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The quantum Rabi model, involving a two-level system and a bosonic field mode, is arguably the
simplest and most fundamental model describing quantum light-matter interactions. Historically, due to the
restricted parameter regimes of natural light-matter processes, the richness of this model has been elusive in
the lab. Here, we experimentally realize a quantum simulation of the quantum Rabi model in a single
trapped ion, where the coupling strength between the simulated light mode and atom can be tuned at will.
The versatility of the demonstrated quantum simulator enables us to experimentally explore the quantum
Rabi model in detail, including a wide range of otherwise unaccessible phenomena, as those happening in
the ultrastrong and deep strong-coupling regimes. In this sense, we are able to adiabatically generate the
ground state of the quantum Rabi model in the deep strong-coupling regime, where we are able to detect the
nontrivial entanglement between the bosonic field mode and the two-level system. Moreover, we observe
the breakdown of the rotating-wave approximation when the coupling strength is increased, and the
generation of phonon wave packets that bounce back and forth when the coupling reaches the deep strong-
coupling regime. Finally, we also measure the energy spectrum of the quantum Rabi model in the

ultrastrong-coupling regime.

DOI: 10.1103/PhysRevX.8.021027

I. INTRODUCTION

The interaction between light and matter is one of the
most fundamental and ubiquitous physical processes. The
semiclassical Rabi model was proposed in 1936 to analyze
the effect of a varying, weak magnetic field on an oriented
atom possessing nuclear spin [1]. It describes the dipolar
interaction between a classical monochromatic field and a
two-level system, successfully explaining the challenging
experimental datain Ref. [2]. When the field is promoted to
a quantum description, resulting in the simplest fully
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quantum model of light-matter interaction, it is called
the quantum Rabi model (QRM). Typically, the coupling
strength in a light-matter system is much lower than the
field frequency. In this scenario, the QRM can be sim-
plified to the Jaynes-Cummings model (JCM) under the
rotating-wave approximation (RWA) [3]. The JCM is an
analytically solvable model that has been studied in cavity
quantum electrodynamics [4—6], atomic physics [7], quan-
tum dots [8], circuit quantum electrodynamics (cQED)
[9,10], and trapped ions [11-14], among other quantum
platforms. Recent experimental achievements have shown
the accessibility to the ultrastrong-coupling (USC) regime
[15] or even to the deep strong-coupling (DSC) regime
[16,17], where the coupling strength is comparable to or
larger than the mode frequency. In these strong-coupling
regimes, the RWA breaks down, rendering the JCM as a
restricted description of the system, and requiring the use
of the full QRM to correctly describe the emerging
physical phenomena [18]. It is noteworthy to mention
that, in such regimes, exotic dynamical properties of light-
matter interaction [19] and potential applications to
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quantum information technologies [20] have been pre-
dicted and proposed.

The Hamiltonian associated with the QRM can be
expressed as (A= 1)

Hopn = = 6: + wudta + g6, +6)(@+a"), (1)

where @' (&) is the creation (annihilation) operator in the
Fock space of a bosonic mode with frequency w,,, and
6.(6-) = IM){T]) and 6. = [1) (1 = [} ) (L] are the
raising (lowering) and the Pauli z-basis operators, respec-
tively, of a two-level system, an effective spin with energy
splitting w,, and ¢ is the coupling strength. Three major
coupling regimes are defined depending on the ratio
between the coupling strength g and the field mode
frequency w,,, namely, the weak-coupling or Jaynes-
Cummings regime, with g/w,, < 0.1, the USC regime,
with 0.1 < g/w,,, and the DSC regime, with 1 < g/®,,. In
the Jaynes-Cummings regime, corotating terms a6, and
a'6_ dominate in the Hamiltonian Eq. (1). In other words,
the RWA is valid and the QRM reduces to the JCM, of
which the whole Hilbert space consists of a series of
independent twofold subspaces {|1,n),||,n + 1)}, where
n is the quantum number of Fock state |n). In the USC or
DSC regimes, however, the counterrotating terms aé_ and
a6, cannot be neglected. These two terms connect
different twofold subspaces, break the simple structure
of the JCM, and do not preserve the number of excitations.
These excitation-nonconserving terms make it difficult to
find an analytical solution of the QRM, which was found
only recently [21]. Although the total excitation number is
not conserved, it has been pointed out that the parity
operator I1 = 5,e™™'4, with eigenvalues =1, is still a
conserved quantity. The Fock space can be divided in two
parts, each spanned by states of a given parity. The notion
of parity chain was introduced in Ref. [19] to address the
set of states || (1),n) with the same parity ordered in
ascending n. It is known that wave packets in the Fock
space evolve within the same parity chains when in the
USC or DSC regimes [19]. Recently, it has also been
predicted that the ground states of the QRM in the USC or
DSC regimes reveal the conservation of parity and the
entanglement between spin and mode with large excitation
numbers [22-25].

In recent years, experimental efforts have been made to
reach the DSC regime [16,17], which stimulates the study
of exotic physics of the QRM in the USC or DSC regimes.
The phenomenon of photon number wave packets bounc-
ing back and forth along the parity chains [19] has been
observed in a classical simulator of a photonic waveguide
system [26] and in analog and digital quantum simulations
in cQED systems [27,28]. However, the study of the ground
state in DSC regime is still an open challenge [22].

In this work, we report the analog quantum simulation of
the quantum Rabi model with a single trapped ion for all
relevant coupling regimes. Among the results, we generate
and observe the ground state of the QRM in the DSC
regime in a trapped-ion quantum simulator for the first
time. We demonstrate the full controllability and tunability
of the QRM in a single trapped-ion system as proposed
in Ref. [22], which enable us to generate the exotic
ground state in the DSC regime by the adiabatic transfer
from the simple ground state of the JCM. Moreover, we
apply the capability of the ground-state preparation to
experimentally measure the energy spectrum of the QRM
Hamiltonian Eq. (1).

II. TRAPPED-ION SYSTEM

In our experiment, a radio frequency Paul trap is used to
spatially confine an !7'Yb* ion that is then cooled down to
its motional ground state by standard sideband cooling
techniques [12] after Doppler cooling. In the low-energy
regime, the motion of the ion can be well approximated to
that of a harmonic oscillator, and two energy levels of the
hyperfine manifold of its electronic ground state can be used
as a qubit. In particular, we encode the two-level system in
the levels [F=1,my=0)=|1) and |[F=0,m=0)=|]) of
the S,/, hyperfine manifold, which have a transition
frequency wp,r = (27)12.642812 GHz. We employ a radial
vibrational mode of frequency wy = (2x)2.498 MHz
as the bosonic degree of freedom of our simulator. The
total Hamiltonian of the system is composed of the
uncoupled Hamiltonian and the ion-laser interaction.
The uncoupled Hamiltonian describing such a system is
given by H, = (wns/2)6, + wya'a. When a pair of coun-
terpropagating Raman laser beams is driven onto the ion,
the ion-laser interaction is described by

N

Hion—laser = th,r COs (kb,rj\c - wb,rt + d)b,r)&,v‘ (2)

Here, €, , is the Rabi strength proportional to the product
of both laser field amplitudes for blue-sideband or red-
sideband transitions, Ak, , is the net wave vector compo-
nent of the Raman laser beams on the direction of the
motion of the ion, X = xo(a + a’) is the position operator
of the ion, with ground-state wave packet width
Xo = \/h/2Mwy, where M is the mass of the !"'Yb™
ion, and wj, , and ¢,, , are the differences of frequencies and
phases of the Raman laser beams, respectively [14].
Under suitable optical and vibronic RWAs, and also in
the Lamb-Dicke regime, the ion-laser interaction can be
turned into an (anti-)Jaynes-Cummings interaction by
tuning the laser frequency close to the red (blue) sideband
as w, = oy — wy — 0, (W = wys + ©x — ), with a
small detuning 6, < wx in the most general case.
Red-sideband and blue-sideband interactions are described
in the interaction picture with respect to the uncoupled
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Hamiltonian Hy = (wn;/2)6, +wya'a by the Hamiltonians
[14,29]

N Q ) )
Hiea(t) = 772r (a6, e™" +a'6_e™™"),
2 . 77917 AT A 5.t A A —id.t
Hyppue (1) =5 (a'6,e" + ac_e™'™"). 3)

Here, n = Ak, ,x, is the Lamb-Dicke parameter.

When both red- and blue-sideband interactions are
simultaneously applied with equal strength, such that
Q=Q,=Q,, one can write the total Hamiltonian in
the interaction picture as

N Q . .
(1) = ’%@(@a@f tate®) £ He  (4)

Equation (4) corresponds to the interaction picture
Hamiltonian with respect to the uncoupled Hamiltonian
Hy = (6, +6,)/46, + (5, — 6,)/2a’a for the following
effective Hamiltonian,

I’_‘I (617 + (Sr) ~ (617 - 5r)

eff — 4 UZ+ 2 &T&
Q
+ 556, + o)+, (5)

where the parameters of the simulated QRM can be
associated with the experimental ones as wo=(5,+3,)/2,
w,, = (6, —6,)/2, and g = (n€/2). Thus, such an exper-
imental setup serves as a quantum simulator of the QRM,
where one can simulate a wide range of coupling regimes
by suitably tuning the laser intensities and detunings to
match the desired ratio g/w,,. It is important to point out
that the observables of interest {a'a, 6., |n)(n|} commute
with all the adopted interaction-picture transformations,
which are always with respect to a Hamiltonian of the form
ad’a + 6, such that their expectation values will remain
unaltered in the laboratory reference frame [22].

III. COUPLING REGIMES AND
BREAKDOWN OF THE RWA

For the experiment, we fix the coupling strength to
g = (27)12.5 kHz, and the detuning of the red sideband to
0, = 0, leaving J, as a tunable parameter. In this manner
we will be simulating a resonant QRM where the ratio
g/w,, will be determined by the selected detuning &,.
We experimentally explore three paradigmatic coupling
regimes, namely, the Jaynes-Cummings, the USC, and
the DSC regimes, accordingly selecting the values of
the detuning for the blue sideband as 6, =2w,, =
(27){625,83.4,41.6} kHz, which correspond to the ratios
g/w,, = {0.04,0.6, 1.2}, respectively.

The experiment is carried out as follows. First, we
perform standard Doppler and sideband cooling, which

prepares the system in the state ||, n = 0) [30], and then
we transfer the system to the initial state |1, n = 0) by
applying a carrier z pulse. After that, we turn on the red-
sideband and blue-sideband transitions, with suitably
chosen intensities and detunings, to implement the QRM
Hamiltonian in the desired regime. We observe the dynam-
ics of the QRM by measuring the average excitations of the
spin (6, 6_) and the phononic degrees of freedom (a'a) at
specific evolution times t. We measure the average exci-
tation of the spin (6, 6_) by spin-dependent fluorescence
detection, where only the spin-|1) state scatters photons.
We obtain the average excitation of phonons (a'a) from
the measured phonon-number distribution, which is
deduced from fitting the blue-sideband signal to Eq. (C1)
in Appendix C.

In Figs. 1(a) and 1(d), the measurements for the
simulation of the Jaynes-Cummings regime are plotted.
Rabi oscillations, with a complete collapse and posterior
revival of the excitation probability of the two-level system,
are clearly observed. In the same manner, the average
number of phonons in the bosonic mode oscillates between
0 and 1, consistent with the notion that the wave function of
the system should live in the space spanned by the
corresponding JCM doublet {|0,1).]1,])}, as expected
for such a regime. Figures 1(b) and 1(e) show the evolution
of the same initial state in the USC regime for the coupling
ratio g/ w,, = 0.6. In this case, collapses and revivals of the
excitation probability are not complete and the average
number of phonons exceeds 1, indicating that the dynamics
no longer happen exclusively in the JCM doublet. This
departure from the JCM physics is associated with the
breakdown of the RWA due to the large coupling ratio. In
the DSC regime, plotted in Figs. 1(c) and 1(f) for the
coupling ratio g/w,, = 1.2, the effects of the RWA break-
down are even clearer, where not even oscillations can
be identified and where the average number of phonons
grows above 6 for the plotted example. We also show in
Fig. 1(g) the evolution of the total excitation number
(MY = (I1){1]) + (A), which is a conserved quantity when
the RWA is valid, but has a dynamical behavior as soon as
the RWA breaks down.

IV. DSC REGIME AND PHONON
WAVE PACKETS

We focus now on the DSC regime and explore two
scenarios, namely, the degenerate case with @, = 0 and the
nondegenerate case with @y # 0. In contrast to the weak-
coupling regime (JCM regime) of the natural light-matter
interaction, in the USC or DSC regime the spin-field
interaction can survive even when the spin is degenerate.
Therefore, we expect to observe quantum dynamics due to
the strong-coupling effect. We note that the degenerate case
has been investigated thoroughly for the production of
Schrodinger’s cat states [31-36] and the calibration of
two-qubit Mg@lmer-Sgrensen gates [37—42] in trapped-ion
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FIG. 1. Spin and phonon dynamics under the QRM for different coupling regimes. Panels (a)—(c) correspond to the population of the

excited state of the two-level system for the coupling ratios g/w,, = 0.04, 0.6, and 1.2, respectively. Panels (d)—(f) correspond to the
evolution of the average number of phonons for the same coupling ratios. Finally, panel (g) shows the evolution of the total number of
excitations for the three cases considered above. In all panels, theoretical predictions are plotted with continuous lines, while dots and
their associated error bars represent the experimental data. The lower number of points in the plots of (') is because their measurement

process (described in Appendix C) is more time-consuming.

systems. Although the spin-dependent force is a well-
developed technique for the trapped-ion community, it has
never been viewed as the simulation of a special case of the
QRM. For this experiment, we fix the coupling strength to
g = (27)12.5 kHz, and vary §, and &,, while keeping
always a ratio g/w,, = 1.25. For the degenerate case, we
use detunings &, = =5, = (27)10 kHz, while for the

nondegenerate case, we use 5,=0 and §, = (27)20 kHz,
which corresponds to @y = 0.8g. For the initial state, we
choose the ground state of the JC model |],0), which
should have no dynamical properties when the coupling
strength g/w,, is small enough. In Fig. 2, we show that the
situation is different when considering the DSC regime.
First of all, in Figs. 2(a) and 2(b), we show the evolution of

(c) (d) (e)
1 =0 1 t=0.125(2r/g)| 1 t=0.375(27/9)
€ 05 o.5ﬂ 0.5
Q.
0 2 46 81012 0 2 4 6 8 1012 "0 2 4 6 8 10 12
) (9) (h)
1 t=0.625(2r/g) | 1 t=0.875(2r/g)| 1 t=1.25(21/g)
% 0.5 0.5 0.5
ol sl Bl g iR, | ey
0 2 46 81012 0 2 4 6 8 1012 "0 2 4 6 8 10 12
time(2w/g) n

FIG. 2. Phonon-number wave packets bouncing back and forth in the DSC regime. In panels (a) and (b) we plot the population of state
|n = 0), after tracing out the spin, as the system evolves under the QRM in the DSC regime. In particular, panel (a) shows the degenerate
case, @y = 0, and (b) the nondegenerate case, with w, = 0.8¢. For both cases, the coupling ratio is fixed to g/w,, = 1.25. Dashed and
solid lines represent theoretical calculations with and without decoherence of the motional mode, respectively. The vertical dashed lines
indicate the motional revival times k(27/®,,), where k = 1,2, .... The data points with error bars correspond to the experimental results.
We obtain the zero-phonon population following the method in Ref. [14] after tracing out the spin. Panels (c)—(h) show the phonon-
number distribution sampled at several instants during one period 7 = (27/w,,) = 100 us of the QRM Hamiltonian for the degenerate
case. The phonon distribution is obtained by fitting the standard blue-sideband signals to Eq. (C1) after tracing out the spin (see
Appendix C). At the first revival time, the phonon state is back to the initial state as predicated by the QRM. The imperfections can be
attributed to decoherence of the motional degrees of freedom.
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the population of Fock state |0), after tracing out the spin
degree of freedom. For the degenerate case, we can clearly
observe that this population collapses to zero and that it is
stabilized at zero except every one period of the mode
frequency, k(2z/®,,), k being an integer, where a full
revival of the population is detected. On the other hand, the
nondegenerate case shows long-time degradation of these
revivals, as it was predicted in Ref. [19].

Additionally, we sample several points during one
period T = (2z/w,,) = 100 us of the evolution of the
degenerate case and measure its phonon distribution, as
shown in Figs. 2(c)-2(h). At time zero, the population
is concentrated on Fock state |0), and as time elapses
higher Fock states are populated. In fact, the quantum
dynamics is exactly solvable and the time-dependent
state evolves as (1/v/2)(|{.a())+|1.—a(?))), with a(f) =
(9/2w,,)(1 — e™®n") [34]. The evolution resembles a wave
packet that travels along a chain of Fock states up to a
maximum determined by ~4(g/w,,)? and then comes back
to the initial states at one period of the mode frequency.
This phenomenon was theoretically predicted in Ref. [19]
as characteristic of the DSC regime, and it is referred to as
the bouncing back and forth of phonon-number wave
packets. We note that similar reconstruction of the state
can be found in Ref. [34] in the context of spin-dependent
force. It has also been pointed out that the simulation of the
Dirac equation can be interpreted as the simulation of
the QRM in the DSC regime with infinite ratio by setting
w,, = 0 [22,43-45].

V. ADIABATIC GROUND-STATE PREPARATION

As mentioned in the previous section, the ground state of
the QRM in the Jaynes-Cummings regime (g < w,,) is
given by the state ||, 0), while the ground state of the QRM
in the DSC regime is a nontrivial state where spin and field
are entangled, and which, to the best of our knowledge, has
never been implemented in a physical quantum platform.

In our experiment, we generate the ground state of the
QRM in the DSC regime by starting in the ground state of
the Jaynes-Cummings regime, the state ||,0), and adia-
batically increasing the coupling ratio g/w,, towards the
DSC regime. To achieve this, one could choose to either
increase g = #€2/2, which can be done by raising the laser
intensity, or decrease w,, = (5, —&,)/2. Because it is
experimentally more feasible to manipulate the detuning
of the Raman lasers than their power, we choose the latter in
our experiment. For that, we fix the coupling strength ¢ to
be (27)12.5 kHz and &, = 0, leaving &, as the only tunable
parameter, which we manipulate with an exponential time
dependence of the form &, (f) = (Sax — Sar)e™/" + Spar-
Here, we set 8, = (27)0.2 MHz, while &, is determined
by the ratio g/w,, we want to reach, and 7 = (f,./10),
tar = 300 pus being the total duration of the adiabatic
process. The adiabaticity of our scheme is guaranteed by

the numerical computation of the fidelity between the
instantaneous ground state of the Hamiltonian and the
adiabatically evolved state, which is shown in Fig. 3(a).

Here, the fidelity is defined as Tr\/ Veia()p()\/pia(t)

[46], where p;q is the ideal instantaneous ground state
obtained from direct diagonalization, and p is the state
resulting from the numerical calculation of the time
evolution. We note that the fidelity of the ||, 0) state to
the ideal ground state in the case of g/w,, = 0.125 is
99.8%. With sideband cooling, we are able to prepare the
,0) state with a fidelity of around 99.7%. Therefore, the
total infidelity of our prepared ground state with respect to
the ideal one is around 0.5%, which is much smaller than
the detection capability in our system.

In Fig. 3(b), we show the spin evolution during the
adiabatic process for the time interval (0-#,.). The plot
corresponds to the case g/w,, = 1.2, with the cases for
other ratios showing similar behavior. At time f,., the
system is expected to be in the ground state of the QRM for
the selected coupling regime. In Figs. 3(d)-3(f), we plot the
outcome of the phonon distributions correlated with the
spin at f,, for coupling ratios g/w,, = 1.2, 1.5, and 2.0,
respectively (see Appendix C). To measure the phonon-
number distribution correlated with state ||,) of the spin, we
first perform a spin-dependent fluorescence detection and
select the case of no fluorescence, which corresponds to the
spin being projected to the ||) state. Then we drive the
blue-sideband transition, monitor the population of the |1)
state, and fit the signal to the function in Eq. (Cl) as
described in Appendix C. This provides the conditional
phonon-number distribution normalized to the probability
of being in the spin state |} ). To measure the phonon-
number distribution correlated with the spin state |1), we
first flip the spin and then follow the same procedure as that
for the case of state || ).

From Figs. 3(d)-3(f), we clearly observe that larger
phonon-number states are populated in the prepared ground
states as the ratio g/w,, increases. We also observe that
the populations are distributed mostly along the same parity
chain, which is expected from the Z, symmetry of the
QRM [19]. We quantify the parity conservation by
measurmg the expectation value of the parity operator
1= o, e~im'a which has eigenvalues +1. The measured
parities for the states of Figs. 3(d)-3(f) are 0.74(0.08), 0.70
(0.08), and 0.52(0.13), respectively, showing that the
prepared ground states in the DSC regime mostly dwell
in the same parity chain. As the coupling ratio increases, the
measured parity deviates from the ideal parity value +1 due
to imperfections in the adiabatic process and the motional
heating arising from the occupation of large Fock states.

To verify the quantum coherence maintained within the
preparation of the ground state, we reverse the adiabatic
process in an attempt to recover the initial ground state
[}, 0). In Fig. 3(b), we can observe how the spin returns to
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FIG. 3. Adiabatic ground-state preparation of the QRM in the DSC regime. In (a), we show the adiabatic scheme for the preparation of

the ground state of the QRM at the DSC ratios g/®,, = 1.2, 1.5, and 2.0, as starting from the initial JC ratio g/®,, = 0.125. The fidelities
between the instantaneous ground state and the numerically evolved state quantify the adiabaticity of our process. In (b), we show the
evolution of the excitation probability and the purity of spin state during the adiabatic ground-state preparation (0 < 7 < ,,.) and during
the reverse process (f,; <t < f,.,). The plot corresponds to the preparation of the ground state at the ratio g/w,, = 1.2. The red dashed
line and the green solid line are obtained by direct diagonalization of the QRM Hamiltonian and numerical simulation of the adiabatic
process, respectively, including heating and dephasing of the motional mode, which are expected experimental imperfections. The blue
circles with error bars correspond to the experimental results. The purple line represents the numerically computed purity of the spin,
defined as Tr(ﬁfpm), where Dy, is the reduced density matrix of the spin after tracing out the motional degree of freedom. The orange
squares are the corresponding experimental results, computed from the spin tomography [46,47]. Panels (d)—(f) show the phonon-
number distributions correlated with ||) (lower panel) and |1) (upper panel), which are obtained by fitting the standard blue-sideband
signals after the spin-projective measurement for g/w,, = 1.2, 1.5, and 2.0, respectively. The red solid line and the green solid line are
obtained by direct diagonalization of the QRM Hamiltonian and numerical simulation of the adiabatic process, respectively, including
heating and dephasing of the motional mode, which are expected experimental imperfections. Finally, panel (c) shows the purity of the
spin and estimated lower bounds for the purity of the whole system, for each tested coupling ratio. The purity of the spin is obtained from
the measured reduced density matrix, which was done by spin tomography. The lower bounds of the purities of the whole system are
estimated by measuring the probability of being in ||, 0) after the reverse process at 7,,. Note that we get the numerical simulation
results in (b)—(f) by solving the Lindblad master equation (see Appendix B).

state ||). As a complementary proof, we plot the purity of
the spin state. To this aim, we trace out the phononic
degrees of freedom and measure the density matrix pPgyip
associated with the spin degree of freedom [46], from
which we calculate the purity, defined as Tr(f)zpin), during

the whole process. The degradation of the purity during the
preparation of the ground state of the QRM in the DSC
regime confirms that the adiabatically prepared ground
state is indeed an entangled state, and the subsequent
revival of the purity when the adiabatic process is inverted
proves that we are able to recover the initial state and
therefore that the whole process preserves quantum
coherence.

By measuring the probability of recovering the initial
state ||,0) after the ground-state preparation and reverse
process at time 7., we estimate a lower bound of the purity
of the prepared ground state. The revival probabilities are
0.89(0.024), 0.87(0.027), and 0.79(0.03) for the three ratios
g/w,, = 1.2, 1.5, and 2.0, which give the lower bounds

0.79(0.042), 0.75(0.047), and 0.62(0.047), respectively. As
shown in Fig. 3(c), the reduced-spin purities, taking values
0.545(0.006), 0.514(0.003), and 0.505(0.002), are signifi-
cantly smaller than the lower bounds of the total system,
which prove the existence of entanglement within the
prepared ground state at 7, (See Appendix D).

VI. SPECTRUM

The ground-state preparation can be extended to study
the low-lying energy spectrum of the QRM by coherent
spectroscopy [48]. In particular, we have measured the
energy spectrum in the region g/w,, € [0,1]. A Z, parity
exists in the QRM model, which divides the Hilbert space
in two, namely, a subspace of parity +1 and another of
parity —1 [19]. Here, we focus on the energy splittings
between the ground state and the first three excited states of
opposite parity to the ground state [19]. For that, we have
used a relatively weak modulated field as a probe on top of
the simulation of the QRM, with the system initially in the
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FIG. 4. Spectrum of the QRM. Panels (a) and (b) show, respectively for the regimes g/w,, = 0.3 and 0.6, the population of the excited
state of the spin as a function of the modulation frequency of the probe driving. The red curve corresponds to numerical simulation
results, while the blue curve shows the experimental data. Panel (c) shows the energy spectrum with the modulation frequency of the
probe drive in the vertical axis rescaled by w,,. Note that the energy of the ground state (not plotted) is taken to be zero for all cases.
The three continuous curves on top of the plot show the numerically computed energy spectrum of the states with parity opposite to the

ground state.

ground state of the corresponding regime. We sweep the
frequency of the probe pulse until we detect a transition,
and we associate the frequency of the probe to the energy
difference of the transition. To generate transitions between
states of opposite parity, we use the probe pulse of the form

Hynog = Horm + g sin(2a, 1) (6, +62),  (6)

where g, (<) is the strength of the modulation field, and
v, is swept to find the resonant frequencies. In the region
g/, = 0.1-0.3, g,/g is 0.02, while the pulse duration is
350 ps. For the ratios g/w,, = 0.4-1.0, the ratio g,/g is
0.01, with a pulse duration of 450 pus. Population transfer
is clearly seen when v, is resonant with the energy
splittings as shown in Fig. 4.

VII. CONCLUSION

We implement the quantum simulation of all relevant
coupling regimes of the QRM in a single trapped ion,
obtaining direct evidence of the breakdown of the RWA. In
the DSC regime, we observe the phonon-number wave
packets bounce back and forth as well as collapses and
revivals of the initial state, confirming previous theoretical
predictions. The adiabatic preparation of the ground state of
the QRM in the DSC regime is produced for the first time in
a quantum platform, and its reconstruction has enabled us
to demonstrate the entanglement present in its ground state.
As a direct application of this adiabatic method, we are able
to measure the energy splittings between states of different
parity and recreate the energy spectrum of the QRM in the

USC regime. In conclusion, our work presents a detailed
experimental exploration of the QRM in a wide range of
physical regimes. From a theoretical point of view, our
work justifies further research in light-matter coupling
regimes that are a priori not found in nature, as we are
providing a platform where all these regimes can be
physically implemented. Our experimental methods can
be directly extended to the study of the phase transition in
the QRM [49-51] or to the simulation of the Dicke model
[52-54] by considering the presence of more ions.
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APPENDIX A: CALIBRATION OF THE
DETUNING OF THE BLUE AND RED
SIDEBAND TRANSITIONS

For the simulation of the case g/w,, = 0.04, we set
0, =0, while §, takes a much larger value than its
corresponding coupling strength. To achieve that
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configuration, we obtain the resonance frequency of the
red-sideband transition with the detuning of the blue-
sideband transition fixed at &, = (27)625 kHz. For the
USC or DSC regime, the coupling strength is comparable
to the effective mode frequency, such that we need to
carefully deal with the ac-Stark shift introduced by an off-
resonant excitation of the carrier transition. We measure
the ac-Stark shift with a Ramsey experiment and calibrate
the shift in the bichromatic pulse within 1 kHz of accuracy.
We further improve the frequency precision within
a 0.15-kHz range by setting the same detuning 0 =
(27)10 kHz with different signs for each beam, similarly
to the scheme in Refs. [41,55].

APPENDIX B: NUMERICAL SIMULATIONS

For the numerical simulations, we compute the time
evolution of the system according to a Lindblad master
equation that accounts for experimental imperfections result-
ing in heating and dephasing of the motional modes [29]:

Here, I' is the dephasing parameter, which we set to be
I'=(1/7), with £ =2.5 ms, y is the coupling strength
between the ion motion and the thermal reservoir, and ng, is
the average phonon number when the system is in
equilibrium with the environment. In our model, the
effective temperature of the thermal reservoir is infinite,
which makes ng, extremely large and yny, ~ y(ng + 1). Itis
natural to define the heating rate as yny,, which is measured
as 70 quanta s~! in our system. The Hamiltonian employed
in our simulations includes experimental parameters spe-
cific to our setup and takes the form of Eq. (5).

APPENDIX C: PHONON-NUMBER STATE
POPULATION DISTRIBUTION

In Figs. 2 and 3, we obtain the phonon-number dis-
tribution. This is performed by driving a resonant blue-
sideband transition ||, n) <> |1, n + 1) followed by a spin
projective measurement and fitting the obtained spin-
excitation evolution with the formula [11,29,35]

Py (1) = %Zp(n)[l e cos(Va T InQ)],  (Cl)

where p(n) is the phonon-number state population, y is an
empirical decay constant, and ¢ is the pulse duration of
the blue sideband. From the phonon distribution, we can
then directly calculate the average phonon number that we

plotted in Figs. 1(d)-1(g). Notice that the more populated
the motional Hilbert space, the more data points are needed
to fit Eq. (C1), as more p(n) take part in the equation. As a
consequence of this, the error bars for the expectation value
of the phonon number in Figs. 1(d)-1(g) are greater for
larger coupling regimes, where higher phonon numbers are
involved in the dynamics.

APPENDIX D: VERIFICATION OF
ENTANGLEMENT FOR THE GROUND-STATE
OF THE QUANTUM RABI MODEL

In the main text, we use Tr[p ;] = Pr, < 0 to verify the

existence of entanglement between the spin and the phonon
degrees of freedom. This can be understood as follows.
First, we introduce the purity-based entanglement witness
[56,57] W for the target state p, at time f,, which is
defined as

W[ﬁlar] = Tr[ﬁspin] - Tr[/btzdr] (Dl)

It can be proven that W[p| > 0 for any separable state.
Thus, W[p] < 0 serves as a sufficient condition for the
inseparability of p. However, the purity of the whole system
Tr[pZ,] requires the reconstruction of the total density
matrix Py, at time t,, which is quite demanding in our
current experimental setup. Instead, after adiabatically
preparing the ground state of the system, we reverse
the adiabatic process, which disentangles the prepared
ground state, and then measure the component P, =
Tr[|},0)({,0|pry] of the spectral decomposition of the
obtained final state at time f,.,, which corresponds to the
probability of recovering the initial state. It is straightfor-
ward to see that P2, < Tr[pz,]. In general, unitary evolu-
tions conserve the purity of a system, while the nonunitary
contributions to the evolution that may arise during the
process, mainly from random fluctuations in frequencies
and intensities of lasers or the dephasing and heating of the
motional modes, can only decrease the purity of the system,
an effect that cannot be canceled by the reversed adiabatic
process. Therefore, it is reasonable to assume that after the
whole process in this experiment the purity of the system is
not increased. Under such an assumption the following
inequality can be established:

Tr[ﬁtzdr] 2 Tr[ﬁ%ev] > Przev' (DZ)

In other words, PZ, serves as a lower bound for Tr[pZ,]-
Putting Eqs. (D1) and (D2) together, we have

W[.btar] < Tr[/ﬁgpin] - P%ev. (D3)
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Spin and phonon dynamics under the QRM for different coupling regimes with the imbalance between €, and Q,.. The black

and the purple curves correspond to the results of numerical simulations with Q, = (1 — ¢)Q, and Q;, = (1 + €)Q,, respectively, setting

€ = 3%, for the cases shown Fig. 1.

APPENDIX E: CALIBRATION
OF LASER INTENSITIES

In the experiments, we calibrate the imbalance between
Q, and Q, within at most € = 3%, which is described by
Q, = (1 £ €)Q,. This imbalance could modify the target
QRM Hamiltonian as ﬁIQRM,im

. o, €
Hormiim = 205'Z +a)m&T&+g<1 —|—2> (6.+6_)a+a")
€ . n N A
+§(0'+—0'_)(a— M. (El)

We observe that the effect of such an imperfection is
reflected in the coupling strength g that changes to g, =
g[1 + (¢/)2] and in the extra term (e/2)(6, — 6_)(a — a").
In Fig. 5, we perform numerical calculations to evaluate the
effect of these terms and conclude that the main deviations
from the ideal case arise from the change in coupling
strength. The plotted numerical results correspond to the
cases discussed in Fig. 1 with an imperfection of € = +3%.
No significant deviation is observed from the perfectly
calibrated case.
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