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Ground-state cooling of mechanical motion by coupling to a driven optical cavity has been demonstrated
in various optomechanical systems. In our paper, we provide a thermodynamic performance analysis of op-
tomechanical sideband cooling in terms of a heat valve. As performance quantibers, we examine not only
the lowest reachable effective temperature (phonon number) but also the evacuated-heat Row as an equivalent
to the cooling power of a standard refrigerator, as well as appropriate thermodynamic efpciencies, which all
can be experimentally inferred from measurements of the cavity output light Peld. Importantly, in addition
to the standard optomechanical setup fed by coherent light, we investigate two recent alternative setups for
achieving ground-state cooling: replacing the coherent laser drive by squeezed light or using a cavity with a
frequency-dependent (Fano) mirror. We study the dynamics of these setups within and beyond the weak-coupling
limit and give concrete examples based on parameters of existing experimental systems. By applying our
thermodynamic framework, we gain detailed insights into these three different optomechanical cooling setups,
allowing a comprehensive understanding of the thermodynamic mechanisms at play.
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I. INTRODUCTION

Nano- and micromechanical resonators constitute an excel-
lent platform for exploring thermodynamics on the nanoscale
[1B8]. Importantly, stochastic and quantum Ructuations can
play a major role determining nanomechanical motiés]|
enabling tests of stochastit][and quantum thermodynamics
concepts §] in experiments. In this respect, optomechani-
cal systems 1] are a pertinent platform as they allow for
precise control over the classical and quantum dynamics of
nanomechanical motion by using electromagnetic pelds. This
capability motivated proposals of optomechanics-based work
measurement scheme®P]0] and heat engineslP18] and
has already lead to the experimental quantibcation of nonequi-
librium thermodynamic processes such as irreversible entropy
production [L9,20].

An ubiquitous thermodynamic process is cooling. In the
context of optomechanics, cooling is employed to reduce
the entropy of eigenmodes of the mechanical resonator,
which is a necessary step for exerting quantum control
over mechanical motion and, thus, a crucial requirement for
the implementation of any optomechanics-based quantum
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technology. Furthermore, any optomechanics-based heat ean energy and entropy exchanges. Recently, it was demon-
gine exploits cooling in its operation cycle. Cooling to the strated that a classically engineered reservoir can be used to
ground state of mechanical motion has been theoretically arbeat the classical Carnot bound of heat machidgsHere,
alyzed (see, e.g., RefJER4]) and experimentally realized the situation is different: We start from a photon bath, in
by direct thermal coolingd], optomechanical sideband cool- which thermal Buctuations are negligible at optical frequen-
ing [25ER7], or feedback coolingd8,29]. In the context of cies to engineer thermalbath of a completely different type,
thermodynamics, optomechanical cooling has been examinathmely, an effective phonon bath. In this sense yvtileethat

in the light of entropy production1®,20] or as a quantum is established is an important ingredient of the engineered
absorption refrigeratoBPBEB2] fed by thermal light. However, bath. In most cases, the cost to create the engineered bath is
a detailed analysis of the desired output, such as the reducet taken into account in the efpciency.

tion in phonon number, related to thieermodynamic cosif In our paper, we provide and calculate appropriate cooling
optomechanical cooling with nonthermal light sources in theefbciencies of optomechanical sideband cooling, which ac-
steady-state has so far been missing. count for the cost of the heat valve (i.e., the bath engineering)

In our paper, we present this missing analysis of theand which yield an additional benchmark in optomechanics,
thermodynamic performance of different optomechanicabesides the resonatorOs phonon occupation. We then apply
sideband cooling schemes, which is of crucial relevance tour comprehensive thermodynamic analysis of optomechan-
optimize the performance of future devices. We therefordcal cooling to three different setups, which can be used to
provide a comprehensive theoretical framework for sidebandool mechanical motion to the ground state. These are (i)
cooling beyond previously performed approximations. Wea standard optomechanical setup driven by a coherent laser
bnd that this analysis not only yields information about ac-nput (Fig.1), (ii) a standard optomechanical setup driven by
tual performance benchmarks but also provides insights intsqueezed lightFig. 3(a)], and (iii) an optomechanical cavity
the thermodynamic mechanisms at play and the requirethat employs a frequency-dependent (Fano) mirror as one of
resources for realizing optomechanical cooling in differentthe cavity boundaries and that is driven by a coherent laser
experimental setups. First, we notice that optomechanicdFig. 3(b)]. Importantly, we illustrate our analysis with con-
cooling does not correspond to the commonly employed reerete experimental parameters, which allow us to benchmark
frigerator framework, in which the work provided to a systemdifferent optomechanical platforms against each other. Setup
makes heat Bow out of a cold bathThe thermodynamic (i) [21E24] is widely employed for ground-state cooling pro-
system to be cooled consists of a mechanical resonator (frowided the optomechanical system is in the resolved-sideband
which heat should be taken away) that is in contact withregime p5,26]. Setup (ii) 4 749] is motivated by shaping the
a hot phonon bath, which leads to Brownian motion of thequadrature noise of the cold photon bath. This setup can lead
resonator. On the other hand, there is a photon bath, which t® a reduced backaction of the light Peld onto the mechani-
determined by the noise properties of the light Peld and whicltal resonator and, thus, to ground-state cooling in a regime,
appears as cold, since its temperature is much smaller than tihere a coherent drive fails, as we here illustrate. Finally,
energy scale of the photons. This photon bath couples to theetup (iii) [50] results in a Fano-like cavity line shape. This
mechanical degrees of freedom via a driven optomechanicaetup aims at suppressing the Stokes process and, thus, the
cavity(see Fig.l). We identify that the light beld acts as a light-induced heating of the mechanical motion originating
tunable valve that controls the Bow of heat from the mechanifrom the optomechanical interaction itself. Importantly, our
cal resonator to the cold bath, i.e., the noise of the light pPeldtheoretical analysis, which employs a Langevin as well as a
Therefore, unlike as in usual refrigerators, heat Rows frommaster equation approach, is valid both for weak and strong
hot to cold, but, importantly, there is a cost associated wittoptomechanical couplinglt thereby extends the validity of
maintaining the valve open (via the driving of the cavity). previous work 47].

The heat-valve scenario that we suggest here thereby gives This paper is structured as follows. In Sdt, we de-

a very clear picture of this setting with two heat baths andscribe the theoretical models we use for each setup, outline
an additional work input. It is particularly helpful for the the thermodynamic picture that we develop here, and present
understanding of the mechanisms at play when comparinthe specibc experimental platforms we use as examples. In
sideband cooling in different optomechanical setups. Sec.lll, we derive the dynamics of the three setups and apply

We furthermore bnd it insightful to look at optomechanicalthese results to a thermodynamic analysis of optomechanical
cooling as a special example of reservoir engineerB®j:[ cooling illustrated with realistic optomechanics experiments.
A low temperaturghotonbath is prepared with the help of We conclude in SeclV. The Appendices contain detailed
a laser-irradiated cavity, such that it is transformed into arinformation on the employed theoretical methods and approx-
effective coldphononbath R1]. Engineered reservoirs have imations and thereby allows to straightforwardly follow all
shown to be especially appealing to thermodynamics as thegalculations performed in this work.
allow to explore non-thermal resource3488] and study
the impact of genuine quantum features, such as squeezing
[3942], entanglement43], or quantum coherencel46]

2We are referring here to the effective optomechanical cougliag
Oola|, enhanced by the light Peld in the cavity, of amplitydg see
1See also Appendii for an overview of the differences between Eq. @). On the contrary, the single-photon coupliggs assumed to
our framework and absorption refrigerators. be very small compared to the other frequencies involved.
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Il. SETUPS AND MODELS (a) (b) lp+1, n+1)
A. Sideband cooling in cavity optomechanical setups }LE

In the following, we introduce the models for the three « |:
different setups that we consider for sideband cooling and starg: | :
with the standard setup of driving an optomechanical cavity £
with coherent light. ~

FIG. 2. Principle of resolved-sideband cooling in the weak-
) ) ) . coupling limit in a Raman-scattering picture. The Stokes and
A typical optomechanical setup consists of a Fabry-PZrognii-Stokes processes are represented by the magenta and cyan ar-
cavity of frequencywcay With @ moving-end mirror of me-  rows, respectively. (a) Cavity density of states.is the effective
chanical resonance frequen@yec[see Fig.1(b)]. The cavity  detuning (dePned in SettB) between the laser frequency (orange
is driven by a laser of frequenayiss. It is described by the line) and the cavity resonance frequency (dashed black line), which

1. Standard setup

Hamiltonian [7], in the frame rotating abas, is shifted with respect te\q by the optomechanical interaction.
.. - L . o (b) Partial energy diagram of the optomechanical system around the
H = BQmedd B+ A8 &+ B(cd + € 8) state|p, n) with p photons anch phonons.
— lagpd 8(9+ B)), @

Here,g = gole| is the effective coupling witha| being the
whereA = weav — wias IS the bare detuning between the cav- amplitude of the coherent beld in the cavity, which is propor-
ity and the laser. We have denotadhé photon-annihilation  tional to the driving amplitude of the lasersee Eq. 143).
operator of the cavity anfithe phonon-annihilation operator. ~ The laser driving the cavity is modeled as a classical drive,
The single-photon optomechanical coupling strength is givemncluded in the Hamiltonianlj. Its drive amplituder is re-

by go ande is the drive amplitude. lated to the input laser powé¥,s by
The cavity is coupled to a photon and a phonon bath, where 2

x denotes the optical loss rate apdhe mechanical damping Pas = hmasﬂ. (5)

rate. The evolution of this system can be described with a set 2

of Langevin equations23] The cavity and the resonator are typically at the same tem-
, . perature, i.e..Tmec = Tcaws» hOWever, the cavity frequency is
@= Qmecld (2a) typically orders of magnitude larger than the mechanical
ﬁl: — Qmedh— ¥ P+ go«/éﬂ'i'l 8+ ﬁ? (2b) frequency andhaay > kg Teav (S€€ Secll C). Therefore the

i average number of photons in the optical environment is neg-
8= —(c +iAo)d+igov2dh— ie +/2c&n, (2¢) ligible, ma ~ 0, and when driving with coherent light, there
is only one non-zero correlation function of the cavity input
noise, in contrast to the squeezed case, see BjsTkis
correlation function is

where we have debned the mechanical quadratyre g8t
®)/+/2 andpi= (8— B )/iv/2. The thermal noise of the me-
chanics is given by the operatfr while vacuum noise of the

light beld is associated with the operasgy. 6 @ t)a, () =8t —t). (6)
We assume in the following that the mechanical quality o _ ) _
factorQmec = Qmed/y i large and that the temperatiigsc of To sketch the principle of sideband cooling, we consider

the mechanical environment is high, thathi€@c < kaTne,  L€MPOrarily the resolved-sideband regime, that i& Qmec
see Sedll C for concrete implementations in this regime. We @1d @ weak optomechanical coupling «, $2mec. In this _
can then make the white-noise approximation for the correlal®9ime, as illustrated by Fig?, three processes can occur:

tion function for the thermal noise of the mechanics A photon from the laser can (1) be absorbed by the cavity
o without changing the state of the resonator (in orange), (2)
BM)O(t")) = (2Wnec+ 1)5(t — 1), (3) create a photon in the cavity at lower frequemngys — Qmec

e/t y and a phonon (Stokes process, in magenta), or (3) in com-
where ngec = (€@ mee — 1)7" is the average number of pination with a phonon, create a photon at higher frequency
_phono_ns in the mechanical enwronment_. Thl_s approxmatlorgulas+ Qmec (anti-Stokes process, in cyan). The Stokes process
is equivalent to the Born-Markov approximation made in thépeats yp the resonator while the anti-Stokes process cools it
derivation of the master equatio4] (see AppendiB5for  goun By choosing a cavity-laser detuning close to the me-
a comparison of the different approaches and level of approxshanical frequency, the rates of the brst two processes can be
imations frequently used in optomechanics). In the exampleg,qyced, allowing effective cooling]]. Note that the results
studied in this paper (presented in SBEC), this approxima-  yresented in this paper focus on, but are not restricted to,
tion yields satisfactory results, but we explain how to relax itine resolved-sideband regime and they are valid beyond the

in Appendix'B 2¢ . ] . weak-coupling limit.
To quantify the ratio between the optomechanical coupling

and the coupling to the optical and mechanical baths, we use

s 2. Squeezed-light setu,
the quantum cooperativity: 1 & P

To improve the cooling scheme presented above, one can
29 use squeezed light instead of coherent light to go beyond the

C= Ky Winec “) guantum backaction limit47,48]. In the model considered
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(@) Py B k = ks + ky. In the white-noise approximation, the correlation
Qinv, Ky P functions of the input noise rea8?] (see AppendixC 1)
Xiny %\ 0 - - ’ ’
é Weay e Xin‘s <E‘n(t)ﬂn(t )> = ﬂsNSS(t —t )a (83)
T Qe i «— (@n(t)an(t) = 7Ms3(t —t'). (8b)
. a as
4P m‘ The purity of the squeezing iss = sics/ s With 7g =1
for pure squeezing and, = 0 for vacuum noise only. Further-
R —" X T — /;"",."' more, we have
— 1| SHG |——>| DP.
Wias 1—-R 1 SHG 2Wias W N 4r52 9
1 Aﬂb — , a
: éIl1 Vs %V < . ° (1 - r52)2 ( )
- -Squeezing generator- - - - - g B 2rs(1 +r 5) i
(c s=———>5€ 7. (9b)
QinR (1 - rSZ)
FR = with the squeezing ratin; = | x|/ and this ratio is such that
€ 0 < rg < 1, so the white-noise approximation holds.
Wias

3. Fano-mirror setup

Wlas Wd w
An alternative strategy to improve the optomechanical
FIG. 3. (a) Squeezed-light setup: We add to the laser driving th€0oling is to make the cavity density of states asymmetric to
cavity a squeezed vacuum Peld. Since the control of the envirorfurther suppress the detrimental Stokes process [se8(€Eil).
ment of the cavity is not perfect, there is some residual vacuunThis can be achieved by replacing the left-hand side mir-
noise entering the cavity. The squeezed noise is generated withrar of the cavity by a Fano mirror (e.g., a photonic crystal
degenerate parametric ampliper (DPA) driven ak2thanks to a membrane) §0]. We then treat separately the cavity input
second harmonic generator (SHG). See 8¢c2 for the debnitions  noise &), and @, r coming through the left-hand side and
of the notations. (b) Fano-mirror setup: The left-hand side mirrorright-hand side mirrors, denoting and«g the correspond-
of the cavity is replaced by a Fano mirror. Unlike in the canonicaling loss rates. Both are vacuum noise and their correlation
setup [Fig.1(b)], we differentiate the noise coming through the left fynctions obey Eq.]). The setup is depicted in Fig(b) and
and right mirrors. See Se8A 3 for the debnitions of the notations. mgodeled by adding the internal mode of the Fano mirror to the

(c) Cavity density of states (solid gray line) which is asymmetrical in gntomechanical description. We consider an even Fano-mirror
the Fano-mirror setup. The dashed gray line represents the density ode3 so the setup@s Hamiltonian redf [

states of a standard cavity of equivalent linewidth. ) . o . .
HEano= H + g ® @+ (& @+ &9 ), (10)

here, as depicted in Fig(a), this means replacing the vacuum \yhere H) is the Hamiltonian of the standard setup, given by
noise input by squeezed noise, generated with a degeneratg (1). we have denotedthe annihilation operator for the
parametric ampliber (DPA) (see Re®2, Chap. 10). Thisis  considered mode of the Fano mirrey its frequency, and

an example of a cascaded open quantum sys&n\here  the coupling strength between this mode and the cavity mode.
the outputcgy s of the DPA is used as an input for the cavity, The Langevin equations for such a system rédiji(in the
namelycgus(t) = &@ns(t) (we neglect the delay due to prop- frame rotating atoias)

agation, which is irrelevant for our purposes). We consider

that the DPA mode, with annihilation operammriiresonant H= Qe (11a)

with the cavity pump, i.e., at frequenay,s. The DPA pump - . . L -
is tuned with the parametric oscillator, i.e., at frequeney B=—Quedd— y B+ Qov28 -+ /78, (11b)

The Langevin equation for the DPA reads| H= —(k +iA)d+ igov/2dH— ic — G&
8= —s6+ (6 + V2t ©) +/2Réin R + v/ 2L 8in L, (11c)
whered = —=(,/7stins + /7iny) is the total input Peld, F= —(ya +i00)B— Go+ /2yaéing, (11d)

» = x5+ 7, the corresponding total loss rate and= _ ) .
|x|e” % is the squeezing parameter witlthe squeezing angle with y4 the coupling strength between the Fano-mirror mode

[see Fig.3(a). The input vacuum noise,§ with associated and the left-hand side inputhg = wq — wies the detuning
coupling >, corresponds to the uncontrolled losses of theith the laser drive and = k. + kg the total loss rate of the

DPA. The desired output from the DPA is then Pnally obtainecc@Vity: We have also debnéll= ix + /i yq. In the model
from Gues = /26— €ns. The Langevin equations for the considered here, the coupling between the Fano-mirror mode

optomechanical system are still Eq8), (but now the total op- 2nd the cavity mode is given by = /koya [S0], wherexo
tical input noise reada; = %(\/K_sﬁ)ut,s“‘ JKvéiny), where

ks is the coupling to squeezed vacuum noise apg corre-

sponds to the uncontrolled losses of the cavity with associated®This is the one studied in Ref5(], but it could also be an odd
couplingky, [47]. The total loss rate of the cavity is therefore mode, as treated in the Supplemental Material of the same paper.
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is the loss rate that the left-hand side mirror would have if itquantiber, namely, the heat Bow out of the bath to be cooled.
were frequency independent. For simplicity, we take= kr. ~ As mentioned above, the mechanical resonator that is intended
For the Fano-mirror setup, the total loss rate of the cavityto be cooled is, howevenot a bath, and the total heat Row
is very large (a lot larger than for the standard setup). Suclbut of or into the resonator is always zero in the steady state.
a large loss rate would place a standard setup in the not/e therefore introduce instead tlewacuated-heat owas
sideband-resolved limit. However, this does not ref3ect than equivalent to the cooling power, namely, the heat cur-
actual linewidth of the cavity. Instead, the presence of theent, J;, carried by phonons at frequen€¥mec Rowing out
Fano mirror leads to a different effective loss rate, correspondef the mechanical resonator and into the effective cold bath.
ing to theeffectivdinewidth of the cavityke (see SedI C3).  We debnel, = BQmed 8" with the associated phonon Rux,
We therefore use this effective linewidth in the cooperativity |§h°”°”, The latter quantity is experimentally accessible from

o2 the cavity output light beld by measuring the amplitude and
C» —, (12) phase quadrature of the light Peld, see Appeidix
Keff) Bnec Finally, we analyze the efpciency of this cooling process.
for this setup, in what follows. As described above, maintaining the valve opened in a given
position has a cost. The full cost is given by the laser power
B. Thermodynamic picture Ras required to create the coherent Peld in the cavity mode.
. . . . This motivates us to debPne a cooling efpciency
The thermodynamic system of interest is the mechanica 3
resonator. The phonon number of this mechanical resonator Nl = — | (13)
Buctuates due to its coupling to a mechanical environment, Ras

which constitutes a hot phonon bath at temperaiyge The  comparing the evacuated-heat 3ow (the desired output) with
goal of optomechanical (sideband) cooling is to reduce th¢he full laser power (the exploited resource). We debne an
amount of Buctuations in the resonator, thereby cooling ialternative cooling efbciency later in E@6), which, at the
down. To do so, we have at our disposal a cold photon bath, inost of neglecting parts of the resource, gives a better picture
the sense that it contains negligibly few thermal excitatibns. of the conversion process from phonons to photons. This alter-
However, heat can Bow from the RBuctuating mechanical resaative efbciency [Eq.36)] can actually be more relevant for
onator to this zero-temperature environment only if a couplingdevice realizations, when the laser light, which was not used in
mechanism between phonons and photons is established. Thige conversion process, is partly reused for further operations
coupling is provided by the laser that is driving the cavity, and, hence, is not lost. Note that standard refrigerators or heat
thereby constituting a heat valve (see Figior a sketch of  pumps are often characterized by coefbcients of performance;
this process). Hence, the established heat Bow from hot tbere we refrain from using this terminology and rather use
cold comes with a cost, arising from coupling the system tahe more generic notion (cooling) efpciency, since the desired
the cold bath, i.e., from keeping the valve opened. Note thabutput of the present process is not the heat [3ow into or out of
thiscooling processs very different from a typical thermody- one of the baths, but rather the relevant part of the Bux out of
namicrefrigerator, where one has the goal to make heat 3owthe microscopic system attached to them.
from a cold bath to a hot bath by providing work to the system. In the following, we want to consolidate the above de-
To characterize this cooling process, we analyze threscribed thermodynamic picture and therefore start with an
thermodynamic quantities, which are complementary to eachnalysis of the standard setup. As a brst step, we linearize
other and to a certain extent equivalent to those typically quarthe Hamiltonian {) around the systemOs semiclassical steady
tifying the performance of a thermodynamic cooling device.state (see Append®& 1 for details)? in which the cavity mode
This is, brst of all, the coldest temperature that can be reacheis, in the coherent state of amplitudeand the resonatorOs rest
here represented by the lowest steady-state phonon numbgosition isqd23], with

of the mechanical resonator. This quantity is experimen- —ie

tally accessible via calibrated optomechanical thermometry &= K+iA’ (14a)
or sideband asymmetry determined from the cavity output % )

light beld. This is the quantity that is commonly considered ®= ﬁﬁeclal : (14b)

when studying optomechanical cooling. Note, however, that
the mechanical resonator is a microscopic system and does not We debne the effective detuniny = Ao — gov/20p and
constitute a bath itself. By its coupling to the hot mechanicalchoose the phase i so o = |«¢| is real and positive. We
phonon bath and the cold photon bath, it is brought into aplit the operators into their average and Ructuation terms:
nonequilibrium state and the lowest reachable steady-staiié= o + §&, @= @+ 5@ = 5 The linearized Hamiltonian
phonon number can hence only be related toeffiactive reads

temperature. - L .
Importantly, in our work we complement this study by Hin = BAS8 58+ B2medB 68
analyzing two further thermodynamic quantities. Typically, in — (5@ + 5@ ) (5B + 5P), (15)

a refrigerator the cooling power is analyzed as a performance

SThis approximation is justiped in most optomechanical setups
4Laser phase noise may be treated as a nonzero temperature bah, the optomechanical couplirgg is typically very small:gy <«
see Ref. $4]. y (28ec + 1), k¢ [7,55)], see Tabldl.
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where we have denotetP = (56+ i5)v/2. Indeed, we see Using Eq. (4), the full efpciency, Eq.13), becomes
from.the expression of the effective coupllgg:_ Jol| that. Qmec2c ¥ Topt
the light beld in the cavity plays a key role in the cooling Nfull = 22+ A2 T
process, acting like a valve that allows phonons to Row toward @as?(ic® + A%) ¥ + Fopt
the cavity. This weak-coupling thermodynamic picture also gives us fur-
For the sake of obtaining a simple and more usual therther insights into the improvements provided by alternative
modynamics picture, weNin this sectionNfurthermore resort setups. Squeezing the input noise, as described inllSe2,
to the weak-coupling regimeg (& Qmec, ). Tracing out the  allows to reduce the position quadrature noise of the intra-
cavity degrees of freedom, we then bnd the master equatiagavity beld, which couples to the mechanics. As the cavity
[24] describing the dynamics of the mechanical resonator,  transfer function converts part of the input momentum noise
dé into position noise and conversely, it is necessary to rotate
Pmec _ i[Qemf;dg@ s, mec] + (y @nec+ AL)D[58 1Pmec the input squeezed state by the adequate amdigiven in
dt Sec.lll B 2) so as to compensate for this effect. This reduction
+ (¥ (8nec + 1) + A_)D[88 fimec - (16)  ofthe intracavity position noise can be interpreted as lowering
the temperature of the effective cold phonon bath, ngy, @
Here, fiec is the density operator of the resonat@ . is smaller while[',y remains the same as in the standard
the effective mechanical frequency (see Apperigixa), and  setup. On the other hand, with the Fano-mirror setup from
D[O]p = Op0 — %{@ O, p}. We have debned the rates Sec.llA 3, the imbalance between rates of the Stokes and
anti-Stokes processes is increased, which results in a change
A = 20PK (17) in T'epr and a decrease inygg Therefore, the effective cold
T k24 (Qmect A)?’ bath gets colder and its coupling to the resonator is modibed.

(Bhec— Bbpt) . (21)

which correspond to the Stokes and anti-Stokes processes,

respectively. This is the situation depicted in Fy.Equiv- C. Examples for specibc realizations
alently, Eq. (6) can be rewritten in the form We now turn to inspect specibPc optomechanical realiza-
. tions to illustrate our thermodynamic analysis of optomechan-
d Bimec _ _ i[Qeﬁ 639 ) ﬁmec] ical cooling with concrete examples and also to benchmark
dt me ' these realizations against each other. With the evacuated-heat
+ Fopt(%ptD[SQ] + (@bt + 1)D[3ﬂ),énec Row and the cooling efbciency, our analysis yields comple-

. . mentary insights beyond the achievable phonon occupation as
+ 7 (BneD[58] + (Bnec+ 1)D[5M)Bnec  (18)  a benchmark only. To this end, we select four representative
optomechanical systems, whose parameters are summarized
Sin Tablell. From here on, we refer to them as systemB®d).

System (1) employs mechanical resonators in the MHz

regime and is placed in the sideband-resolved regime. Such
systems can be realized, for example, with free-space Fabry-
*pZrot-based optomechanié$p7]. Importantly, ground-state

This equation shows that the driven cavity acts on the re
onator like an effective thermalhononbath of associated
damping ratd o = A_ — A, and containing a bnite number
of phononsng: = A, /Top. Hence, the cavity and its envi-
ronment play the role of an effective cold bath [dashed bo

n FE" éé?g!&kgiop?n'tle_?ﬁiCt'Ve temlper?tur%pt such ;]hat cooling has already been demonstrated with such a system
m’mg( : ?j ) h é’ a result, t ? ra]lverage PNONON 1y the membrane-in-the-middle conbguratid®][ An ad-
nhumber associated to the uctuations of the resonator in tWaantage of the Fabry-PZrot system is its versatility as it can
steady stat@d = (3B 5B)ss can be interpreted as the steady be directly modibed to realize a Fano-mirror set6f,%9].
state of a system coupled to two thermal batfjs [ System (2) is an integrated optomechanics device made of
¥ Binec + Copthpt 10 an optomechanic_al crystallwith mgchanical motion in Fhe
= I T.. (19)  GHz regime that is placed in the sideband-resolved regime.
VL opt This system is a prominent implementation for realizing
We can see from Eq1{) that [y is proportional tog? = optomechanics-based quantum networks with demonstrations

@la?. This conbrms that the light Peld in the cavity is like a Of ground-state cooling2f] and nonclassical state gener-
heat valve allowing more or less heat to Row between the redition [60,61]. Our thermodynamic analysis of this system
onator and the cold phonon bath. Note that the effective cold€/dS complementary insights beyond its use in quantum
bath is arengineered bathnd therefore it comes with a cost. Networks. System (3) is an optically levitated nanoparticle
This further motivates the above described thermodynamic§CUPIed to an optical cavity. Recently, ground-state cooling
picture and the resulting debnition for the cooling efbciencyff the center-of-mass motion of such a levitated particle has

@b

as given in Eq.193). been Qemonstratedﬂ. Levitate(_j optomechanics qonstitutes
In the weak-coupling regime, the evacuated-heat Row i& Pertinent platform for exploring thermodynamic heat en-
explicitly given by gines or stochf_;\stlc and quantum thermodynamics phenorr_lena.
Multiple experiments are already performed along these lines
Je = BQmed opt(Bbn — Wopi) [62]. System (4) is based on the membrane-in-the-middle
r conbguration 6], but in the non-sideband-resolved regime.
= mmecﬂ(mﬂec_ Bopt)- (20)  Recently, feedback-based cooling to the ground sidghias
¥ + Lopt been demonstrated in such a system. We here show that one

063519-6



OPTOMECHANICAL COOLING WITH COHERENT AND E PHYSICAL REVIEW A 103 063519 (2021)

can actually achieve ground-state cooling when employing @ostfabrication, for instance, by using thermal tunia@||

squeezed-light drive instead of a coherent one, even in thstrain tuning ¥ 7], or by depositing T8] or etching [/9] atomic

absence of feedback, as evidenced in R&ff49). layers of the suspended photonic crystal. Therefore, it is rea-
We analyze the considered four systems in the context afonable to assume thg§ close to the optimal value can be

three different setups: (i) the standard setup, (ii) the squeezedechieved in an experimental setup.

light setup, and (iii) the Fano-mirror setup. The corresponding

choice of parameters is shortly discussed in the following. 1Il. THERMODYNAMIC PERFORMANCE

1. Standard setup In Sec.ll, we have described the cooling process in the

For the standard setup, we assume driving of the Op[hree setups and have outlined how to set up a consistent

tomechanical svstem with coherent laser light and use ththermodynamic picture. In this section, we analyze the ther-
y . g . odynamic performance of four example realizations and
parameters of the four systems as given in Tdhldn this

way, we basically follow the experimental implementationsCompare their performance for the operation in the three
of Refs. P5,27.28,63,64] different setups. The parameters used for the four example

realizations are given in Tablé. The analysis of the thermo-

dynamic performance includes the lowest reachable phonon

number, the evacuated-heat Row as well as the cooling efp-
In principle, the four systems can also be driven with acjency. To obtain all these quantities, we Prst need to analyze

Squeezed—light source. However, this has so far only beeﬂhe dynamics of the systems in the three setups.

done and used for demonstrating ground-state cooling in mi-

crowave optomechanici§]. Squeezed states of light are
customarily generated using nonlinear optics processes. For o o
example, squeezing levels of 12.7 d&5[ and 13 dB p6] The Prst step to the study of the systemsO dynamics in each
at wavelengths of 1064 nm and 1550 nm, respectively, havef the three setups is to linearize the Langevin equations, as
been generated. These wavelengths are also typically used ‘¢ have previously done in Se¢A 1 for the standard setup.
optomechanics experiments, see Tabléqueezing in these Here we present a short overview for all three setups. We
experiments§5,66] is customarily observed at MHz sideband _then d_erlve the evolution of the second-order moments, and
frequencies, which matches optomechanics implementatiorig particular of the photon and phonon numbers.

with mechanical motion in the MHz regime. Squeezing at

GHz sideband frequencies, which is required when employing 1. Standard setup

mechanical motion at GHz frequencies, has been generated at Applying the linearization introduced in SekB to the

5 dB levels B7B69]. In our analysis, we assume a squeezed4_angevin equations for the standard setup, Eg)swe obtain

light source with realistic squeezing levklsf 0.87 dB, ;

0.59 dB, 2.7 dB, and 15.4 dB for the four systems, respec- é@= Qmed i (22a)

fively. SB= ~Qmed— y 3B+ gv2(58 +58) + /y8.  (22b)
3. Fano-mirror setup SH= —(k +iA)s8+ igV25G+ v/ 2. (22¢)

Free-space optomechanical devices can be directly adapted From these equations and the noise correlation functions,
to realize a Fano-mirror setup, see, e.g., Re#6,59). To iven by Egs. §) and 6), we derive the evolution of the
be able to compare the Fano-mirror setup with the standarfhoton and phonon numbers associated to the Buctuations
setup, we use the fact that the effe;:tive linewidth of the cavity disa 54
with the Fano mirror iscer = y4/¢§ [50], where ¢ is the i 5 o) A /S S N
polarizability of the left mirror atofrequency)d. Since we dt '9((68 (38 +38)) — (58(B +38))
have choserr = ko, o is also the (frequency-independent) — 21 (58 58, (23a)
polarizability of the right mirror. Denotin@ the free spectral -
range of the cavity that is given in Talle we haveq, = 2I' d(se sy _ ig((58+ 58 )58 ) — (58 -+ 58)58)
andko = I'/2¢2. Moreover, choosing to use the optimal value dt
Y§ = 4Qmecto [50], we can detqrmineo for each system such o <5§ + 5§2>
thatxe is equal to the systemOs cavity loss rate. +v <Iﬂfnec — (68 58 + T)

Optomechanical cavities with Fano mirrors can be realized
by using suspended photonic crystal slabs, see, for example, Details about the derivation and the evolution equations of
Refs. [f0B74]. The parameters of the photonic crystal slabthe other second-order moments can be found in Appendix
[75] allow engineering of a desired ref3ectivity at frequency
wq and, thus, a correspondinrgs. Fine tuning of the optical
resonance of the photonic crystal mirror can be achieved in7nqte that the environment contribution in E@3f) has an ex-

tra term in (58 + 5§82) compared to the one in Ref24] because
Ref. [24] used a different noise model. Both models give very similar
5The amount of squeezing in dB is calculated asresults in the high mechanical quality factor regime considered here.
—10logyo(2(APS ) with the variance of shot noise being See AppendiB 5 for a discussion of the differences between the two

in,s//
and(APY o) the variance of the squeezed quadrature. approaches.

2. Squeezed-light setup

A. Dynamics

. (23b)
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B 2 b. For each of the above equations, two contributions stand

2 |
out: the optomechanical one, proportionalgicand the one 10%4 10
from the optical and mechanical environment, proportional to - 0
x andy, respectively. When one neglects the nonresonant pro< 107
cesses@sPandsa 5B (rotating wave approximation (RWA), 101
valid for small couplingg, see AppendixB 5), the optome- 11072
chanical contribution corresponds to the scattering picture
from Fig. 2(b), with heating from the Stokes process and 10°%1 10*4
cooling from the anti-Stokes process. e
<
. ’ 0]
2. Squeezed-light setup 10°] _(_3_) _____________ ! __f}__, | 10 /

In the case of the squeezed-light setup, described in Erar—— - T 0 T s
Sec.llA2, the DPA and cavity are only coupled through 107710 010 10 107 10 1% 10% 10
the noise. Therefore, the average belds in the cavity and res-

onator are still given by Eqs14) and the linearized Langevin — ?tandard setup - - ?queezed light —- Fano mirror
equations are the same as Eq)( In contrast, the cavity Mmec T Topt
input noise correlation functions are given by E. As a )
consequence, the photon number evolution becomes FIG. 4. Steady-state phonon number as a function of coopera-
o tivity for the three setups (indicated by different lines in each plot).
d({sa 58&) _ ig((&é (58 + 58) — (58(5H + 85))) The dotted and dashed black lines, respectively, indicate the average
dt phonon number in the hot mechanical bath and in the effective
+ 2k (tsNs — (5@ 58)) (24) cold bath (weak-coupling limit) for the standard setup. The vertical

solid lines indicate the cooperativities at which the standard and
while the evolution equation of the phonon number is un-squeezed-light setups (in blue) and Fano-mirror setup (in green)
changed [Eq.43b)]. Further changes to the evolution of the become unstable (see Appendi@&%sandD 1). The number in each
second-order moments are detailed in Apper@ika subbgure corresponds to the system number as given in Table

3. Fano-mirror setup The evolution equation of the phonon number is unchanged

Like in Sec.lIB, we linearize the Langevin equations [Eg. (23D)].
(11) by splitting operators into their average terms and Ruc-
tuation terms. But in this case, we have one extra operator, B. Steady-state phonon number
@ =5 + s&® which modibes the semiclassical steady state into
(see AppendiD 1 for details)
—ie

The brst performance indicator we consider is the steady-
state phonon numbet.g= (58 §8)ss, Which is the standard
(25a) quantity that is used to characterize sideband cooling and

K +iA = G?/(ya +iAg)’ experimentally accessible via calibrated noise thermometry or
@= ﬁﬂlalz (25b) sideband asymmetry. In a thermodynamic picture, this quan-
Qmec tity would correspond to the lowest temperature that can be
-G reached by a refrigerator. Indeed, the average phonon number
= —a. (25¢)  in the Ructuations can be relatedTig, theeffectivetempera-
va + 144 ture of the resonator, by
The linearized Langevin equations read 1
., . WJH — (emmedkBTeﬁ _ 1) . (28)
09 Gneol (262 Si h iti f th has b hifted (
¢ i . . . " ince the position of the resonator has been shifted (see
SB= —QmedG— yS P+ gvV2(08 + 58) + /¥, (26b) Sec.lI B), we actually have the mean stationary phonon num-
S8= —(k +iA)sé+ igv286— G5 ber (8 B)ss = (9/Qmed)? || + Bbn.
In the following, we describe how to obtain the steady-state
+ V2L 8L + v/20in R, (26c)  phonon numbemyg, in the three setups and discuss some of
5@@: —(ya +1Aa)s®— God+ \/2yatin . (26d) its general properties. We then discuss differences between

the different setups and example realizations in the end of this
The free parameteky of the Fano-mirror mode was found section.
to be constrained by the cavity mode and the optical loss rates
by Ag = A — 2, /kokc [50]. 1. Standard setup
From these equations and the noise correlation functions, rq; the standard setuppcan be found analytically, by
given by Egs. §) and €), we derive the evolution of the gqying the equations for the second-order moments for the
photon number (see Appendx2 b): steady state. However, the obtained expression is rather com-
d(sa sd) . o .. o . plex and we therefore present it in Append@? b, see also
—gr —l9@a (88 +58)) — (3&(58 + 88))) Refs. P3,24]. Instead, to illustrate our results, we here present
. o plots, see Fig4, using the realistic experimental parameters
— 2Re(G(5dbd )) — 2« (0@ 58), (27)  from Tablell. The only free parameter in the standard setup is
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the detuningA. In the resolved-sideband regime & Qmea @, In this limit, the optimal squeezing ratid is such that
the lowest phonon number is obtained far>~ Qe as il-
lustrated in Fig2. Note however, that the optimal detuning is IMs(rd)] K2+ (A + Qmed)?
exactly given by the mechanical frequency only in the weak- Ne(rz) — \ k24 (A — Qmed?’
coupling approximation. All the plots for the standard setup

are done atA = Qe except for the experimental system and themgl = (1 — 75) [47]. Therefore, in this ideal case
(4) (see Tabldl), where we useA = k. System (4) is not and with perfect squeezing, the lowest attainable temperature
in the resolved-sideband regime and the cavity linewidth if the effective cold phonon bath is zero.

larger than the mechanical frequency. As a consequence, if

A = Qmeo the Stokes and anti-Stokes rates are almost equal, 3. Fano-mirror setup

not leading to effective cooling. The best cooling is obtained |, this setup, the cavity density of states is centered around
when the difference between the two rates is the largest, thgf, [50] [see Fig.3(c)], therefore the lowest phonon num-
is on the slope of the cavity density of states, for a detuningyer can be obtained foAg ~ Qmec [50]. As explained in
close tox. Sec.1I1C 3, Fano mirrors with the desired loss ratg can

be fabricated by engineering the photonic crystal lattice pa-
rameters. It is therefore realistic to use the loss ygtefor

As in the standard btai vtical . which the phonon number gets minimized, see Tébler the
S In Ihe standard case, we obtain an analytical expressiofy, merical values, andvy = Qmec in the plots. Once again,

Or: the steadyé-ls_tar:e phono; nl_mer(]er l(see Apﬁeﬁdbe) forb fo obtain the best cooling, we use a different detuning for
tbe squgefzeA-g stzsetua. gain, the ohwest?] onondg_um elr stem (4):Aq = 2.5Qmec (Se€ AppendidD 2 €). We solved
obtained 10rA =~ S2mec However, we have three additional 0 equations for the second-order moments to ohtain @

parameters: the squeezing purity, the squeezing ratiog icall A iR 2
and the squeezing angle (see SecllA2). As expected, numerically (see Appendi 2.

the best results with respect to the lowest reachable phonon
number are obtained for pure squeezing, te+~ 1. Besides, ] o
there exists an optimal value of the squeezing adglénat We have plottedig as a function of cooperativity for each
minimizes the phonon number. Interestingly, this angle doe§etup and for each system from Talblein Fig. 4. For all
not depend on the other squeezing parameters (seeCBy. ( four example systems in all three cooling setups, we notice
in AppendixC 2 bfor the full expression) and, in the limit of that at low cooperativity, the thermal noise prevails over the

weak coupling and neglecting the mechanical damping rate, RPtomechanical coupling anth > @ec Then, when the co-
is given by B7] operativity increases, the optomechanical coupling allows us

to reach lower phonon numbers, in most cases down to the
2Axk ground state of the mechanical resonator (namegly,<al).
AN _Q 22 (29)  The minimum is reached, when the optomechanical coupling
mee becomes so large thas@s governed by the occupation of the

Therefore, it is possible to determine this optimal angle fromeffctive cold phonon bath, namely,n@> @y [see Eq. 19)

the optomechanical setupOs parameters. There exists also_og?ltf"“ne_d in the weak-C(_)L_JpIing limit]. Finally, when further
optimal valuer? of the squeezing ratio which depends on thelncreasing the cooperativity, the coupling becomes so strong
squeezing angsle (see Appendi2 bfor details). All the plots that the optomechanical back-action increases the Buctuations

for this setup are done using the parameters from Tabiéth of the resonator and the phonon number increases aéiwell.
A = Qmec [except for system (4) for whichh = «], s = 1 This is the case when nonresonant processes of §@He

and the values of andr., which are optimal for reducing the 2Nd3@ 8B start to play a role. This behavior due to back-
steady-state phonon number. action is not captured by the weak-coupling approximation

Going to the limit of weak coupling and neglecting the [Ed- (19), see also Appendi8 5]. Eventually, the phonon
mechanical damping rate, we derive the phonon number i umber diverged.Interestingly, Fig.5 shows that the diver-

(1)

2. Squeezed-light setup

4. Discussion

tan(®*) =

the effective cold bath (see SétB) gence ofng, = ((8@7) + (8&) — 1)/2 fully comes from the
position RBuctuations while the momentum Ructuations keep
2 N(A2 4 O2 2 decreasing with cooperativity. _
g? = q,pt<1 Ts 25( + me°+2K ) There are, however, also differences between the different
K + (A — Qmec)

systems and between the different setups. Comparing the dif-
2+ (A + Qmed)? ferent setups, we bnd that both the driving with squeezed light
—2nS|MS|\/ 5 5 COS(2 — 29*)), as well as the use of a Fano mirror allow us to reach lower
12+ (A = Qmec) phonon numbers than the standard setup, as expected. Inter-
(30) estingly, the steady-state phonon number is, however, only
little decreased with respect to the standard setup. For systems

wherengy is the phonon number in the effective cold bath in

the absence of squeezing, in agreement with the results from

[47]. This explicitly shows that, with the appropriate squeez- 8in the strong coupling limit, lower phonon numbers can be ob-
ing parameters, we can getaldereffective cold phonon bath tained in an instantaneous instead of the steady state, se@@ef. [
than with the standard setup, thus allowing to reach a lower °The system is no longer stable, see Append&gsndB 2 b.
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10! +— cooling when using a coherent dri&However, driving with
e \ \ squeezed light reduces,delow one. Numerical values for
B \ \ the lowest reachable phonon numbers in all setups and sys-
B \ \ p p Yy
e \ \ tems are given in Tablg.
Tty ‘
“

—
—
~—
—
[\
~—
e
/
\

C. Evacuated-heat Row

. \ \ ] Traditionally when studying refrigerators, one looks at the

BTN 1\ | cooling power, namely, the heat that is extracted from the
~ \ g \ object to be cooled. Here, heat is extracted from the mechan-
& \J ical resonator by phonons RBowing into the engineered, cold
< 100‘(3) S 14) SN/ environment, thereby compensating the heat Bow from the

hot mechanical bath. The evacuated-heat Bow, constituting an

equivalent to the cooling power here, hence corresponds to the

(66%) — Standard setup Squeezed light — Fano mirror phonon Zow into this cold environment times the frequency

(65%) -~ Standard so - Soneered Lot - F. . of the mechanical resonator, namely, the energy that each of
P tandard setup queezed light ano mirror these phonons carries awdy; mmeclcphonon- This quantity

can be inferred from measurements of the cavity output light
eld, see AppendiB 4 for detalils.

10° 102 10*  10° 102 10* 10° 108
C

FIG. 5. Fluctuations of the mechanical position (solid lines) and
momentum (dashed lines) quadratures as a function of cooperativi .
for the three setups: standard setup in blue (dark gray), squeezedﬁh;rgne Bux Of_ pho_nons_ from the rgsonator to the cavity,
light setup in red and orange (medium gray), and Fano-mirror setu , can be identiPed in the evolution of the phonon num-
in green (light gray). The number in each subbgure correspond@er [Ed. @3b)] as
to the system number as given in Table For systems (1)D(3), phonon __ ; . " A A
the curves for the standard and squeezed-light setups are almost Ic =ig((sa+ 58 ) (58~ 48 )). (32)
identical. Note that this expression is very similar to the contribution

up of the entropy production rate analyzed in Réf9][with
|PPOnON — 1 (Bnec + 1) in the steady state. The R Phonen

(1)B(3), the difference is hardly visible on the log scale used® then equal to the Bow of phonons going into the mechanical

in Fig. 4; while the absolute difference in the phonon numberenvironment, which is an irreversible process that con-
InFg. 4, ; i €p tributes to the entropy production rate and, thus, is rel3ected
is indeed small, the relative difference with respect to the

. . L . . . N wp
standard setup is qwtg sgmbcant, as visible in Table : We obtain the steady-state evacuated-heat Row in the three
Furthermore, the dips in the curves for the Fano-mirror

: - .~ setups and for the four different systems and sbin Fig. 6
setup are always shifted to larger cooperativity values, Wh'd}ﬂsafunction of the cooperativity, up to those values, whgfe o

means that a larger optomechamcal coupling S requ.|red t(Biverges. For small cooperativity values, the evacuated-heat
cool the resonator. This can be reached by increasing th@

power of the laser driving. The shift can be understood by ow is linear (visible in the ins_ets) but vanishingly small,
looking at the weak-coupling picture. For the systems Wenamely, when the optomechanical coupling is small. The

consider, the coupling oy to the effective cold phonon bath result for the evacuated-heat Bow from the weak-coupling
at a ive’nC is WepakerOFith1 the Fano-mirror setFl)J than in th’e approximation [Eq. 20)], Je ~ B2med opllneo, Clearly shows

9 ' P that the phonon Row for small is constrained by the small
standard setup (see Append»2 d).

For all systems in the resolved-sideband regime (the Drs%OUp“ng to the effective cold phonon bath. It then rapidly

three in Tablell), all setups enable ground-state cooIing.I creases at cooperativity values at whicgy ~ y. This is

While the overall behavior seems very similar for systemsthe same parameter range for which the steady-state phonon

S ) numbermng, starts to differ from the value imposed by the hot
(1)B(3), the |r)|t|al phonon number has very d|ﬁer§nt or nvironmentnge. The evacuated-heat Row then saturates at a
ders of magnitude |n.the. different systems, meaning thafonstant valuel, ~ BCmecy Bne,, Namely, when the coupling
?ISO the overall reduction in order to reach'the.grounq Stat?o the effective optical bath is so large that the 3ow of phonons
is not the same. Contrast system (4), which is not in the

resolved-sideband reaime. does not allow for round-statmto the cold bath is only constrained by the inBow of phonons
gime, 9 from the hot mechanical bath. This is the maximum amount of

(phononic) heat that can Bow through the system, as long as
the effective optical phonon bath is colder than the mechanical
bath. Note that this saturation happens at a much smaller co-
operativity than the one at which the minimung), & reached.
Indeed, the bottleneck of the heat Bow through the system
is reached wherq,; exceedsy; however, equilibration of

TABLE I. Relative difference between the minimum phonon
numberng, reached with the standard and the squeezed/kgimto-
mirror Setup’xsqueezed/Fano: (@’tandard_ niqueezed/Faf)O/@andard

n n n :

System @ (@) (3) (4)
xsaueezed 14.4% 22.5% 54.8% 99.4%
Fano 5.0% 22.7% 56.5% 66.4% Thiswould require feedback cooling (see, for instance, R&f) |

as was done in the experiment using this sefg. [
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TABLE Il. Parameters of four different optomechanical systems that we consider for our thermodynamic analysis of optomechanical
cooling. The last section in the table indicates the minimum achievable steady-state phononmyyridberash of the setups and the section

above corresponds to the assumed parameters we used in the bgures.

System (2) System (3) System (4)

Quantity of interest Symbol System (1) 25,63 [27,64] [28]

sideband sideband sideband non

-resolved, -resolved, -resolved, -sideband

MHz GHz levitated resolved

Mechanical frequency Qmmec/ 27 1x10fPHz 37x10°Hz 305x10PHz 114x10PFHz
Mechanical damping rate v/2m 0.1 Hz 35x10°Hz 16x10%Hz 11x10°3Hz
Mechanical environment temperature Tmec 4K 20K 300K 10K
Average phonon number Hfec Bhnec 8.3x 10 7.1x 10? 1.3x 1C° 1.1x 18
Laser wavelength Mas 1550 nm 1537 nm 1064 nm 795 nm
Cavity loss rate K /21 2x10° Hz 5x10fHz 193x10°Hz 159x 10" Hz
Cavity length Leav 3.75x103%m 3x10%m 107x102%m 16x103m
Cavity free spectral range r/2n 40x10°Hz 144x10%Hz 140x10°Hz 938x 10"°Hz
Single-photon coupling strength Oo/2m 10 Hz 91 x 10° Hz 0.3 Hz 129 Hz
Sideband resolution Qmec/K 5 7.4 1.58 0.07
Granularity parameter Oo/K 50x 10°° 1.8x10°8 1.5%x10°6 8.1x10°
Mechanical quality factor Qmec = Qmec/ ¥ 1.0 x 10 1x10° 1.9x 10° 1.03x 10°
Single-photon quantum cooperativity Co =203 /Ky Wne 6.0 x 1078 6.6 x 10°° 22x 1071 8.6x 1077
Number of coherent oscillations Qmec/Bnec 120.0 1408 148 9367
Effective detuning A = Ay — gov/2® Qmnec Qmec Qmec K
Squeezing angle 0 0.835 rad 0.819 rad 0.939 rad 1.11rad
Squeezing ratio rs 0.050 0.034 0.154 0.711
Squeezing level —10logo(2(AP, )  0.87dB 0.59 dB 2.7dB 15.4 dB
Fano mode loss rate va/2m 8.0x10°Hz 438x10"Hz 771x10°PHz 131x1CPHz
Fano setup, left-side loss rate KL /2 80x10°Hz 288x10%®Hz 280x10YHz 188x 10" Hz
Fano setup, right-side loss rate Kkr/2m 50x10°Hz 822x10°Hz 175x10°Hz 570x 10" Hz
Minimum phonon number, standard setup mEie9 0.077 0.021 0.21 6.7
Minimum phonon number, squeezed-light setup miffEE "y 0.066 0.016 0.096 0.039
Minimum phonon number, Fano-mirror setup migi'd 0.073 0.016 0.091 2.4

aThis is the amount of squeezing in dB below shot noise, with the variance of shot noise b@iagd](APiﬁ,S) the variance of the squeezed
quadrature.

the resonator at som®@s governed by the effective cold evacuated-heat Bow is not inBuenced by the noise properties
bath only when the exchange ralig,h,: exceedsy Bec of the input light. Indeed, in the weak-coupling regime that
Importantly, the evacuated-heat RBowrist affected by the governsthe physics of the evacuated-heat 3ow, squeezing only
backaction effect leading to an increasengh at large co- enters viangy, see Egs.%), which is negligibly small both in
operativity. This means that the opposite heat 3ow from theéhe standard and the squeezing setup.

nonresonant termé&és® and sa s exactly counterbalance
each other, see Appendi3 and the plot therein. The strong
hybridization between cavity photons and phonons in the limit

of large cooperativity can hence be understood as leadin .
to a direct steady-state heat Row between mechanical ba? ach lower phonon numbers than the standard setup without

and light beld, with less cooling effect on the local mechani-2 tering the saturation value of the evacuated-heat Row. In

cal subsystem. Note that this crucial difference between thEiS Section, we aim to understand if these cooling schemes

behaviors of the lowest reachable phonon number and th@re more or less efbcient, namely, whether they require extra

evacuated heat Row clearly show the complementarity of thed€SOUrces to evacuate the same amount of heat and reach

two performance quantibers, resonator states'close to the ground state. We therefore look at
The described qualitative behavior is globally the same irf"€ €0oling efbciencyr dePned as the evacuated-heat Sow
all setups and for all studied systems. The threshold, which idivided by the laser power [EGL§)] as well as a complemen-
needed to signibcantly cool down the resonator, is, howevel2"Y cooling efbciencyjcon, Characterizing the efbciency of
higher for the Fano mirror, since, as discussed previousI);,he phonon-photon conversion process.
higher cooperativities are needed to establishya that is
comparable to the one of the standard and the squeezed-light
setup. The standard setup and the setup fed by squeezed lightTo obtain the full cooling efbciency for all setups and sys-
only differ by small numerical values. This means that thetems, we insert the expression for the laser power, Bgatd

D. Efpciencies
The squeezed-light and Fano-mirror setups allow us to

1. Full cooling efficiency
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2 1.0 coupling go. At cooperativities at which the evacuated-heat
‘% Row sets in, the full cooling efbciency decreases rapidly. We
=205 chose to cut the curves at the cooperativities, in which the
2 phonon numbengg diverges.

:30 0 The full cooling efpciencies for the three setups have
— 10— [ similar features but differ by their magnitude. The largest
‘; / efbciency is the one of the standard setup, since it requires the
< i 5 least laser-power input. For the squeezed-light setup, only the
205 . reRected fractioR of the input laser power is actually used for
S B | i 01 - driving the cavity, while the remaining transmitted part feeds
Ego 0 2009 L/ /002 the DPA, generating the squeezing, see Big) Therefore,

' 10 1078 107% 100 10* 10®  the actual efbciencyy,,, is smaller than the plotted orgy,

C by a factorR,
— Standard setup - - Squeezed light —- Fano mirror
FIG. 6. Evacuated-heat Row as a function of cooperativity for the , Je

three setups (indicated by different lines in each plot). The insets M = m = Roun. (33)

show the evacuated-heat Bow at low cooperativity with a linear scale.
The number in each subbgure corresponds to the system number in

the parameter Tabk.
The factor R by which the full cooling efbciency of the

squeezed-light setup is reduced with respect to the one of the
standard setup hence depends on the cost of the squeezing
eneration. We refrain from giving a specibc value Rr
ecause quantifying this cost requires to bx the details of the
xperimental setup used to generate the squeezed vacuum.
ith Eq. (33), we provide an instruction on how to include

for the evacuated-heat Bow, E@2], into the full efbciency,
nful = Je/Pas. The drive amplitudes of the laser, entering
the expression for the laser power is determined from th
steady-state amplitude of the Peld in the caJiy,= g/do,
using Eq. (49 in the standard and squeezed-light setups an
Eq. 259 for the Fano-mirror setup. The resulting full cooling L - ot
efbciency is plotted in Fig as a function of the cooperativity. the cost of squeezing in a concrete experimental realization.

For all set d A th i e _ The full cooling efbciency of the Fano-mirror setup is
or all Setups and systems, ihe cooling eIPCency 1S CoNgyq g of magnitude smaller than the one of the standard (and
stant until some cooperativity threshold, namely, the on

at which the evacuated-heat Bow displays a crossover to%queezed-hght) setup. Indeed, as visible in ES), (for the

A no-mirror setup, the laser peld not only creates the steady-
plateau. The reason for this is that_ bOth_ the evacuated-heg{ate Peld in the cavity but also the one in the mirror mode. So
BOW. as well as the laser power are lineaCifior small €00P- more laser power is required to reach the same value afd
erativities. The small magnitude of the full cooling efl:>C|encyt erefore the same cooperativity. Thug, illustrates how
derives from the low phonon energy compared to the energy : !

) . uch extra resources are required to cool down the resonator
the laser photons and the weak optomechanical smgle-photq&ing a Fano mirror

Overall, reaching lower phonon numbers, either with
squeezed light (as one has to account for the faBter 1

10715<

Tlfall

10724<

10712<

S| 10718

10715,

Null

1075

13)

10715<

'~ 10730 1(2

108 107% 10° 10*

C

C

10-8107% 10° 10* 1

— Standard setup - - Squeezed light —- Fano mirror

08

taking into account the cost to create squeezed light) or a Fano
mirror, is hence more costly and reduces the efpciency of the
cooling process.

Comparing the efpciencies of the example realizations of
different systems, we note that the full cooling efbciency of
the nonresolved sideband system (4) is similar to systems (1)
and (3), even though the phonon numhgg af system (4) is
larger than the one for the standard and Fano-mirror setups.
This motivates us to debne in the following section another
cooling efbciency that is more sensitive to whether the system
is in the resolved-sideband regime.

As is commonly the case in thermodynamics, there is a
trade-off between optimizing the efbciency and the desired
output. While in a standard refrigerator, this trade-off is typi-
cally analyzed between the efbciency and the cooling power,

FIG. 7. Full cooling efbciencyi as a function of cooperativ- We here identify the lowest reachable phonon number as the
ity for the three setups (indicated by different lines in each plot).relevant quantity which should be optimized, possibly to-
The number in each subbgure corresponds to the system numb@ether with the efPciency of the heat evacuation process. We
in parameter Tablél. Note that the full cooling efciency of the illustrate this trade-off in Fig3. Indeed s starts to decrease
squeezed-light setup differs from the plotted one by a faBtass  at a cooperativity orders of magnitude lower than the one at
given in Eq. 83). which g, reaches its minimum value.
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_15](1) (2)
10 154 10712<
,:5 -1 ¢ .= .
S === —=—=--- g
].0724‘ (/"// 10—18< f_:/ B
106 103 10° 1073 10 ‘
10715< (3) 10710‘ (4) ( . .
= B i G | 10 = \ i
S —=" P = | ! 4
/_/././~’ {4/./_/‘ 10,& \\ - \\ \\
107304 oo 107304 [ —— 0 10~ 10° \ 0.01 N N
0-° 107t 1w 1% 10 10 1075 104 10° 100 1075 107 100 10 108
nﬁn/ Nmec nﬁn/ Nmec C C
— Standard setup - - Squeezed light —- Fano mirror — Standard setup - - Squeezed light
— Fano mirror Fano mirror 0/,

FIG. 8. Full cooling efpciencyy, as a function of the effective
phonon number for the three setups (indicated by different lines in  FIG. 9. Conversion efbciencyon, as well asyg,,, as a function
each plot). The number in each subbgure corresponds to the systeth cooperativity for the three setups (indicated by different lines
number in parameter Table Note that the full cooling efbciency of in each plot). The insets show the same plots but in log-log scale.
the squeezed-light setup differs from the plotted one by a fa/taw  The number in each subbgure corresponds to the system number in

given in Eq. 83). parameter Tablél. The insets show sections of the main plots as
log-log plots.
2. Conversion efficiency Using Egs. 82) and @4), we obtain

The full cooling efbciencyysy, discussed above compares T U S
the evacuated-heat Bow to thdl laser power input needed Neony = <8‘? 81? 8?5?) (3‘? 6'? 8&3@ .
to set up the cooling mechanism. While this yields a rather (8@ 59— 5@ ) + (88 58 — sd@sk)

complete beneftost ratio, it gives less insight about the |n sideband cooling schemes, the detuning of the laser
cooling efbciency of the optomechanical conversion procesgrive is close to resonance with the beam-splitter terms,
from phononic to photonic heat. Note however, that the lightsg s®ands&@s® , while the two-mode-squeezing ternsgs®
leaking out of the cavity could in principle partly be reused; and 54 58, are nonresonant. The latter are detrimental to
thus, this part would further be available as a resource. Ifhe cooling, i.e.,(5é 58 — s@® > 0 (a plot of the beam-
this subsection, we therefore introduce an alternative coolingplitter and two-mode-squeezing contributions to the heat
efpciency that we caionversion ef ciency Row is included in AppendiB 3), leading toncony < 1. How-
When looking at the microscopic process, it is of interest teyer, when the beam-splitter terms are perfectly resonant,
consider the photons involved in the optomechanical interachat is for A = Qmec in the resolved-sideband regime the
tion as the resource. We therefore start by identifying the Buyo-mode-squeezing contributions become negligible in the
of photons interacting with the mechanics weak-coupling limit and the conversion efpciency goes to 1.
. . . . Note that in the Fano-mirror setup, there is an extra term in the
|Photon — jg((s@ (58 + 58)) — (S&(SP +88))).  (34)  evolution of the photon number [EQRT)] due to the added
mirror mode. This extra term does neither interact with the
We have obtained this quantity by analyzing the evolution ofmechanics nor is it leaking out of the cavity. If interested in
the photon number, EcR83. Note that this expressionis very this extra cost of the interaction between the cavity and the
similar to the contributionu, of the entropy production rate Fano-mirror mode as well, one can take this term into account
analyzed in Ref.19] with IPhoo"— /2 in the steady state. as one of the resources in the efbciency, which then gives
Again, this is not surprising a’h°®" describes the RBux of Im(sB (56 + 5&
photons that ultimately leak out of the cavity to the optical ~ — “g n_?(< ( a +5a))) S
environment, which is an irreversible process that contributes gm((3&(s® + 58))) — ReG(s%sa ))
to the entropy production rate. Further, alg8°°" can be Figure 9 shows the conversion efbcieneyon, as a func-
inferred from measurements of the output cavity light Peldjon of cooperativity for all setups and systems. One Prst

for details, see Appendii 4. observes that the conversion efbciency is by orders of mag-

With this, the conversion efbciency can be debned as thgjy,de larger than the full cooling efbciency and can even
evacuated-heat Bow (phonons Bowing out of the resonator infach values up to 1. This means that the largest reduction

the cold bath) with respect to the Sow of photons that actuallyyt resources provided by the laser comes from the reusable
interact with the mechanics: laser power, which is accounted for ion but not in .
At the same time, it shows that it is the conversion efbciency,
_ 35 neconv, Which provides the deepest insights into the fundamen-
TNlconv = Tohoton * ( ) . .

Ip tal physics of our cooling process.

(36)

(37)

phonon
I

063519-13



JULIETTE MONSELet al. PHYSICAL REVIEW A 103 063519 (2021)

IV. CONCLUSION

—_
L

In this paper, we have provided a detailed thermodynamic
analysis of optomechanical sideband cooling for different se-
tups of cavity optomechanicsNa standard setup employing a
coherent laser drive or a squeezed laser drive, as well as a
setup with a Fano mirror as one of the cavity mirrors. We
have demonstrated how optomechanical cooling is realized
by powering a heat valve that connects the mechanical res-
onator, heated by its coupling to a mechanical bath, to an
engineered cold phonon bath provided by the optical driving.
We have analyzed the lowest steady-state phonon number that
can be reached for the mechanical system, together with the
evacuated-heat Row and the efpciencies of the cooling pro-

Tlconv

(=)
L

—_
L

Tlcony

o

106

ﬁﬁn/ﬁmec ﬁﬁn/ﬁmec .

cess. The latter are additional, complementary performance
— Standard setup - - Squeezed light quantibers that we have identibed in our heat-valve setting
—- Fano mirror Fano mirror 7. and that turn out to be particularly insightful in the analysis

put forward here.

FIG. 10. Conversion efbcienay,n, as a function of the effective This comprehensive theoretical analysis, which goes be-
phonon number for the three setups (indicated by different lines iyond the validity regime of previous studies of sideband cool-
each plot). The number in each subbgure corresponds to the systdéng [47], employs realistic numbers from a broad range of pos-
number in parameter Table sible experimental implementation2527,2856,57,63,64].

Our analysis has two main benebts. First, it provides an
improved understanding of the underlying processes and the
required mechanisms and resources for different optome-
chanical cooling setups. Second, the understanding of the
Interestingly, while the full efbciencyy rapidly de- thf—:-rmodynar_nicsnderlying sideband cooling, as discussed i_n

creases at those cooperativity values at which the evacuate%]-IS pr)]{:lper, W'”Ief‘f"‘b Ie:‘urt::er development ofrtlhernplodynamlch
heat Row starts to be considerably large, the conversiorr1n"’:jC mlgsbexr? 0|t|ngt € det?t I'Showl betvvlt_aehn . %t P gnor? bat
efbciency,ncony Stays close to maximal up to those cooper—aﬂ co atl_, engineered by the laser-light induced phonon-

ativity values, at which the phonon numbeg,, @pproaches photon coupling.

its minimum.

The conversion efbciency is overall the largest for the ACKNOWLEDGMENTS
Fano-mirror setup, while it is very similar for the squeezed- \we thank Alexia Auffeves, Andrew Jordan, and Niko-
and squeezed-light setup rel3ects that the effect of squeezifigym the Knut and Alice Wallenberg foundation through
is mainly a reduction of the temperature of the cold effec-yyo Wallenberg Academy fellowships (J.S. and W.W.), from
tive phonon bath. Instead, the presence of the Fano mirrghe vetenskapsrEdet, Swedish VR, under Projects No. 2018-
improves the conversion process. However, the modiPed coms061 (J.S. and J.M.) and No. 2019-04946 (W.W.), the
version efbciency of the Fano-mirror setufy,,,, which takes  gyantERA project COMON-QSENS! and from the Excellence
into account the cost of the interaction between the cavity a”%itiative Nano at Chalmers (N.D. and J.M.).

Fano-mirror modes (light green dotted line), is reduced by up
Fo several orders of magnltgde. That can be seen best in the APPENDIX A: SPECIFIC PARAMETERS USED
insets of the plot panels of Fig. IN THE EIGURES

This is different only for system (4), which is not in the
sideband-resolved regime. For system (4), as expected, the All the parameters used in the Pgures are gathered in
conversion efbciency is smaller than for the other systemslablell. The columns correspond to each of the studied sys-
Surprisingly, the Fano-mirror setup is signibcantly more efbtems. The uppermost section of the table contains the actual
cient than the other two setups, even when looking gt experimental parameters, the second one gives some insight-
which means that the asymmetry in the density of states diul parameter ratios, the third one corresponds to the assumed
the cavity created by the Fano mirror can provide the samparameters we used for the squeezed-light and Fano-mirror
evacuated-heat Row out of the nonsideband resolved systesetups and the last one indicates the minimum achievable
at the cost of much less resources than what is required for thghonon numbengg in the mechanical resonator for each of

standard setup using coherent or squeezed light. the setups.
The relation between the conversion efbciency and the
smallest reachable steady-state phonon numbglisglotted APPENDIX B: Standard setup

in Fig. 10. While also here a trade-off can be observed, impor-
tantly, the conversion efbciency is shown to be large down to
phonon numbers that are very close to the lowest reachable The semiclassical steady state of the optomechanical sys-
values. tem is given by Egs.1(d), which are actually a nonlinear

1. Steady state and linearization

063519-14



OPTOMECHANICAL COOLING WITH COHERENT AND E PHYSICAL REVIEW A 103 063519 (2021)

emerges the stability conditidiyy > 0 [23,24], with
St = Qmedk? + A%) — 4PA. (B2)

As can be seen in Fid.1, the four systems studied in this pa-
per fulbll this stability condition for all the considered values
of the couplingg.

1.01

Sriu/Srio
(@)
at

2. Solving the dynamics
a. Solution of the Langevin equations

The system of equation2?) can be solved in the fre-
guency domainZ3]. We have used the following convention
for the Fourier transformo] = [ dté ft). In particu-
lar, the expression of the mechanical position is given by

g V2 2g((k — i0)Rn[w] + ARy[w])
eff 1 —
Xme(lw] (Sqw] - (K _ Ia))2 + A2

+ .y 8o, (B3)

with the input noise quadrature&, = (&, + &,)/v/2 and
@, = i(&, — &n)/+/2. The mechanical susceptibility is given

10

FIG. 11. Stability conditiorSzy as a function of the cooperativ-
ities considered in this paper for each of the systems from Téble
Sku has been normalized by its value at zero coupliigho =
Qmedk? + A?).

system of equations because the effective detuninigpends
on the steady-state mechanical positpfR@. As a conse-

guence, the average photon number in the cavdtly, is a by
solution of the cubic equation 1
eff 2 2 492A9mec
, XmeJa)] = Qmec Qmec_ w — |(1)]/ — m .
2
(2 + (Ao - ﬁmz) =lel>  (BY) - (B
Qmec We can put it in the usual form for a harmonic oscillatd}, [
that is,

. . : . .
Therefore there are two different regimes depending on the XM [o] = Qmec(Qﬁqﬁeg[CU]z W |wye“[w]) ’
optomechanical parameters and the laser power and detuning: . _

one where the above equation has a single real root aridentifying the effective mechanical frequensyiffw] =

one where it has three. The systems (see THblaith the

Qmec+ 8Qmedw] and damping ratey*"[w] = y + Copde].

respective detunings considered in this paper are in the pr¥fe have denoted

regime, therefore, there is a unique steady stateg( On the

2P A (k2 — w? + A?)

other hand, in the second regime there are multiple possible 8Qmed @] = —(Kg F(@-M)) 2+ (@+2)D) (B5)
steady states, see, for instance, R&%|,[Chap. 2, for more 8PAQ
details. Tople] = medt (B6)

We study the evolution of the optomechanical system (k2 + (@ = A))(k? + (0 + A)?)
around this steady state by splitting the Heisenberg opsQ,.Jw] is the frequency shift due to the optical spring
erators in the Langevin equationg) (into a steady-state effect [7]. In the weak-coupling regime, we can neglect the
value and a Ructuation operata:=0x 4 & @= @+ 5§ contributions to the evolution of the nonresonant frequencies,
and = @+ 51 with @=0. Then, we use Egsl14) and therefore the effective frequency from the master equation
neglect the second-order terms (¥@@ and 5& dd) to  (16) is equal toQET [Qmed and the cold bath damping rate
obtain the linearized Langevin equation82). In these s given bYT opt 2med-
equations, the nondissipative part of the evolution is
governed by the quadratic HamiltoniaH},, given in

Eq. (19). N . From the Langevin equation2%) and using the correla-
_The stability of the optomechanical system can be detertion functions of the noise, Egs3)(and §), we obtain the
mined by applying the Routh-Hurwitz criterion, from which eyolution of the second-order moments of the quadratures:

J

b. Lyapunov equation

d<<;>?f) = 2A (8RR — 2c(8X%) + «, (B78)
% = A((8FF) — (8X2)) + 20(5 R — 2¢ (5R:5M), (B7b)
w = Qe3R8 + A(SBS@ — 1 (5R,5), (B70)
w = —Qmec(8X8@ + A SRS + 2g8RZ) — (¥ + 1) (8RS ), (B7d)
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d<ZF:Z> = —2A(0RSB) + Ag(ORO — 2« (SFE) + «, (B7€)
(8:2{18@ ARG + Qmec(SPS B — « (SPASG + 29(56F), (B7f)
w = — ARSI P — Lmec(SFIB — (v + i) (SRS + 29((SRSF) + (5@ ), (B79)
dﬁ(tq?) = 2XmeclOB . (B7h)
dwf D Qred (59 — (6) + 206X% — ¥ G, (B7i)
d%:}?) = —2Qmec 5GP + 49(ERSM — 2y (5F) + ¥ (2Mhec+ 1), (B7))

(

where we have debned the optical quadratdis= (5&+  whereY is the vector of operators¥., sB, sd § ). We have
88 )/v/2 andsm®, = (sé— 8é )/i/2. From these equations, debned the matrices
we get the evolution of the photon and phonon numbers,

(58 58) = 1((5X2) + (8F%) — 1) and (58 58 = 1((56F) + _:Z _AK Zog 8
(BIF) — 1): A=l 0 0 0 Q| (BH
mec
G5 58 | 29 0 —Qmec  —V
aoa o R
b 29(5R8@ — 2« (3@ 58), (B8a) « 0 0 0
0 « O 0
d(s8 68 _ 1 B=10 0 o 0 (B11D)
_ _|([:Jhonon_ |'F1)h0n0n‘ (B8b)

We then determine the steady-stétby solving 0= AW +
AT + B and obtain the steady-state phonon number
We have identibed the phonon RO = —2g(5X.5 ) 1
and 12" = —y (Bec+ £ — (3§7)) directed towards the Bbn = —Ms +V4,—1). (B12)

cold and hot bath, respectlvely Similarly, the Bow of photons
coming from the cavity and interacting with the mechan- Furthermore, the steady-state efbciencies [E3f.4nd (3)]

ics reads| Photon — 29( SF%(S(@ Rewriting Eqs. B8) fully in can be expressed as

terms of the annihilation and creation operators, we obtain A QmedV4
Egs. @3). ] Ml = == (B13)
The linearized Hamiltoniat®, [Eq. (15)] is Gaussian. I
Therefore, the system of equatiori37f can be rewritten in Neonv = - (B14)
the form of a Lyapunov equation fdt, the covariance matrix Vs
of the quadratures, We therefore obtain the following analytical expressions
iy = &FC1 + ¥ e (B15)
— —AV+VA' +B. (B9) CaSR
dt (4Qmetg(2)7/’<2) (Ca + BneLs)
Nfull = (A2 1 «2)oomeCs , (B16)
The elements of covariance matkixare debned as ¥ Sru(Ca + BhnecCs)
Nconv = ) (B17)
QmedCs + ¥ BneL?)
Vij = (Y5 Vi) — (YY), (B10)  with Sk debned by EqH2) and

|
C1 = [Qmed A% + k%) + (A% — 4 AQmec+ 2 Qmed” + ) Srn]?

+ y[A%(A% + Qmed®) — 2 AQmelPF + (283 + 2A%Qmec+ Lmec )i + (A + 2 Qmedk?

+ (A2 — 3AQmec+ KZ)SQH]K

+7?[20%°Qmed + (2A + Qmedk® + A%(2A + Qmedic®] + ¥ (A% + k)k A, (B18a)
C2 = [Qmeoc® + (3A%2mec+ 223 .. — 2AF)k* + ((BA* + Q) 2mec — 2(2A% + 3Q7 ) AF)«?
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+ A((A2 — 22’ AQmec — 2(A* — 5702

mec

+ 22 ) & — 8AQmedd’) &

+ J/[ZQmeCK + 2(2A Qmec+ Qmec_ ZAgz)K4 + ZA(AQmeC(AZ + QI'ZTISC) (ZAZ + 3Qﬁ’leC)gz) 2

+ 20° A*Qmed AQmec — 20°) | + ¥ Qmedc? + 2(AQmec — FF) Ak® + (AQmec — 207) A%k, (B18b)
Cs = BAQmePr? + ¥ [k* + 2(A% + Q2 )% + (A% — Q2 ) + BAQmed |«

+2y%[AQmed + (A% + QE ek + k] + v3(A% + k9)k, (B18c)
cs = — (k2 + (A — Qmed?)k + (AQmec+ k2 — A?)y, (B18d)
Cs = 2AQmedy + 2«), (B18e)

Co = 4(A? + k22 + v [(k? + A%)? + 207 (4c? + Q%00 + (Qmec — 2A)Sru ]«
+ V2[2K4 + (AZ +(A - Qmec)2 + 492)K2 + Aszec(Qmec_ A) +2A(2A — Qmec)gz] + )/B(Az + KZ)": (B18f)

c7 = [(k? + A®)? + QmecRH] 2k + ¥ [ (QRrec+ 46%) (K + A®) + QmecSkr] + ¥ (A% + k%) 2. (B18g)
[
Whengreaches the critical value The position RBuctuation spectrum,
+00 ot
Q o] = dte® (sdit)s@(0
ot = | T2 4 02), ©19) Slol = [ cte outtsato)
A +00 /
= — (8 w]sd[w']), B24
the matrixA is not invertible and the Lyapunov equatidso) oo 27 adelode’]) (B24)

does not have a steady state. In particutgf, diverges, as | . . ) .
visible in Fig. 4. This critical value of the coupling corre- 1S obtained from the solution of the Langevin equatid8)(

sponds to the point at which the stability conditi§igs > 0 In this case, the noise correlation functions are

(see AppendixB 1) is no longer fulblled. o -
Eolée]) = )|oto-+ o
mec 2kBTmec

¢. Beyond the white-noise approximation (B25)

According to Ref. 81], the white-noise approximation
for the mechanical noise [Eg3)] gives inconsistent results, and
even at high temperature because the commutation relation i i . L ,
[6, § = i is not preserved and it yields a spurious term inthe ~ (Xh[@]Xh[@]) = (Rh[w]Rh[o]) = 7é(w + ),
phase RBuctuation spectrum. Depending on the quantities of (B26a)
interest this does not necessarily impact the results, like in our s L « 5o, .
case (see Appendig 5). Nevertheless, to restore the correct Kn[0]Fh[@]) = —(Fh[e]Xh[o]) = i7é(@ + o).
commutation relation, the thermal noise operator should fulbll (B26b)
the following relations:

[1 + coth(

So, we get
e-iot-t') coth +1
BE)) = / dww (ngzBTm“) ., (B20) Silo] =[xt do]|*(Snle] + Splw)), (B27)
mec
B0 8N =2 Sse-t). @2 WO
mec
Shlw] =y COth( ), (B28)
To compute the steady-state phonon number without making $2mec 2kg Tmec
the white-noise approximation, we use the same method as in Solo] = 49k (B29)
Ref. [23]. The effective phonon number is given §y<5q?> + P 2 1 (w— A2’

(8 ) — 1), therefore, we can compute it from the position and o ) i
momentum Ructuations: are the thermal and radiation pressure noise spectra. To avoid

lengthy computation, we did not calculate the analytical ex-
pression for the phonon number but integrated it numerically

+
(8@) = f - d—wS][w] (B22) instead. We conPrmed that it gives almost identical results as
the white-noise approximation for the parameters considered
y T do w? in this paper [see Fid.3].
(6 ) = /_OO P QrzneCS*[w]' (B23) For the other quantities, namely;, nwn_and neony, We

would also need to comput@X.s ) and (§Ps@. This can
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. . intracavity beld by
) i
= 10 oy Skul@] = S, [0] + 4l ?8() + 2Se[w],  (B32)
> p— .
% r”’ -9 ,”’ SDom[a)] = S:’In [0)] + 2Ksba[a)]’ (833)
210794 (1) 10777 (2) . L
4 6 . . 4 where we have used the input-output relatmy; & &, —
& A ' 10 i ~/ 2« &. The power spectra are dePned like in EBR4).
% 1031 : 0 i Besides, using the equations for the second-order moment
& 100 ; 107 (B7) in the steady state, the phonon and photon R&§V&™"
% P ‘ 10-6] o . from Eq. B2 a_llndlph‘“o” from Eq. 34), can be expressed as
S 10734 3) (4) functions of(5§X?) and (§F¥):
1075 10-4 100 10* 107 1074 10° 10¢ h 2 [ oiogp) _ a2ismp) 4 A7
o o Igronen= = [ *(8%%) — A (5/%) + >— | (B39
Jo/BQmecki == TP [hQmeck = JIMS JhQeck | photon _ K[<5x§) + <8 F%)) . 1]. (B35)
FIG. 12. Beam splitter (dashed dark blue line) and two-modeFOr @ given operatoR (&%) = [ 925,[»], so we obtain
squeezing (dotted orange line) contributions to the evacuated-heat 2% [+ dow
Row J. (solid cyan line) as a function of cooperativity for each of the | phonon o / 2—(/(23(a[a)] — A% [0])
systems from Tablé. We have actually plotted-J™S so as to see AQ J o 2m
all the curves on the same plot in log-log scale. A2 — k2
L) (B36)
AQ
. . . . . T dw
be done by inserting the solution of the Langevin equations Iph"“’”:;cf Z—(S%[w] + S [w]) —«. (B37)
oo 2T

(22) in the frequency domain into
The cavity loss ratec and the effective detuning\ can
L T dew t*do’ . ., be measured using optomechanically induced transparency,
(RSB = /_ . 21 /_ 21 (OR[w]sd®]),  (B30) thereforel "°"°" and| Photon gre accessible experimentally. Fi-
) + 4w T da . nally, since the laser input powB¥s can also be determined,
(SRS@ = f — / — (R [w]s@w']). (B31) we have access to the evacuated-heat Goand both efp-
oo 2T Jooo 27 cienciesyi andncony.

Note that this approach could be used to treat a case where
the input noise in the cavity is not vacuum noise by replacing
Eqgs. B26) by the appropriate correlation functions. Different approaches involving various approximations are
used in the literature when studying optomechanical systems.
Here we provide a quick overview of their differences and
3. Contributions to the evacuated-heat Row how this impacts the steady-state phonon number in the case
of the setups considered in this article.
The simplest case is to consider the weak-coupling regime
(see Ref.7,21] and Secll B) whereg « «, Qmec This allows
It i S PR us to neglect the mechanical backaction in the Ructuation
—htg(@raséﬁ{r 8&.3.@--) n. the ‘Hamiltonian H, [Eq. (15)]. spectrum of the radiation pressure force and the steady-state
andJ; ™ = ig(s@s®— 6a 6¥ ) from the two-mode-squeezing honon number in the resonator is given by Eig)(
term —lagy(d@W+ 6@ 68 ). In the RWA, valid in the weak When going beyond the weak coupling limit, two com-
coupling regime (see next Append&5) for A close 0 monly used approaches are master equations (e.g., R [
Qmec ONly the beam-splitter contribution is taken into ac- Langevin equations (e.g., Ref@3[55]). Modeling of the
count. Figurel2 indeed shows that in the resolved-sidebandgqwnian motion of a mechanical resonator is a complex
regime [systems (1)D(3));"® is negligible at lowC, then problem, as highlighted in Refs81,82], for instance, and
both contributipns diverge.while}C remains constant. In the {hase two approaches usually do it differently which leads
nonresolved-sideband regime [system (d)]has the same {4 Gifferent values foms, Nevertheless, these differences
behavior but t_he two contributions are always of the samesnish in the limit of high temperatur@nec and high qual-
order of magnitude. ity factor Qmes Which is relevant for the setups studied in
this article (see Tabl#l). A detailed derivation of both the
master equation and the Langevin equations valid beyond the
high-temperature regime for the mechanical bath is provided
In an experiment, the power spectra of the quadrat@®gs in Ref. [82]. Typically, in the master equation approach, the
and B, of the light Peld leaking out of the cavity can be Brownian motion is modeled by the dissipative tepr(il +
measured using a double homodyne detection scheme. Theay,..)D[8p + y@nD[® 16 in the evolution of the density
are related to the Buctuation spectra of the quadratures of thaperator oy where D[®]p = @p0 — 1{® @, p}. This term

5. Comparison of the different approximations

The evacuated-heat Rod, Eq. 32), can be split into
two contributionsde = JP° + J[MS, wherel$® = ig(sa 58—
&%) comes from the beam-splitter interaction term

4. Measuring the photon and phonon Rows
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J ~ 102 F—— RWA during the derivation of the Langevin equations (see
10%1 \ Chap. 1 in Ref.55]).
& \ 10°1 ‘\\ Figure13 shows the resonatorOs steady-state phonon num-
= 0 \ \ ber g, computed with different methods: the weak-coupling
1074 ! ‘\j 10-212 - limit using Eq. (L9) (dashed green line), the master equa-
(,) M 2) = tion approach from Ref.24] (dotted red line), the same
106 T - master equation approach but making an extra RWA (yellow
1044 dash-dotted line) and a Langevin approach, going beyond the
& white-noise approximation for the mechanical noise like in
0 AppendixB 2 c and Ref. R3] (solid blue line). We can see
10 ‘(3) (4) - that the master equation and Langevin approaches give almost
108 10+ 10 10100,8 0+ 100 10t identical results for the experimental systems considered in
C C this paper. Note that the approach followed in the main text

to obtain, among others, the plots f,9n Fig. 4 uses an

intermediate level of approximation: Langevin equations with

noise on the resonatorOs momentum only (more accurate than

, . the symmetrical noise in the master equation) but using the

FIG. 13. Comparison of the resonatorOs steady-state phongpite_noise approximation for the correlations of the mechan-

numberng, obtain with different methods for each of the systems; 4| noise.

from Tablell. The green and yellow curves show us at which cooperativ-
ity the weak-coupling approximation and RWA, respectively,
stop working. The RWA in question here consists in neglect-
ing the nonresonant termy&® and & 68, and therefore
leads to the Hamiltonian

corresponds to symmetrical noise affecting identicallyghe 6 - A o LB sl

and Fﬁ%uadratureys. Conversely, in the La%gevin quz;ions, Hhwa = BASE b8+ B2me B 68— (58 68+ 5858 ),

the thermal noise typically only acts gn[like in Egs. @)]. which corresponds to an intuitive scattering picture since the

However, symmetrical noise can be obtained by making dotal number of particles is conserved.

J

- - weak-coupling master eq., Hrwa

— Langevin - master eq.

APPENDIX C: SQUEEZED-LIGHT SETUP

1. Squeezed noise
The correlation functions for the squeezed noise generated by the setup describedliA Seead §7,52)]

(Qn(t)ﬂn(t')) = 7Tsns(t - t/), (Cla)
(@ ()@ (1)) = mems(t —t). (C1b)
We have debned
_ ri — rg e—r—|f\ e—r+\f|
ns(t) = 1 ( T ) (C2a)
. ri — rz e*r—|'f\ e*r+\f| i
my(r) = —, ( >+ o, )e , (C2b)

where we have denoted. = s =+ |x| the decay rates of the RBuctuations of the squeezed and anti-squeezed quadratures. We
have assumed that we haxe> |x|. Then, we make the white-noise approximatids?][ Chap. 10). Namely, we take the limit

ro,r_ — ooinEgs. C2) to obtain the expressions Bf andMs [Egs. Q)] used in the noise autocorrelation functions [E&3]. (
Rewritingr. = s(1 +rg), wherers is the squeezing ratio debned in Ské 2, we see that the white-noise approximation can

be made for any value of in [0, 1[ provided that« is sufbciently large.

2. Solving the dynamics

The only differences between the squeezed-light and the standard setup are the correlation functions of the optical noise,
given by Egs. §). As a consequence, the results from ApperBlXa still hold while there are some small modibcations to
the evolution of the second-order moments. In particular, the effective mechanical susceptibility is unchang@d)[Ethié
shows us that in the weak-coupling limit, the resonatorOs coupling strength to the effective cdlgphagithe same whil@qg
can be made smaller than in the standard setup.
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a. Lyapunov equation

Like in Sec.B 2 b, we derive the Lyapunov equatié;ﬁ = AV + VAT + B%for the covariance matri¥ of the quadratures.
Ais unchanged [EqB119] while B%%" = B + §B, whereB is the matrix for the usual vacuum noise, given by BR{LXb) and
8B the additional term coming from the squeezing:

s+ |Ms|cos(P)  —[Ms|sin() O
SB —|Mg| sin(29 Ns — [Mglcos(®@) O O
_ sIsin(®)  Ns sl cos(d) ©3)
27T 0 0 0 0
0 0 0 0

As previously, we determine the steady state from the Lyapunov equation and compintengEq. B12) and the efbciencies
neonv @ndnsy from Eqgs. B14) and B13). We obtain the following analytical expressions:

c1+ 8¢
n:92(1+ l)"‘VWne(.CZ’ (Ca)
C3SRH
_ (4Qme<9(2)VK2) (Ca + 8C4 + BneLs) (C5)
il = (Az + K2)a)|aSC3 ’
Cs+ 8¢
— Y SRH(C4 + 8C4 + BineCs) (C6)

Qmed(Cs + 8Cs + ¥ BineCr) ,

wherecy, Cp, Cs, Cs4, Cs, Cg andcy are given by Eqs.B18) and Sz is debPned by Eq.B2). We have debned the corrections
coming from the squeezing

dcy = 2’(7'L's|\ls[(§2mec(/c2 + A2)2 + (AZ + ZQﬁ]ec)S?H)K + )/(Qmedfz(ZK2 +2A% + Qrznec)
+ (AZ + KZ)S?H + AQEneC(AQmeC_ 292)) + VZ(AZ + Kz)QmedC] — 25| M| (¢* cos(D) + s" sin(D)), (C7a)
8Cs = 27| M| [ (A% — Qi e — k% — yK)COS(D) + Ay + 2)siN(D) | — 2w Ns[ (A% + QE e+ k2K + ¥ (A% + £7)]

= 5Cs, (C7b)
with
" = (2[ Qmed A + ?) + Srn]ic + ¥ [5Rmec(4c® + Qied) + Srr] + 21 Qmewc) A, (C8a)
¢ = [QmedA* — k%) + (A% = 2Qmed — k?)Sru]ic + [ — 3Qmesc? + (A%Qmec — Qec+ 4AF)” + 2A0Q] o |
+ 7%(A 4 k) (A — €)Qmeck. (C8b)

We can see that the stability of the optomechanical system is still given by the corition O.

b. Parameter optimization

The optimal squeezing anglE is obtained by bnding the minimum of ). We bnd cos(@*) = c*/+/c*2 + s*2 and
sin(29*) = s*/+/c*2 + s¥2, wheres* andc* are debPned in EqsC@). Therefore the optimal squeezing angle depends only on the
optomechanical parameters and not on the other squeezing parameters.

We also minimizengy(rs) to Pnd the optimal squeezing ratip We bnd that? is a root of the fourth degree equation

a‘rd — ab*r3 + 6arr? — Ab'rg + a* = 0, (C9)
with
a" = c*cos(d) + s* sin(D), (C10a)
b* = [Qmedic® + A%)? + Su(A% + k% + 2Q2 ) [« + ¥ [Qmedic® + A?) (2 + A?) + (Q2 e+ £2) Sk
— 203 + y3(A? + k%) Qmeck. (C10b)

The only root that fulblls 6< rs < 1is

b b\ 2 b\? b [/b\?
ri=—+ (_) —1—\/§J<_> + = (-) -1-1, (C11)
a* a* a* a* a*

which depends on both the optomechanical parameters and the squeezing angle.
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¢. Beyond the white-noise approximation

Like for the standard setup in Append® c, we can go beyond the white-noise approximation, but this time for both noises.
The correlation functions for the optical noise, in the frequency domain, read

((@,)[w]én[w]) = msns[w]278(w + o), (C12a)
(@n[o]én[0]) = mTsmy[w]278(w + o), (C12b)
with
ri—r2 /01 1
ns[w] = 1 <r2 T2 12 +w2>, (C13a)
r2—r2 1 1 o

= ) 1

M) 4 <r3+a)2jL ri+w2>e (C130)
As previously, the steady-state phonon nunggrcan be computed using the position Buctuation spectrum
2

Sile] = [xmede]|"(Snle] + §5Me). (C14)

Shlw] is given by Eq. B28) and the radiation pressure noise spectrum reads

nw](k? + A% + 0?) — |mg[w]|[(A% — k% — w?) cos(D) + 2Ak SiN(X)]
q _ S
Sp'lw] = Splw] (l + 2ns 2+ (0T A (C15)
whereS[w] is the radiation pressure noise spectrum for unsqueezed vacuum noisB2EN. (
{
APPENDIX D: FANO-MIRROR SETUP with the input noise quadrature&, , = (&n.. + &, ,)/v2
1. Steady state and linearization andm, , = i@, , — én,.)/~/2. We have dePneg[w] as
We determine the semiclassical steady state of Ekfg. ( e — S -1
and derive the Langevin equatior?g] like for the standard t [w] = L J;dggd[ﬂ , (D3)
setup in AppendixB 1. The difference is the presence of the ealw] — Ged[w]
Fano-mirror mode, whose annihilation operator is split into tr[o] = v 2o (D4)
&= 5 + s&® The steady statex( @ §) is given by the system R = eaw] — G2eq[w] L’
of nonlinear equation22§). , , )
In this case, the stability condition 82" > 0, with with 5[] =« +i(A — ) and eg[o] = ya +i(Ad - o).
Note that in this section the exponent denotes the complex
F21° = A?Qecvd® + 4Qmecva? (ko> — A/KokL + Koki) conjugate and not an optimal value like in the part on the
+ 2Qmeeva(icL — ko) Ad(A + 2/koky) squeezing. The mechanical susceptibility is given by
+ QmecAd2(A2 + (ko + k1)2) Xmed @] = xped@] ™ + xople] (D5)
— 4(ra*(A — 2/koxL) + va (L — K0) Ad where xpeJw] = Qmed Qe — @? —iwy)~ is the mechani-
T AAD)E. (D1) cal susceptibility of the bare resonator @(ﬁ't[w] the optical
Sane > 0 corresponds, up to a fact@me, to the determinant
of the A matrix (Eq. £8d) of the Lyapunov equation (see T ——
Sec.D2b). As can be seen in Fid.4, the Fano-mirror setup ’
for the four systems studied in this paper fulPll this stability __
condition for all the considered values of the coupling 55
[¥5)
. . >~0.5
2. Solving the dynamics Er System
o
a. Solution of the Langevin equations LAl — (1) -= (3)
Like in AppendixB 2 a the Langevin equation®26) can 2) o (4)
be solved in the frequency domain and the expression of the (.0 ‘ ‘ ‘ =
mechanical position is given by 108 1074 100 10 108
L . . C
xepdo] odlo] =g > {(tule] + ti[—w]) R[]
n=L,R FIG. 14. Stability conditiorS52M of the Fano-mirror setup as a
; [ B function of the cooperativities considered in this paper for each of
+iltulo] — ti[-o]) B[]} the systems from Tablgé. 527 has been normalized by its value at
+ ﬁp[w] (D2)  zero couplingshe.
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contribution to the susceptibility, which reads d. Weak-coupling limit

2ig? Jig? We study here the weak-coupling lingikk «, Qmec In this

- - : 7. limit, illustrated in Fig.3(c), the Stokes and anti-Stokes rates
ei[—w] — G*2ei[—w] "t eaw] — G sd[w(][;G) are given by

ff -1
Xgpt[w] =

We then identify the optical contribution to the mechanical
damping rate: AR = F(ItL[FRmed I* + [tR[FRmed ). (D12)

Qmeclmxeff[w]—l. (D7) Therefore, alg = Qmecand the optimajy, which is relevant
opt for the sideband-resolved systems (1)D(3) considered in this

Therefore, in the weak-coupling regime, the resonatorOs cof@pPer (see Tablg), we have
pling to the effective cold bath, given b¥oplQmed, is

Fopt[a)] = —

different from the one of the standard setup. AT = (42med)* (D13)
A FKeff ’
b. Lyapunov equation Aiano ZFKeff(4QmeC)2(4Q§1€C + Kesz) (D14)

Like in Sec.B2b, we write the Langevin equations for A, (4Qmed?((4Qmed)? + 2T kerr)? + P2y
the quadratures and obtain the Lyapunov equ#{/oa: AV +

VAT +BforY = (6%, 5, 56 5 5%, 5K, with whereA.. are the rates [Eqsl{)] for the cavity in the standard
setup of equivalent linewidth and associated loss kate

_KA _AK 209 8 _% _% (see Secll A3). Namely, in systems (1)D(3), the use of the
0 0 0 Qe 0 0 Fano-mirror setup reduces the rate of the detrimental Stokes
A= 29 0 Qe —7 0 0 ) process by 10 to 12 orders of magnitude while the rate of
—JYaRL Jvake 0 0 v Ad the anti-Stokes process that cools down the resonator is only
| —/Vdko  —J/7akC 0 0 —Ag - decreased by 2 to 4 orders of magnitude. As a consequence,
(D8a) the temperature of the effective cold phonon bath is lower
~ (5t is 8 to 10 orders of magnitude smaller) gy is also a
K 0 0 0 vydke 0 couple of orders of magnitude smaller. This explains the shift
0 « 0 0 0 VvdkL of curves for the Fano-mirror setup in terms of cooperativity
B—|© o 0 0 0 0 in Fig. 4. Indeed, expressingop as a function of the coop-
0 0 0 (2Mmec+ 1)y 0 0 erativity, lopt = aopC, and neglecting’opt@pt in Eq. (19), we
NEZT 0 0 0 ¥d 0 obtainmg, =~ y Bhec/ (v + aopC)- The reduction of the phonon
L0 Vvake 0 0 0 vd number starts to be non-negligible whé€nbecomes larger

(D8b)  thany /aqpt, butaop is a few orders of magnitude smaller for
the Fano-mirror setup, hence the shift in cooperativity. For a
These results are in agreement with the ones from the Sugystem in the resolved-sideband regime, with= Qe the
plemental Material of Ref40]. The matrices are now too big cooperativity threshold to start seeing a decreasgiis & ~

to get a tractable analytical solution, so we solve the Lyapunoy /e for the standard setup am@~ T'kefr/ ((42mec)*Binec)
equation numerically instead [using Python and, in particularfor the Fano-mirror setup.

scipy.linalg.solve_continuous_lyapunov(A, -B)].
As previously,ng, is given by Eq. B12) and the efpciencies

Neonv @nd n by Eqgs. B14) and B13). n.,,, [EQ. 37)] is e. Optimal detuning in the nonresolved-sideband regime
obtained from In the non-sideband-resolved regime, for the standard and
—20\V4 squeezed-light setups, the best cooling is not obtained for a

Neony = . detuningA close tox. However, for the Fano-mirror setup,
20V93 — /vaii (Vs +\Be) + /Vako(Vs — VBs) the optimal choice is\g ~ 2.5Qmee NOt Ag = ker. We can
(D9 understand it by looking at the phonon number in the cold bath
in the weak-coupling regimenfgi° = A{2"%/ (A" — AFan9)
c. Beyond the white-noise approximation [see Eq. D12)]. Indeed, the parameters of the Fano-mirror
Like for the standard setup in Append&2c, we can Setup are such thaly = 4Qmecfo and o = 4Qmed/keft (S€E
go beyond the white-noise approximation for the mechanicaPec.!l C3), so in the limitQmec < ket andyq < I', we bPnd
noise and compute the effective phonon number from positiothat the minimum ofg°is reached for
Ructuation spectrum. Using Ed2), we obtain

Q 3
whereSh[w] is given by Eq. B28) and the radiation pressure e 3 (3*/3_7+ 26)

noise spectrum reads ~ 25, (D15)
SiMw] = 2¢(t[]|* + [tr[w] %) (D11)
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APPENDIX E: COMPARISON WITH ABSORPTION cool with thermal light, which we do not consider in our
REFRIGERATORS paper.

Optomechanical cooling has also been studied in the con- The brst setup studied in Ref3(] couples the cavity
text of absorption refrigerators3(,32], which are, like the mode fo the motion of a trapped atom (mechanical degree

setups we study. autonomous thermal machines. However. t cl)f freedom) and to its internal state (two-level system) while

framzwork is d?/f’ferent from the situation we con.sider in tr;ishtﬁe second couples the modes of two cavities to the motion
. ) . . . of a trapped atom. Both cases are quite different from the

article as it typically assumes a three-body interaction, Wher%tandard optomechanical sideband cooling setup we study and

three system parts interact with three heat badif One of .
the baths has to be hotter than the other and can. for eXampltherefore hard to compare. We can nevertheless note that their

. : Sredictions using sunlight (FigZ in Ref. [30]) brings the
e (rieoa:::/zeergetiy tizeéTraégth.we study a cavity optomechanic echanics close to the ground state i dpes not go well
svstem whicyr’m is a two-b<’3d s stgm (cavi)t/ gnd mechani. elow 1 as in the levitated optomechanical system which is
y ' y sy avity he most similar system we study (see system (3) in4and
cal resonator), where each subsystem is coupled to a bat

) ef. [27] for the experimental results).
Those baths are typically at the same temperature. Further- The setup studied in Ref32] would correspond to our

more, we Nanallyze coherent or squeezed I|ght incident t%tandard setup where the coherent laser drive has been re-
the caV|tyNwh|ch are both minimum uncerta!nty statesN laced by thermal light at temperatufg. But their results
and therefore interpreted as work. The valve picture deplcte§re hard to compare to ours as they do not study the bnal

ch]m'\::a?:.h;f‘l?():ellls s?al;ge ;;:g'té\; tt;)e d;fg'g;;ﬁ;g?”gggd tgz- 1phonon number and renormalize their efpciency by the Carnot
b 9 y P gbsorption refrigerator efbciency, which is ill-debned in our

the squeezed-light and Fant_)—mlrror. setups.'ln contrast, thﬁvo-terminal system with possibly equal temperatures.
result of a quantum absorption refrigerator is that one can
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