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‘We propose two measurement-based schemes to cool a nonlinear mechanical resonator down to energies close
to that of its ground state. The protocols rely on projective measurements of a spin degree of freedom, which
interacts with the resonator through a Jaynes-Cummings interaction. We show the performance of these cooling
schemes, that can be either concatenated—i.e., built by repeating a sequence of dynamical evolutions followed
by projective measurements—or single-shot. We characterize the performance of both cooling schemes with
numerical simulations and pinpoint the effects of decoherence and noise mechanisms. Due to the ubiquity and
experimental relevance of the Jaynes-Cummings model, we argue that our results can be applied in a variety of

experimental setups.
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I. INTRODUCTION

Cooling quantum systems in a finite time down to their
ground state is an essential task for the majority of quantum-
based technologies [1-7]. Although it is possible to isolate and
control a quantum systems, the temperature of its surround-
ings may still be too large to prepare its quantum ground state
with the desired fidelity. This thus demands the development
of cooling protocols to enable the preparation of quantum
ground states with unit fidelity, and in a short time to over-
come the impact of environmental disturbances. Such cooling
schemes typically require a hybrid system comprising of two,
or more, interacting systems of both discrete (e.g., atomic)
and continuous (e.g., vibrational mode) degrees of freedom.
Among different methods, it is worth mentioning Doppler
[8] and resolved-sideband cooling, which can be performed
depending on the lifetime of the bosonic mode system and
leading to distinct final temperatures (cf. Refs. [8—11] for the
development of these techniques in trapped-ions).

Over the last decades, different means of achieving mo-
tional ground state cooling of nano- and micro-mechanical
oscillators have been studied, both theoretically and exper-
imentally (cf. Ref. [12,13] and references therein). As in
trapped ions, sideband cooling has been demonstrated in
these setups [14-19]. However, other techniques may offer
advantages with respect to the standard sideband cooling.
Among them, we can mention bang-bang cooling [20], control
state-swapping cooling [21] and measurement-based cooling
[22-27], which is also known as stochastic cooling due to the
probabilistic nature of quantum measurements [28].

In this context, the cooling of mechanical systems is of
paramount relevance. Mechanical resonators are important
components in many electronic systems, while being widely

“r.puebla@qub.ac.uk
fo.abah@qub.ac.uk

2469-9950/2020/101(24)/245410(8)

245410-1

employed in sensors for mass, force, and fields. Recent ad-
vancements in fabrication techniques have made possible the
realization of micro- and nano-mechanical resonators with
high sensitivity and response frequency [29] (cf. Ref. [12] for
a review). Interestingly, such push to miniaturization has led
to the appearance of nonlinear effects in the dynamic response
of such devices, often characterized by multi-stability and
hysteresis [30—32]. Such nonlinear regime can be accessed
or explored in different physical platforms, from trapped ions
[33] to circuit quantum electrodynamics [34], from graphene-
and carbon nanotube-based resonators [35,36] to optically
trapped nanoparticle [37]. Recently, they have been observed
in a system comprising a nanosphere levitated in a hybrid
electro-optical trap [38].

Mechanical nonlinearities can be utilized to enhance en-
ergy harvesting via piezoelectric (vibration-to-electricity con-
version) [39], which have a good application potential for
solving the challenging issue of energy supply for embedded
wireless sensors and portable electromechanical devices [40].
In addition, they offer high sensitivity that can be harnessed
for signal amplification [41], mass and force sensing [42] or
charge detection [43]. At the fundamental level, the quantum-
to-classical transition, i.e., the exploration of the appearance
of quantum effects at a macroscopic scale has been studied
in these nonlinear systems [44—46], where the nonlinearity
has been identified as a resource in the generation of non-
classical quantum states [47-49]. Interesting nonlinearities
can be engineered by coupling the mechanical mode to an
ancillary finite-dimensional system [50], an architecture that
can be used to study quantum foundations [51,52]. For exam-
ple, a setup that consists of a vibrating nanomechanical res-
onator flux coupled to a superconducting qubit has been pro-
posed as a testbed for quantum interferometry with massive
objects [26].

In this work we present two protocols to cool a mechan-
ical resonator with a Duffing-type nonlinearity down to its
ground state aided by projective measurements performed
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onto a spin degree of freedom coupled to the resonator via
a Jaynes-Cummings interaction term [53]. Our proposals can
be carried out with or without radiative decay or polarizing
noise acting on the spin, whose effect is crucial in resolved-
sideband cooling. Hence, these cooling schemes could be
carried out using long-lived spin states, and thus also used for
other quantum information processing tasks. In particular, we
propose a scheme based on the concatenation of joint time
evolution of the bosonic and spin degrees of freedom and
projective measurements onto the ground state of the spin.
We will refer to this method as concatenated scheme (CS).
This method not only improves previous results in ultrafast
cooling of a mechanical resonator [23], but also shows that
the non-Gaussian quantum ground state of nonlinear mechan-
ical resonators can be achieved in a finite-time with a very
good fidelity. In addition, we show how to attain ground
state cooling upon a single-shot (SS) measurement of the
spin. This scheme, although allowing for faster cooling and
requiring a smaller number of measurements than its concate-
nated counterpart, demands a tunable and time-dependent spin
frequency. The temporal dependence of the spin frequency
can be determined using optimal control techniques, such
as chopped-random basis optimization (CRAB) [54-57]. We
illustrate the high-quality performance of these two schemes,
which are able to bring the thermal occupation number of
an initial state of a bosonic mode to values very close to
zero even under the presence of distinct decoherence and
noise sources. Moreover, as our results rely on the ubiquitous
Jaynes-Cummings interacting model between a bosonic and a
spin degree of freedom, our results may be applied to different
platforms to achieve ground state cooling.

The remainder of this article is organized as follows. In
Sec. II, we begin by introducing the setup of a nonlinear
mechanical resonator coupled to a spin degree of freedom
and providing relevant experimental parameters. In Sec. III we
present the theoretical scheme to cool the resonator down to
its ground state by performing projective measurements onto
the spin, either in a repeated/concatenated fashion (Sec. III A)
or upon a single-shot (Sec. III B). We further quantify the
non-Gaussianity of the resulting state from the concatenated
scheme, Sec. III A. We provide numerical results supporting
the good performance of both methods, Secs. III A and III B.
We briefly outline the influence of environment for these two
proposed schemes in Sec. IV. Finally, we present the main
conclusions and outlook in Sec. V.

II. NONLINEAR MECHANICAL RESONATOR MODEL

Let us consider a bosonic mode of frequency w, char-
acterized by annihilation and creation operators a and a’,
respectively, such that [a, a1 = 1. Such bosonic mode or
harmonic oscillator comprises a stiffening Duffing-like de-
formation with strength € > 0, such that ¢ < w, as found
in different experimental platforms. In addition, the bosonic
mode is coupled to a (spinlike) two-level system via a Jaynes-
Cummings interaction [cf. Fig. 1(a)] [53]. The Hamiltonian of
the system reads (we take units such that 7 = 1 throughout the
manuscript)
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FIG. 1. (a) Sketch of the nonlinear resonator coupled to a spin
degree of freedom: The bosonic mode and spin, with frequencies
w and w,, respectively, are coupled via a Jaynes-Cummings inter-
action with strength A. (b) Evolution of the initial state, p(0) =
1g)(g] ® o with p =", pxlk)(k| (full circles) and the one
sought after the evolution, which brings the populations over the
Fock states |n) with n > 0O towards |e)(e| (open circles) while the
population of |g)(g| ® |0)(0| remains locked, i.e., p(7) = |e){e| ®
> 1o Pr1lk) (kI 4 18) (gl ® pol0)(0]. (c) A projective measurement
of the spin onto the eigenbasis of o,. The outcome of applying the
projector M, = |g)(g| ® 1, onto the state p(z) leaves the bosonic
mode in its vacuum state. (d) Cooling scheme by concatenating
evolutions plus measurements.

where wa and A denote the Bohr frequency and coupling
strength of the two-level system, respectively. We have in-
troduced the spin Pauli matrices, oy, . such that [0}, 0;] =
2id;jror and o, = |e){e| — |g) (gl with |e) (|g)) the excited
(ground) state of the two-level system. Finally,c* = (6 7)" =
le) (gl is the spin raising operator.

The standard Jaynes-Cummings model is recovered by
setting € =0, and thus the ground state of the res-
onator H, = wa'a+ {(a+a")* reads as |yg) = |0) (vac-
uum) for € = 0 such that aa|n) = n|n), while for €/w <
1, its ground state can be well approximated by |[s) ~
N0) — 3¢/(8v2w)|2) — v/3¢/(16+/2w)|4)), which con-
tains nonzero excitations and is of a non-Gaussian nature [58].
Here, N is a normalization constant whose explicit expression
is given in Appendix A. Hence, as such nonlinear effects
are relevant in distinct experimental platforms, the analysis
of ground-state cooling based on the occupation number
requires a fair comparison with the actual and deformed
ground state of the nonlinear resonator. As a result of € # 0,
the number of excitations N, = a’a + o+o~ is no longer a
conserved quantity. However, as we consider a small Duffing
perturbation g, w > €, the dynamics are mainly governed by
the Jaynes-Cummings interaction, i.e., a state |g,n + 1) is
transformed into |e, n) at the resonant condition wa = w in
atime 7, = 7 /(2x+/n+ 1) withn > 0.

Our goal is to cool an initial thermal state of the res-
onator down to its ground state by performing measurements
on the spin degree of freedom (cf. Sec. III). That is, the
goal consists in performing pﬁh — |Wrgs) (Wrgs| ~ 10)(0], with

= 0pklk) (k| and py = nk /(1 + ng)*+! where ng =
Tr[aTap‘h] is the number of bosonic excitations in the thermal
state pM.

The model in Eq. (1) can be realized in a number of differ-
ent platforms. Among them, levitated nanoparticles [38,59],
trapped ions [33], circuit quantum electrodynamics [34],
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optomechanical systems [60-62], and cantilever systems [46].
Double-clamped carbon nanotubes can display significant
nonlinearities [62]: a um long carbon nanotube resonator
vibrating at w/2mw ~ 5 MHz at an environmental temperature
of T.py = 20 mK and with a typical quality factor Q &~ 5 x
10° is endowed with a nonlinear strength € /27 ~ 200 KHz
(€/w ~ 4 x 1072) [61]. Within the optomechanical exper-
imental setup reachable values, a two-level system defect
of frequency wa € [0.5, 1.5]w coupled to a mechanical res-
onator, @ ~ 200 MHz, and Q =~ 10°, can achieve spin-boson
coupling A ~ 0.05w and spin damping rates y;/w € [5 x
1078, 5 x 107*] [63]. The amplitude of the resulting Duffing
nonlinearity amounts to €/w € [10~*,107°] [50]. For our
analysis and without loss of generality, we will choose wa ~
w, ) < 0.1w and scan the values of the ratio € /w. The presence
of the so-called counter-rotating terms, A(a' o+ + ao ) which
have been neglected in Eq. (1), can have a significant impact in
the properties of the system [64—71], and thus we will discuss
its effect on the proposed cooling schemes.

III. MEASUREMENT-BASED COOLING FRAMEWORK

We now address the cooling schemes at the core of our
proposals We study the cooling of a mechanical resonator—
initially prepared in the thermal state p"—achieved by com-
bining time-evolution under the total Hamiltonian H; in
Eq. (1), and projective measurements onto the spin. We con-
sider both the CS and SS approaches, which are described in
Secs. IIT A and III B, respectively.

A. Concatenated-measurements scheme

Let us now consider the concatenation of Ny, time evo-
Iutions under the Hamiltonian H, followed by a projective
measurement onto the ground state of the spin, described by
the projector M, where M, = |x)(x| ® 1, is the projector onto
the spin state |x) and x € {e, g} and 1, is the identity operator
acting on the Hilbert space of the resonator. The initial state
of the joint system reads

psto = 0) = |g) (gl ® p™. 2)

This cooling scheme consists in bringing populations from
|g,n+ 1) to |e, n) states with n = 0 by sweeping each of the
subspaces at a time. This is achieved by evolving p,(0) during
atime 7, = 7/Q2a/n + 1), ice., py(T,) = U(T,)ps(OU ' (T,,)
with U (¢) = e~ the evolution operator. In this manner, we
remove excitations and thus cool down the resonator state by
performing a projective measurement M, on the spin degree of
freedom. The state upon the measurement becomes py(7,,) —
Mo (T,)M, / Tr[M,p(T,)M,]. Thus, the state after the first
block of evolution and spin measurement is given by

MU (To)ps(0)U ™ (To)M,
Tr[MU (To)ps(0)U T (To)M,]’

ps(To) = 3)
where we have chosen Ty = m/(2A) as the duration of the
first time evolution. This procedure is repeated Ny, times,
where each repetition comprises a time evolution of duration
T, = w/[2x(n + 1)'/?] — with increasing n — such that the
population is transferred from |g, n + 1) to |e, n). The total

time taken by the cooling process is thus Ty = Zivz‘z)_l T, =

7/(2)) ZnNz%_l(n +1)7"2, so that Ty o 7!, and where we

have assumed a zero detection time. The probability of a
successful detection of the spin in its ground state |g) upon the
evolution U(T,) is given by p,., = Tr[Myo(T,)M,], which is
lower bounded by the probability py = (1 + ng)~! to find the
oscillator in its ground state when prepared in the initial ther-
mal state o = ", _, pilk) (k| with py = nk /(1 + ng )1 and
N = Tr[a*ap}h]. Upon N, repetitions, a successful detection
probability is given by p*¥ = l'[f:lz%il Pen and p*® ~ p, for
Nrep > 1. Hence, one can already notice that this method can
be favourable to cool down states of a resonator containing
few excitations. In particular, if ny < 10, we have pg > 1/10
with p; < 1073 for k 2 50, so that Nrep < 50 would be suf-
ficient to achieve a significant reduction on the occupation
number. Recall however that as a consequence of the third
law of thermodynamics and the unattainability principle [72],
it is not possible to exactly prepare the ground state of a
quantum system in a finite time. Nevertheless, depending
on the parameters, the resulting state will be close to the
actual ground state. It is worth mentioning that our scheme
is similar to the one proposed in Ref. [23], although here we
do not require random detection times. Indeed, by fixing the
evolution times by 7,,, we boost the cooling performance of the
scheme. Before illustrating the performance of this cooling
method with numerical simulations, it is worth commenting
that depending on the initial thermal occupation ny,, degree of
nonlinearity € and number of repetitions N, the final state
ps(Ty) will exhibit a large purity and high fidelity with respect
to the ground state of the deformed oscillator.

In Fig. 2(a), we show how the occupation probability of
the nth Fock state P(n) = (n|p,|n) changes by performing this
protocol. Here, we start with an evolution of duration 7y which
brings all the population from |g, 1) to |e, O) so that upon the
projective measurement onto |g)(g|, the population over the
Fock state |1) vanishes, i.e., P(n = 1) = 0. By repeating the
process, the vacuum state is achieved with high probability.
The average occupation number (n) gets largely reduced upon
few repetitions, as exemplified in Fig. 2(b) for an initial state
with nyg, = 10. The ground state of the nonlinear resonator is
not |0) for € # 0. Our method leads to similar ground-state
occupation number, although resonators with large values of
€ require longer times to saturate the occupation number.
This is due to the nonlinear term in Eq. (1) [cf. Fig. 2(b) for
€/w= 1072 and A = 0.02w], which couples different states
in the Jaynes-Cummings ladder. The fidelity F of the state
pr with respect to the actual ground state of the nonlinear
resonator |/¢) approaches one, F' = (Y| 0, [¥g) ~ 1, upon
sufficiently many repetitions [cf. Fig. 2(c)]. The fidelity never
reaches one in a finite time, which can be thought of as
a consequence of the unattainability principle and the third
law of thermodynamics [72]. Nevertheless, the resulting state
becomes so close to the actual ground state to display all
its features: not only the mean number of excitations in the
achieved state is very close to that of the ground state, (n) ~
21€%/128w? [cf. Fig. 2(b) and Appendix A for the derivation
of the ground-state occupation number], but also other fea-
tures are accurately reproduced. Here we focus on the degree
of non-Gaussianity of the state that we obtain through our
protocol. In fact, the nonlinear nature of of the oscillator and
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FIG. 2. (a) Occupation probability of the nth Fock state, P(n) for an initial thermal state with ny, = 10 (top panel), and the resulting
distribution after N, = 1 (middle panel) and 2 (bottom panel) iterations of the CS for € = 10~*w and A = 0.02w. The growth of the ground-
state population P(n = 0) achieved with more repetitions of the CS is well visible. In (b) we show the average occupation number (n) against
the dimensionless time Az for ws = w, an initial state with ng = 10, and € /w = 0 (solid circles), 10~ (open circles), 103 (open triangles),
and 1072 (open squares). The solid lines denote the occupation number of the actual ground state of the nonlinear resonator. Panels (c) shows
the temporal behavior of the state infidelity 1 — F(¢) with F'(t) = (|0, (t)|¥,), which quantifies the distance between the reduced state of
the resonator p,(¢) at time ¢ and the ground state |yr,) of the corresponding nonlinear model. (d) Measure of non-Gaussianity dg[0,(t)] of
the resonator state for the same cases as in panel (b). The inset displays the same the plot as in the main panel but in a log-scale for a better
illustration, where the solid lines correspond to the degree of non-Gaussianity of [,,).

the measurement-dependent interaction with the spin result
in a pronouncedly non-Gaussian effective dynamics of the
mechanical resonator. We thus quantify the degree of non-
Gaussianity of the state achieved by this cooling scheme using
the measure [73]

Sclp ()] = Slp-(0)llpcl, “
which is based on the quantum relative entropy of the reduced
state p,(t) of the resonator at the generic instant of time ¢ and
areference Gaussian state p; having the same first and second
moments of the oscillator’s position and momentum operator
as p(t) (cf. Appendix B).

In Fig. 2(d), we plot the behavior of dg[p,] against the
dimensionless time At and for various choices of the ratio € /w.
As the initial state of the system is thermal, by definition we
have §g[p0,(0)] = 0. However, as mentioned above, due to the
dynamics the system soon starts developing a nonzero degree
of non-Gaussianity,which converges to the value of the ground
state |v,s) [cf. inset in Fig. 2(d)]. In between, the dynamics
induces a strong non-Gaussian character of p,(¢), producing a
peak whose location and amplitude depends on the choice of
€/w. This suggests that, should the goal be that of achieving
a state with a large degree of Gaussianity, the protocol can
be tailored so as to achieve dg[0-(t)] > Sgl|Wes) (Yesl], at the
cost of a larger occupation number.

As commented previously, CS is effective in cooling down
thermal states containing ng < 10: larger initial occupation
numbers imply a decreasing successful detection probabil-
ity p* and an exceedingly large number of iterations to
significantly cool down the state of a nonlinear resonator.
This is illustrated in Fig. 3(a), where the average occupation
number (n) after Ny, repetitions is plotted as a function of
the initial thermal occupation ny,, and for € = 0 (chosen as
a benchmark case). Indeed, while high temperature states are
not so efficiently cooled down with this scheme, states with
ny < 10 are brought down to (n) < 107* after Nyep < 20. The
same applies to nonlinear resonators. In Fig. 3(b), we plot the
value of (n) achieved after Ny, = 5, 10 and 20 as a function
of € /w and for ny, = 1, revealing again that the actual ground

state of the nonlinear resonator |1/g) can be reached to a very
good approximation.

The inclusion of counter-rotating terms in Eq. (1), and
thus of transitions between |g, n) <> |e,n + 1), may affect
the cooling performance depending on the value of A/w and
the nonlinear contribution € /w. For example, for € = 102w
and A = 0.02 w, as considered in Fig. 2, we observe a sim-
ilar cooling performance. The effect of the counter-rotating
terms becomes more evident for €/w — 0 since (n) — O,
and thus small but nonvanishing transition rates for |g, n) <
le,n+ 1) will limit this cooling scheme. Indeed, including
counter-rotating terms for € = 1073w and A = 0.02e leads
to (n) ~ 10~* for At =~ 30 [cf. Fig. 2(b)]. We note that the
impact of decoherence and dissipation processes, which is
discussed in Sec. IV, will set a tighter constraint on the cooling
performance.

B. Single-shot measurement scheme

CS relies on a population transfer from |g, n + 1) to |e, n)
achieved by sequentially addressing different subspaces with

-1 0 1
10 10 W t&o

e/

FIG. 3. (a) Average occupation number (n) different N, repeti-
tions (5, 10 and 20), as a function of the initial thermal occupation ng,
for € = 0. The solid black line corresponds to (n) = ny, (no cooling).
The panel (b) shows the attained (n) upon N, repetitions (again 5,
10, and 20) as a function of the nonlinearity € /w of the resonator,
with ng, = 1. The solid black line denotes the occupation number of
the nonlinear ground state, and very close to (n) ~ 21€2/128w? (cf.
Appendix A).
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growing n. In order to overcome the limitation intrinsic to
that scheme, we propose an optimal protocol to perform the
population transfer |g, n + 1) — |e, n) for different n simulta-
neously and in a short time, T < Ty o NrL{)Z)Fl. A single pro-
jective measurement M, at the end of such optimal dynamic
protocol will bring the system to its ground state with a very
good accuracy.

In order for the protocol to be effective, though, and to
implement the optimal control strategy, one must allow for
a time-dependent parameter to be tuned externally. In the fol-
lowing, we assume that the spin frequency can be controlled
in a time-dependent fashion, although similar results can be
obtained straightforwardly by selecting another parameter.
The initial state p;(0) now evolves under the following time-
dependent Hamiltonian

WA ()

Hi(t) = o.+wa'a+iact +a'oT)+ 16_6(61 +a")*,

®

The shape of the protocol wa () is then optimized to achieve
the desired final state. As an example, consider € = 0 so that
we aim to transform p,(0), as given in Eq. (2), into ps(t) =
12) (gl ® pol0){0] + le) (el 2o Pir1lk) (kl. where py(T) =
Ui(T)ps(O)U (t) and Uy (t) = Te o 4B g the time-
evolution operator. A single-shot measurement M, would lead
to ps(7) = |g) (gl ®10)(0], i.e., to the ground state of the
resonator for € = 0. As in the CS, the success probability of
detecting the spin in the state |g) upon a single shot is lower
bounded as p*%” > po = 1/(1 + ng).

The optimization is carried out using the technique
chopped-random basis approximation (CRAB) [54-56] and a
Nelder-Mead search algorithm [74]. Other techniques could
be employed equally effectively [75-79]. For convenience,
and as €/w < 1, we perform the optimization for € =0,
i.e., in a Jaynes-Cummings model, which decouples in a set
of Landau-Zener models at different energy spacings (cf.
Appendix C). We fix wa(0) = wa(7) = o, so that the opti-
mization corresponds to finding the coefficients a, and b, in

No
o)/ =1+1(T—1) ) [aycos(@,t) + by sin(wnt)]

n=1
(6)

where w, = 2mwn/t and with a total protocol time t longer
than the value set by the quantum speed limit [80]. In this
case, the minimum time needed to perform such transforma-
tion reads as tgsr. = To = 7 /(2A) [56]. Here we choose t =
31gse. although we remark that, provided that T > tgsr, an
optimal protocol can always be found. As the achievement of
exact ground-state cooling requires the optimization over the
infinitely many subspaces of H,(¢), our numerical simulation
would lead to the ground state only approximately.

In Fig. 4(a), we show a possible optimal form of wa(#)
obtained by CRAB optimization considering the first N, = 10
subspaces of the Jaynes-Cummings model, taking N, = 10
frequencies in Eq. (6) and A = »/10. By evolving the initial
state Eq. (2) using such optimal choice, we are able to cool
down the nonlinear resonator, and get close to its ground
state. For (n)g = 1, we find (n) < 1072 for €/w < 1073
with fidelity F > 0.999 [cf. Fig. 4(b)]. Finally, it is worth

100
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FIG. 4. (a) An optimized time-dependent spin frequency wx ()
found for N, =N, =10 and total time 7 = 31gs, = 37 /(21).
(b) Infidelity of the resulting state upon the time evolution and a
projective measurement onto |g)(g| (single-shot) with respect to the
ground state of the nonlinear resonator, as a function of the parameter
€ and for two different initial states, (n)s, = 1 and 0.1. See main text
for further details.

mentioning that the inclusion of the counter-rotating terms in
Eq. (5) can be still carried out via an optimization, although
numerically more demanding as it requires the use of the full
Hamiltonian H, ().

IV. ROBUSTNESS OF COOLING SCHEME: DYNAMICS IN
THE PRESENCE OF ENVIRONMENTAL EFFECTS

Cooling the resonator down close to its ground state de-
mands an evolution time such that dissipation effects may be
significant. We must thus determine the impact of the interac-
tion with an environment on the performance of the protocol.
Here, we consider the dynamics of the system dictated by the
master equation [81,82]

pr(t) = —ilHs, pr ()] + Dalpr()] + Dyt lp (O], (1)

where the dissipators have the standard Lindblad form
s N ;
Dyle] = 7(2A e A" —{A'A, e}) ®)

with jump operator A and noise rate I'4. In particular, for a
and a', the noise rates are ', = y,;(ng, 4+ 1) and T'yr = yyn't
[81]. Note that for the SS measurement scheme, the dynamics
follows from Eq. (7) but with a time-dependent Hamiltonian
H;. As discussed in Sec. II, we consider the experimentally
relevant regime y,/w € [107°, 1072].

In the CS, the average occupation number (n) now results
a competition between the decreasing behavior due to the
cooling scheme and an additional contribution (n) o ng(1 —
e~7") in the long time limit, due to the dissipation in Eq. (7)
[81]. It is worth stressing that, due to the time-evolution
followed by projective measurements, there is a nontrivial
interplay between cooling and heating processes. As a result,
(n) becomes minimal upon a number of repetitions. This is
plotted in Fig. 5(a), where we show the evolution of (n) for
different parameters € and y,;, with ny, = 1 and A = w/10.
The data points for € = 0 and €/w = 1073 lie on top each
other since the impact of dissipation is stronger that nonlinear
effects. The fidelity with respect to the ground state of the
nonlinear resonator behaves in a similar manner.

For the SS scheme, one might consider that the system-
environment interaction is less relevant as the protocol is
performed in a shorter time than in CS. However, in the
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FIG. 5. (a) Evolution of the average occupation number for the
CS for different dissipation rates y,, from top to bottom, y,;/w =
1072, 107, and 107°, and € = 0 (open points) and € /w = 1073 (full
points), which lie on top of each other. In panel (b) we show the
minimum value (1), for the CS (circles) as well as the resulting (n)
upon a SS measurement using the optimized protocol (triangles).

CS the time between consecutive projective measurements is
given by T,,, while in the SS the time evolution t is such that
t > T,, where the equality holds for evolutions performed at
the quantum speed limit. The shorter the evolution time, the
smaller the impact of the dissipation on the performance of
the protocol, and better cooling performance can be achieved.
Yet, for T = tqg1, the numerical optimization becomes very
demanding. We have analyzed the performance of SS with
T > 10st, finding that dissipation has a larger effect than
in CS. In particular, we find that the minimum number of
excitations in the resonator during the application of CS,
(") min, depends linearly on the rate of dissipation y,. This
is illustrated in Fig. 5(b). While such behavior is common to
the performance of the SS scheme, the resulting number of
excitations is above the CS counterpart.

V. CONCLUSIONS

We have presented a method to cool down a nonlinear
mechanical resonator via projective measurements performed
on a spin coupled to the oscillator via a Jaynes-Cummings
interaction term. We have illustrated a repeated-measurement
scheme and a single-shot one. While the former requires the
application of concatenated time evolutions and spin projec-
tive measurements, the single-shot scheme relies on a time-
dependent tuning of the spin frequency. The time-dependent
profile is designed in such a way that, after the optimized time
evolution, a single projective measurement onto the ground
state of the spin significantly reduces the excitations of the
resonator state. The single-shot measurement scheme requires
just a projective measurement and can be performed in a
shorter time than its iterative counterpart, although it demands
further control and tunability. We determine the shape of
the spin frequency relying on the well-established chopped-
random basis optimization method. The good performance
of both methods is supported with numerical simulations,
which allow us to attain the ground state of the nonlinear
mechanical resonator to a very good approximation, even
in the presence of distinct decoherence and noise sources.
Thanks to the generality of the Jaynes-Cummings model in
a variety of situations, our results can be applied to different
experimental platforms.
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APPENDIX A: APPROXIMATE GROUND STATE OF THE
DEFORMED HARMONIC OSCILLATOR

The ground state of a nonlinear deformed harmonic oscilla-
tor with a x* perturbation can be calculated using a first-order
perturbation on € as

)= (A1)

(k|H{|0)
(0)
)+ o gk
) (0)
o1 o — E;
where H, = e(a +a')*/16 and |wg((s))> —

state of Hy = wa'a, and E,fo) = kw the eigenenergies. In this
manner,

|0) is the ground

1
V1+392/(5120?)

3¢ V3e
0) — 2) — 4y ). A2
8 (' > 8«/§a)| ) 16«/50)' >> (A2)

The actual ground state |v/g) of H = Hp + H; can be approx-
imated as [Yg) & [¥) to first-order perturbation on e. For
¢/w 5 0.1, we find infidelity I = 1 — (") < 1075,
From the previous expression it is easy to find the approxi-
mate mean number of excitations in the ground state, which
reads as

[Ve') =

21€?

12807 (1 + 5755)
21¢2

" 12802

(wD]a’alyd) =

2

+0(* /o). (A3)

APPENDIX B: NON-GAUSSIANITY MEASURE

We quantify the non-Gaussianity of a state p by dg[p]
following [73]. For that, we construct a reference Gaussian
state pg such that the first and second moments are equal
to those of p. The non-Gaussianity of the state p is then
quantified as the quantum relative entropy between pg and
p, which for a single mode reads as

dcle]l = Slellocl = Trlplnp] = Tr[pInpg]  (B1)
= S(pc) — S(p) = h(y/det[s]) — S(p), (B2)

where s is the covariance matrix, with elements
sig = 1/2({rj, r}) = (rj){re),  with  r=1(¢q,p) and
g=(a+a")/v2 and p=i(a’ —a)/+/2, and the function
h(x)=(x+1/2)In(x+1/2) — (x — 1/2) In(x — 1/2). Note
that S(p) = —p In p is the von Neumann entropy.
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APPENDIX C: OPTIMAL PROTOCOL FOR SINGLE-SHOT
MEASUREMENT COOLING

In this paper, we find an optimal protocol of the spin
frequency wa(t) through CRAB optimization [54-56] for
linear nano-mechanical resonator (¢ = 0). In this manner, the
time-dependent Jaynes-Cummings model decouples in a set
of Landau-Zener problems, as Hjc = —wa(t)/2|g, 0){(g, 0| +
@2 oHn (1), where H,(t) is the effective Jaynes-Cummings
Hamiltonian in the subspace containing n excitations which
reads as

t J—
H,(t) = W@ 16, (1)
where &, =|e,n){e,n| —|g,n+1){g,n+1] and &7 =

le,n)(g,n+ 1], so that &, = 6T + &~. The protocol wa ()
must be determined such that after a time 7, the initial

state |¢,(0)) = |g,n+ 1) is brought to |e,n). Hence, the
optimization is then carried out by minimizing the cost
function

Ne—1

1
C=1--2 le nlgn(@)P, (C2)
¢ n=0

where N, — 1 is the last subspace considered in the optimiza-
tion, and with respect to the 2N,, variables, {A,,, B,} with
m=1,...,N,. These variables {a,,, b,,} define the protocol
8(t) = wa(t) — w as

n=1

N
8(1) = wt(t — t)|:Z (an cos(wnt) + by sin(wnt))i|. (C3)

Here we consider fixed frequencies as w, = 27n/t, and
therefore they are not randomized as required by CRAB. We
minimize C using the standard Nelder-Mead algorithm [74].

[1] B. E. King, C. S. Wood, C. J. Myatt, Q. A. Turchette, D.
Leibfried, W. M. Itano, C. Monroe, and D. J. Wineland, Phys.
Rev. Lett. 81, 1525 (1998).

[2] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press, Cam-
bridge, England, 2000).

[3] E. Farhi, J. Goldstone, S. Gutmann, J. Lapan, A. Lundgren, and
D. Preda, Science 292, 472 (2001).

[4] R. Ursin, F. Tiefenbacher, T. Schmitt-Manderbach, H. Weier,
T. Scheidl, M. Lindenthal, B. Blauensteiner, T. Jennewein, J.
Perdigues, P. Trojek, B. Omer, M. Fiirst, M. Meyenburg, J.
Rarity, Z. Sodnik, C. Barbieri, H. Weinfurter, and A. Zeilinger,
Nat. Phys. 3, 481 (2007).

[5] V. Giovannetti, S. Lloyd, and L. Maccone, Nat. Photonics 5,
222 (2011).

[6] I. M. Georgescu, S. Ashhab, and F. Nori, Rev. Mod. Phys. 86,
153 (2014).

[7] C. L. Degen, F. Reinhard, and P. Cappellaro, Rev. Mod. Phys.
89, 035002 (2017).

[8] F. Diedrich, J. C. Bergquist, W. M. Itano, and D. J. Wineland,
Phys. Rev. Lett. 62, 403 (1989).

[9] W. Neuhauser, M. Hohenstatt, P. Toschek, and H. Dehmelt,
Phys. Rev. Lett. 41, 233 (1978).

[10] D. J. Wineland, R. E. Drullinger, and F. L. Walls, Phys. Rev.
Lett. 40, 1639 (1978).

[11] C. Monroe, D. M. Meekhof, B. E. King, S. R. Jefferts, W. M.
Itano, D. J. Wineland, and P. Gould, Phys. Rev. Lett. 75, 4011
(1995).

[12] M. Poot and H. S. van der Zant, Phys. Rep. 511, 273 (2012).

[13] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Rev. Mod.
Phys. 86, 1391 (2014).

[14] C. H. Metzger and K. Karrai, Nature (London) 432, 1002
(2004).

[15] O. Arcizet, P. F. Cohadon, T. Briant, M. Pinard, and A.
Heidmann, Nature (London) 444, 71 (2006).

[16] A. Schliesser, R. Riviere, G. Anetsberger, O. Arcizet, and T. J.
Kippenberg, Nat. Phys. 4, 415 (2008).

[17] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bialczak,
M. Lenander, E. Lucero, M. Neeley, D. Sank, H. Wang, M.

Weides, J. Wenner, J. M. Martinis, and A. N. Cleland, Nature
(London) 464, 697 (2010).

[18] J. Chan, T. P. M. Alegre, A. H. Safavi-Naeini, J. T. Hill, A.
Krause, S. Groblacher, M. Aspelmeyer, and O. Painter, Nature
(London) 478, 89 (2011).

[19] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman, K.
Cicak, A. J. Sirois, J. D. Whittaker, K. W. Lehnert, and R. W.
Simmonds, Nature (London) 475, 359 (2011).

[20] P.Zhang, Y. D. Wang, and C. P. Sun, Phys. Rev. Lett. 95, 097204
(2005).

[21] X. Wang, S. Vinjanampathy, F. W. Strauch, and K. Jacobs, Phys.
Rev. Lett. 107, 177204 (2011).

[22] C. Bergenfeldt and K. Mglmer, Phys. Rev. A 80, 043838
(2009).

[23] Y. Li, L.-A. Wu, Y.-D. Wang, and L.-P. Yang, Phys. Rev. B 84,
094502 (2011).

[24] M. R. Vanner, J. Hofer, G. D. Cole, and M. Aspelmeyer, Nat.
Commun. 4, 2295 (2013).

[25] D. D. Bhaktavatsala Rao, S. A. Momenzadeh, and J. Wrachtrup,
Phys. Rev. Lett. 117, 077203 (2016).

[26] K. E. Khosla, M. R. Vanner, N. Ares, and E. A. Laird, Phys.
Rev. X 8, 021052 (2018).

[27] V. Montenegro, R. Coto, V. Eremeev, and M. Orszag, Phys. Rev.
A 98, 053837 (2018).

[28] J. Eschner, B. Appasamy, and P. E. Toschek, Phys. Rev. Lett.
74, 2435 (1995).

[29] M. Roukes, Phys. World 14, 25 (2001).

[30] I. Kozinsky, H. W. C. Postma, O. Kogan, A. Husain, and M. L.
Roukes, Phys. Rev. Lett. 99, 207201 (2007).

[31] D. Antonio, D. H. Zanette, and D. Lépez, Nat. Commun. 3, 806
(2012).

[32] A. Yao and T. Hikihara,
(2013).

[33] J. P. Home, D. Hanneke, J. D. Jost, D. Leibfried, and D. J.
Wineland, New J. Phys. 13, 073026 (2011).

[34] . R. Ong, M. Boissonneault, F. Mallet, A. Palacios-
Laloy, A. Dewes, A. C. Doherty, A. Blais, P. Bertet,
D. Vion, and D. Esteve, Phys. Rev. Lett. 106, 167002
(2011).

Phys. Lett. A 377, 2551

245410-7


https://doi.org/10.1103/PhysRevLett.81.1525
https://doi.org/10.1126/science.1057726
https://doi.org/10.1038/nphys629
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1103/RevModPhys.86.153
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/PhysRevLett.62.403
https://doi.org/10.1103/PhysRevLett.41.233
https://doi.org/10.1103/PhysRevLett.40.1639
https://doi.org/10.1103/PhysRevLett.75.4011
https://doi.org/10.1016/j.physrep.2011.12.004
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1038/nature03118
https://doi.org/10.1038/nature05244
https://doi.org/10.1038/nphys939
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nature10261
https://doi.org/10.1103/PhysRevLett.95.097204
https://doi.org/10.1103/PhysRevLett.107.177204
https://doi.org/10.1103/PhysRevA.80.043838
https://doi.org/10.1103/PhysRevB.84.094502
https://doi.org/10.1038/ncomms3295
https://doi.org/10.1103/PhysRevLett.117.077203
https://doi.org/10.1103/PhysRevX.8.021052
https://doi.org/10.1103/PhysRevA.98.053837
https://doi.org/10.1103/PhysRevLett.74.2435
https://doi.org/10.1088/2058-7058/14/2/29
https://doi.org/10.1103/PhysRevLett.99.207201
https://doi.org/10.1038/ncomms1813
https://doi.org/10.1016/j.physleta.2013.07.042
https://doi.org/10.1088/1367-2630/13/7/073026
https://doi.org/10.1103/PhysRevLett.106.167002

PUEBLA, ABAH, AND PATERNOSTRO

PHYSICAL REVIEW B 101, 245410 (2020)

[35] B. Lassagne, Y. Tarakanov, J. Kinaret, D. Garcia-Sanchez, and
A. Bachtold, Science 325, 1107 (2009).

[36] A. Eichler, J. Moser, J. Chaste, M. Zdrojek, I. Wilson-Rae, and
A. Bachtold, Nat. Nanotechnol. 6, 339 (2011).

[37] J. Gieseler, L. Novotny, and R. Quidant, Nat. Phys. 9, 806
(2013).

[38] P. Z. G. Fonseca, E. B. Aranas, J. Millen, T. S. Monteiro, and
P. F. Barker, Phys. Rev. Lett. 117, 173602 (2016).

[39] FE. Cottone, H. Vocca, and L. Gammaitoni, Phys. Rev. Lett. 102,
080601 (2009).

[40] B.-B. Wei and M. B. Plenio, New J. Phys. 19, 023002 (2017).

[41] I. Siddiqi, R. Vijay, F. Pierre, C. M. Wilson, M. Metcalfe, C.
Rigetti, L. Frunzio, and M. H. Devoret, Phys. Rev. Lett. 93,
207002 (2004).

[42] J. S. Aldridge and A. N. Cleland, Phys. Rev. Lett. 94, 156403
(2005).

[43] H. Krommer, A. Erbe, A. Tilke, S. Manus, and R. H. Blick,
Europhys. Lett. 50, 101 (2000).

[44] V. Peano and M. Thorwart, Phys. Rev. B 70, 235401 (2004).

[45] 1. Katz, A. Retzker, R. Straub, and R. Lifshitz, Phys. Rev. Lett.
99, 040404 (2007).

[46] 1. Katz, R. Lifshitz, A. Retzker, and R. Straub, New J. Phys. 10,
125023 (2008).

[47] X.-Y. Li, J.-Q. Liao, L. Tian, and F. Nori, Phys. Rev. A 91,
013834 (2015).

[48] F. Albarelli, A. Ferraro, M. Paternostro, and M. G. A. Paris,
Phys. Rev. A 93, 032112 (2016).

[49] L. Latmiral, F. Armata, M. G. Genoni, 1. Pikovski, and M. S.
Kim, Phys. Rev. A 93, 052306 (2016).

[50] K. Jacobs and A. J. Landahl, Phys. Rev. Lett. 103, 067201
(2009).

[51] P. Treutlein, C. Genes, K. Hammerer, M. Poggio, and P.
Rabl, Hybrid mechanical systems, in Cavity Optomechanics:
Nano- and Micromechanical Resonators Interacting with Light,
edited by M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt
(Springer, Berlin, Heidelberg, 2014), pp. 327-351.

[52] P. Forn-Diaz, L. Lamata, E. Rico, J. Kono, and E. Solano, Rev.
Mod. Phys. 91, 025005 (2019).

[53] E. T. Jaynes and F. W. Cummings, Proc. IEEE 51, 89
(1963).

[54] P. Doria, T. Calarco, and S. Montangero, Phys. Rev. Lett. 106,
190501 (2011).

[55] T. Caneva, T. Calarco, and S. Montangero, Phys. Rev. A 84,
022326 (2011).

[56] T. Caneva, T. Calarco, R. Fazio, G. E. Santoro, and S.
Montangero, Phys. Rev. A 84, 012312 (2011).

[57] S. van Frank, M. Bonneau, J. Schmiedmayer, S. Hild, C. Gross,
M. Cheneau, 1. Bloch, T. Pichler, A. Negretti, T. Calarco, and
S. Montangero, Sci. Rep. 6, 34187 (2016).

[58] B. Teklu, A. Ferraro, M. Paternostro, and M. G. A. Paris, EPJ
Quantum Technol. 2, 16 (2015).

[59] A. Setter, J. Vovrosh, and H. Ulbricht, Appl. Phys. Lett. 115,
153106 (2019).

[60] S. Basiri-Esfahani, U. Akram, and G. J. Milburn, New J. Phys.
14, 085017 (2012).

[61] S. Rips, M. Kiffner, I. Wilson-Rae, and M. J. Hartmann, New J.
Phys. 14, 023042 (2012).

[62] S. Rips, I. Wilson-Rae, and M. J. Hartmann, Phys. Rev. A 89,
013854 (2014).

[63] L. Tian, Phys. Rev. B 84, 035417 (2011).

[64] J. Casanova, G. Romero, I. Lizuain, J. J. Garcfa-Ripoll, and E.
Solano, Phys. Rev. Lett. 105, 263603 (2010).

[65] M.-J. Hwang and M.-S. Choi, Phys. Rev. A 82, 025802
(2010).

[66] S. Ashhab and F. Nori, Phys. Rev. A 81, 042311 (2010).

[67] A.Ridolfo, M. Leib, S. Savasta, and M. J. Hartmann, Phys. Rev.
Lett. 109, 193602 (2012).

[68] D. Z. Rossatto, C. J. Villas-Boas, M. Sanz, and E. Solano, Phys.
Rev. A 96, 013849 (2017).

[69] A. Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta,
and F. Nori, Nat. Rev. Phys. 1, 19 (2019).

[70] Q. Bin, X.-Y. Lii, T.-S. Yin, Y. Li, and Y. Wu, Phys. Rev. A 99,
033809 (2019).

[71] Q. Bin, X.-Y. Li, F. P. Laussy, F. Nori, and Y. Wu, Phys. Rev.
Lett. 124, 053601 (2020).

[72] L. Masanes and J. Oppenheim, Nat. Commun. 8, 14538
(2017).

[73] M. G. Genoni and M. G. A. Paris, Phys. Rev. A 82, 052341
(2010).

[74] J. A. Nelder and R. Mead, Comput. J. 7, 308 (1965).

[75] V. Krotov, Global Methods in Optimal Control (Marcel Decker,
New York, 1996).

[76] N. Khaneja, T. Reiss, C. Kehlet, T. Schulte-Herbriiggen, and
S. J. Glaser, J. Magnet. Res. 172, 296 (2005).

[77] P. Watts, J. Vala, M. M. Miiller, T. Calarco, K. B. Whaley, D. M.
Reich, M. H. Goerz, and C. P. Koch, Phys. Rev. A 91, 062306
(2015).

[78] M. Bukov, A. G. R. Day, D. Sels, P. Weinberg, A. Polkovnikov,
and P. Mehta, Phys. Rev. X 8, 031086 (2018).

[79] M. H. Goerz, D. Basilewitsch, F. Gago-Encinas, M. G. Krauss,
K. P. Horn, D. M. Reich, and C. P. Koch, SciPost Phys. 7, 80
(2019).

[80] S. Deftner and S. Campbell, J. Phys. A: Math. Theor. 50,
453001 (2017).

[81] H.-P. Breuer and E. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, Oxford, UK, 2002).

[82] A. Rivas and S. F. Huelga, Open Quantum Systems (Springer,
Berlin, Heidelberg, 2012).

245410-8


https://doi.org/10.1126/science.1174290
https://doi.org/10.1038/nnano.2011.71
https://doi.org/10.1038/nphys2798
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.102.080601
https://doi.org/10.1088/1367-2630/aa579e
https://doi.org/10.1103/PhysRevLett.93.207002
https://doi.org/10.1103/PhysRevLett.94.156403
https://doi.org/10.1209/epl/i2000-00241-3
https://doi.org/10.1103/PhysRevB.70.235401
https://doi.org/10.1103/PhysRevLett.99.040404
https://doi.org/10.1088/1367-2630/10/12/125023
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.93.032112
https://doi.org/10.1103/PhysRevA.93.052306
https://doi.org/10.1103/PhysRevLett.103.067201
https://doi.org/10.1103/RevModPhys.91.025005
https://doi.org/10.1109/PROC.1963.1664
https://doi.org/10.1103/PhysRevLett.106.190501
https://doi.org/10.1103/PhysRevA.84.022326
https://doi.org/10.1103/PhysRevA.84.012312
https://doi.org/10.1038/srep34187
https://doi.org/10.1140/epjqt/s40507-015-0029-x
https://doi.org/10.1063/1.5116121
https://doi.org/10.1088/1367-2630/14/8/085017
https://doi.org/10.1088/1367-2630/14/2/023042
https://doi.org/10.1103/PhysRevA.89.013854
https://doi.org/10.1103/PhysRevB.84.035417
https://doi.org/10.1103/PhysRevLett.105.263603
https://doi.org/10.1103/PhysRevA.82.025802
https://doi.org/10.1103/PhysRevA.81.042311
https://doi.org/10.1103/PhysRevLett.109.193602
https://doi.org/10.1103/PhysRevA.96.013849
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1103/PhysRevA.99.033809
https://doi.org/10.1103/PhysRevLett.124.053601
https://doi.org/10.1038/ncomms14538
https://doi.org/10.1103/PhysRevA.82.052341
https://doi.org/10.1093/comjnl/7.4.308
https://doi.org/10.1016/j.jmr.2004.11.004
https://doi.org/10.1103/PhysRevA.91.062306
https://doi.org/10.1103/PhysRevX.8.031086
https://doi.org/10.21468/SciPostPhys.7.6.080
https://doi.org/10.1088/1751-8121/aa86c6

