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Quantum theory of feedback cooling of an anelastic macromechanical oscillator
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Conventional techniques for laser cooling, by coherent scattering off of internal states or through an optical
cavity mode, have so far proved inefficient on mechanical oscillators heavier than a few nanograms. That is
because larger oscillators vibrate at frequencies much too small compared to the scattering rates achievable
by their coupling to auxiliary modes. Decoherence mechanisms typically observed in heavy low-frequency
elastically suspended oscillators also differ markedly from what is assumed in conventional treatments of laser
cooling. We show that for a low-frequency anelastic oscillator forming the mechanically compliant end mirror
of a cavity, detuned optical readout, together with measurement-based feedback to stiffen and dampen it, can
harness ponderomotively generated quantum correlations to realize efficient cooling to the motional ground
state. This will pave the way for experiments that call for milligram-scale mechanical oscillators prepared in
pure motional states, for example, for tests of gravity’s effect on massive quantum systems.
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I. INTRODUCTION

The purity with which quantum states of tangibly massive
objects can be prepared remains an open experimental chal-
lenge [1-3]. Although workers in the fields of atomic physics
[4-9], and more recently cavity optomechanics [10-18], have
succeeded in addressing this challenge at subnanogram mass
scales, objects with a significantly larger mass feature a qual-
itatively different behavior. The central pathology remains
the same, namely, decoherence, but the precise symptom is
unique at large masses.

Small-mass objects, elastically or electromagnetically
bound, can be taken to be a mechanical oscillator that is
subject to a viscous damping force proportional to its ve-
locity (called velocity damping). For trapped atoms, this is
due to the fact that there is little internal dissipation, and any
external dissipation arises predominantly from background
gas collisions, which are naturally described through im-
pulsive momentum kicks; the fluctuation-dissipation theorem
then assigns a velocity-damped model for motional decoher-
ence. Levitated nanomechanical systems, recently prepared
in their motional ground state [15,16], appear to be immune
to internal dissipation, despite large internal temperatures
[19], apparently due to negligible coupling between internal
modes and center-of-mass motion. Nanomechanical objects
are elastically bound so as to realize radio-frequency me-
chanical oscillators; the effects of internal dissipation are
largely masked at such high frequencies [20]. The upshot is
that all existing theoretical consideration of laser cooling of
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mechanical oscillators implicitly assumes a velocity-damped
oscillator [21-32].

Large-mass objects have been isolated so as to be largely
immune to external damping. To wit, gas damping scales
inversely with the mass [33-35], while suspension techniques
have been developed (such as that employed in LIGO) that are
not limited by loss to an external agency. Internal damping
dominates their decoherence. A most ubiquitous form of in-
ternal damping in elastic oscillators is anelasticity [20,36,37],
for which the damping is not velocity proportional, but is de-
scribed by a frequency-dependent “structural damping” rate,
Tol[2] = (20/00)(20/2), where 2 is the resonance fre-
quency, and Qy is the (frequency-independent) quality factor.

The decoherence rate of a structurally damped oscillator,
when exposed to a thermal bath of mean occupation ny,[2] ~
kgT /h<2,

TwlQ Qo ~ 27 (%0

[ 2] = ni[$2]T0[2] ~ h_Qo<§> ,

decreases quadratically with frequency, in marked contrast
to a velocity-damped oscillator (for which the scaling is
linear). This can be harnessed by stiffening the oscillator—
for example, by radiation pressure forces from a cavity
field [38—40]—so as to establish an oscillator mode at
the frequency Q¢ > o, whose thermal decoherence rate,
Tl 2eir] = FCin[201(R0/Qeir)?, can be significantly lower
than that of the intrinsic mode (at frequency €2(). However,
this will be counteracted by additional decoherence from
quantum fluctuations of the optical field used to produce the
optical spring. The interplay of these two effects, given the
scaling of the decoherence rate for a structurally damped
oscillator, calls for a reexamination of the conventional
theory of laser cooling [21-23,25] as applied to macroscopic
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mechanical oscillators. As we will show, this naturally brings
up the opportunity to consider improvement of the cooling
performance through back-action evasion.

In the following we study laser cooling of structurally
damped and optically stiffened mechanical oscillators via
their coupling to an optical cavity field. Because typical
macroscopic mechanical oscillators coupled to optical cavities
tend to be in the broadband cavity regime (i.e., mechanical
frequency much lower than the cavity decay rate), cooling
from cavity dynamical back-action is not practical to realize
pure quantum states, so we consider active feedback based
on cavity-enhanced measurement of the oscillator position
as the cooling mechanism [14,21,25,41]. In fact, significant
optical stiffening, by blue-detuning the cavity mode it is cou-
pled to, requires external feedback to stabilize the oscillator
against parametric instabilities [42]. The natural rotation of
the field quadratures due to cavity detuning, possibly en-
hanced by choice of homodyne measurement angle to derive
the error signal for feedback, gives rise to the possibility of en-
hancing the performance of feedback cooling using quantum
correlations developed intrinsically in the radiation-pressure
interaction [43].

II. FEEDBACK COOLING WITH ACTIVE AND DETUNED
OPTICAL SPRING

We consider here the following scenario [depicted in
Fig. 1(a)]: A mechanical oscillator, with displacement fluc-
tuations §x, forms the end mirror of an optical cavity, whose
motion modulates the cavity frequency as G - x; the cavity is
probed by an ideal coherent field detuned from resonance by
A, and is otherwise lossless; the reflected light is subjected
to homodyne detection with a local oscillator whose phase
differs from that of the cavity input by 6; and the resulting
photocurrent fluctuations are passed through a causal filter to
synthesize a force—the feedback force—that impresses upon
the oscillator. Despite the complexity of the scenario, the
motion of the oscillator can be described by a simple linear
equation (in the frequency domain),

X0 [QI8x[Q] = SFnlQ] + FplQ1 + Fp[Q]. (1)
It describes the intrinsic response,
x0[Q1 = [m(—Q* + Qf + QU [QD] ™, (2)

of the oscillator—with mass m, intrinsic resonance frequency
o, and damping ['o[2]—to three forces.

A. Structural thermal force

The thermal force & Fy, is characterized by its (symmetrized
double-sided) spectral density,

S0 [Q] = 2h(na[Q] + HmQry[€l, 3)

where ny[Q2] ~ kT /(h<2) is the average thermal phonon oc-
cupation. Note that structural thermal force decreases with
frequency [i.e., S}V“F[Q] ~ 2hm QI'y[2] o« 1/Q2]—in contrast
to velocity-damping which is frequency-independent—which
implies that the resulting thermal displacement spectrum
scales as 7 for frequencies above resonance [see Fig. 1(b)].
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FIG. 1. (a) A schematic picture of our model of feedback cool-
ing. A mechanical oscillator with intrinsic susceptibility x is trapped
by two additional springs—one induced by optical radiation pressure
(Xrp) and another induced by measurement-based feedback (g, )—so
that the effective resonant frequency is significantly increased. The
feedback filter is characterized by two cutoff frequencies Q. that
define the mechanical mode of interest. (b) Displacement fluctua-
tions of a structurally damped (red) and velocity-damped (yellow)
oscillator, showing the stronger decrease of structural thermal noise
at frequencies above resonance.

B. Radiation pressure force: Optical trapping versus quantum
back-action

The radiation pressure force Fp[€2] arises from an inter-
action between the oscillator displacement and intracavity
field (a) described by the interaction Hamiltonian [44], Hy, =
—hGnx, where n = a'a is the intracavity photon number. In
a linearized description, the radiation pressure force can be
expressed as the sum of two components [45],

FplQ1 = — x5 [218x[Q] + $Fp [, 4)

The first is a detuning-dependent force that is proportional to
the oscillator position, and leads to optical damping and/or
antidamping and spring shift, while the second is a quantum
radiation pressure force fluctuation due to intracavity photon
number fluctuations. In the broadband cavity regime [i.e.,
where the cavity decay rate («) is much larger than the me-
chanical frequency] the former is described by a susceptibility
of the form

X =m(Q, +iQTy), (5)
where
8 Qi 25
QAR Tprv-——E (6
P SQLo(1 4 62) P K (14 82)? ©)

043520-2



QUANTUM THEORY OF FEEDBACK COOLING OF AN ...

PHYSICAL REVIEW A 105, 043520 (2022)

are the shifts in the oscillator frequency and damping rate due
to the radiation pressure interaction. Here, § = A/(x/2) is the
detuning normalized to the cavity’s full width at half max-
imum (FWHM), n. is the mean intracavity photon number,
and we have defined

8hG?n,
QgL = , 7
mi

the frequency at which the free-mass standard quantum limit
(SQL) is attained.

Note that, in the theory of cavity optomechanics applied
to high-frequency oscillators, the radiation-pressure-induced
change in the oscillator frequency is typically small com-
pared to the intrinsic resonance frequency (i.e., £ < £20).
In that case, the characteristic interaction frequency is the
vacuum optomechanical coupling rate, G./n./h/(2mSy),
defined with respect to the zero-point motion of the intrinsic
oscillator at frequency €2y. In contrast, here we consider the
scenario where the optical spring frequency can be much
larger than the intrinsic frequency (i.e., Qrp > €20), and we
are interested in the properties of the oscillator mode es-
tablished at the shifted frequency. Achieving this scenario
gives the advantage of the frequency dependence in the struc-
tural damping. Even when the shifted mechanical frequency
is much different from its intrinsic frequency, the trade-
off between measurement sensitivity and back-action force
remains constrained by fundamental constants (explicated be-
low). Thus, in the terminology of imprecision and back-action
noises (see below), the SQL frequency, implicitly defined
by (mQsqL)*Sax [Q2sqr] = SF-[QsqL, is a more convenient
measure of the interaction strength that is independent of
the mechanical resonance frequency. Note that this implicit
definition clarifies the interpretation that it is the frequency at
which the SQL is achieved. When both the imprecision and
back-action noises are white, for example, for displacement
readout using a broadband cavity, explicit expressions for
these noises give the form in Eq. (7). The implicit definition
is, however, valid more generally.

The effect of the position-dependent term in the radiation
pressure force [first term in Eq. (4)] is to change the effective
response of the oscillator. Indeed, inserting the form of the
radiation-pressure-modified response [Eq. (5)] in Eq. (1) and
rearranging terms shows that the radiation-pressure-modified
response,

(o' + Xr;l)‘l ~ [m(— + (2 + @2

QT+ Tp))]

features a mechanical oscillator at a higher frequency (Q% +
pr)l/ 2> Qq for blue-detuned (i.e., § > 0) operation. Since
the thermal force decreases with frequency, the displacement
fluctuations due to thermal noise at £2,;, can be lower than that
at the oscillator’s intrinsic resonance frequency 2.

Two effects, however, affect this conclusion. First, quan-
tum fluctuations in the intracavity photon number, due to the
blue-detuned light used to stiffen the oscillator, create an ad-
ditional radiation pressure force fluctuation (see Appendix A),

SEe = (KG)*S,, ~ 4R(hG*n. /K )/(1 + 8%), or equivalently,

2 2
ST lw] =h Mo _ hmg"" . 8)
2(1 4 8%) 8 |s=0

Note that this quantum back-action noise increases quadrat-

ically with the stiffened oscillator frequency (for fixed

detuning and increasing laser power). The second problem is

that as the blue-detuned optical power is increased to realize

a stiffer trap for the oscillator, the total damping rate can

become negative (i.e., I'o + I'y, < 0), causing the oscillator

motion to get amplified, and the optomechanical system be-
comes unstable or nonlinear.

Both these problems—increased quantum back-action with
oscillator frequency, and instability—can be controlled by ap-
plying a feedback force on the oscillator based on an estimate
of its position. The nature of the feedback, to be discussed in
Sec. II D, is such that the oscillator motion is simultaneously
damped with an amplitude smaller than the ambient thermal
motion, where we expect the resulting dynamics to be linear.
(In an actual experiment, the trapping field and feedback
damping will need to be energized simultaneously.)

C. Displacement measurement: Imprecision, back-action,
and back-action evasion

The optical field used to pump the cavity—the same one
that when detuned produces the optical spring—is modulated
by the motion of the mechanical oscillator. Measuring the
quadratures of the field leaking out of the cavity, for exam-
ple, by homodyne detection, realizes a linear measurement
of the mechanical oscillator’s displacement. The homodyne
photocurrent, appropriately normalized, produces a linear es-
timate of the position,

Sxobs[S2] = Sx[€2] + Sximp[£21], ©))

contaminated by the displacement-equivalent imprecision
noise 8Ximp, due to shot-noise fluctuations of the field quadra-
ture that is detected. Since the back-action force 8F;, also
arises from the vacuum fluctuations of the same field, the
imprecision and back-action satisfy two constraints (see Ap-
pendix A),

2

SEAIQISIPIQN = o ese’ ferr, (10)
n
SPimPro] — — P otd ¢ (11
Fx 2 }’] eIl
where
O =60 —tan~' 8 (12)

is the effective quadrature angle of the reflected light that
is measured (for example, using a homodyne detector),
and 7 is the detection efficiency. The first expresses the
essence of the uncertainty principle: the measurement im-
precision and back-action force are a mutual trade-off. The
conventional measurement strategy—for phase quadrature ho-
modyne readout of the reflection (f.f = 7 /2)—can realize
a quantum-ideal measurement (i.e., Sy, S’ = i?/4) if the
detection efficiency is unity. The second expression relays
the fact that the back-action force and imprecision noise can
be correlated—but only for finite detuning and/or homodyne
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readout of nonphase quadratures—due to the fact that traces
of the same optical field fluctuations that produce the back-
action force manifest also in the imprecision noise. When
these are anticorrelated (i.e., S’ < 0), the detected field
quadrature can be squeezed, and (some of) the back-action of
the measurement avoided. Egs. 10 and 11 exhaustively char-
acterize the constraints on the measurement due to quantum
mechanics at the level of spectral densities; in fact they verify
the generalized uncertainty principle, Sp. Sy’ — [SE"P|* =
12 /4 [46,47].

D. Feedback force: Active spring and damping versus feedback
back-action

Finally, a feedback force can be applied on the mechanical
oscillator, based on such a measurement, i.e.,

Fip[Q] = — xm[€2]8x0bs[£2], 13)

where xp[€2] is a causal function chosen to produce the de-
sired modification of the oscillator’s effective response. (In
principle there could be an additional force noise associated
with the feedback force—for example, from the actuator in the
feedback path, or technical noises in the photocurrent inside
the passband of ngl—but this can always be made negligible
as long as a sufficiently high-power quantum-noise-limited
local oscillator is used in the homodyne detector. In this case,
the homodyne detector acts as a high-gain phase-sensitive
amplifier, and so the quantum noise of the optical field, assim-
ilated into 8ximp, is the only relevant noise.) Inserting Egs. (4)
and (13) in Eq. (1) produces the equation of motion modified
by radiation pressure and feedback:

Xert [Q18x[Q] = 8Fu[Q] + 8Fp[Q] — xp,'Sximp[2],  (14)
where x.¢[€2] is the effective response given by
Xei = Xo '+ X'+ xi' (15)

In order to affect active spring stiffening and cooling, the
feedback susceptibility needs to approximate the form,

X' =m(Qf, +iQTp), (16)

around the oscillator’s stiffened frequency; here Qg,, I's, > 0.
This form is comparable to the radiation-pressure-induced
susceptibility in Eq. (5). The effective susceptibility then takes
the form

Xet =m(—Q% + Q¥ +iQerr), (17)

which is the response of an oscillator at the shifted fre-
quency, Qefr = 20 + Qp + Qpp, with a modified damping
rate, Legr[€2] = To[R2] + T + .

The displacement spectrum of the oscillator so realized
takes the form

Sl Q] = xerr[ Q117 (SR [Q] + SEQ] + [ xn[211725P[Q]
+ 2Re(x [-QIS™[R21)). (18)

Here the first line represents the physical motion of the oscil-
lator due to the thermal, radiation pressure back-action, and
“feedback back-action” forces; the latter is due to imprecision
noise fed back as a force through the filter !, The second
term is due to imprecision-back-action correlations arising
from detuning of the cavity from resonance, or detuning of
the homodyne detector from phase quadrature.

E. Feedback filter for ground-state cooling

When the objective is to cool the mechanical oscillator, a
convenient figure of merit is the average phonon number, 7.y,
defined through the average energy,

(8p*) mﬁgff(sz) 1
= hQ%t| ne — .
wm 2 e ¥ 5

Here §p is the fluctuation in the momentum of the oscillator,
which is unobserved. Howeyver, it can be estimated from the
observed displacement as ép[2] = —imQ2 §x[€2], so that the
required variances (8x%), (8p*) can be inferred from the spec-
tral density S, alone as

L, [ dS . .o [PdQ .
oo 2T oo 2T
(19)

Mathematically carrying out this program to estimate the
phonon number for a structurally damped oscillator that is
controlled with the feedback filter in Eq. (16) turns out to be
impossible. This is for two reasons:

(1) At low frequencies, even without feedback, the vari-
ance in the displacement of a structurally damped oscillator is
formally infinite [36]. The physical reason is that structural
damping, just like any physical process dominated by 1/f
noise, is due to nonequilibrium processes at slower and slower
time scales [48—50], which precludes thermal equilibrium.

(2) At high frequencies, feedback of imprecision noise as
a force noise leads to a formally infinite momentum [51].
This can be seen as follows: When Eq. (18) is used to es-
timate the momentum variance as the integral of (m)%S,.,
the term in the integral proportional to the imprecision noise,
Q% xefi|* | x| ~2S5x¥, is a constant at high frequencies, since
| Xete[€2>> Qeir]|? ~ 74, while | xp[2 > Q]| 72 ~ 22, and
(at best) 85" is frequency independent.

In other words, a structurally damped oscillator does not
strictly satisfy the equipartition principle; naive feedback
compounds the problem.

In practice, all experiments have a finite bandwidth and
observation time which regulates the singularities at high and
low frequencies, respectively. In particular, for a large spring
(2 > Q) the effect of structural damping can be well ap-
proximated by taking the damping rate to be constant around
resonance, i.e., [o[Q2] & o[ Rer] = Q%/ (QoL2¢r). To regulate
the problem with the momentum variance, we modify the
feedback filter to the form

1+iQ/Qy

—1 2
Q) = mo2— e
Koo 1821 = mShy— e o S

(20)

where Qy and € are high- and low-pass frequencies be-
tween which feedback is active (2p > Qpy), and g > 0 is
the dimensionless gain. In this case, unlike the naive filter
in Eq. (16), we have that |xp[2 > Qerr]| 72 ~ mQ%g%b, SO
that Q| xeit|?| x| 28" ~ 72, which regulates the high-
frequency divergence of the momentum integral. However, in
order to realize a spring and damping, the filter in Eq. (20)
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must conform to the form in Eq. (16) at some frequencies; An additional complication of this choice of the feedback
indeed we have filter is that it need not render the system uncondition-
ally stable in the presence of radiation pressure back-action.
A simple Routh-Hurwitz analysis of the effective sus-
ng1[9 L~ mQ%(l + lﬁ) - ceptibility Xeffzshows that the system is stable ' if gp >
Qy —Ip QL Qu/[25(2 — 25)]. We assume that sufficient feed-

back damping can be realized to satisfy this condition.
With these issues addressed, the oscillator’s mean phonon
number can be computed from the displacement spectral
density. The result can be expressed in closed form (see

Comparing this with Eq. (16) implies that the feedback
damping is ', = gnQ3/Qu, and the spring shift is Qp, =

222 = v/ Qul . Appendix B):
|
2Q% + (QL — Qu)ler + 27 1\ Tolerr]  29%; + (L — Qu)ler + 293 Cett
2n +1=[ off L(n +n +—> + —f Hp;
eff Q% th,eff ba ) Feff ngf mp FO[ Qeff]
202 + (Q — Qu)leir + 29202 Qn\ !
O 2Qg + (2 )l et + 2921 H"°°fi| (1 _ _H) . 21
Q. Qesr Qr

(

Here, ng et = nen[Qesr] = nn[201(S20/2esr) is the average the above expression can be cast as

Ehonqn occupation of the stiffened oscillator, ny, = ny eff -

SE/ S%F [Q2] is the average phonon occupation due to quan- n 1 N ot l . Qer \° ' Co[2efr]
tum back-action, nimp is the phonon-equivalent imprecision Neff | Mheft T Toa T To[Ser] Mimp Tt
noise defined through the uncertainty relation [Eq. (10)],

[\

_ _ . r
Rimplba = (16m) 7! ¢s¢? Ger, and neor = (2,/7) " cot Gy is the + nimp;ff’
phonon-equivalent correlation between imprecision and back- Lo[€2err]
action. (22)

consistent with the experiments on feedback cooling of
II1. DISCUSSION a structurally damped actively stiffened oscillator near its

The first and second terms in Eq. (21) denote the feed- ground state [1]. _ _ _
back suppression of the total energy of the stiffened oscillator The case of no active spring corresponds to setting Qefr =
(O Mipefr + Mpa) and the heating due to feedback injection ~ O (because we have assumed that $2rr > €2 in the above
of imprecision noise, respectively. The third term, nega- equation). With resonant readout, there is no additional source
tive in contribution, is the effect of back-action cancellation ~ ©f SPring stlffemlng either. In this case,lthe above equation re-
originating from imprecision-back-action correlations devel- duces to .(”eff + 3)letr = (nn + N + )0 + nin}preff, Whl_Ch
oped through the radiation pressure interaction [52-54]. Such ~ ¢an be interpreted as a detailed balance relation describ-
quantum correlations can be harnessed when feedback is 1N @ velocity-damped o.scﬂlator simultaneously cogpled to
predicated on readout of the outgoing field’s quadrature that ~ its thermal and back-action baths at rate I'o, and via feed-
is away from phase quadrature (as shown in Ref. [43] for back to t.he. I?ath due to measur.ement imprecision at rate
feedback damping with resonant cavity readout for a velocity- et~ Optimizing over the damping rate shows that e +
damped oscillator). 12 2\/ (M + Nba + 3)nimp; using the uncertainty relation,

Rimphba = % further gives neg + % pe 2\/ (nm + %)nimp + %
Thus, to realize ne;r < 1 requires that nimp, < 1/Q2ng + 1),

o . . which is the well-understood requirement on the measurement
Before delving into further discussion, note first that  sensitivity to feedback-cool a velocity-damped oscillator to its

A. Conventional case: Feedback with resonant
phase-quadrature readout

the practice of estimating the phonon occupation by as- motional ground state [14,41].
suming the equipartition principle, i.e., taking 2nep + 1 = In marked contrast, for a structurally damped oscilla-
(2mSesr/1)(8x%), is equivalent to taking the low-pass cutoff  (or that is actively stiffened, the apparent initial occupa-
to be €21, — o0; in this case, Eq. (21) reduces to tion (i.e., before feedback damping has commenced) in
| 1\ T[] Eq. (22), nefr + Nba + Mimp(Qesr/To[Qefr )%, has a thermal
st + 3 %(nth,eff + npy + 5) T component (ﬁrst term), n,efr = nn[$20]1(20/ 21t ), that de-
eff creases with increasing spring frequency—a form of thermal
Q%I Cett Qu noise dilution [39,40]—and an additional term (third term),
+ <1 + y)nimpm P Pianp (et /To[2etr])” = Mimp (g /T'0S20)°, that increases with
eff the spring frequency—a form of feedback back-action arising
For phase measurement at zero detuning (i.e., Oegf = 7 /2,8 = from imprecision noise fed back as a force noise in realizing

0), the effective resonance frequency is Q% & wp[efr, so that  the active spring. The opposing scaling of these two effects
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with the sprmg frequency, with the former scaling as _g ! and
the latter as Qeff, implies an optimal value of the spring fre-
quency beyond which the dilution of thermal noise is nullified
by increase in feedback back-action from the spring. For a
given measurement imprecision (which is independent from
the effective frequency for the structurally damped oscillator)

1 ( Qo )2 o3
Rimp = ——— ’
P 4o \ QsqL

that optimal spring frequency is given by (for the relevant
case, nimp K 1),

Q] 1 \'°
QﬂmmefOE@) 4
mp 0
15 /6 2/5
_ QO(U”m) ( SQL) ’ (25)
Qo Qo

where Qg = Q0/'0[€20] is the intrinsic quality factor of the
oscillator. Inserting this back into Eq. (22) gives

L (s 245, 15 1\ To[Retr]
st + 27 (%("thQO) Mimp T "ba + 5 2) T
r
+ ”limp;ff
To[Qesr]

1
= \/<28/5 (n[hQO)z/snl{é + Npa + E)nimp

5 1
> 2\/28/5 ("thQ"”lmp)z/S 16

Here the second line is the result of optimizing over the
feedback damping rate I't, while the last line is from the
uncertainty principle (and we have omitted a small O(simp)
term). In order that nes < 1, the last equation implies the
requirement

V2 a5

imp < S576Mn Qo (26)
on the measurement sensitivity. For the experimentally rel-
evant regime where the oscillator begins in a large thermal
state, i.e., ng, > 1, the requirement on the measurement sen-
sitivity is slightly weaker for the case where the oscillator is
structurally damped and actively stiffened (scaling as nthz/ 3)
compared to the case of a velocity-damped oscillator (scaling
as nt;l). The condition for njy, in Eq. (26) can be rewritten as

that for the mechanical Q value,

5\ 5/4 Q0 \3
Qo = <§> nlh<9soL) ’ @7

or in terms of the oft-quoted “Qf product,” Qofp >
(kgT /h) x (5/8)5/4(QO/QSQL ). Note that the necessary con-
dition on the mechanical quality factor is relaxed for a
low-frequency oscillator strongly coupled to a quantum-noise-
limited optical field (i.e., QsqL > £20). The unique QS_SL
scaling on the Q-factor requirement is consistent with the idea
that as Qgqr, increases, larger active spring frequencies can
be realized; for a structurally damped oscillator, its thermal
occupation reduces as Qe_ff', while the penalty from feedback
back-action in realizing the spring worsens as impQ; o

(Q24/QsqL)%; their ratio is upper bounded by a factor that
scales as QgSL.

B. General case: Detuned readout with finite-bandwidth
feedback

The more general case harnesses the freedom to both
detune the readout field from the optical cavity resonance—
which produces an optical spring and rotates the quadrature
of the outgoing field with respect to the input field—and
a variable-quadrature homodyne detection of the outgoing
field—which can be sensitive to the quantum correlations de-
veloped via the radiation pressure interaction. In this case, for
a fixed optomechanical system, an experimenter has control
over five parameters: the gain of the feedback filter gg,, which
effectively sets the feedback damping rate I'g,; the cutoff fre-
quencies Q2 and 2y, which together with the feedback gain
determine the feedback spring frequency 2p,; the detuning,
which contributes to the radiation pressure-induced spring and
damping; and the effective readout phase 6.

In the following we will interchangeably use the phonon
number and the purity as figures of merit to assess the quality
of the quantum state that is realized. The purity satisfies 0 <
1 < 1, where the upper (lower) bound corresponds to a max-
imally pure (mixed) state. In the scenario we consider, where
the initial state of the oscillator is Gaussian (specifically, as-
sumed to be thermal), and measurement and feedback are lin-
ear in the oscillator’s position, the state realized by feedback is
also Gaussian. For Gaussian states, the purity is related to the
average quantum number of its thermal component as ! =
2ne + 1. Thus Eq. (21) directly gives the inverse of the
purity. Note, however, that the conventionally employed cri-
teria for having realized the ground state of motion, . < 1,
corresponds to a purity of u > 1/3.

For fixed detuning, the dependence of the readout angle
is through the imprecision and the imprecision-back-action
correlations,

Opf 2
Mimp = Hj = j;{pa + cot? Oerr), (28)
Neor = nff)‘;. = ngo/f cot ey, (29)

where ”1mp = 1/(16nnp,) is the 1mprec1s10n for the con-

ventional phase-quadrature readout, and nCor =1/ /).
Clearly, the phase-quadrature readout (6. = 7 /2) minimizes
imprecision without harnessing any quantum correlations
(nfo/r2 = 0), while the amplitude-quadrature readout contains
no information about the motion (i.e., n?m — 00). In the con-
text of displacement measurement, the trade-off between these
two scenarios is the principle of so-called variational measure-
ment that can realize displacement sensitivity better than that
by phase-quadrature readout [52-56]. Improved displacement
sensitivity, in the context of feedback control, produces less
feedback back-action; thus, optimizing the readout angle to
harness quantum correlations can lead to better state purity

(with other parameters fixed).
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Inserting Eq. (28) in Eq. (21), the latter can be put into the
form

Ct()l

R~ = = (mperr + noa + ) + gCimpMis (1 + cot? 0)

— Coort/* cot 8, (30)

cor

where g = [o[Qesr]/Tesr is the factor by which the damping
rate has increased due to feedback, R =1 — Qu/Q, and
Ciot,imp,cor are the dimensionless prefactors for each of the three
terms in Eq. (21):

2Q2 + (L — Qu)lepr + 297

ClOt - Qz )
_ 2
Cimp = 29 + (. 29 )ler + 2% G1)
Qeff
o 29+ (1~ QT + 222
o Qr Qer

which are themselves functions of g, Q1. In this sense, the
final occupation depends on five parameters: the effective
readout angle (which includes the detuning), the increase in
damping due to feedback, quantified by g, and the filter cutoff
frequencies Qg1 ; the filter DC gain (gg,) and spring frequency
(Q2¢r) can be determined in terms of these.

The optimal readout angle is defined to be the one that
maximizes the final state purity p. Completing the square in
the angle-dependent terms of Eq. (30),

C
—1 tot 2
) + gClmPnﬁr{p

Ru=—" =
4\ 2
CCO[‘ n:(,JrO/l'
2
2¢Cimphiye

(nlh eff T Mba +

+ gClmpnlmp |:<cot 6 —

2
. ( Ccorngo/r4 ) :|
/2
2gcimp”§np
C Ceorni')?
> Lo Mot + ba -+ 2 (Ceorficér )
8 4Ctotclmpn

1mp

+ gclmpnﬂ/2 (32)

imp’

where the inequality is true for the choice cotf =
Ceorlcor/ (2gCimpnfn{§ ), which minimizes the expression in the
first line, and dictates the optimal readout angle.

The negative term in the first parentheses of the last in-
equality above represents the decrease in back-action due
to back-action cancellation in variable-quadrature readout.
Indeed rewriting the back-action-related part inside those
parentheses in the form

4

(Ccorngo/r )2

Mg — ——————> = Npa | 1 —
4CtolC1mpn

/2
imp

(Ccorngo/r4 )2 1 )

4Ctol Clmp Npal;

C2
(1= 55 )
- CiotCimp

shows the ideal efficacy of back-action evasion with variable-
quadrature readout. (Here the inequality is a result of the
statements of the uncertainty principle, nbanﬁn/s > 1/16, and

1mp

nfo/r4 < 1/2.) Ideally, all back-action is canceled, correspond-

ing to the condition CCor = CiotCimp; as it turns out, this
happens when [57] Ci¢ = 2. From Eq. (31), and the fact
that Qg < Qegr < Q, it follows that Qp 2 /Quleg/2. This
further implies that Ciyp ~ 2.

Thus, in the ideal case where these conditions can be met,
all back-action can be suppressed, and so

2 /2

w > g("th,eﬁ' + 1) + 281,

> 4\ (e + 3L (33)

rr/2

imp N

for a readout angle

mdlcatmg that the ground state can be realized if n,
(3/4 e = (3/4)nun(Qo/Qerr ),
0=~ 7.

Tlfe practical benefit of variable-quadrature readout is that
for a given measurement imprecision, it can materialize mod-
erate back-action cancellation so that the occupation achieved
by feedback damping is lower than if phase readout were
employed. To illustrate this practical scenario, we numerically
optimize the purity as a function of the five parameters: the
two cutoff frequencies (2, and Qy), the feedback gain (I', ~
[eft), the normalized detuning (§), and the readout angle (Oesr).
The purity is optimized for varying quantum cooperativities,
Co = npa/np. In order to emulate conditions of fixed input
power, the cutoff frequencies are normalized by the SQL
frequency with zero detuning,

V1 +82QgqL. (34)

For the same reason, we define Cg sqr, to be the quantum
cooperativity at the SQL frequency with zero detuning.

Figure 2 shows the result of numerically optimizing the
achievable purity as a function of quantum cooperativity
Cq.sqL. Blue lines show the performance of phase quadra-
ture readout (6 = m/2), while red shows the case where
the readout laser is blue detuned, and the cavity output
is subjected to variable-quadrature homodyne measurement.
Variable-quadrature readout performs better in terms of the
achievable state purity at all values of the cooperativity (a re-
sult also known in the context of velocity-damped oscillators
[43]). Ground-state cooling, where ¢ > 1/3, can be achieved
at CosqL 2 1, for a readout angle 6 =~ /3. The ultimate
purity that can be achieved remains asymptotically bounded
by u < /1.

At small cooperativity, the optimal filter cutoff frequen-
cies are relatively high, while the optimal detuning is small.
On the other hand, at large cooperativity, the optimal cut-
off frequencies are small and the optimal detuning is high.
This implies that at small (large) cooperativity, the feedback
(optical) spring must be dominant. The reason is that in the
small-cooperativity regime, the optomechanical coupling is
not strong enough to realize radiation pressure springs large
enough to take advantage of the unique scaling of structural
thermal noise, whereas in the high-cooperativity regime, the
feedback spring introduces additional decoherence from feed-
back back-action, so that the optical spring is ideal in this
regime. In either case, the optimal spring frequency is around
the SQL frequency.

QsoL,0 =
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FIG. 2. (a) Maximum achievable purity at any quantum coop-
erativity with active spring and detuned readout for a structurally
damped oscillator. The red (blue) lines correspond to optimized
(phase-fixed) readout angle in all panels. The region represents
negg < 1 (u < 1/3). The brown dotted line indicates the limit to
achievable purity due to inefficient detection, i.e., u </ (n = 0.8
here). (b) The feedback filter cutoff frequencies in units of the SQL
frequency Qsqr,0; solid lines are the low-pass cutoff and dashed lines
are the high-pass cutoff. (c) The optimal cavity detuning (normalized
to FWHM). (d) The optimal readout angle.

IV. CONCLUSION

We have investigated the implications of structural damp-
ing on feedback-based motional ground-state preparation of
elastically bound macroscopic mechanical oscillators. We find
that the requirement to realize the ground state is less stringent
compared to the oft-studied case of a velocity-damped oscil-
lator. That is because structural thermal noise reduces with
increasing frequency much faster than velocity-proportional

thermal noise. Hence actively stiffening the oscillator mode
to take advantage of this decrease can be fruitful. However,
that decrease comes at the expense of increasing back-action
force fluctuations from the agency that realizes the stiffened
spring. The trade-off between these competing sources of
decoherence is optimized when the spring frequency is around
the SQL frequency. Finally, feedback can be performed using
a variable-quadrature homodyne measurement of the oscil-
lator’s displacement, which outperforms feedback based on
phase-quadrature measurements at all values of the radiation-
pressure cooperativity; this is due to back-action cancellation
intrinsic to the variable-quadrature measurement scheme.

All of the above conclusions crucially rely on the implicit
assumption that the favorable frequency scaling of structural
thermal noise continues well beyond the SQL frequency of
the mechanical mode of interest. This necessitates careful
suspension design to eliminate other mechanical modes in that
vicinity.

These observations are directly relevant to experiments
that hope to realize pure quantum states of macroscopic me-
chanical oscillators to explore the interface between quantum
physics and gravity.
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APPENDIX A: IMPRECISION-BACK-ACTION PRODUCT
FOR ARBITRARY DETUNING

In this section, we present the general form of the
imprecision-back-action product for the displacement mea-
surement of a mechanical oscillator at arbitrary detuning and
homodyne angle.

Let us consider a mechanical oscillator embedded as the
end mirror of a single-sided optical cavity, pumped by an
ideal coherent state at the effective detuning A. The intra-
cavity optical fluctuations (§a) and mechanical displacement
fluctuations (6x) are described by the quantum Langevin equa-
tions [44]:

8a = (m _ g)Sa 4 JKSam + iGVASx, (Al

1
8% + Db + Q26x = Z(é)‘Fth — hGNi(8a + 8a")). (A2)

Note that Eq. (A1) implies that the entry port is the dominant
source of intracavity field losses. We may rewrite these equa-
tions in the Fourier domain as

_ KBain +iGV/Adx

sa[Q] = = ) (A3)
(AT Q) +x/2
3x[R2] = Xm(8Fn + SFop), (A4)
where  xm = (m(Q2, — Q? —iQIy))~! is the intrinsic

susceptibility of the mechanical oscillator, and §F,y =
—hG/fi(8a + 8a’) is the total back-action force exerted
on the mechanical oscillator due to the radiation pressure
interaction. The reflected field, given by

(Saref = (Sain - ﬁ&z, (AS)
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is subjected to ideal homodyne detection with a local oscilla-
tor phase shifted by 8; the resulting photocurrent fluctuations
are proportional to fluctuations of the quadrature:

(8arefe_i9 + Sa;[;feia). (A6)

o 1
aqref = E
We may compute the spectral density of the homodyne
quadrature as
(A7)

Ssﬁ’]A’ref[Q]ZT[S [O] = (6qr€ef[9]6qfef[_9]> s

which may be written as

S5 MR o SEAPIQ) + | (SHIRQ1 + SEFIQ)

+ 2Re(xm Sy ™ [R2]). (A8)

Computing this spectrum from Eq. (A6) following Eq. (A7)
and noting the only nonzero correlator for the input vacuum
fluctuations, (8ain[9]5a;[—§2]) =27 6[0], we can identify
the imprecision noise spectral density, S4""™, the back-
action force spectral density, 52‘2’, as well as the correlation
term, 892 a5 follows.

Deﬁmng two frequency scale factors 8§ = 22 and w = 2}?,
the spectral density of the imprecision noise “in Eq. (A8) is
given by

Sﬁ;?.imp[w] Almpsz ,0.i 1mp[ ]’ (A9)
where
LA+ +0))HU+ (6 —w)?)
lmp 2 1
A" =(1+o) (sinf — 8 cos 0)? + w? sin’(9)’ (A10)
g3 0impy ]=< K )(1+a)2) (ALD)
" 16G27

Next, the optical back-action force §F;, is the part of §Fy
that only depends on the incoming vacuum field fluctuations,
dai, and SaiTn. Its symmetrized spectral density as identified in
Eq. (A8) is expressed as

SO w] = APS)Pw], (A12)

J

0 Srplmp[ ]

Ji (cosf + 8sinB)(sin@ — 8 cos @) + w? sinh cos @ — iws

where
14682+ w?
AP = (1 + &? , Al3
A G ronir6—wp O
G0.rp szﬁ 2\—1
SpPlw] = 47— (1 + 0*) 7. (A14)
K

Hence, the imprecision-back-action product in the general
case of an arbitrary effective detuning and homodyne mea-
surement angle is given by
i 1+ 682 + o?
4 (sinf — 8cos0)? + w? sin*(9)
(A15)

Note that the minimum value of the product is precisely /% /4,
for 6 =0 and 6 = 7 /2; i.e., resonant readout of the phase
quadrature is ideal.

In the broadband cavity regime (i.e., 2 < k or w <K 1), we
have that

SISy P lw] =

i 1+ 682
3e3 P[] ~ 55w <« 1]( ___* + O(w2)>,
sin“ (@ — arctan §)
(A16)
1
5% 50
Sprlo] = Spplo < 1](1 et O(wz)) (A17)
and, therefore,
P _ 2
Sgis,lmp[w]sg?[w] R y csc?(0 — arctan 8), (A18)

i.e., the effect of detuning, on the imprecision-back-action
product in the broadband cavity regime, is equivalent to a
quadrature rotation arctan(2A /x) by the cavity. Furthermore,
in the limit of §, w < 1, measuring the phase quadrature (0 =
7 /2) is indeed the optimal strategy.

In the case of lossy homodyne detection, quantified by
a nonunit detection efficiency n < 1, the imprecision-back-
action product is modified as [Syx"Sprly = [Sxx Spgly=1/7-
Thus, the effect of detuning and general readout quadrature
in Eq. (A18) can be interpreted as an effective loss, sin?(8 —
arctan o).

Lastly, Eq. (A8) allows us to identify the cross-correlation
spectral density between the back-action force and the impre-
cision noise. In general, it is given by

2 (sin® — 8 cos)? + w?sin’ O

while in the broadband cavity regime (2 < k or v < 1), itis
given by

SO b.1pimpr ) — _—(cot(e arctan §) + O(w)). (A20)

Note that in the presence of lossy detection, the correlation
term in Eq. (A20) is modified as [Sg, Amp I, = [Sgr Aimp Tn=1//1

APPENDIX B: CALCULATION OF THE MEAN
PHONON NUMBER

Here we describe the details of the integration of the power
spectra S, of the oscillator under the combined action of

(A19)

(

feedback and detuned optical spring. Using the feedback filter
in Eq. (20), Eq. (18) takes the form

_ 1
SulQ] = el (1 + ——=— )5%-
(21 = |xer[ 1] [( CQ[QCH])

+ mQ%QL Q2 +QIZ-I 2 Simp
Qn ) @2+ e

ZmQZQL 92 + QHQL
Qp Q4+ Q7

S?,;““’P}, (B1)
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where Co[S2%fr] = Spr/STr[Qerr] is the quantum coopera-
tivity. Considering that the typical feedback damping is
dominant in the total effective damping (et =~ '), this can
be recast as

(2 + ) xR0 50l = AL + A, (B2)

where

1 _ .
AL = <1 + —)S‘P + m*QF M2 §imp
ColQei] ) ¥ L eft

+2mQL FeffS;P,}imp, (B3)

1 _ .
Ay = (1 + m)S;«PF +m’ QTSP
+ ZmQHFeffS;f;mp. (B4)

The inverse of the effective susceptibility is represented as

QL +iQ
LA Q) = i@ — 5@ 4 i@+ Q. (BS)

where

s1=Qp +To+ Ty, (B6)

53 = Q% + (L — Qu)lesr, (B7)
and ngf = 9(2) + pr + Qul'. In order to calculate the in-

tegration in Eq. (19), we use the following identity (see
Eq. 3.112 of [58]):

o n j Ml’l
/ dx— S _ T g
—00 Ry (x)h, (—x) ay A,
where
&) =box 7 + b x4+ 4 by, (BY)
hy(X) = apx” + a1 x" '+ - + a,, (B10)

a) as as e 0
ap ay as 0
A,=10 a1 a (R (B11)
0O 0 O a,
by b1 by --- by
ap aj as 0
M,=|0 a a 0 (B12)
o 0 O a,

Working to first order in €2/k (since we assume the system is
in the broadband cavity regime), this identity can be applied
with n = 3. Here,

A3 = az(a1a; — apas), (B13)
M5 = boaras — biagas + brapa. (B14)
We use
ap =1
by =0
aq =5
by = AL (B15)
as =95 2
) b, = —AuS?,
az = Sy,
to calculate (§x?), and
ap =1
a = bo = _ALz
by = AuQj (B16)
@ =0 by =0
as =y, ’

to calculate (8 p?), respectively. The integrals are performed as

(sz) _ 1 ALngf + AHQle
2m*Q2  sisy — QU
<8p2> _ lALSZ + AHQ[% )
2 S182 — QLngf

(B17)

(B18)

Typically we choose the low-pass cutoff frequency of the filter
which is much larger than the optical dissipation, so s; >~ € .
Thus, the inverse of the purity is given by

—1 — AL(ngf + 52) + 2AHQf
2thefoL(52 — ngf) ’
which is the result in Eq. (21).

(B19)
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