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Phonon Pair Creation by Inflating Quantum Fluctuations in an Ion Trap
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Quantum theory predicts intriguing dynamics during drastic changes of external conditions. We switch
the trapping field of two ions sufficiently fast to tear apart quantum fluctuations, i.e., create pairs of
phonons and, thereby, squeeze the ions” motional state. This process can be interpreted as an experimental
analog to cosmological particle creation and is accompanied by the formation of spatial entanglement.
Hence, our platform allows one to study the causal connections of squeezing, pair creation, and
entanglement and might permit one to cross-fertilize between concepts in cosmology and applications

of quantum information processing.
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Introduction.—According to quantum field theory, the
vacuum is not just empty space, but it is filled with
ubiquitous fluctuations, as implied by the Heisenberg
uncertainty principle. Although they are not visible directly,
these fluctuations have observable consequences such as
the Lamb shift of atomic spectral lines [1], van der Waals
and Casimir forces [2], or spontaneous emission [3,4].
Intriguingly, extreme conditions, such as a rapid cosmic
expansion, can tear these fluctuations apart and, thereby,
turn them into pairs of real particles [5—7]. This process of
cosmological particle creation is accompanied by the
generation of quantum entanglement at large distances.
Similar mechanisms cause the Sauter-Schwinger effect [8]
and Hawking radiation [9]; see also Ref. [10].

At present, the rate of expansion of our Universe is too
slow to create a measurable amount of particles. However,
according to our standard model of cosmology, the process
of cosmological particle creation played an important role
in the early Universe [29]. Together with other effects, it is
considered to be responsible for the reheating of our
Universe after the inflationary period. Furthermore, a very
similar process based on the tearing apart of quantum
vacuum fluctuations by an expanding space-time during
cosmic inflation explains the creation of the seeds for
structure formation. Even though signatures of these effects
can still be observed today in the cosmic microwave
background radiation, direct tests remain out of reach.
As an alternative, some analog features have been observed
in several experimental platforms [30-38]. However, pre-
serving the fragile quantum dynamics described above
requires fast control of the system on the level of single
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quanta, as well as close to ideal isolation from the
environment. Trapped atomic ions are well suited to study
fundamental quantum dynamics as they feature unique
fidelities in preparation, control, and detection of quantum
states [39-46].

In this Letter, we report on the creation of pairs of
particles, precisely phonons, by inflating quantum fluctua-
tions of the motion of trapped ions. The phonon excitation
is accompanied by the creation of spatial entanglement and
can be described as a squeezing operation. We explain this
process as an experimental analog to the cosmological
particle creation [47-49].

Cosmological model.—For simplicity, let us consider the
Klein-Gordon equation for a scalar (e.g., inflaton or Higgs)
field ® in 1 + 1 dimensions:

2.2

<D+mh—2c>d>:0. (1)

Here, [1 denotes the d’ Alembert operator, c¢ is the speed of
light, and 7 refers to the reduced Planck constant. Analog
descriptions for other fields are given in the Supplemental
Material [10]. In terms of the conformal time ¢, the
expanding space-time during cosmic inflation can be
described by the Friedmann-Lemaitre-Robertson-Walker
metric,

ds* = a*(t)[c*dr* — dx?], (2)

where the time-dependent scale parameter a(¢) governs the
cosmic expansion. After a spatial Fourier transform
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®(1,x) = ¢(1), the equation of motion (1) for a specific
mode k reads

m?c*

h2

¢k+(c2k2+a2<r> )m—@mﬁ(rwk—a 3)

The squared frequency Q2 () contains the internal (propa-
gating) contribution c?k? as well as the external dynamics
o a*(t) in the second term.

With Eq. (3) we have effectively mapped a complex and
experimentally inaccessible problem to the dynamical
description of a single quantum harmonic oscillator with
time-dependent frequency Q,(7); see Ref. [10]. As long as
the dynamics is adiabatic, i.e., the external rate of change
Qk /Q is smaller than the internal frequency Q,, the mode
¢, oscillates almost freely and, thus, its quantum state
(described by the wave function y;) stays close to the
corresponding ground state. However, if the external
variation becomes too fast (i.e., violates the above adia-
baticity condition Qk < Qi), Y cannot adapt and the
quantum state deviates from the ground state and turns into
an excited, squeezed state, cf. Figs. 1(a) and 1(b). Even
after the external dynamics stops (or slows down again),
this squeezed state contains pairs of particles, i.e., lasting
excitations of the quantum field ®@. The lowest order of the
squeezing parameter corresponds to a single pair of
particles (with opposite momenta), while stronger squeez-
ing can also produce excitations with higher (but even)
numbers of particles. Note that since the general definition
of a wave function for quantum fields in curved space-times
can be a subtle issue, we use a simple mode description
where the quantum state (assuming a pure state) of every
mode ¢, is described by the wave function y(x) or, more
precisely, w(¢y), which is the time-dependent probability
amplitude that the mode k adopts the value ¢, [50]; for
further details, see Refs. [7,51,52].

In the cosmological particle creation, the external varia-
tion is generated by the cosmic expansion (or contraction)
which stretches the physical wavelength A(7) = 2za(t)/k
of ¢,. If this stretching process becomes too fast, the
cosmic expansion tears apart the initial quantum vacuum
fluctuations and turns them into pairs of particles with
opposite momenta +7#k, generating quantum entanglement
at large distances [53], cf. Fig. 1(c). Note that this tearing
apart process goes along with a large and rapid (i.e.,
nonadiabatic) change of (7). One can also generate
squeezing by small changes in (¢), but this requires
many resonant oscillations in order to obtain a significant
effect. Such pair creation via resonant parametric driving is
also often considered in relation to the dynamical Casimir
effect [54].

Analog.—In an ion trap, the motional (phonon) modes
represent the field ®. In particular, we consider the linear-
ized radial displacements 6¢; of two (or more) ions (labeled
by i,j=1,2,...), which obey the equations of motion
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FIG. 1. Particle creation out of quantum fluctuations in har-

monic oscillators and the early Universe. (a) The ground state
wave function y(x) (black solid line) of a harmonic oscillator
has finite energy and spatial spread (variance) (Ax)? o< 1/€.
When Q, is changed to a different value (dashed parabola), y; (x)
evolves accordingly. (b) If the change of Q; is fast, y (x) cannot
follow adiabatically and represents an excited, squeezed state
(solid line) within the new potential, that is characterized by a
decreased spread (Ax)?> compared to the new ground state
(dashed line). (c) Schematic of curved space-time during cosmic
inflation. Quantum fluctuations are depicted as a pair of virtual
particles at some time f,. Because of inflation the two virtual
particles are torn apart until their distance (related to the physical
wavelength of the corresponding mode, shaded area) becomes
too large for them to recombine and annihilate (at #;). Thereafter
the two virtual particles have become real and move into opposite
directions with momenta +#k. (d) In the harmonic oscillator
analog, the creation of multiple particle pairs with momenta +#hk
is evidenced by a squeezed state that contains excitations of even
numbers of particles only.

84 + wiq(1)8q; + ZMU&I,' =0, (4)
J

where @2, (1) encodes the radial confinement controlled by

the time-dependent trapping potential, while the matrix M;;
describes the Coulomb interactions between the ions.
Identifying 6¢;(¢) with ®(z,x), where i corresponds to
the discretized position x, this Eq. (4) is analog to Eq. (1).

Diagonalizing the matrix M;; with the eigenvalues 4;
(not to be confused with the wavelength) labeled by the
index I is then analog to the Fourier transform ®(z, x) —
¢ (1) above and we obtain the mode equations

8y + 0%y (1)8q; + 89, = 0. (5)

This equation is analog to Eq. (3), where the motional
modes Jg; (such as the center-of-mass or the rocking
mode) correspond to the Fourier modes ¢;. The Coulomb
interaction strength A; then corresponds to the internal
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(propagating) dynamics c?k>. In both cases, they are
responsible for generating entanglement. The (external)
trapping potential w?, simulates the mass term m>c*/h>.
Its time dependence w? () represents the external influ-
ence and is analog to the cosmic expansion a(7) in Eq. (2).
Comparing Eqgs. (3) and (5) we identify an expanding
universe with an increasing radial confinement w? (). In
both cases, the relative impact of the internal dynamics (4,
or c2k?) decreases, which then causes the tearing apart of
quantum fluctuations.

Analog to the cosmological particle creation we consider
the creation of pairs of phonons (as vibrational excitation
quanta of the ions) under the external variation w?(7).
Identifying w?(r) = w?,(¢) + 4; in Eq. (5) with QZ(¢) in
Eq. (3), we may observe particle creation for a nonadiabatic
evolution of w;. The associated quantum dynamics corre-
sponds to a squeezing operation and, thus, the harmonic
oscillator wave function remains an even (Gaussian) func-
tion. Therefore, in our analog, the particle pair creation is
witnessed by a squeezed state in the ions’ motional modes;
see Fig. 1(d). Finally, the entanglement of distant space
points created by the cosmic expansion corresponds to the
motional entanglement of the two ions. After separating
the ions and reading out the motional states individually, the
entanglement would manifest itself as a thermal (i.e., mixed)
state with a temperature set by the squeezing parameter—in
complete analogy to Hawking radiation; see Ref. [10].

Moreover, we find that a relative change of the harmonic
oscillator potential, such as a certain number of e-foldings,
implies an even larger relative change of a(¢), i.e., more
e-foldings, because the remaining constant term c?k? is
positive. Thus, the reported 1.6 e-foldings (see below)
imply, in principle, more than 1.6 e-foldings of space a(r).
However, we note that in an experimental realization
(see below), several nonadiabatic changes of w; can be
cascaded. Choosing specific timings between individual
changes permits constructive accumulation of the squeez-
ing excitations.

Experimental parameter regime.—In our experiments
we study the motional modes of two atomic magnesium
ions confined in a linear Paul trap; details on the exper-
imental setup are given in Refs. [10,17]. The two ions align
along the axial direction of the trap, and in the following we
focus on their harmonic motion along the weaker of the
radial directions. We distinguish an in-phase (center-of-
mass) mode ; from an out-of-phase (rocking) mode with
frequency w,. The latter is intrinsically robust against
homogeneous noise fields, and thus, well suited to imple-
ment the dynamics according to Eq. (1). Our apparatus
allows for real-time control of a trapping voltage U that
tunes @,, as depicted in Fig. 2(a). We define an analog scale
parameter, postponing the internal dynamics of Eq. (3), by
a,(t) = w,(t)/w,(0); see Ref. [10]. In our experiments we
ramp @,/(2x), down and up, spanning 2.50(1) to 0.50
(1) MHz, where each ramp corresponds to an inflation of
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FIG. 2. Accessible experimental parameter regime in our
setup. (a) Frequency of the harmonic oscillator mode @, as a
function of U; data points depict experimental results (error bars
smaller than symbol size), the solid line shows a model fit to the
data. The selected frequency range (shaded area) is compared to
the analog scale parameter a, (right-hand axis), which corre-
sponds to 1.6 e-foldings of space. (b) Real-time switching of w,
(solid line) within #,,, = 1 s and corresponding time evolution
of a, (dashed line, right-hand axis). (¢) The fast variation @,/ w%
(solid line) is accompanied by significant time derivatives of the
scale parameter a, (dashed line, right-hand axis). (d) Numerical
simulation of the quantum dynamics. Quantum fluctuations are
inflated and squeezing r (solid line) emerges. This corresponds
to the pairwise creation of 7i,q phonons (dashed line, right-
hand axis).

space by about 1.6 e-foldings; see Fig. 2(b). We ramp U
within 7., = 1 s, yielding a nonadiabatic evolution of the
wave function y,, characterized by @, /w3 ~ 5, cf. Fig. 2(c).
We note that, in general, deriving adiabaticity criteria and
estimating nonadiabatic corrections can be a nontrivial task
[55]; see also Refs. [56-61]. Here, we confirm the non-
adiabaticity of the implemented dynamics by numerical
simulations [10] for a single ramp of w, taking into
account the finite ramping duration. The resulting simulated
squeezing parameter r is presented in Fig. 2(d) and indi-
cates particle creation with an average particle number
fgq = sinh?(r). Because of the noninstantaneous switching
of w,, the Wentzel-Kramers-Brillouin (WKB) phase
@a(t) = [Jw,(7)dl’ of y, evolves significantly during
framp @nd leads to an oscillatory accumulation of r and 7.

Experimental results.—In a first experimental realization
we cool all modes close to their motional ground state, for
the rocking mode @, with a measured, residual thermal
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FIG. 3. Experimental results for particle creation and purification of squeezing with an echo sequence consisting of two pulses separated
by a free evolution duration fg,.. (a) Phase space illustration of the anticipated echo effect: (i) The initial vacuum state, (ii) squeezed and
displaced by the first pulse, (iii) rotates on a circular path in phase space. (iv) After an optimal duration ¢, = 7/w, (or odd multiples) the
residual coherent displacement is reversed by the second pulse. (v) The final state shows enhanced squeezing excitation. (b) Experimental
results for squeezed (circles) and coherent (squares) excitation as a function of #g,., error bars indicate the standard error of the mean.
Numerical simulations (lines) indicate the different oscillation rates of 7 (7. ) and a(#s.); see Ref. [10]. (c) Phonon number distribution
(data points, error bars indicate three standard error of the mean) for f.. = 30.2 us. From a model fit (bars) we extract r = 0.83(8) and
|a| = 0.29(15) and the corresponding Wigner function (inset, phases omitted for clarity). The squeezed state evidences entanglement in
the spatial degrees of freedom (d.o.f.) of the two ions, represented by the superposition |°.) + |."); see main text.

g, = 0.03(6); see Ref. [10]. Subsequently, we induce
dynamics analog to Eq. (3); however, in order to ensure
stable preparation and detection conditions, we apply a
sequence of two ramps to form one pulse: After ramping
down @, and an appropriate duration #,,4, @, is ramped
back up. Finally, we read out the motional state by mapping
it onto the electronic state of one ion [10,39], and
reconstruct the individual phonon number distribution
P,. To evaluate our results, we decompose the excitation
into contributions by r, a coherent displacement «, and a
thermal share 7y,. We fit the data with a parametrized
phonon number distribution Py (r, @, iig,) of a Gaussian
state, with r = 0.54(8) and |a| = 0.88(6); see Ref. [10].
Since all heating effects remain negligible within exper-
imental sequences, we keep iy, at the initial value 0.03.
We attribute |a| # 0 to residual static differential stray
fields in our setup [10]. Both excitation amplitudes, r
and |a|, depend on the phase ¢, accumulated during the
pulse; i.e., they are determined by fymp, thoa» and @ (1);
see Ref. [10].

In order to reverse the coherent displacement, we
perform purifying echo sequences consisting of two pulses,
separated by a duration of free evolution #... The antici-
pated echo effect is illustrated by the corresponding phase
space dynamics; see Fig. 3(a). The initial thermal state (i) is
squeezed and coherently displaced by the first pulse (ii).
During ;.. the state oscillates, i.e., rotates on a circular
path in phase space (iii). w, accumulates two distinct
phases corresponding to excitations r and a with frequen-
cies 2w, (tgee) and @y (tge.), respectively. Ideally, the

second pulse is applied after a duration 7/w,(#ge.) (Or
odd multiples), where the coherent displacement has
evolved from a to —a (iv), and the final state after the
second pulse (v) is characterized by o~ 0 and enhanced
squeezing [10]. We experimentally realize the two-pulse
sequence for variable f4.., perform the motional state
analysis, and depict resulting squeezing and coherent
excitations in Fig. 3(b). As indicated by the data, for
tiee & 30.2 us, the squeezing is significantly increased,
while the coherent excitation is reduced with respect to
the single pulse sequence. Accordingly, in Fig. 3(c) we
depict the P, for t;.. = 30.2 us. Here the squeezing is
directly evidenced by increased populations P, for even
states only, while odd states remain nearly unpopulated,
cf. Fig. 1(d). This corresponds to the creation of pairs of
phonons. For example, we detect single phonon pairs
(n=2) in P, ®#20% (=8000 in total) and double phonon
pairs (n =4) in Py~5% of our realizations, and the
Wigner function indicates a suppression of the variance
(Ax)? by ~7.2 dB.

Moreover, features of entanglement of the particle pairs
can be witnessed in the spatial degree of freedom (d.o.f.) of
our two-ion crystal [49]. To first order, the wave function’s
squeezing excitation can be visualized in a simplifying way
with a term « r(|*.) 4+ |. ")), resembling a Schrédinger cat
state. Here, |*.) and |.") indicate the ions’ nonclassical
anticorrelation that can be identified with particles with
momenta +hk, and —#k,, respectively. We note that the
creation of multiple particle pairs per state (n = 4, 6, 8) that
we observe evidences the bosonic character of the
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underlying quantum statistics of phonons [10]. By employ-
ing the criterion in Ref. [27] for Gaussian states we quantify
the entanglement of formation Ep = 0.41, significantly
increased with respect to the intrinsic vacuum state entan-
glement E =~ 107°; see Ref. [10]. In future studies, we may
be able to effectively decouple both ions, while preserving
their nonclassical correlation, and individually map the
entanglement onto the ions’ electronic d.o.f. [25,62].
Conclusion and outlook.—In general, many fundamental
predictions rely on the premise that the laws of quantum
theory remain valid, not only across very different length
and energy scales, but also during drastic changes of the
external conditions. Here, we tested this premise in our
trapped ion analog. We can continue these studies for
generalized analogies involving scalar or vector fields in
different dimensions. Depending on the interpretation of
the time coordinate (e.g., transformation from proper to
conformal time), we may simulate different dynamics of
the related scale parameter [10] and investigate its conse-
quences. For this, we can further tune durations and shapes
of the ramps of our potential or add parametric driving. Our
platform may allow us to study the causal connections
of squeezing, pair creation, and entanglement, e.g., in
the context of Hawking radiation due to surface gravity, the
crossing of cosmic horizons during inflation, and the
Sauter-Schwinger effect relating to high-field lasers [10].
Considering the controlled coupling of our closed quantum
system to environments and noise fields, we might simulate
realistically extended analogs. Further, our method repre-
sents a novel tool to create squeezing that can assist in
gaining sensitivity for quantum metrology applications,
cf. Ref. [63]. In addition, squeezing has also been proposed
to substantially enhance effective spin-spin interactions,
required for experimental simulations of quantum spin
models [64,65], and has recently been used to implement
qubits for quantum information processing in the motional
states of trapped ions [66]. Finally, our results regarding
squeezing and purification from coherent excitations
should be considered when implementing (multi-ion)
entangling gates on multiplex trap architectures, where
rapid changes of potential landscapes are required for
scaling towards a universal quantum computer [67,68].

We thank Daniel Rielénder for assistance. This work was
supported by the Deutsche Forschungsgemeinschaft (DFG)
[237456450 (SCHA 973/6-2) and 278162697 (SFB 1242)]
and the Georg H. Endress foundation.

“matthias.wittemer @physik.uni-freiburg.de

[1] W.E. Lamb and R.C. Retherford, Phys. Rev. 72, 241
(1947).

[2] H. B. G. Casimir, Proc. Kon. Ned. Akad. Wetensch. 51, 793
(1948).

[3] A. Einstein, Phys. Z. 18, 121 (1917).

[4] P. A.M. Dirac, Proc. R. Soc. A 114, 243 (1927).

[5] E. Schrodinger, Physica (Amsterdam) 6, 899 (1939).

[6] L. Parker, Phys. Rev. 183, 1057 (1969).

[7] N.D. Birrell and P.C.W. Davies, Quantum Fields in
Curved Space (Cambridge University Press, Cambridge,
England, 1982).

[8] F. Sauter, Z. Phys. 69, 742 (1931).

[9] S. W. Hawking, Nature (London) 248, 30 (1974).

[10] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.123.180502 for further
details, which includes Refs. [11-28].

[11] R. Schiitzhold and W. G. Unruh, Phys. Rev. D 88, 124009
(2013).

[12] A. Friedenauer, H. Schmitz, J. T. Glueckert, D. Porras, and
T. Schaetz, Nat. Phys. 4, 757 (2008).

[13] H. Schmitz, A. Friedenauer, C. Schneider, R. Matjeschk, M.
Enderlein, T. Huber, J. Glueckert, D. Porras, and T. Schaetz,
Appl. Phys. B 95, 195 (2009).

[14] G. Clos, M. Enderlein, U. Warring, T. Schaetz, and D.
Leibfried, Phys. Rev. Lett. 112, 113003 (2014).

[15] M. Mielenz, H. Kalis, M. Wittemer, F. Hakelberg, U.
Warring, R. Schmied, M. Blain, P. Maunz, D. L. Moehring,
D. Leibfried, and T. Schaetz, Nat. Commun. 7, ncomms 11839
(2016).

[16] H. Kalis, F. Hakelberg, M. Wittemer, M. Mielenz, U.
Warring, and T. Schaetz, Phys. Rev. A 94, 023401 (2016).

[17] G. Clos, D. Porras, U. Warring, and T. Schaetz, Phys. Rev.
Lett. 117, 170401 (2016).

[18] M. Wittemer, G. Clos, H.-P. Breuer, U. Warring, and T.
Schaetz, Phys. Rev. A 97, 020102(R) (2018).

[19] F. Hakelberg, P. Kiefer, M. Wittemer, T. Schaetz, and U.
Warring, Sci. Rep. 8, 4404 (2018).

[20] R. Bowler, U. Warring, J. W. Britton, B. C. Sawyer, and J.
Amini, Rev. Sci. Instrum. 84, 033108 (2013).

[21] D. Leibfried, B. DeMarco, V. Meyer, M. Rowe, A. Ben-
Kish, J. Britton, W. M. Itano, B. Jelenkovi¢, C. Langer, T.
Rosenband, and D. J. Wineland, Phys. Rev. Lett. 89, 247901
(2002).

[22] D. Leibfried, D. M. Meekhof, B. E. King, C. Monroe, W. M.
Itano, and D. J. Wineland, Phys. Rev. Lett. 77, 4281 (1996).

[23] M. P. Silveri, J. A. Tuorila, E. V. Thuneberg, and G.S.
Paraoanu, Rep. Prog. Phys. 80, 056002 (2017).

[24] J. Johansson, P. Nation, and F. Nori, Comput. Phys.
Commun. 184, 1234 (2013).

[25] A. Retzker, J. 1. Cirac, and B. Reznik, Phys. Rev. Lett. 94,
050504 (2005).

[26] G. Adesso and F. Illuminati, J. Phys. A 40, 7821 (2007).

[27] A. Serafini, F. Illuminati, and S. D. Siena, J. Phys. B 37, L.21
(2004).

[28] D. E. Bruschi, N. Friis, I. Fuentes, and S. Weinfurtner, New
J. Phys. 15, 113016 (2013).

[29] V. Mukhanov, H. Feldman, and R. Brandenberger, Phys.
Rep. 215, 203 (1992).

[30] F. Belgiorno, S.L. Cacciatori, M. Clerici, V. Gorini, G.
Ortenzi, L. Rizzi, E. Rubino, V. G. Sala, and D. Faccio,
Phys. Rev. Lett. 105, 203901 (2010).

[31] O. Lahav, A. Itah, A. Blumkin, C. Gordon, S. Rinott, A.
Zayats, and J. Steinhauer, Phys. Rev. Lett. 105,240401 (2010).

[32] C. M. Wilson, G. Johansson, A. Pourkabirian, M. Simoen,
J.R. Johansson, T. Duty, F. Nori, and P. Delsing, Nature
(London) 479, 376 (2011).

180502-5


https://doi.org/10.1103/PhysRev.72.241
https://doi.org/10.1103/PhysRev.72.241
https://doi.org/10.1098/rspa.1927.0039
https://doi.org/10.1016/S0031-8914(39)90091-1
https://doi.org/10.1103/PhysRev.183.1057
https://doi.org/10.1007/BF01339461
https://doi.org/10.1038/248030a0
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.180502
https://doi.org/10.1103/PhysRevD.88.124009
https://doi.org/10.1103/PhysRevD.88.124009
https://doi.org/10.1038/nphys1032
https://doi.org/10.1007/s00340-009-3455-6
https://doi.org/10.1103/PhysRevLett.112.113003
https://doi.org/10.1038/ncomms11839
https://doi.org/10.1038/ncomms11839
https://doi.org/10.1103/PhysRevA.94.023401
https://doi.org/10.1103/PhysRevLett.117.170401
https://doi.org/10.1103/PhysRevLett.117.170401
https://doi.org/10.1103/PhysRevA.97.020102
https://doi.org/10.1038/s41598-018-22671-5
https://doi.org/10.1063/1.4795552
https://doi.org/10.1103/PhysRevLett.89.247901
https://doi.org/10.1103/PhysRevLett.89.247901
https://doi.org/10.1103/PhysRevLett.77.4281
https://doi.org/10.1088/1361-6633/aa5170
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1103/PhysRevLett.94.050504
https://doi.org/10.1103/PhysRevLett.94.050504
https://doi.org/10.1088/1751-8113/40/28/S01
https://doi.org/10.1088/0953-4075/37/2/L02
https://doi.org/10.1088/0953-4075/37/2/L02
https://doi.org/10.1088/1367-2630/15/11/113016
https://doi.org/10.1088/1367-2630/15/11/113016
https://doi.org/10.1016/0370-1573(92)90044-Z
https://doi.org/10.1016/0370-1573(92)90044-Z
https://doi.org/10.1103/PhysRevLett.105.203901
https://doi.org/10.1103/PhysRevLett.105.240401
https://doi.org/10.1038/nature10561
https://doi.org/10.1038/nature10561

PHYSICAL REVIEW LETTERS 123, 180502 (2019)

[33] S. Weinfurtner, E.W. Tedford, M. C.J. Penrice, W.G.
Unruh, and G.A. Lawrence, Phys. Rev. Lett. 106,
021302 (2011).

[34] J.C. Jaskula, G.B. Partridge, M. Bonneau, R. Lopes, J.
Ruaudel, D. Boiron, and C. I. Westbrook, Phys. Rev. Lett.
109, 220401 (2012).

[35] P.Lihteenmaiki, G. S. Paraoanu, J. Hassel, and P. J. Hakonen,
Proc. Natl. Acad. Sci. U.S.A. 110, 4234 (2013).

[36] J. Steinhauer, Nat. Phys. 12, 959 (2016).

[37] L. P. Euvé, E. Michel, R. Parentani, T. G. Philbin, and G.
Rousseaux, Phys. Rev. Lett. 117, 121301 (2016).

[38] S. Eckel, A. Kumar, T. Jacobson, I. B. Spielman, and G. K.
Campbell, Phys. Rev. X 8, 021021 (2018).

[39] D. Leibfried, R. Blatt, C. Monroe, and D. J. Wineland, Rev.
Mod. Phys. 75, 281 (2003).

[40] R. Blatt and D. Wineland, Nature (London) 453, 1008
(2008).

[41] A.H. Myerson, D.J. Szwer, S. C. Webster, D. T. C. Allcock,
M. J. Curtis, G. Imreh, J. A. Sherman, D. N. Stacey, A. M.
Steane, and D.M. Lucas, Phys. Rev. Lett. 100, 200502
(2008).

[42] T. Schaetz, C. R. Monroe, and T. Esslinger, New J. Phys. 15,
085009 (2013).

[43] D.J. Wineland, Rev. Mod. Phys. 85, 1103 (2013).

[44] D. Kienzler, H.-Y. Lo, B. Keitch, L. de Clercq, F. Leupold,
F. Lindenfelser, M. Marinelli, V. Negnevitsky, J. P. Home,
L. de Clercq, F. Leupold, F. Lindenfelser, M. Marinelli, V.
Negnevitsky, and J. P. Home, Science 347, 53 (2015).

[45] N. Huntemann, C. Sanner, B. Lipphardt, C. Tamm, and E.
Peik, Phys. Rev. Lett. 116, 063001 (2016).

[46] J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker,
H. Kaplan, A. V. Gorshkov, Z.-X. Gong, and C. Monroe,
Nature (London) 551, 601 (2017).

[47] P.M. Alsing, J. P. Dowling, and G.J. Milburn, Phys. Rev.
Lett. 94, 220401 (2005).

[48] R. Schiitzhold, M. Uhlmann, L. Petersen, H. Schmitz, A.
Friedenauer, and T. Schitz, Phys. Rev. Lett. 99, 201301
(2007).

[49] C. Fey, T. Schaetz, and R. Schiitzhold, Phys. Rev. A 98,
033407 (2018).

[50] Note that this simple mode description circumvents many of
the difficulties of defining a wave function for quantum
fields in curved space-times (where many of the standard
concepts for flat space-times cannot be applied) as it refers
to the chosen coordinates in Eq. (2) and is thus not generally
covariant. Since each mode ¢, represents a spatial Fourier
component of the scalar field ®—and, according to Eq. (3),

corresponds to a quantized harmonic oscillator with fre-
quency €;, measured with respect to time t—our simple
description used here is local in time but nonlocal in space.
Thus, the wave function generally depends on time, which is
(of course) related to the effect of particle creation consid-
ered here.

[51] S. A. Fulling, Aspects of Quantum Field Theory in Curved
Space-Time (Cambridge University Press, Cambridge,
England, 1989).

[52] R. M. Wald, Quantum Field Theory in Curved Spacetime
and Black Hole Thermodynamics (University of Chicago
Press, Chicago, 1994).

[53] E. Martin-Martinez and N. C. Menicucci, Classical Quan-
tum Gravity 29, 224003 (2012).

[54] G.T. Moore, J. Math. Phys. (N.Y.) 11, 2679 (1970).

[55] In spite of decades of research, the nonadiabatic quantum
dynamics of harmonic oscillators is not fully explored in all
of its detail and, hence, is still the subject of ongoing
investigations, Refs. [56-61], e.g., regarding the estimation
of nonadiabatic corrections, especially in multiscale scenar-
ios. In our ion trap analog, these nonadiabatic corrections
result in the creation of phonons, which provides an
experimental handle on these issues.

[56] M. Born and V. Fock, Z. Phys. 51, 165 (1928).

[57] K.-P. Marzlin and B.C. Sanders, Phys. Rev. Lett. 93,
160408 (2004).

[58] R. Schiitzhold, H. Gies, and G. Dunne, Phys. Rev. Lett. 101,
130404 (2008).

[59] M. H. S. Amin, Phys. Rev. Lett. 102, 220401 (2009).

[60] D. Comparat, Phys. Rev. A 80, 012106 (2009).

[61] T. Suzuki, H. Nakazato, R. Grimaudo, and A. Messina, Sci.
Rep. 8, 17433 (2018).

[62] J. D. Jost, J. P. Home, J. M. Amini, D. Hanneke, R. Ozeri, C.
Langer, J.J. Bollinger, D. Leibfried, and D.J. Wineland,
Nature (London) 459, 683 (2009).

[63] S.C. Burd, R. Srinivas, J.J. Bollinger, A. C. Wilson, D.J.
Wineland, D. Leibfried, D. H. Slichter, and D. T. C. Allcock,
Science 364, 1163 (2019).

[64] J.1. Cirac and P. Zoller, Nat. Phys. 8, 264 (2012).

[65] W. Ge, B.C. Sawyer, J. W. Britton, K. Jacobs, J.J.
Bollinger, and M. Foss-Feig, Phys. Rev. Lett. 122,
030501 (2019).

[66] C. Flihmann, T. L. Nguyen, M. Marinelli, V. Negnevitsky,
K. Mehta, and J. Home, Nature (London) 566, 513 (2019).

[67] J.1. Cirac and P. Zoller, Nature (London) 404, 579 (2000).

[68] D. Kielpinski, C. Monroe, and D.J. Wineland, Nature
(London) 417, 709 (2002).

180502-6


https://doi.org/10.1103/PhysRevLett.106.021302
https://doi.org/10.1103/PhysRevLett.106.021302
https://doi.org/10.1103/PhysRevLett.109.220401
https://doi.org/10.1103/PhysRevLett.109.220401
https://doi.org/10.1073/pnas.1212705110
https://doi.org/10.1038/nphys3863
https://doi.org/10.1103/PhysRevLett.117.121301
https://doi.org/10.1103/PhysRevX.8.021021
https://doi.org/10.1103/RevModPhys.75.281
https://doi.org/10.1103/RevModPhys.75.281
https://doi.org/10.1038/nature07125
https://doi.org/10.1038/nature07125
https://doi.org/10.1103/PhysRevLett.100.200502
https://doi.org/10.1103/PhysRevLett.100.200502
https://doi.org/10.1088/1367-2630/15/8/085009
https://doi.org/10.1088/1367-2630/15/8/085009
https://doi.org/10.1103/RevModPhys.85.1103
https://doi.org/10.1126/science.1261033
https://doi.org/10.1103/PhysRevLett.116.063001
https://doi.org/10.1038/nature24654
https://doi.org/10.1103/PhysRevLett.94.220401
https://doi.org/10.1103/PhysRevLett.94.220401
https://doi.org/10.1103/PhysRevLett.99.201301
https://doi.org/10.1103/PhysRevLett.99.201301
https://doi.org/10.1103/PhysRevA.98.033407
https://doi.org/10.1103/PhysRevA.98.033407
https://doi.org/10.1088/0264-9381/29/22/224003
https://doi.org/10.1088/0264-9381/29/22/224003
https://doi.org/10.1063/1.1665432
https://doi.org/10.1007/BF01343193
https://doi.org/10.1103/PhysRevLett.93.160408
https://doi.org/10.1103/PhysRevLett.93.160408
https://doi.org/10.1103/PhysRevLett.101.130404
https://doi.org/10.1103/PhysRevLett.101.130404
https://doi.org/10.1103/PhysRevLett.102.220401
https://doi.org/10.1103/PhysRevA.80.012106
https://doi.org/10.1038/s41598-018-35741-5
https://doi.org/10.1038/s41598-018-35741-5
https://doi.org/10.1038/nature08006
https://doi.org/10.1126/science.aaw2884
https://doi.org/10.1038/nphys2275
https://doi.org/10.1103/PhysRevLett.122.030501
https://doi.org/10.1103/PhysRevLett.122.030501
https://doi.org/10.1038/s41586-019-0960-6
https://doi.org/10.1038/35007021
https://doi.org/10.1038/nature00784
https://doi.org/10.1038/nature00784

