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The most striking feature of quantum mechanics is the existence of superposition states, where an
object appears to be in different situations at the same time. The existence of such states has been
tested with small objects, like atoms, ions, electrons and photons @], and even with molecules E]
More recently, it has been possible to create superpositions of collections of photons B], atoms |4],
or Cooper pairs ﬂa] Current progress in optomechanical systems may soon allow us to create
superpositions of even larger objects, like micro-sized mirrors or cantilevers ﬂa, B, , E], and thus
to test quantum mechanical phenomena at larger scales. Here we propose a method to cool down
and create quantum superpositions of the motion of sub-wavelength, arbitrarily shaped dielectric
objects trapped inside a high—finesse cavity at a very low pressure. Our method is ideally suited
for the smallest living organisms, such as viruses, which survive under low vacuum pressures ],
and optically behave as dielectric objects ] This opens up the possibility of testing the quantum
nature of living organisms by creating quantum superposition states in very much the same spirit as
the original Schrédinger’s cat “gedanken” paradigm ] We anticipate our essay to be a starting
point to experimentally address fundamental questions, such as the role of life and consciousness in

quantum mechanics.

The ultimate goal of quantum optomechanics is to push
the motion of macroscopic objects towards the quantum
limit, and it is a subject of interest of both fundamental
and applied science ﬂ, , @] The typical experimen-
tal setup consists of an optical cavity whose resonance
frequency depends on the displacement of some mechan-
ical oscillator. The mechanical motion shifts the reso-
nance frequency, and, consequently, the radiation pres-
sure exerted into the mechanical object. The overall
effect yields the optomechanical coupling which should
enable us to cool down to the ground state the mechan-
ical motion ﬂﬁ, 14, ] We are currently witnessing an
experimental race to reach the ground state using differ-
ent setups, such as, nano- or microcantilevers m], mem-
branes ﬂﬁ], or vibrating microtoroids [1§]. Tt is expected
that the achievement of the ground state will open up the
possibility to perform fundamental and applied experi-
ments involving quantum phenomena with these macro-
scoﬂgic objects, as pioneered by the work of Marshall et
al |6].

In this Letter, we propose dielectric objects levitating in-
side the cavity as new quantum optomechanical systems.
The fact that those are not attached to other mechan-
ical objects avoids the main source of heating, which
is present in other optomechanical systems, and thus,
should facilitate the achievement of ground state cool-
ing. Once this is achieved, we propose to create quan-
tum superpositions of the center of mass motional state
of the object by sending a light pulse to the cavity simul-
taneously pumped with a strong field, and a subsequent
detection of the reflected light field. One of the main
features of this proposal is that it applies to a wide va-
riety of new objects and, in particular, to certain living
organisms. Therefore, our proposal paves the path for
the experimental test of the superposition principle with
living creatures.

Fig. 1: Quantum optomechanics with dielectric objects
trapped inside a high-finesse optical cavity. a) A dielec-
tric sphere is trapped by optical tweezers inside a high-finesse
optical cavity. The confinement of the center-of-mass motion
along the z-axis is harmonic with frequency w;. The driving
field generates a radiation pressure able to cool down the me-
chanical motion to the ground state. b) Experimental setup
for trapping and cooling of dielectric spheres using two lasers,
one for the driving and one for the trapping. c) The center-
of-mass motion of a dielectric rod can also be trapped and
cooled. In this case we assume self-trapping achieved by us-
ing two laser modes, see appendix [C] & [Dl d) The rotational
motion of a dielectric rod can also be cooled by generating a
standing wave in the azimuthal angle. This can be achieved by
superimposing two counterrotating Laguerre-Gauss modes.

We consider an object with mass M, volume V, and
relative dielectric constant €, # 1, which may be non—
homogeneous. The object is trapped inside a cavity,
either by an external trap, provided, for instance, by
optical tweezers [19] (Fig. 1a), or by self-trapping us-
ing two cavity modes (see appendix [C] for details). The
trap is harmonic, so that the center of mass effectively
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decouples from any relative degree of freedom. Along
the cavity axis, this requires the size of the object to
be smaller than the optical wavelength which is used
for trapping and cooling. The center-of-mass displace-
ment, z, is then quantized as 2z = zm(IST + I;), where
bf(b) are creation(annihilation) phonon operators, and
Zm = (h/2Mw;)'/? is the ground state size, with w; the
trap frequency. The resonance frequency of the optical
cavity w? is modified by the presence of the dielectric
object inside the cavity. A crucial relation is the fre-
quency dependence on the position of the dielectric ob-
ject, which can be computed using perturbation theory
(see appendix[A]). This position dependence gives rise to
the typical quantum optomechanical coupling,

Howm = g(bt +b)(af +a). (1)

Here, af(a) are the operators that create(annihilate) a
resonant photon in the cavity. The quantum optome-
chanical coupling g can be written as g = /Mpngo,
where npp is the number of photons inside the cavity
and go = zm&o (§o comes from the resonance frequency
dependence on the position, see appendix [D)). The en-
hancement of go by a factor of |/mp, has been experi-
mentally used to achieve the strong coupling regime in
recent experiments with cantilevers m] Finally, the to-
tal Hamiltonian also includes the mechanical and radia-
tion energy term as well as the driving of the cavity. See
appendix [B] for the details of these terms as well as the
derivation of ().

Besides the coherent dynamics given by the total Hamil-
tonian, there exists also a dissipative part provided by
the losses of photons inside the cavity, parametrized by
the decaying rate x, and the heating to the motion of the
dielectric object. Remarkably, our objects are trapped
without linking the object to other mechanical pieces,
and hence thermal transfer does not contribute to the
mechanical damping . This fact constitutes a distinctive
feature of our proposal, possibly yielding extremely high
mechanical quality factors. Indeed, the most relevant
source of motional heating in our scheme is the pressure
inside the vacuum chamber since, as mentioned above,
coupling to other modes within the object is negligible
when having a quadratic potential. In appendix[El we de-
rive that the maximum pressure required for ground state
cooling is ~ 1076 Torr, which actually corresponds to the
typical one used in optomechanical experiments ﬂﬂ] The
mechanical quality factor of our objects under this pres-
sure is ~ 107, and it can be even increased in a higher
vacuum. Moreover, the bulk temperature of the object
remains close to the room temperature for sufficiently
transparent objects at the optical wavelength, a fact that
prevents its damage (see appendix [E]).

The rotational cooling of cylindrical objects, such as rods
(see Fig. 1c), can also be considered. In this case, two
counter-rotating Laguerre-Gauss modes can be employed
to create a standing wave in the azimuthal angle ¢, as
illustrated in Fig. 1d. The optomechanical coupling is
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Fig. 2: Protocol to prepare quantum superposition
states. a) Experimental setup for implementing the protocol
to prepare the quantum superposition state (). In the fig-
ure PDC stands for Parametric Down Conversion, and DM
for Dichroic Mirror. A blue photon is converted into two
red photons in the PDC. One is detected and the other im-
pinges to the cavity. If it is reflected, the one photon pulse
on top of the driving field goes back through the PDC (which
is transparent), then reflected downwards towards the homo-
dyne detector by the DM. b) Mean number of phonons (b'br)
imprinted to the mechanical oscillator by sending a one pho-
ton pulse to the cavity, see appendix[Glfor details. A gaussian
pulse of width o = & is used. The red solid line corresponds
to the strong coupling regime g = x, whereas the blue dashed
one corresponds to the weak coupling g/k = 1/4. In the
strong coupling regime, the balanced homodyne measurement
should be performed around the time where the mean number
of phonons is maximum. This results in the preparation of
the quantum superposition state ().

then given by go = (h/21w;)&o, where I is the moment of
inertia. Using two modes, one can self-trap both the ro-
tational and the center-of-mass translational motion, and
cool either degree of freedom by slightly varying the con-
figuration of the two modes (see appendix [D] for further
details). Both degrees of motion can be simultaneousl

cooled if the trapping is provided externally (see Ref. [21]
for a proposal to cool the rotational motion of a mirror).

Regarding the feasibility of our scheme, we require the
good cavity regime w; > k, in order to accomplish ground
state cooling [13, , ] Moreover, the strong coupling
regime g = k,, is also required for quantum states gen-
eration. Both regimes can be attained with realistic ex-
perimental parameters using dielectric spheres and rods,
as shown in appendix [Hl

We tackle now the intriguing possibility to observe quan-
tum phenomena with macroscopic objects. Notably, the



optomechanical coupling () is of the same nature as the
typical light-matter interface Hamiltonian in atomic en-
sembles @] Hence, the same techniques can be applied
to generate entanglement between gaussian states of dif-
ferent dielectric objects.

A more challenging step is the preparation of non-
gaussian states, such as the paradigmatic quantum su-
perposition state

1
¥) = E(IOML 1) - (2)

Here |0) (]1)) is the ground state (first excited state)
of the quantum harmonic oscillator. In the following,
we sketch a protocol to create the state ([2) —see ap-
pendix [Gl for further details. The pivotal idea is to im-
pinge the cavity with a single-photon state, as a result
of parametric down conversion followed by a detection
of a single photon @] When impinging into the cav-
ity, part of the field will be reflected and part trans-
mitted ﬂﬁ] In the presence of the red-detuned laser,
the coupling (Il) swaps the state of light inside the cav-
ity to the mechanical motional state, yielding the entan-
gled state |E)qp ~ [0)a|1)y + [1)a]0)s. Here a(b) stands
for the reflected cavity field(mechanical motion) system,
and |0(1)), is a displaced vacuum(one photon) light state
out of the cavity. The protocol ends by performing a
balanced homodyne measurement and by switching off
the driving field. The motional state collapses into the
superposition state |U) = ¢¢|0) + ¢1|1), where the co-
efficients co(;) depend on the measurement result. See
Fig. 2 for the experimental setup and results derived in
appendix This state can be detected by either trans-
ferring it back to a new driving field, and then perform-
ing tomography on the output field, or by monitoring the
quantum mechanical oscillation caused by the harmonic
trap. Moreover, the amplitude of the oscillation can be
amplified by driving a blue-detuned field tuned to the
upper motional sideband. Note that a loss of coherence
due to “which-path” information is negligible at room
and even much higher temperatures [2].

A possible extension of the protocol is to impinge the
cavity with other non-gaussian states, such as the NOON
state or the Schrodinger’s cat state |a)+|—a) [24], where
|a) is a coherent state with phase «, in order to create
other quantum superposition states. Furthermore, one
can change dynamically the laser intensity to obtain a
better transmission. Alternatively, one can tune the laser
intensity to the upper motional sideband and detect the
output light in order to relax the strong coupling condi-
tion (O.R.L. et al., in preparation).

In the following we analyze the possibility of perform-
ing the proposed experiment with living organisms. The
viability of this perspective is supported by the follow-
ing reasons: i) living microorganisms behave as dielectric
objects, as shown in optical manipulation experiments in
liquids [11]; ii) some microogranisms exhibit very high

Fig. 3: Quantum superposition of living organisms. II-
lustration of the protocol to create quantum superposition
states applied to living organisms, such as viruses, trapped in
a high-finesse optical cavity by optical tweezers.

resistance to extreme conditions, and, in particular, to
the vacuum required in quantum optomechanical exper-
iments [10]; iii) the size of some of the smallest living
organisms, such as spores and viruses, is comparable
to the laser wavelength, as required in the theoretical
framework presented in this work; and iv) some of them
present a transparency window (which prevents the dam-
age caused by laser’s heating), and still have sufficiently
high refractive index. As an example, the common in-
fluenza viruses, with size of ~ 100 nm, can be stored
for several weeks in vacuum down to 10~% Torr m] In
higher vacuum, up to 10~® Torr, a good viability can
be foreseen for optomechanics experiments. Due to their
structure (e.g. lipid bilayer, nucleocapsid protein, and
DNA), viruses present a transparency window at the op-
tical wavelength which yields relatively low bulk temper-
atures ﬂﬁ] Note that self-trapping or, alternative trap-
ping methods, such as magnetic traps, could be used in
order to employ lower laser powers. The Tobacco Mo-
saic Virus (TMV) also presents a very good resistance to
high vacuum [10], and has a rod-like appearance of 50
nm wide and almost 1 gm long. Therefore, it constitutes
the perfect living candidate for the rotational cooling, see
Fig. 1d.

In conclusion, we have presented results that open the
possibility to observe genuine quantum effects, such as
the creation of quantum superposition states, with nano-
dielectric objects and, in particular, with living organ-
isms such as viruses, see Fig. 3. This entails the possibil-
ity to test quantum mechanics, not only with macroscopic
objects, but also with living organisms. A direction to be
explored is the extension to objects larger than the wave-
length (O.R.I. et al., in preparation). This would permit
to bring larger and more complex living organisms to the
quantum realm; for instance, the Tardigrade, which have



a size ranging from 100 ym ~ 1.5 mm ﬂﬂ], and is known
to survive during several days in open space @] We
expect the proposed experiments to be a first step to ex-
perimentally address fundamental questions, such as the
role of life and consciousness in quantum mechanics, and
maybe even implications in our interpretations of quan-
tum mechanics [29].
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Note added: We also have become aware of a recent,
similar proposal to optically levitate and manipulate
a nano-mechanical system by D. E. Chang et al., in
arXiv:0909.1548.

APPENDIX A: RESONANCE FREQUENCY
DEPENDENCE ON MECHANICAL POSITION

Here we show how to compute the frequency dependence
on the mechanical coordinates of arbitrarily shaped di-
electric objects. Note that the resonance frequency w?,
and the optical mode ¢o(7) of the cavity without the
dielectric object, are known solutions of the Helmholtz
equation. The presence of the dielectric object, which is
small compared to the cavity length, can be considered
as a tiny perturbation on the whole dielectric present in-
side the cavity, and, thus, a perturbation theory can be
used to obtain the resonance frequency

0 <1  Jvle = Dlgo® df) o
2 [ Jpo(7)* dFf

Here €, is the relative dielectric constant of the object,
and V(q) is its volume at coordinates ¢. The integral in
the numerator, which is performed through the volume of
the object placed at coordinates ¢, yields the frequency
dependence on q.

APPENDIX B: TOTAL HAMILTONIAN IN
QUANTUM OPTOMECHANICS

The total Hamiltonian in quantum optomechanics can be
typically written as

Ht :,Hm-i-ﬁr‘i‘ﬁOM +E[drive' (B]‘)

The term H,, corresponds to the mechanical energy of
the degree of motion § = ¢y, (b" + b), which is assumed
to be harmonically trapped. Therefore, Hy, = hw;b'b,

where w; is the trapping frequency. The driving of the
cavity field, with a laser at frequency wy and strength
E, related to the laser power P by |E| = \/2Pk/hwr, is
given by,

Hayive = ih (Be 11 — B*e“rta) | (B2)
The other two terms are obtained from the energy of the
field inside the cavity Aw.(4)(a'a—(a'a)), where a'(a) are
the creation(annihilation) cavity photon operators. The
mean value of cavity photons is subtracted in order to fix
the equilibrium position in the presence of the classical
radiation pressure at ¢ = 0. If this position is at the
maximum slope of the standing wave inside the cavity,
a linear dependence w.(§) = w. + £oq is obtained, where
we = WY + 4. The shift § is caused by the equilibrium
position of the dielectric object. See appendix [D] for the
specific quantities considering spheres and rods. Next,
in the displaced frame one can write & = « + @’ (the
prime will be omitted hereafter), where |a| = | /fpy is the
square root of the number of cavity photons. Putting all
together one has H, = hweatd and

Howm = hlalgméo(b" + )@@ +a).

We neglected the coupling term which is not proportional
to /Mpn, which is typically of the order of 10°. Therefore,
one obtains then that the optomechanical coupling is g =
lalgo, with go = gm&o. Note that the large term |o|,
compensates the small ground state size ¢,,.

(B3)

APPENDIX C: SELF-TRAPPING USING TWO
MODES

The self-trapping consists in using two optical modes
a1(2), and combine them so that they provide trapping as
well as the optomechanical coupling. The initial Hamil-
tonian in this case would be

N P2

H = ﬁ + hwcyl(q)dl{dl + hwcﬂz(q)dgdz + HL.

(C1)
In the displaced frame, a2y = ay) + d’1(2) (we omit
the primer hereafter), where |ay(g)| is the square root
of the number of photons for the mode 1(2). Then,
by expanding the resonance frequency up to the sec-
ond order around ¢ = 0, i.e. we1(2)(q) = Wei2) +
Wy, 1(2)dF W 1(2)4%/2, fixing the key condition |a [Pwf, ; =
—|as[?w! 5, and neglecting subdominant terms, one ob-
tains the Hamiltonian

~D 2 2
; p Wi At a At A -
H= ﬁ—l—thQ—l—ﬁ g [(gia;fq—l—H.c.) +wc=ia1ai} +Hy,.

i=1

(C2)
We have defined w; = [A(w]/;]a1|? +w!/5|az|?)/m]'/? and
& = wjay. Thus, provided w/!;|on > + w//5lasl* > 0, one
has the desired self-trapping and optomechanical cou-
pling with the help of the two modes.
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APPENDIX D: OPTOMECHANICAL COUPLING
AND TRAPPING

We compute here the optomechanical coupling for the
sphere, assuming external trapping, and for the rod us-
ing self-trapping. In the latter, we derive two configura-
tions required for cooling either the center-of-mass trans-
lational motion or the rotational motion.

1. Dielectric sphere

Let us consider the case of having a dielectric sphere
of volume V and relative dielectric constant €., and a
TEM 00 mode in the cavity. Then, the dependence of
the resonance frequency on the center-of-mass position
7= (x,y, z), which can be obtained using (Al), is given
by

we(F) L Vier — 1) [W? = 2(2? + y?)] cos?(wlz/c)
W T TW4d '

C

(D1)
Here W is the waist of laser at the center of the cavity,
and d the cavity length. We consider a confocal cavity,
W = \/Ad/2m. The object is assumed to be placed close
to the center of the cavity and that the radius of the
sphere is smaller than the wavelength.

We suppose external trapping at xg = yo = 0 and
20 = e /4w?, with frequency w; (D3). Then, the optome-

chanical coupling is given by gy = \/h/2pVwi&y, where
& = O,wc(7)|o can be computed using (DIl), and reads

(we)*(er = DV

= D2
€0 AT (D2)
The shifted frequency is w. = w.(7) = w? + §, with

§=—-Vuwl(e, —1)/2dnW?2.

The external trapping can be achieved by optical tweez-
ers. For spheres of radius R, mass M, and relative dielec-
tric constant €,, one can obtain, in the Rayleigh regime,
that the trapping frequency is given by ﬂﬁ]l

6 (a1\ b
b pe \e +2) WE

where W) is the laser waist, and Iy the field intensity.

(D3)

2. Dielectric rod

When considering a rod, in order to simplify the calcu-
lation, we model it as two opposed “pieces of cake” of
width a, arc L, and radius R, see Fig. @l Note that this
corresponds to a small section of the waist of the laser,
since we will take R = W/2. The volume of the rod is

Fig. 4: The model used as a rod in order to simplify the
calculations.

V = RLa, and its momentum of inertia I = RLM /4,
where M is its mass. In the case of having a counterro-
tating Laguerre-Gauss (LG) mode 10 and —10, the fre-
quency dependence on the rotational angle ¢ and center-
of-mass z position (see Fig. lc,d in the Letter) is given

by
We (0, 2) o V (e, — 1)C} cos? [wgz/c} cos? [¢] (D4

wy 7W?2d

with C; = 2(2y/e —3) /\/e. In case of having a super-
position of the LG modes 20 and —20, one obtains the
similar result

wea(d,z) ) V(e — 1)Ca cos? [wlz/c] cos? [2¢)]
wo o W?2d ’
(D5)
with Cy = (8y/e — 13) /2y/e. The rod is assumed to be
placed close to the center of of the cavity and that its
width a is much smaller than the cavity length.

We propose the self-trapping configuration (see appendix
[C) in order to trap both center-of-mass translation and
rotation, using, as before, the superposition of LG modes
10 and —10 for the mode-1, and the superposition 20 and
—20 for the mode-2.

In case of aiming at cooling the translational motion,
the equilibrium position is obtained at ¢9 = 0 and
2o = cn/8Y, by translating the mode-1 a distance
2o = cm/4w? with respect to the mode-2. Then, using
(D4) and (D), one can compute the z-optomechanical
coupling g¢ = \/h/2pVw, ,&E, with & = O,we1(, 2)]o,
which reads

(we)*Cr(er — 1V

cV2dT W2

& =— (D6)
One also has that gg’ = 0. The trapping frequency
for the translation along the z-axis, w; ., and for the
rotation wy 4, can be computed using 8fzwc71(2)(¢,z)|0,
and 635¢wc)1(2)(¢, z)|o. The shifted frequency is w. 1(2) =
we,1(2) (00, 20) = wd + d1(2), with d10) = —Vw(e, —
1)Ch(2) cos?(m/8) /dmW2.



In case of cooling the rotational motion, the equilibrium
position is obtained at ¢ = 77/12 and zo = 0 by rotating
the mode-1 an angle 7/4 with respect to the mode-2.
Then, one can compute the ¢-optomechanical coupling

gf)b =, /h/2[wt7¢§g = Opwe.1(¢, 2)|o, which reads

£ = _w?C’l\/g(eT 4
0 2dr W2

(D7)

Also, g5 = 0. The trapping frequencies can be com-
puted as in the translational motion coupling, but at
the equilibrium position used for rotational cooling. The
shifted frequency is in this case w1 (2) = we,1(2)(¢0, 20) =
wg + 51(2), with 51(2) = —3ng(€7« — 1)01(2)/4d7TW2.

Finally, let us mention that by a trapping provided ex-
ternally, for instance, by means of optical tweezers, one
could place the rod at the maximum slope of both the
translational and azimuthal standing wave. Then, one
would get gg’ # 0 and g§ # 0 at the same time, and
hence, one could cool both degrees of freedom simultane-
ously provided the trapping is tight enough.

APPENDIX E: HEATING AND DAMPING DUE
TO GAS PRESSURE

Let us analyze here the heating and damping of the
mechanical motion of the center-of-mass of a dielectric
sphere due to the impact of air molecules inside the vac-
uum chamber. The air molecules of mass m have mean
velocity v = /3K,T/m, where T is the temperature of
the chamber, assumed to be at room temperature, and
K is the Boltzmann’s constant. The pressure inside the
vacuum chamber is P, and the dielectric sphere has mass
M, radius R, and is harmonically trap with frequency wy.

One can hence consider the Harmonic oscillator with ad-
ditive white noise:

P42y +wiz=¢£(t). (E1)
The stochastic force £(t) describes the impact of air
molecules. For white noise one has that (£(t)&(t)) =
2M2D§(t—t') = AK T M~ (t—t') (thus D = 2K, Ty/M),
where in the last equation we have used the fluctuation
dissipation theorem. The variance of the position can
be computed solving the differential stochastic equation
and supposing w > v (always fulfilled in our levitating
spheres) reads

D
2yw?

([2(t) = (2(t))]*) =

{1—e"} . (E2)

By considering the equipartition principle, the variance
allows us to compute the increase of energy by taking
AE(t) = Mw?([2(t) — (2(t))]?). Hence one can compute
the time t* required to increment one quantum hw of
energy in the quantum harmonic oscillator. This time

should be larger than the inverse of the laser cooling
rate I', which is defined as the time required to decrease

one quantum of energy. The time t* is given by solving
AE(t*) = hw and reads

gL hw
= —— |0 — ~
2y 8 KT )~ K2y

where we have used iw < K,T. Then the condition for
ground state cooling is given by

 Thw
N KbT2’7

We determine now an expression for v which will depend
on the properties of the gas surrounding the harmonic
oscillator. We will derive it through kinetic theory. As-
sume our sphere is moving with velocity v. At the refer-
ence frame where the sphere has velocity equal to zero,
one can compute the decrease of momentum of the sphere
by the balance of momenta, given by the impact of one
third of the particles colliding from behind with a veloc-
ity ¥ —v, minus those colliding in front with velocity v+7.
This can be written as

(E3)

*

>1. (E4)

A
KIZ = (v— v)ﬂ'R23Lm2m(6 —v)— (v+ 1))7TR23Lm2m(1_) +v)
47 R2pv
=3 2Mv = —y2Mw,

(E5)

Using that the pressure of the gas is related to the density
by p = 3P/%?, one obtains that

_ 47R?*P
- Mw
Thus, inserting the value of gamma in (E4]), one finds an

upper bound for the pressure required inside the vacuum
chamber

(E6)

3MT hw
8mumrR?
We have used the spheres described in appendix [H] and
that the mass of molecules of air is m ~ 28.6 u and
T = 300K. Recalling that the typical cooling rate is of
the order of hundreds of kHz ﬂﬂ, 14, @], one obtains the
typical pressures of order 10~% Torr used in experiments.
With this pressure we have a damping of the order of
mHz, which leads to extremely good mechanical quality
factors of the order of 10°.

P« ~T x 1072 Torr Hz . (E7)

APPENDIX F: BULK TEMPERATURE

In order to estimate the bulk temperature of the dielec-
tric object attained after being heated by the lasers, we
assume it behaves as a blackbody. Then, the steady state
of the dielectric objects fulfills that the power absorbed

Pubs = S| B?S{al, (F1)



where wy, is the laser frequency, E the electric field, and
« the polarizability, equals the power dissipated Piaq
through black-body radiation

Praa = Aeo [T* = T2 ], (F2)
where A is the area of the object, e the emissivity (= 1), o
the Stefan-Boltzmann constant, T,y the temperature of
the vacuum chamber, and T" the bulk temperature. Thus,
from Pans = Praq one obtains the bulk temperature 7.
For a sphere of radius R trapped by optical tweezers, this
corresponds to

o 47T3R 362

T = + T

7oA (a1 +2)2 + €3 env

(F3)

where P is the laser power and ¢, = €1 4 ie5 the complex
relative dielectric constant. Note that only here we have
assumed €, to be complex, since €5 is generally very small
for the objects we consider.

APPENDIX G: PROTOCOL TO CREATE
QUANTUM SUPERPOSITION STATES

Let us derive here the protocol to create quantum su-
perposition phononic states of the type ([@). We use
the quantum Langevin equations and the input-output
formalism. After going to the rotating frame with the
laser frequency wry, which is detuned to the resonance
frequency by A = w, — wy, displacing the photonic op-
erators @ = a + @ (we will omit the prime hereafter),
choosing a@ = E/(1A + k), so that the constant terms
cancel, and neglecting subdominant terms, one obtains
the quantum Langevin equation for the total Hamilto-

nian Hr (BI)
(G1)

Note that one has the enhanced optomechanical coupling
g = |algo. In the interaction picture, i.e. a; = ae!®t
and by = be!_ if one chooses A = w; (red-sideband),
and perform the rotating-wave-approximation (valid for
wt > g), derives the final equations

a;y = —kKGy — igl;I + \/2I<Ldin(t)€i(wL+A)t (2)

i)[ = —’yl;] — lgd[ =+ \/ 2”yl;in(t)€iwtt.
Next, we consider that the input for the photonic state
is a light pulse with gaussian shape centered at the reso-
nance frequency w,, that is,

Iy = / dwd(w)ah(@)]), (@3)

where dg(w)(do(w)) are creation(annihilation) photonic
operators out of the cavity at frequency w, and ¢(w)

exp[—(w — w)?/0?]. Then, by recalling that a;,(t) =
[ dwe™*tag(w)/v/2m, one has that (¥|ain(t)[1)) = 0 and
(Wlad (t)am (1)) = ¢*(1)(t') (where ¢(t) is the Fourier
transform of ¢(w)). Solving the differential equations
and obtaining lA)}(t), one can compute (b7)(t) (which is
trivially zero since (Gin(t)) = (bin(t)) = 0), and <l;}l;1)(t)
The quantity <5}l;1>(t) is plotted in Fig. 2b, for g/k =1
and g/k = 0.25, with ¢ = k and 7 ~ 0. For the ideal

case, half of the one-photon pulse enters into the cavity
and at some particular time ¢*, the entangled state

1

V2

is prepared. Here, |0), (|1)q) is the displaced vacuum
(displaced one photon) state of the light system corre-
sponding to the output field. This state yields (b;(t*)) =
0 and <l;}(t*)l;1(t*)> = 1/2 similarly to the result ob-
tained in Fig. 2b. The protocol finishes by performing
the balanced homodyne measurement of the quadrature
X, = (ELZHt + Gout) at time t*. If one obtains the value
x, the superposition state

|E>ab (|6>a|1>b+|i>a|0>b) ) (G4)

0, = % (col0)s + e [1))

is prepared, where co(1) = (z1]1(0))q. At the same time
of the measurement, the driving field is switched off.

(G5)

APPENDIX H: EXPERIMENTAL PARAMETERS
FOR STRONG COUPLING AND GROUND
STATE COOLING OF DIELECTRIC SPHERES
AND RODS

We consider a confocal cavity of length d = 4 mm, with
a resonant laser at A = 1064 nm, which gives a waist at
the center of the cavity of W = \/Ad/27 ~ 26.0 pm. If
we assume a high-finesse optical cavity with F = 10°,
then the decaying rate is k = ¢ /2Fd = 27w x 188 kHz.

The dielectric objects are considered to be made of fused
silica, with a density p = 2201 Kg/m? and relative di-
electric constant €, = 2.1. We take spheres of radius 250
nm, and rods with length equal to the waist W, width
a = 50 nm, and arc length L = 50 nm.

Using a laser of 1064 nm, and a ratio Io/W¢ = 2 W/um?,
one has that the trapping frequency of the center-of-mass
translation for the dielectric sphere provided by the op-
tical tweezers is wy = 27 x 351 kHz (see (D3])). Hence,
k/ws ~ 0.53 places us well in the good cavity regime re-
quired for ground state cooling. On the other hand, the
enhanced optomechanical coupling, with laser powers of
0.5 mW, gives g = 27 x 182 kHz, which also places us in
the strong coupling regime g = &, 7.

Regarding the dielectric rod, for the translational mo-
tion cooling scheme, we achieve trapping frequencies



of wy, = 27 x 552 kHz, and wy g = 27 x 848 kHz,
and optomechanical coupling of g, = 27 x 243 kHz.
For the rotational cooling, one has trapping frequencies
wy, = 271 x 492 kHz, w4 = 27 x 503 kHz, and op-
tomechanical coupling g4 = 27 x 276 kHz. We assumed
driving powers for the mode-1 of 4 mW. In both cases,
one gets the good cavity and strong coupling regimes.

Optical grade fused silica presents a very low absorption
at 1064 nm, with €; = 2.1 and e = 2.5 x 10710, In these
experimental conditions, the bulk temperature achieved
for the dielectric spheres is just around four degrees above
the room temperature when using the optical tweezers.
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