical path and /-e? to the outside.
The reflectivity of the auxiliary mirror is Ra.

to either an external optical cavity or a mirror via an optical path, as shown in Figure 1. Exper-
imentally, the optical path might be realized by free-space optics, an optical fiber, or an on-chip
waveguide. The light traveling through the path acquires a constant single way delay 75 and a phase
shift ¢, and the path has a single way efficiency 7s. The input and output of the optomechanical
cavity are related to the input and output of the auxiliary component,

(1) = Vs R(9:)a2" (= 7) + /T = 10ty (1),
a2 (t) = VisR(6:) A3 (t = 7) + /1T = iy (0).

@i and 4" are the input vacuum field due to the loss in the optical connection, and the subscript
A denotes the field of the auxiliary component. R is a rotational matrix,

R = (00 o). 3)

—sing cos¢

(2)

due to the phase acquired in the optical path. The auxiliary component in general has two sides,
with channel 1 coupling to the optomechanical system, and channel 2 coupling to the outside,
which can be used for driving and readout. With a constant drive field from channel 2, the input
ﬂX’Q is a vacuum field since only the fluctuations are considered.

To simplify our discussion, we will mostly focus on using an optical cavity as the auxiliary

component. The intracavity field is then denoted as iz = (X A, )A’A) and
X K N A~ Sin o-in
XA:—7AXA—AAYA+ KUI(A})XAJ—F ﬁg)XA’2,

Ya=AaXa - %YA T N SRRV S

Accepted in {Yuantum 2022-10-20, click title to verify. Published under CC-BY 4.0. 3



a

where 1, (2)

) and A~ are the loss rates, or coupling, to channel 1 and 2 and the total loss rate of the

cavity ka = Hg) + mf). The output on both channels is given by the input-output relation [17]

~out,k _ ~in,k (k) ~
Uy " =0 =\ Ky Ua, (5)

where k € {1,2} denotes the index of the coupling channel.

For the coherent feedback cooling, we will also explicitly consider the scheme where a mirror
with a reflectivity Ra is used as the coherent feedback component. In this case, there are no
addition fields with a time derivative, and the output is directly given by the input

Aout 1 \/7um 1 + m in 2. (6)

Here, we drop an added phase from the reflection as any additional phases can be included into
the phase of the optical path ¢5. Combining the dynamics in the system, we obtain a Langevin
equation of the form,

u(t) + Dt — )
2 (7)
= Api(t) + Ayu(t — 7) + 3 Coitin (t — n7),

n=0

D and A,, (n =0,1) define the interaction between fields in different elements in the system, while
the C,, matrices give the coupling to the external fields. The delayed response are given in the
matrices D and A,,, C, with n # 0. All the localized fields are included in 4, and all the input
fields are included in #;,. For example, for the coherent feedback with an auxiliary cavity, we
can write 4 = (Xm, Vi, Xeo, Yo, Xa. ?A)T. The delay 7 depends on the scheme, which for the
coherent feedback with a mirror is 7 = 7y and with an auxiliary cavity 7 = 275.

Equation (7) is a delay differential equation, which is hard to solve in general. However, for
coherent feedback cooling the system will reach a steady state and with the stability test [51, 52],
this steady state can be solved in the Fourier domain and the final phonon occupancy can be
obtained (Appendix B). For entanglement generation and verification, we will consider the special
case with 74 = 0, for which the solution can be obtained by solving the time evolution of the
covariance matrix.

3 Results

3.1 Similarity of a sideband-resolved system with auxiliary cavity

Let us first consider a simplified but illustrative model, which can be solved analytically. The
optomechanical system is in the deep sideband-unresolved regime, k. > Q. The cavity field has
a dynamics that is much faster than the dynamics of the mechanical resonator. It is therefore
possible to eliminate the derivative to the cavity field by approximating it with an instant response
to the mechanical resonator [32, 34]. If we choose A, = 0 the optical field in equation (1) is then
given by
%XC ~~ ng)f(én’e + f{gi)Xén’i,
(8)

% LA =29 X + Kgc)ffcin,e 4+ /ﬁgi)ffcin,i.

For the feedback part, we consider ¢s = 0. This can be achieved experimentally by locking the
length of the feedback path to a fixed value. We further choose a short feedback path 7, < 27/,
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allowing us to approximate 75 =~ 0. This results in a linearized Langevin equation
NS VW VAR SARMVAT
?A = Ap XA + %YA — 25V + \/{A‘l)}i&n,l n Kf)ff;n,z’
X = 0 Vi,

(1)

2 N A ~ 1 — 1. A
Vi = QX — TV + /20 P — 23 <XA - (m)glxadd> ,
NoMTsk o

()
bosonic fields, ﬁf’l and iaqq, whose full expressions are given in Appendix C. Equations (9) results
in dynamics that are similar to a bare optomechanical cavity where the mechanical resonator is
directly coupled to the auxiliary cavity when compared to equation (1), with modified parameters,

where non = ng) [ke, and &, = 1—nTrdy with rom = 1— We have introduced two effective

~(1 52 1
=&,
Ra=Ry Ry, (10)
R
9= §1kc/2

Now, the effective optical decay rate is K5. By using a narrow-linewidth auxiliary cavity, it there-
fore effectively brings the system into the sideband-resolved regime. In particular, with the optical
cavity of the optomechanical system being overcoupled, which can be routinely achieved experi-
mentally [24, 27, 53], r. < 0 and & /& < 1, &a < ka. The effective optical decay rate is smaller
than the actual decay rate of the auxiliary, enabling even less stringent linewidth requirements
for the auxiliary cavity. Experimentally, external Fabry-Pérot cavities can have a much narrower
linewidth than the mechanical frequencies in many integrated optomechanical systems. Connecting
to an external cavity, however, introduces an additional delay due to the optical path length, which
can be significant for mechanical resonators with high frequencies [12, 26, 54]. In this regime, an
on-chip auxiliary optical cavity [55, 56] is able to provide both small linewidth and short optical
path to ensure 74 < 278,.

The drastic reduction of the effective linewidth of the optical cavity, from k. to %a, allows to
now realize experiments and applications originally proposed for the sideband-resolved regime, with
systems with broad integrated cavities or very low mechanical frequencies. This however comes
at the expense of a reduction in the (effective) optomechanical coupling rate §g. Furthermore, the
added noise Xadd increases the effective phonon number of the bath,

. 1 —ns 92
= 4——". 11
Tigh = Mn + & T (11)
Note that the added noise vanishes at the limit of s — 1, i.e., no loss in the optical path, while it

does not require a fully overcoupled optomechanical cavity (RS) =0).

To better understand the effect of the coherent feedback, we consider another important figure
of merit in optomechanics, the quantum cooperativity Cqy = #ﬁ;m [17]. Larger Cy, means a more
robust optomechanical interaction compared to the photon and phonon decoherence and is thus
favorable for optomechanical experiments in the quantum regime [17]. The quantum cooperativity

with the coherent feedback is then given by

L 4 Ane(ky) /ra) /€3
Cau = Falmien e K3 1=, Caw: (12)
14+ 2 s (1+T Cqu)

For a lossless optical path, the effective quantum cooperativity is enhanced as long as /{S) > ka/2,

i.e., the auxiliary cavity is overcoupled to the optomechanical cavity. This is due to the fact
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Figure 2: (a) Effective quantum cooperativity as a function of the original quantum cooperativity and (b) their
ratio at different single-way optical path efficiency 7. When the original quantum cooperativity is large, the
enhancement can be reduced. The dotted line in (a) is for Cqu = Cqu. Note that (a) and (b) share the
same legend. (c,d) The quantum cooperativity ratio as a function of the coupling of the optical cavities to the
feedback system. The dotted line, dashed lines, and the solid line are for an original quantum cooperativity of
0.1, 0.5 and 1, respectively, and the color labels are indicated in (c). In (c), k./27m = 10 GHz is fixed. In (d),
ka /27 = 500 kHz is fixed. The other parameters for the plot are listed in the appendix.

that an overcoupled auxiliary cavity recycles photons. With an inefficient feedback ns < 1, the
enhancement is reduced when the original quantum cooperativity is very large due to the added
noise from the optical path.

For a set of practical parameters (see Appendix A), the effective quantum cooperativity and
the ratio between the effective and the original quantum cooperativity are shown in Figure 2(a,b).
Without loss in the optical path, the cooperativity is enhanced by up to a factor of 1.5. Despite
the added noise, we note that the enhancement is robust against loss in the feedback path. With
a moderate single way efficiency of 70%, the enhancement of the quantum cooperativity persists
until Cy, ~ 3.25, which allows for experiments with a relatively large quantum cooperativity. This
regime is crucial for many applications at high temperature, such as cooling and non-classical state
generation [34, 57, 58]. Improving the efficiency drastically increases the enhancement region, with
a single-way efficiency of 0.8 yielding an upper bound of Cq, = 6.98, more than doubling the
previous value. The results for changing the coupling efficiency ng) /e and mg) /ka, while fixing
ka and ka, are plotted in Figure 2(c,d). As expected, increasing the coupling to the internal
feedback system increases the quantum cooperativity enhancement.

3.2 Coherent feedback cooling

Preparing a mechanical resonator close to its quantum groundstate has been a major driving force
in optomechanics over the past decades [57, 59-61], enabling many quantum experiments [62].
Inspired by the similarity between a system in the sideband-unresolved regime with coherent feed-

Accepted in {Yuantum 2022-10-20, click title to verify. Published under CC-BY 4.0. 6



1072 1071 10° 10! 102 102 10° 102
102 T T Ty T AL | T ooy T oo
E O ns=0.70
: % O ns=0.80
- i O Nns=0.90 |
8 101 3 S B
c O ns=0.95
2 [ O Ns=0.99
& 100k L
c E
s | % g
o 60 ®
f %88@6%2
o 0%
1071} @%‘go %
i 000
(b) 102 T T T —

Phonon number
=
o
o

7
z///
YY)
10°1 @g?)@ggé
BBEEECO]  os

10° 10! 10? 103 104 10° 107 104
Cavity photon number Cavity photon number

f\Q

Figure 3: Coherent feedback cooling with an auxiliary cavity without delay. The dashed lines show the sideband
cooling result for a similar optomechanical cavity (see section 3.1), and circles show the optimized results. (a)
Only ¢s and Aa are optimization parameters and while in (b) ¢s, Aa and mg) are optimization parameters.
The optimized parameters for (b) are plotted in (c-€). The optimized parameters for (a) are plotted in Figure 8.

back and a sideband-resolved system, we show that it is possible to reduce the phonon occupation
with our coherent feedback scheme. With large quantum cooperativity even groundstate cooling
can be achieved. Furthermore, the additional parameters available to control the optomechanical
system, allows it to perform better than a similar optomechanical system without the coherent
feedback.

Figure 3(a) shows the average phonon occupancy for an optomechanical system that is coupled
to an auxiliary cavity without delay. The phonon number is minimized numerically with respect
to the phase acquired on the optical path ¢ and the detuning of the auxiliary cavity Aa. When
the quantum cooperativity approaches 1, the phonon number starts to drop below 1. For a single-
way efficiency of 70%, 80% and 90%, it is possible to achieve a minimum phonon number of
0.24, 0.16 and 0.10, respectively. When the quantum efficiency becomes too large, the added
noise from the feedback and the back-action noise in the optomechanical system dominates and
thus the phonon number increases. The sideband cooling results of an equivalent optomechanical
system (Equation (9)) is shown as well. They correspond to a feedback cooling where ¢s = 0 and
Ap = —py. We see that the optimized phonon number is slightly lower and that the reduction
is larger when the efficiency is higher. A greater benefit can be obtained when we further include
/121) as an optimization parameter (cf. Figure 3b). As the auxiliary cavity is not part of the
optomechanical system, we can freely choose its parameters as long as they are experimentally
feasible. Here, we keep the coupling to the outer channel the same as before, nf) /27w = 100 kHz
and for a single-way efficiency of 70%, 80% and 90%, it is then possible to achieve a minimum
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Figure 4: Coherent feedback with delay for (a) an auxiliary cavity and (b) an auxiliary mirror. In (a), the round
trip delay is 0.0, 0.05 and 0.1 ps, corresponding to a feedback phase 22,75 of 0, 0.17 and 0.27. The single way
efficiency over the optical path is s = 0.7, 0.8, 0.9 for blue, orange and green curves. The phonon number is
minimized numerically with respect to /-cgl), A and ¢s. In (b), the reflectivity of the auxiliary mirror is set to
1. Non-unity reflectivity can be included in the optical path efficiency. The phonon number is minimized with
respect to 75 and ¢s.

phonon number of 0.15, 0.10 and 0.07, respectively. The optimized parameters are plotted in
Figure 3(c-e), showing the optimal parameters being very different from simply setting ¢s = 0 and
Ap = —Qp,. The optimal detuning is not necessarily on the red sideband due to the extra degree
of freedom ¢5. The optimal linewidth is larger than or comparable to the mechanical frequency,
resulting in an auxiliary cavity that is heavily overcoupled to the feedback system. It is also
interesting to note that we find an optimal point that is fixed for different efficiencies over the
feedback optical path. It occurs at roughly 500 intra-cavity photons (Cqu = 2.8), with the optimal

set of parameters ¢s ~ /4, Ax /27 ~ 0 MHz, and /@S)/Qw ~ 2 MHz. The reason for this fixed
point is not yet understood and it may require solving the model analytically.

In an actual experiment, the optical path will always introduce a delay, which reduces the
coherence of the feedback. For low frequency mechanical resonators, this delay can however be
kept small compared to the oscillation period. We would like to stress that the delay does not
introduce a significant reduction of the cooling performance if the mechanical decoherence rate
is small, i.e., the decoherence has a time scale that is much longer than the feedback delay. In
Figure 4(a), the cavity-assisted coherent feedback with delay at different 7 is studied, where the
round trip delay 275 is set to 0, 0.05 and 0.1 pus. This corresponds to a single-way free-space optical
path of 0, 7.5, and 15 m, respectively. No significant higher phonon number for different delays
with different 7 can be observed. The cooling performance is worse at very large photon number,
which is however already outside the optimal regime.

Besides the coherent feedback with an auxiliary cavity, coherent feedback cooling can also be
achieved by using a mirror as the feedback element (cf. Figure 1(c)) in the presence of optical
delay. With a round-trip delay of around 1/4 of the mechanical oscillation cycle, the feedback can
introduce a significant damping force onto the mechanical resonator when ¢ is properly tuned,
which we show in Figure 4(b). For simplicity, we assume a mirror reflectivity of 1, while any
deviation from unity can be directly included in the optical path efficiency ns. We find a similar
cooling performance compared to the coherent feedback with an auxiliary cavity. At large quantum
cooperativity, the resulting phonon number is slightly higher due to the larger delay which intro-
duces an additional incoherent signal to the feedback. However, similar to the feedback with the
cavity, the impact is small at the optimal quantum cooperativity. A direct comparison is plotted
in Figure 5.

Additonally, we compare the coherent feedback to the measurement-based feedback approach
(see Figure 5). For the measurement based feedback cooling, we adapt the results from [32] with
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Figure 5: Comparison between coherent feedback by mirror (crosses, results from 3(b)), by auxiliary cavities
(circles, results from 4(b)), and from measurement-based feedback (dashed lines, results calculated from [32]).
The measurement based feedback cooling has a detection efficiency 74et that is equal to 7s of the corresponding
coherent feedback case.

the regime k. > we, ~ Q> Ty, where wy, is the feedback bandwidth. We minimize the phonon
number with respect to wg, and the feedback gain numerically. We use a detection efficiency that
matches the single-way optical path efficiency, 7get = 75. At small quantum cooperativity, the
measurement-based feedback cooling is much more efficient, as the weak cooling power for the
coherent feedback cooling is due to the lack of gain in the coherent feedback system proposed here.
On the other hand, in the measurement-based feedback cooling, the gain can be tuned to reach
the noise-squashing regime [19, 63]. However, at large intra-cavity photon number, it is possible
to achieve a lower phonon occupation with the coherent feedback. For the coherent feedback, the
feedback control signal dgp, coherently mixes with the vacuum noise (Giyac) with an efficiency n
coupling into the optomechanical cavity, 4 = /it + /T — 7Jllyac. For the measurement-based
feedback cooling, the control signal is classical, 4 = \/fugm, + @vac. The input noise is therefore
lower in the coherent feedback case, with 0 < 1 —n < 1 always satisfied.

3.3 Entanglement generation and verification between photons and phonons

Quantum entanglement between photons and phonons has been proposed using an optomechan-
ical system in the sideband-resolved regime [14, 64] and experimentally demonstrated in various
systems [16, 65]. Depending on the detuning of the input field with respect to the optomechanical
cavity, either the Stokes process can be used to generate entanglement or the anti-Stokes process
serves as a readout and to verify the entanglement (state-swap operation). With a sideband-
resolved system, the other process can always be strongly suppressed, which makes it possible to
efficiently generate and verify entanglement by sending two pulses. In contrast, in a sideband-
unresolved system, the difference in the suppression is lacking. Entanglement creation and the
readout happens at a similar rate, making experimental implementations challenging. Inferring
entanglement through continuous measurement inspired by the similar idea has been proposed,
with a maximum squeezing of the EPR quadratures reaching up to 50% of the vacuum noise [34].
The coherent feedback proposed can effectively bring the sideband suppression back and it is again
possible to create and verify optomechanical entanglement with the help of an auxiliary cavity.
Squeezing of the EPR quadratures beyond 50% of the vacuum noise could be achieved by optimiz-
ing the mechanical quality factor with a reasonably high efficiency of the optical path.
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Figure 6: Entanglement generation and verification scheme considered in this work. The optomechanical cavity
connects to three auxiliary cavities via an optical switch. The three cavities are for cooling, entanglement
generation, and state-swap for entanglement verification. By measuring the output of the last two auxiliary
cavities, photon-phonon entanglement can be detected. Between the entanglement generation and verification,
a gap without the feedback is inserted. Optionally, as considered in this work, light from the laser is coupled
into the optomechanical directly to keep a constant cavity photon number.

We consider the scheme shown in Figure 6, without any delay in the feedback to reduce the
complexity of the model. It expands the coherent feedback scheme in Figure 1 to a setup with
three cavities. A fast optical switch allows to select which of the auxiliary cavities couples to
the optomechanical system. Light is sent into the system through port 2 (the port connecting to
the outside) of the auxiliary cavities. To start, the switch is set to the first cavity, which is used
to pre-cool the mechanical resonator into a low thermal occupation state. For simplicity, we set
mg)/%r = 400 kHz, /153/2# =100 kHz, Ax = —Qy,, and ¢s = 0. We also use an interaction time
of 0.1 s, which is sufficient to reach a steady state. We then switch to the second cavity, which
is used for the entanglement generation. Finally, the third cavity is used to perform a state-swap
in order to read the state of the mechanics. We assume an experimentally achievable switching
time of 100 ns between the entanglement generation and the state-swap stage, during which there
is no feedback (shown as an empty channel with dotted optical lines in Figure 6). Our approach
expands on the scheme presented in [14]. By introducing the switching time between the second
and the third cavity, which is much larger than 1/k., the entanglement generation cavity and the
state-swap cavity are effectively isolated. The light carrying information during the entanglement
generation cannot be detected by the state-swap measurement. Optomechanical entanglement can
thus be verified by measuring the X and Y quadratures of the output of the two cavities.

We calculate the entanglement through the linearized dynamics described in Equation (7), with
D = A; = Cy = 0. The calculation routine is similar to that in reference [18], but without the
use of the rotating wave approximation (RWA) for the mechanical resonator. The evolution of the
system is of the form

(t) = exp(Apt)i(to) + /t dsexp (Ag(to — 8)) Cotiin(s). (13)

For ¢ being in different stages (pre-cooling, entanglement generation, switching, state-swap), tg
represents the start of each stage. With this setting, Ag and Cy are constant. The output of the
auxiliary cavities, for the entanglement generation and verification, are then defined as

fly = ufﬁ — VEA.QUA o (14)

a € {g,s} denotes the components involved in the entanglement generation and the state-swap
phase. Further, we define optical temporal modes [14, 34]

o = / "4t o ()R (1)) (15)

to
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The integration is carried out only within the corresponding stage, starting from ty and ending at
ty. R is the rotation matrix defined in Equation (3), with 04(¢t) = Qmt and 65(¢t) = —Qmt + ¢s.
The rotation matrix is necessary since we do not use the RWA for the sideband-unresolved regime.
Also, we take the exponential form for the envelope f, [14, 34]

T\ 1/2
fu) = (2 ro)
& 2th ’

1 —20¢mTp 1/2 (16)
fs(t) = (_e) o Tem (t—t{7)

2th

tg) is the end time of the entanglement generation, and téo) is the starting time of the state-swap

process. They can be chosen to be centered around ¢t = 0 (tg) = —téo)). Ty is a parameter
controlling the exponential decay rate of the envelop. Both processes have a duration of 7.
Outside the period they are equal to 0. This definition ensures that the temporal mode 7 satisfies
the bosonic commutation relation, [fq;, 73;] = 0ape€ij, where 4,5 € {X,Y} are for the two
quadratures included in 7. The covariance matrix of the temporal mode can then be evaluated

oij = (Fitj + 7574), (17)

with # = (5 x, Ty, s,x, fsy). In this work, we use the EPR-variance to quantify the entan-
glement, Agpr = (0’11 + 099 + 033 + 044)/2 + (0'13 - 024) [34}

We note that switching with a finite dead time might introduce classical noise to the mechanical
resonator due to the resulting change in the cavity photon number. It thus reduces the entangle-
ment and is not captured by the linearized model [66]. It is more relevant to the calculation here, as
the mechanical oscillation considered is significantly less coherent compared to the typical optome-
chanical experiments in the sideband-resolved regime [6, 16]. A higher interaction strength with
a shorter pulse is favorable, as demonstrated below. However, we stress that the switching time
is much shorter than the mechanical oscillation period and thus the disturbance would mainly be
at very high frequency, while the impact on a low-frequency mechanical resonator is minimal. As-
suming an unchanged average photon number inside the optomechanical cavity, allows to eliminate
the effect of the switching. Experimentally this can be realized by introducing another coupling
channel, such as another waveguide into the optomechanical system. Alternatively, an additional
channel on the optical switch that couples to the laser directly can be introduced. We include this
in the scheme shown in Figure 6, plotted as the dotted red lines for the optics and the dashed
line inside the switch. By controlling the light intensity on this additional channel, it is then
possible to achieve a constant cavity photon number. This approach reduces the entanglement
since the photons during the switching are not measured, corresponding to a loss of information.
Meanwhile, the photons interact with the mechanical resonator, creating mechanical decoherence.
Therefore, a switch with a short switching time is required to reduce the switching impact. We
note that on-chip optical switches with low loss and short switching time have been demonstrated
experimentally [67, 68].

In the scheme considered here, the auxiliary cavities for entanglement generation and verifica-
tion have the same parameters, except for an opposite detuning. The phases of the optical paths
¢s for both stages also have opposite signs. We then minimize Agpgr with respect to mg), lﬁf), Anp,
¢s, I'ym and 7, where the values are given in the appendix (Figure 9). Different from the feedback
cooling, we include KJ(A2) as an optimization parameter since the entanglement is detected from the
output light of channel 2. The result is plotted in Figure 7, with a unity detection efficiency for the
light getting out of the feedback system. We consider mechanical resonators with Q,, = 2 x 107
and 108, corresponding to a thermal decoherence rate, in the unit of mechanical resonance cycles,
Qum fm/(ksT/h) of 230 and 1100, respectively. When increasing the cavity photon number, we can
observe a reduction in Agpgr. For a single-way efficiency of 0.7, 0.8 and 0.9, it is possible to achieve
a Agpr of 1.37, 1.22 and 1.05 with Qm, = 2 x 107, and 1.23, 1.05 and 0.84 with Q,, = 103, respec-
tively. Agpr < 2 is the threshold for entanglement between the temporal modes of the two output
light pulses and is a direct result of the entanglement between the photons and the motion of the
mechanical resonator. Increasing the photon number beyond an optimal point leads to an increase
in Agpr. In the present of optical loss, a stronger interaction leads to a stronger effective noise,
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Figure 7: Optimized Agpg for (a) Qm = 2 X 107 and (b) Qm = 108. The gray solid line shows the separability
bound AEPR = 2.

reducing C'qu. As the interaction strength is increased, the time of the pulse becomes shorter. The
fixed switching time, during which the entanglement is reduced, becomes therefore more dominant.
The calculation shows that it is beneficial to achieve low loss over the feedback path and a low
thermal decoherence. Still, it is remarkably robust against any dissipation in the system, making
it feasible for real experimental parameters. In the optimization, an optimal ng)/ 27 is around
500 kHz. We note that a total linewidth of 220 kHz has been reported recently using on-chip disk
resonators [55], which is promising for a fully integrated coherent feedback system, which could
minimize optical loss over the feedback path. A reasonable increase of the mechanical frequency
would also make a fully integrated system more feasible.

4  Conclusion

In this work, we propose a coherent feedback scheme with linear, passive optical components.
We mainly consider optomechanical systems in the deep sideband-unresolved regime, and with
experimentally relevant parameters. We show that an additional, external optical cavity can
effectively bring the optomechanical system into the sideband-resolved regime for a specific set of
parameters (¢s = 0, 75 = 0, A, = 0). We consider non-unity feedback efficiency, which introduces
additional noise to the mechanical resonator. Overall, the effective quantum cooperativity can still
be enhanced, depending on the feedback path efficiency and the original quantum cooperativity.
Our analysis shows that coherent feedback is a highly promising path for broad applications using
sideband-unresolved systems.

We use these results to demonstrate how either an optical cavity or a mirror plus an optical
delay path as an auxiliary component can be used to perform groundstate cooling of the mechan-
ical resonator under practical experimental conditions. Furthermore, based on an entanglement
protocol with long pulses [14], we then propose an experimental scheme that uses three auxiliary
cavities for cooling, entanglement generation and verification. By switching between these cavities
in a relatively short time the output light can be used to detect photon-phonon entanglement.
We quantify the entanglement of the output light by evaluating the EPR-variance of the tem-
poral optical mode. Even though it is not necessarily the optimal entanglement witness [34, 69]
it shows a significant squeezing well below the inseparability bound. Experimentally realizing a
fully integrated on-chip coherent feedback structure is within reach of state-of-the-art on-chip op-
tical resonators [55, 56] and fast optical switches [67, 68], even for mechanical frequency as low
as 1 MHz. Such an integrated structure would drastically reduce the complexity of an experi-
ment and could help realize novel quantum applications [62] with optomechanical systems in the
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sideband-unresolved regime.
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A Default parameters and convention

If not specified otherwise, we consider the following parameters.

Mechanical frequency Qy, /27 1 MHz
Mechanical quality factor Qun = Qm/I'm 2 x 107
Energy decay rate of optomechanical cavity k. 21 x 10 GHz
Detuning of the optomechanical cavity A, 0
Coupling efficiency of optomechanical cavity 7. = mﬁe) /Ke 0.8
Coupling rate of auxiliary cavity to the feedback KJ(Al) 27 x 400 kHz
Coupling rate of auxiliary cavity to other channels mf) 27 x 100 kHz
Environment temperature T' 4.2 K
Delay (only for the feedback by auxiliary cavity) 7s 0
“Switching time” of the temporal mode function t§0) — tg) 0.1 ps

We define the Fourier transform with the convention

+oo
w(w) = Flu(®)] () = / u(t)etdt. (18)

— 00

B Steady state and photon number

When performing the feedback cooling, the steady state of the system is considered. It can be
analyzed by transforming Equation (7) to the Fourier domain,

—iw (I + De“T) a(w) =

(AO + Aleiwr) ﬂ(w) + <Z Cneinw'rs> ail’l(w)7 (19)
n=0

where I is the identity matrix. Rearranging Equation (19) yields the form d(w) = M (w)iin(w),
where M (w) is the transfer matrix

M(w) = — (iw (I + Dei‘”) + Ap + Aleiw)_l

2
x (Z Cneinw'rs> )
n=0

The input noise has a single-side spectrum [32]

Sy, (w) =1,

uuu( ) (21)

Sxin(w) = Syin(w) = 2ne, + 1.

Here, u;,; are for the elements corresponding to the optical input noise only. It is then possible to
get the spectrum of 4 [32],

Su(w) = [M(w)[* S, (22)

The absolute value and the square are performed entry-wise. This allows extracting the energy of
the mechanical resonator by integrating the spectrum of the mechanical field. The corresponding
phonon occupancy is given by [32],

1  dw 1
n== — (S S - - 23
mn =5 (| 5 (5,0 + S, ) - 5 (23)

The scheme is valid only when the system is stable. Determining the stability of the system
can be done in a classical way [32]. For our system with delay, we follow the method described in
[61, 52] to perform the stability test.
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C Expression of the effective fields in Equation ((9))

() (1)

~i 1 NsKe "Ke™ . / R .
2in,1 ~in,i ~ ~in
A V 52 KZC/Q uc M S( S) b s Utw

(1)
N _ oM . Rc™ ainji — in — in
Uadd = (1 — 775)51 (1 ns) /i((;e) Ut + /1 — nsupy, + ns(l ns)ufw

)

(24)

They are a result of the combination of the optical vacuum field, and they satisfies the Bosonic

commutation relation.

D Optimized parameters for Figure 3 and Figure 7
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Figure 8: Optimized parameters used in Figure 3(a).
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