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Abstract
We consider an optical cavity with a light vibrating end-rairand containing a Bose-Einstein conden-
sate (BEC). The mediation of the cavity field induces a nosatrinterplay between the mirror and the
collective oscillations of the intra-cavity atomic degsitVe explore the thermodynamical implications of
this dynamics and highlight the possibilities for indird@gnostic. The @ects we discuss can be observed
in a set-up that is well within reach of current experimermapabilities and is central in the quest for

mesoscopic quantumness.
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Achieving quantum control over a system endowed with maois degrees of freedom is a
long-sought goal of modern physics. The accomplishmenuct & task will help us shifting the
domain of applicability and exploitation of quantum teclogy from the context of microscopic
systems fulfilling stringent criteria for quantumness te thesoscopic world [1+-3]. Important
fundamental and technological progresses have been padiprecently, along these directions:
the gap separating current experimental possibilitiemftbe observation of genuine quantum
mechanical ffects at the meso-scale is now only a fguantawide [4]. In such a quest, a few
physical systems have emerged as well-suited for the odis@nvof interesting quantunttects
at a magnified scale: mechanical devices in optical and mee resonators [5/ 6], collective
excitations of ultracold atomic ensembles [7] and arraysugierconducting devices [8].

In this paper, we demonstrate mutual back-action dynanfite@ macroscopic degrees of
freedom embodied by physical systems dfetient nature. We consider the interplay between a
BEC and the vibrating end-mirror of an optical cavity. Wewstaonon-trivial intertwined dynamics
between collective atomic modes, coupled to the cavity fialtl the mechanical one, which
experiences radiation-pressure forces. By focusing osenpioperties, important signatures of
one subsystem in the dynamics of the other can be revealedkiynb at experimentally accessible
guantities. We characterize the atom-induced back-attiamodifies the cooling capabilities of
the opto-mechanical system and show that our predictiombeaested with current state of the
art. The movable end-mirror of the optical cavity of lengths assumed to perform harmonic
oscillations at frequency,, along the cavity axis. The mirror is in contact with a backgrd of
phononic modes in equilibrium at temperatireThe cavity is pumped through its (steady) input
mirror by a laser of tunable frequency. The BEC is confined large-volume trap within the
cavity [7,/10] [cfr. Fig[1]. Alternatively, the BEC could Isétting in a 1D optical-lattice generated
by a trapping mode sustained by a bimodal cavity [11]. Thenatavity interaction is insensitive
to the details of the trapping and our study holds in bothsasethe weakly interacting regime [9],
the atomic field operator can be split into a classical pae tondensate wave function) and a
guantum one (the fluctuations) conveniently expressedrmsef Bogoliubov modes. Recent
experiments coupling a BEC to an optical resonator [10] sagthat the only Bogoliubov modes
that interact significantly with the cavity field are thosahwmomentumt2k. (k. is the cavity-
mode momentum) while the condensate can be considered toitlzdlyi at zero temperature.
While the cavity end-mirror experiences radiation pressaptical forces excite superpositions of

atomic momentum modes. Interference between momentuited@oms and condensate creates



FIG. 1: Alaser pump is split by an unbalanced beam splittee ffansmitted part is sent to an electro-optic
modulator (EOM) for phase modulation and then enters an-machanical cavity coupled to a Bose-
Einstein condensate (BEC). The (weak) reflected part of tinggdaser is used as a probe for the BEC. The
output light from the cavity and the output signal from the@&re directed to a detection stage consisting
of a switch, a photodiode and a spectrum analyzer (SA). Tlielsis used in order to select which output

should be analyzed.

a periodic density grating that is sensed via the cavity.

We write the Hamiltonian of the system made out of the caviydfi the movable mirror
and the BEC ag{= ijM,C,Aﬁj +ﬁAC+ﬁMC where the mirror, cavity and BEC Hamiltonians are
Hy = mwd?/2 + p2/(2m), He=h(wc—w\ )a a—inn(a - a') and Ha=hiE ¢, respectively. Here "
(p) is the mirror displacement (momentum),is its dfective masswc (w,) is the cavity (pump
laser) frequency and (@) is the corresponding annihilation (creation) operatanafy, & andc¢
(€") are the frequency and the bosonic annihilation (creatimerator of the Bogoliubov mode.
We have incorporateddisplacingterm —izip(a — a") in the cavity Hamiltonian. This arises from
the pump-cavity coupling, which shifts the cavity field ingsle space (and, in turn, the equilib-
rium position of the vibrating end-mirror) proportionatly the coupling parametet vV2«R/fiw,

(R is the laser power andis the cavity decay rate). For small mirror displacement large
cavity free spectral range with respectug (so that scattering of photons into other mechanical
modes is neglected), the mirror-cavity interaction Haomian can be put in the linearized form

ﬁMc: — hyGaawith y=wc/ L. On the other hand, the atoms-cavity interaction reads
Hac = (hg?No)/(2A.)a"a + h V2, Qa'a, (1)
which contains two contributions: one is from the condemgatly while the second is related
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to the position-like operato®=(¢ + &')/ V2 of the Bogoliubov mode (we have assumed that the
condensate wave function is ndiected by the coupling to the cavity field). In EQl (@j)is the
vacuum Rabi frequency for the dipole-like transition coetimgy the atomic ground and excited
states,N is the number of condensed atoms, is the detuning of the atomic transition from
the cavity frequency and the coupling rate vNyg?/Aa. As discussed in Appendix, a rigorous
calculation shows that also depends on the Bogoliubov mode-function and can bescoently
tuned. While the first term in Eq.](1) embodies a cavity-freey pull, the second is formally
analogous tdHywc and shows that, under the mentioned working conditionsBtB€ dynamics
mimics that of a mechanical mode undergoing radiationsunesdfects. A similar result, for a
BEC coupled to a static cavity, has been found in [10] and eaexbended to include higher-order
momentum modes in the expansion above.

In general, the dynamics encompasse(ﬂ:b}'/s made dificult by the non-linearity inherent in
FHyc and Eq.[(1). However, for an intense pump laser, the probkembe linearized by intro-
ducing quantum fluctuations &3-04+50 with 0] any of the operators enteriﬂ&, Os its mean
value andsO the associated first-order quantum fluctuation [15]. We @effire cavity quadra-
turesx=a+a’" andy=i(a"-4) and the operatdP=i(¢'—¢&)/ V2 that is canonically conjugated to the
position-like atomic operatd®. The dynamical equations of the coupled three-mode syséem ¢
then be cast into a compact form. Any realistic descriptibthe problem at hand should in-
clude the most relevant sources of noiffeeting the overall device, i.e. energy leakage from the
cavity and thermal Brownian motion at temperatlireindergone by the cavity end-mirror. We
thus consider the Langevin equatidp=K ¢+/N, where we have introduced the vector of fluc-
tuationsg=(5% 69 6§ 5p 6Q 6P), the noise vectoN T =(vk(a! +8,) i V(&' ~&,) 0 £ 0 0) and
the dynamical coupling matrifC, which is easily found. The evolution of the system depends
on a few crucial parameters, including the total deturiggyc—w_ —xgs+ V2¢ Qs+g%No/2A, be-
tween the cavity and the pump laser. This consists of thelgteall-off term in Eq. [1) as well
as both the opto-mechanical contributions proportiondhédisplaced equilibrium positions of
the mechanical and Bogoliubov modes. These are respgctinetn by the stationary values
gs=Tiya?/mw?, and Qs= — V2¢a?/&, which are in turn determined by the mean intra-cavity field
amplitudeas=n/ VA? + «2. The interlaced nature of such stationary parameterso@tie depen-
dence ofas on the detuning) is at the origin of bistability and chaofikeets [10-12]. As for the
noisy part of the dynamics, we have introdudéég and6é17n as zero-averagée[.-n(t)>:<a;](t)>:0],

deIta—correIated([am(t)an(t’)>:6(t—t’)] operators describing white noise entering the cavitynfro
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the leaky mirror. Dissipation of the mechanical mirror gyeis, on the other hand, associated
with the decay rate and the corresponding zero-mean Langevin-force opegétiohaving non-
Markovian correlationsg=%/2ksT) [13] ((D)E(t))=(frym/2n) [we “-]cothBew)+1]dw. Al-
though the non-Markovianity of the mechanical Brownian imotcould be retained in our ap-
proach, for large mechanical quality factoys<0), a condition that is met in current experiments
on micro-mechanical systems [6], one can t&{e)&(t'))~[ym/Bs+id]s(t—t’) [13]. As our anal-
ysis relies on symmetrized two-time correlators, the gntimetric part in the above expression,
proportional tods(t—t’), is indfective, thus making our description fully Markovian. Here w
show that the model above results in an interesting bagkradiynamics where the state of the
mechanical mode is strongly intertwined with the BEC. Thggital properties of the mirror
are altered by the cavity-BEC coupling. Clear signaturesumfh interaction are found in the
noise properties of the mechanical mode, strong enoughitbiirihe cooling capabilities of the
radiation-pressure mechanism under scrutiny.

We start considering the modification in the mirror dynanaas to the coupling to the cavity
and indirectly to the BEC. The Langevin equations are coivgly solved in the frequency do-
main, where we should ensure stability of the solutions.sTimplies negativity of the real part
of the eigenvalues oK. Numerically, we have fount that stability is given far-0 and weak
coupling of the mirror and the BEC to the cavity, i.e. fervi/mwm, £}<k, which are conditions
fulfilled throughout this work. We find the mirror displacente

5G(w)=[Am(@)6Fin(w) + Bu(w)d%in(w) + Cu(w)éW)], 2)

With Ay (w)=B(w)A/ (k—iw)= —hyas V2kA/dy(w), Cu(w)= —{(w* =) [(k—iw)?+A%]|+4HAa2?)  dy(w)
anddy (w) that is related to thefective susceptibility function of the mechanical mode [1\8g

now compute the density noise spectrum (DNSp@fv). For a generic operatd(w) in the
frequency domain, the DNS is defined &(w)=(1/4r) [ dQe @ D(O(w)O(Q)+O(Q)O(w)).
Using the correlation properties of the input and Browniaise operators, after a little algebra

one gets
S@)= Y WTu()? + hym[1+cothBw)] ICu(w)P. 3)

J=A8
Some interesting features emerge from the stud,@b). In Fig.[2 we compare the case of an

empty opto-mechanical cavity [pan@)] and one where a weak coupling with the atomic Bogoli-

ubov mode of frequenay=wy, is included [panefb)]. For an empty cavity, the mechanical-mode



FIG. 2: (a) A laser is split by an umbalanced beam splitter. The transthipart is phase-modulated by
an electro-optic modulator (EOM) and enters an opto-mechhiavity coupled to a BEC. The (weak)
reflected part of the pump laser probes the BEC. The signais fhe cavity and the BEC go to a detec-
tion stage consisting of a switch (selecting the signal t@ae), a photodiode and a spectrum analyzer
(SA). (b) DNS of the mirror displacement for an empty cavity agaifisind w for £=2.5cm, m=15ng,
wm/21=275Hz, y=wm/Q with Q=10 and T=300K andk=~5MHz. The pumping light athas wavelength
1064nm and input power 4mW. The DNS is rescaled to its value=a,, and A=0. (c) We include the

effects of the atomic coupling by taking=twny, andZ=~0.7y Vi/(Mwm).

spectrum is obviously identical to what has been found in Rédf (the use of that case as a mile-
stone in our quantitative study motivates the choice of trameters used throughout this work).
Both the optical springféect in a detuned optical cavity and a coolimgating mechanism are ev-
ident: height, width and peak-frequency®{w) change with the detuningy. At A ~ /2 optimal
cooling is achieved with a considerable shrink in the heajlthe spectrum. However, as soon as
the Bogoliubov mode enters the dynamics, major modificateppear. The optical sprindgfect
is magnified (the red-shift of the peak frequencySgw) is larger than at=0) and a secondary
structure appears in the spectrum, flieeted by any change @&. Such a structure is a second
Lorentzian peak centered in=w,, and is a signature of the back-action induced by the atoms, an
effect that comes from a three-mode coupling and, as discustdisdeterminedy © and/.

In fact, by studying the dependenceS{w) on the frequency of the Bogoliubov mode, we see
that the secondary peak identified above is always centesadlgatw. For{ < y Va/(mwy), i.€.

for weak back-action from the atomic mode onto the mechéaita the signature of the former in



the spectrum of the latter is very small, as shown by a tinycstire subjected to rather negligible
detuning-induced modifications. The picture changesJfolto3e to the mechanical frequency. In
this case, as seen in Fig(12), the influence of the atomic medium is considerable and ptege
any value ofA. While the mechanical mode experiences enhanced optigabsgfect (an &ect
easily seen by looking at thdfective susceptibility of the mechanical model[16]), theoselary
structure persists even At«/2, the working point here optimizing the mechanical coaling

A better understanding is provided by studyififiw, A) against the atomic opto-mechanical
rate/ [cfr. Fig.[3(a)]. At the optimal detuning and fav=wy,, both the &ects highlighted above
are clearly seen: theontributionof the secondary structure centereduatjrows with due to
the increasing atomic back-action while a large red-shmt shrinking of the mechanical-mode
contribution to the DNS shows the enhanced sprifigee. An intuitive explanation for all this
comes from taking a normal-mode description, where theaalization ofH passes through the
introduction of new modes that are linear combinations efrttechanical and Bogoliubov one.
The weight of the latter increases withthus determining a strong influence of the atomic part of
the system over the noise properties of the mechanical mode.

The consequences of the atomic back-action are not restiictthe &ects highlighted above.
Strikingly, the coupling between the atomic medium and tntg field acts as awitchfor the

cooling experienced by the mechanical mode in an empty\cgsfit. Fig.[3 (b)]. That is, the
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FIG. 3: (a) DNS of the mechanical mode agaimstind/ for o~wn andA=«/2. The structure centered at
wm and with amplitude growing witlhi is due to atomic back-action. Inset: same plotdei0:8w,. Similar
but less important features are found away from the res@nbatwen mechanical and atomic modb)
Effective temperature of the mechanical mode againgt Solid (Dashed) lines are fa5=0.1wn (O~wm).

(€) So(w, A) for w=~wm and{=50Hz.



coupling to the collective oscillations of the atomic déyg crucial in determining the number of
thermal excitations in the state of the mechanical modejlatigg the mean energy of the cavity
end-mirror. A way to clearly see it is to consider theetive temperatur@s=(U)/kg, where
(U)=mw? (667)/2+(5p?)/(2m) is the mean energy of the mechanical mod¥.) is experimen-
tally easily determined by measuring just the area undénfggw, A), as acquired by a spec-
trum analyzer. In fact, we haxér?)= [ dwS (w, A) (r=q, p) With Sy(w, A)=nPw?S(w, A). Such
temperature-regulating mechanism is explained in termes simple thermodynamic argument.
The exchange of excitations behind passive mechanicaingpj, 14] occurs at the optical side-
band centered ab,, When the frequency of the Bogoliubov mode does not matahsideband,
mirror and cavity field interact with only minimum disturb@nfrom the BEC. Thus, mechanical
cooling occurs as in an empty cavity: even for relativelgéavalues of the cooling capabilities
of the detuned opto-mechanical process are, for all prqiierposes, urfiected [see Fid.|&)].
However, by tuningu"™on resonance with the relevant optical sideband, we inttedwell-source
mechanisnior the recycling of phonons extracted from the mechanicadlenand transferred to
the cavity field. The BEC can now absorb some excitationgitédoen the mirror by the field, thus
acting as ghononic welland release them into the field at a frequency matched amgthThe
mirror can take the excitations back, as in the presencepbioaonic sourcethermodynamical
equilibrium is established at a temperature sef.lyor strong atomic back-action, the mirror does
not experience any cooling [Figl.(B)].

Analogously, one finds the atomic DNS associated with theitipadike operator of
the Bogoliubov mode, which read$Q(w) = [Aa()6Yin + Ba(w)d%in + Calw)é(w)] with
Ap(w)=AB(w)/[@(k—iw)]=2iasl A Vkw(iyw+w?~w?) [da, Calw) = -2 \/éiagAg“)(w&)/mdA and
da having a rather lengthy expression. The spectfgfw, A) is then easily determined using
the appropriate input-noise correlation functions anddied in FigL 4. Clearly, in light of the
formal equivalence of Eq.{1) with a radiation pressure raa&m, by setting up the proper work-
ing point, the BEC should undergo a cooling dynamics sintitathe one experienced by the
mirror. The starting temperature of the Bogoliubov modeethe}s on the values taken byahd/{.

At =0, regardless of the atomic-mode frequency, fiisative temperature is very low, as it should
be. For a set value df, the temperature arises @s>w,. The conditions of our investigations are
such that weak coupling between the BEC and the cavity fiedckapt, in a way so as to make
the Bogoliubov expansion valid and rigorous. The mutualiced back-action at the center of

our discussion is clearly visible in Figs|(8) and[4, where features similar to those present in
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FIG. 4. Panelga) to (c): So(w,«/2) againstw and{ for y=kwc/2L (k=0,1,2). The splitting between

atomic and mechanical part of the spectrum is clear (therlatot shifted ag grows).

the mechanical DNS appear. Fgt0, the atomics DNS ab=w, starts from zero (at=0) and
experiences red shifts and shrinking as thiective opto-mechanical coupling rate grows. Having
switched df the coupling between the mechanical mode and the field, teetrspn is single-
peaked. This is not the case fp£0 where a secondary structure appears, similar to the ohein t
mechanical DNS. The splitting between mechanical and aoomtributions tdy(w, «/2) grows
with y, a clear sign of the mechanically-enhanced optical sprfegtexperienced by the atomic
mode.

We have demonstrated an intriguing dynamical back-actighinvan experimentally viable
set-up. The indirect mutual cross-talking between medahand atomic mode determines a sub-
stantial modification of the respective dynamics and leaveignature of the reciprocal influence
in experimentally handy quantities. This opens up the wayaeel diagnostic strategies where
the relevant interaction parameters are determined byuriegshe noise properties of only one
subsystem and fitting it with the analytical expressionglierrelevant spectra provided here. The
BEC spectrum could be probed by homodyning a weak forwaattesed field, transversally fed
into the cavity and coupled to the atoms, as done in similateds [7] [cfr. Fig[1]. The procedure
for reconstructing the intra-cavity dynamics from meamgats on the extra-cavity field described
in [14] could be adopted too. We are currently studying hoswrttutual influence between atomic
and mechanical parties could be usewtie specific features onto one of the two subsystems, so
as to implement quantum state-engineering.
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