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A room-temperature mechanical oscillator undergoes thermal Brownian motion with an amplitude
much larger than the amplitude associated with a single phonon of excitation. This motion can be
read out and manipulated using laser light using a cavity-optomechanical approach. By performing
a strong quantum measurement, i.e., counting single photons in the sidebands imparted on a laser,
we herald the addition and subtraction of single phonons on the 300 K thermal motional state
of a 4 GHz mechanical oscillator. To understand the resulting mechanical state, we implement a
tomography scheme and observe highly non-Gaussian phase-space distributions. Using a maximum
likelihood method, we infer the density matrix of the oscillator and confirm the counter-intuitive
doubling of the mean phonon number resulting from phonon addition and subtraction.

A mechanical oscillator at room temperature will be-
have in nearly perfect accordance with the laws of clas-
sical statistical physics. Nonetheless, interaction with
optical-frequency photons can lead to behaviour that is
nonclassical. For the mechanical motion of trapped ions,
laser cooling and coupling of motion to the internal elec-
tronic degrees of freedom has long been pursued as a path
to realizing a scalable quantum computer [1]. For solid-
state mechanical devices, the signatures of quantum noise
and back-action have been observed at room tempera-
ture and proposed as a means to realize quantum sen-
sors [2, 3]. A key feature of such optomechanical devices
is their ability to efficiently generate correlations between
motion and light [4]. A strong quantum measurement of
the resulting light field, e.g, by using a single-photon de-
tector can consequently alter the state of the mechanical
system [5-10].

Experiments in nonlinear optics have shown that
adding or subtracting photons fundamentally alters the
state of an optical degree of freedom. For example, in
photon addition, parametric down conversion followed by
post-selection of an idler photon allows the preparation
of a single-photon state from vacuum [11]. Photon sub-
traction, when operating on squeezed light is used to gen-
erate and enlarge Schrodinger’s cat states [12, 13]. Both
photon addition and subtraction are essential for a num-
ber of tasks in continuous variable quantum information
processing, in which non-Gaussian states are often re-
quired [14]. Highly thermal states of light have also been
converted to non-classical states by the addition of one
photon [15-18] and even allowed a direct test of quantum
commutation relations [19, 20].

Mechanical oscillators have emerged as an important
avenue for realizing quantum technologies [21-24]. In
contrast to previous work on cryogenically cooled devices,
we perform experiments on a mechanical oscillator in a
highly thermal state at room temperature, and use its
interaction with optical photons to perform quantum-
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limited read-out and state control. First, we use sin-
gle photon counting to prepare phonon-added and sub-
tracted mechanical states in a regime where kT > hwy,.
Second, building on tomography techniques in quantum
optics [11, 14, 25, 26] and optomechanics [27, 28], we com-
bine heralded single-phonon addition with the continuous
measurement of mechanical amplitude and phase fluctu-
ations. We reconstruct the density matrix of a mechan-
ical oscillator in a phonon-added or phonon-subtracted
thermal state with initial mean phonon occupancy of ap-
proximately kT /hwy, = 1580.

Phonon-addition and subtraction arise from the inelas-
tic scattering of laser light due to mechanical motion in a
cavity. By energy conservation, photons scattered by me-
chanical motion are shifted to a lower (higher) frequency
corresponding to addition (subtraction) of a phonon in
the mechanical resonator (Fig. la). For a laser blue-
detuned from the optical cavity, the Hamiltonian describ-
ing phonon-addition is given by: H = KG(alb" + h.c.)
where G is the linearized optomechanical coupling rate,
and the annihilation operators for optical and mechanical
oscillators are given by a and b respectively. Similarly,
for red-detuning we have H = hG(deJ + h.c.) whereby
a phonon is annihilated while a photon is generated.
In our experiments, the optical cavity decay rate k is
much faster than G, and its photons are sent to a detec-
tor. Instead of coherent dynamics between the optical
field and motion, detection leads to a quantum opera-
tion with corresponding jump operators proportional to
bt and b for the two Hamiltonians, respectively. There-
fore, the detection of an individual photon at the cavity
resonance frequency heralds the addition or subtraction
of a phonon to the mechanical mode characterized by
the operation of the respective jump operator. The state
of the mechanical oscillator will be thermal before the
record of detections is taken into account. This reflects
our lack of knowledge about the motional state and that
the mechanical oscillator is in equilibrium with its envi-
ronment. Starting with the thermal density matrix pyy,
detection of a photon corresponds to updating the state
with the jump operator corresponding to the correct de-
tuning. For the blue-detuned case, we use the jump oper-



ator proportional to b to obtain the phonon-added state:
Pth — I;Tﬁthl;. In the red-detuned case, we have phonon-
subtraction represented by: pi, — EﬁthI;T.

Our experimental setup is shown in simplified form in
Fig.1b. First, we send light from a laser into an op-
tomechanical crystal cavity, either red-detuned or blue-
detuned from the cavity resonance by the mechanical fre-
quency. The fiber to chip coupling efficiency is ng ~ 76 %.
The fiber-coupler design and optimization is described in
previous work [29]. We split off some of the light before
interacting with the device, to use as a local oscillator.
A delay is applied using about 100 meters of fiber to
approximately compensate for the signal path. A con-
tinuous wave, frequency upshifted (40 MHz), probe tone
is generated using an acousto-optic-modulator. The re-
flected light from the cavity is then split into two paths.
One path, for single photon counting, contains two cas-
caded high finesse fiber fabry-perot cavity filters with free
spectral range of 15 GHz and finesse of 300 (Micron Op-
tics FFP-I) to suppress the pump light and pass reso-
nant cavity photons. Another path, for heterodyne de-
tection, contains a balanced heterodyne receiver (Thor-
labs 75 MHz PDB425C-AC) whose output is sent to a
12bit 500 MSs~! digitizer (Alazartech ATS 9350). The
local oscillator and signal are combined on a variable op-
tical coupler to balance power on the detector inputs. We
note that the phase of our local oscillator is left unlocked.
This simplifies the experiment but at the cost of causing
our inferred states to have rotationally symmetric quasi-
probability distributions. Note that the initial state is a
rotationally symmetric thermal state, and that the pho-
ton addition and subtraction processes occur at random
times and have no associated phase.

To count single photons we use a superconducting
nanowire single photon detector (SNSPD, Photon Spot)
with an effective quantum efficiency of about 70 % (in-
cluding all fiber losses leading into the fridge) and dark
counts on the order of 30 Hz.

Our optomechanical crystal device, used to read out
and control mechanical motion, is similar to those pre-
sented in previous work [30]. The optical cavity mode
has a center wavelength of A\, = 1551 nm, total decay
rate k/2m = 822MHz, and external coupling rate of
ke/2m = 190MHz. The probability that a cavity pho-
ton leaks into the detected waveguide channel is given by
the cavity efficiency, 1. = ke/k &~ 23 %. The mechani-
cal mode frequency is wy, /27 &~ 3.96 GHz. From a sweep
of laser power, we determine the intrinsic, backaction-
free, mechanical linewidth of ~;/27 = (2.06 = 0.01) MHz
and single-photon optomechanical coupling rate go /27 =
(1.01 £0.02) MHz. The single-photon generation rate
per phonon in the mechanical resonator is propor-
tional to the optomechanical measurement rate: vyon =
498Ncay /K, Where neay is the number of optical intracav-
ity photons (on order 102 in this experiment).

The first experiment we perform is phonon-addition.
We tune the laser on the blue side of the optical cav-
ity resonance. We trigger the digitizer on a single pho-
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FIG. 1. Concept and principal components of the ex-
perimental setup (a) Concept showing on left (right) how a
Raman scattered photon on cavity-resonance at frequency wc
heralds the addition (subtraction) of a phonon at the mechan-
ical frequency wm. Insets from left to right show simulated
mechanical and optical mode profiles respectively. (b) Dia-
gram showing the main components of the setup. A tunable
laser is stabilized to a Fabry-Perot cavity (FP) and is fre-
quency upshifted using an acousto-optic modulator (AOM).
The resulting signal polarization is set using a fiber polariza-
tion controller (FPC) and sent into the optomechanical crys-
tal device (OMC) whose temperature is stabilized near 300 K.
The reflected light is incident on a beamsplitter and is split
into two paths. On the bottom, we reject pump light with two
FP filers, followed by single photon detection using a super-
conducting nanowire single photon detector (SNSPD). To the
left, we perform balanced heterodyne detection (BHD) where
the resulting signal is further digitally downconverted from
20 MHz, and filtered using a digitizer and GPU. A schematic
of the decaying cavity field is shown inset in the figure. 7
denotes the time-lag between when the click occurs and when
the heterodyne data collection starts.

ton click, collect =~ 2ps of heterodyne data, and filter
to obtain a signal whose in-phase (X) and in-quadrature
(P) components are proportional to the down-converted
mechanical signal. We collect data in two interleaved
phases, one ignoring, and the other triggered by sin-
gle photon clicks. When the clicks are ignored, we ob-
serve a Gaussian quadrature histogram, corresponding
to a mechanical thermal state, over a total period of
~ 2h (Fig. 2a). By contrast, triggering via single photon
clicks, we observe a clear non-Gaussian distribution in
the phonon-added thermal state in Fig. 2b.

The Husimi Q function for the post-selected phonon-



added thermal state has the form:
Qpost (@) o (| bl pbla) o [af2e 1o/ ot (1)

where ny, is the mean thermal phonon occupancy and
|a) denotes a coherent state with complex amplitude o =
X +iP. Qpost(a) describes the measurement statistics
in phase space, in the absence of technical noise. The
effect of technical noise is captured by convolving this @
function with a Gaussian distribution A/, with zero mean
and a variance of n,4ded:

Q) = (Qpost *N) (0. @)

(See Supplementary Information [31] for an analytic ex-
pression for the measured Q(«) which depends only on
figh and 7Naddea). This distribution is binned, and fit
to the data via a maximum-likelihood method. Since
the bath temperature is known (I' ~ 300K), we fix
un = 1578 in Eq. 1 and fit Eq. 2 via two free pa-
rameters: detection gain GG, and number of added noise
phonons m,4deq- The parameter G is used to re-scale
the data as v = vGa. The result of the fit with
(G, Nadded) = (8.1x1073 V2, 670) is shown in Fig. 2c,d, in
good agreement with the experimental results of Fig. 2a,b
for both pre- and post-selected distributions. We note
that the thermal datasets are interleaved with the post-
selection data sets to mitigate the effects of drift. Fur-
thermore, no additional fitting is performed on the ther-
mal datasets, confirming the validity of our gain and
added noise estimates. Figure 2e shows a line-cut of the
2D histograms with fit results for the thermal (solid line)
and post-selected (dotted line) distributions respectively.

To more compactly represent the data, we bin it into
a radial histogram. The results of radial binning for the
thermal and phonon-added states are shown in (Fig. 3a).
Here, blue (red) points show thermal (phonon-added) re-
sults respectively, while the dotted lines show the theo-
retical fits. In addition, we perform phonon-subtraction
by tuning our pump laser to the red side of the opti-
cal cavity. The radial statistics for the resulting noise
distribution is shown by the open green triangles. As ex-
pected from theory, the result is very similar to the case
of phonon-addition.

To further analyze the data, we reconstruct the den-
sity matrix describing the mechanical system. From the
radial histograms, we estimate the density matrix using
an iterative maximum-likelihood method [32, 33]. We
simplify the optimization by restricting ourselves to di-
agonal density matrices, as justified by the radial sym-
metry of the phase space distribution (see Supplemen-
tary Information for a complete discussion of these tech-
niques). The results are shown in Fig. 3b. From this re-
construction, we obtain a mean phonon number of 7, =
1597.6 0.6 and npest = 3158.14+0.9 for the thermal and
post-selected states respectively. The probability of the
vacuum component is reduced markedly post-addition of
a phonon, going from pyactn = (6.49 £ 0.01) x 10~* to
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FIG. 2. Measurement of quadrature histograms for
thermal and phonon-added thermal state (a) Experi-
mental result showing a histogram of 1.5 x 107 quadrature
samples. The data are binned into 101 bins along the X and
P axes. Color bars show counts per bin. The statistics are
Gaussian, corresponding to a mechanical thermal state. (b)
Post-selected results, triggered by single-photon clicks. The
observed statistical distribution now corresponds to a phonon-
added state and is non-Gaussian. (c,d) Corresponding theory
plots to (a,b), obtained by binning, and fitting, the analyti-
cally determined Husimi Q functions via two parameters. The
dotted black circles, shown for reference, have radii r = \/7i¢n,
the length scale for thermal fluctuations. 741, &~ 1580 phonons,
corresponding to the mean occupancy of a 3.96 GHz oscilla-
tor at room temperature. The solid black circle shows the
length scale for added noise. (e) Blue (red) bars correspond
to a linecut of the 2D experiment histograms at P = 0 for the
thermal (post-selected) datasets. The theory fits for the ther-
mal (post-selected) results are shown in solid (dotted) black
lines.

Pyac,post = (5.25 £ 0.06) x 107°. Errors reflect statisti-
cal uncertainty obtained using a bootstrapping method
of the entire dataset: we resample the entire dataset of
1.5 x 107 samples with replacement 50 times, and recon-
struct the density matrix for each trial. Lastly, we per-
form the reconstruction of the phonon-subtracted state
(Fig. 3c), where we find fipos; = 3153.5 £ 1.0.



Next, we use our reconstruction results to investi-
gate how the expected number of phonons changes after
post-selection. We compute the ratio of the two mean
phonon numbers as fpost/Mgn = 1.977 £0.001. This is in
agreement with theory, in which the mean phonon num-
ber for both the phonon-added and -subtracted thermal
states should approximately be twice that of the original
thermal state. This counter-intuitive result that adding
or subtracting a phonon doubles the mean number of
phonons in a resonator, fipest & 27th, is best under-
stood by considering the information gained about the
mechanical system from the optical single photon mea-
surement. Before the measurement of a photon occurs,
the a-priori probability distribution is given by the Boltz-
mann factor: P(n) oc e #" where 3 is the inverse tem-
perature (Fig. 3b, blue curve). Once a click has occurred
however, the observer gains information about the state,
and we must update these probabilities via Bayes’ rule:
P(n|det) o« P(det|n)P(n), causing a rescaling of the a-
priori distribution. Now, the probability of a photon
scattering event itself depends on the phonon number:
P(det|n) o< n. Thus we see that the a-posteriori proba-
bility is the prior distribution re-scaled by n, leading to
the suppression of probability for small phonon numbers
(Fig. 3b). This causes the average phonon number to
be increased. This analysis, while illustrated for phonon-
addition, applies as well to phonon-subtraction in the
large thermal occupation limit (see Supplementary In-
formation Eq. S4).

We understand the small discrepancy with the the-
ory prediction of an exact doubling in mean phonon
number by considering dark counts. Dark counts in-
troduce a loss in fidelity of the heralded state. More
precisely, the heralding fidelity is defined by the quan-
tity x = Fsig/(Fsig + Fdark)- Here, Fsig denotes the
count rate of thermal signal phonons, while I'q., denotes
the total dark count rate, caused by a sum of intrin-
sic SNSPD dark counts and pump feedthrough from im-
perfect pump rejection filtering. We have independently
estimated these quantities, using the measured photon
count rate on-resonance, and off-resonance. We measure
Tgg ~ (278 £ 5) kHz and Tyak ~ (5.2 £ 0.1) kHz. From
this we estimate the fidelity, x ~ 0.98 & 0.02. Written in
terms of fidelity, the theoretically expected ratio of mean
occupancy is: fipest/fith &~ 1 + x. The measured fidelity
X thus closely explains the observed ratio fipost/ith-

In this work we have experimentally demonstrated
phonon addition and subtraction followed by state to-
mography in an optomechanical system. These capabil-
ities open up several directions for future studies. First
of all, the single-phonon-added thermal states demon-
strated here have theoretically been shown to be non-
classical at all temperatures. This is ensured by the nega-
tivity of their Glauber-Sudarshan P functions [16, 19, 34].
Although this negativity is difficult to detect experi-
mentally at room temperature, our work motivates fur-
ther studies into whether weakly non-classical, but non-
Gaussian, states may prove useful as a quantum re-
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FIG. 3. Reconstructed density matrix elements (a) Ra-
dial histogram of measurement results for the thermal state
(filled blue points), the phonon-added thermal state (open red
circles) and the phonon-subtracted thermal state (green tri-
angles). The respective dotted lines show the theory fits. (b)
Diagonal density matrix elements reconstructed from experi-
mental data. Estimates for gain and added noise are provided
by the fits to the quadrature histogram data. The black dot-
ted lines show the result of theory for the thermal and phonon-
added states with thermal bath occupancy set to 7it, = 1578
phonons (=~ 300 K mode temperature). (c) Experimentally re-
constructed density matrix elements for a phonon-subtracted
thermal state.

source [35, 36]. Finally, our experiment demonstrates
the ability to add a node to the Q function of a single-
mode oscillator. Since it is known that any pure state
whose Q function contains nodes is non-classical [37],
one could prepare non-classical states beyond the phase
insensitive ones we have reconstructed. In particular,
with near-term improvements, including the implemen-
tation of phase-sensitive detection, our technique allows
the preparation of phonon-added coherent states of mo-
tion [38, 39]. Likewise, phonon-subtraction, performed
on a squeezed mechanical steady state, gives a route to
cat state generation in the mechanical domain [12, 40].

During the preparation of this manuscript we became
aware of related work demonstrating variance doubling in
phonon-added and subtracted mechanical thermal states
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