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The quantum Rabi model captures fundamental aspects of light—-matter interaction, where sym-
metry dictates both spectra and dynamics. Over the past years, experiments have explored many
of its nonperturbative properties, but have mostly focused on the isotropic limit, where rotating
and counterrotating processes are locked together, leaving the broader symmetry landscape largely
unexplored. Here we realize a programmable anisotropic quantum Rabi model in a superconducting
processor, with independent control of the rotating and counterrotating couplings (g1, g2) and of a
transverse bias €. Continuous anisotropy tuning, combined with a duality mapping, gives access to
the full parameter space from the Jaynes-Cummings to the anti-Jaynes-Cummings limits. In the
deep-strong-coupling regime, we show that anisotropy reconstructs the spectrum and turns com-
plete collapse-revival dynamics into incomplete revivals even near degeneracy. With adiabatic state
preparation and joint tomography, we resolve an anisotropy-induced ground-state parity switch, a
crossing that has no analogue in the isotropic model. We further observe selective tunnelling associ-
ated with hidden symmetry in biased Rabi models and track its anisotropic displacement within the
same device. These results establish a controllable route to engineering nonperturbative light—-matter

Hamiltonians, where symmetry, spectrum, and dynamics can be programmed independently.

The quantum Rabi model (QRM) [1], a two-level sys-
tem coupled to a single bosonic mode, is one of the
simplest Hamiltonians, in which the light-matter inter-
action becomes genuinely quantum. It underlies phe-
nomena ranging from coherent vacuum Rabi oscilla-
tions [2—4] to the generation of nonclassical states [5, 6].
When the interaction strength g is small compared with
the mode frequency w, the Jaynes-Cummings model
(JCM) [7] provides an accurate description, because the
total excitation number is conserved. This conserva-
tion law produces the characteristic /n ladder [2, §]
and coherent matter-field exchange [5, 9, 10]. As the
coupling approaches the mode frequency, the rotating-
wave approximation (RWA) breaks down. The sys-
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tem then enters a nonperturbative regime [3, 11-16],
where excitation manifolds hybridize, vacuum dressing
becomes pronounced [13, 17, 18], and intrinsically multi-
frequency dynamics emerges [19, 20]. These effects define
the ultrastrong-coupling (USC) regime, typically when
g/w > 0.1, and the deep-strong-coupling (DSC) regime,
often identified by g/w 2 1. Yet nonperturbative cou-
pling strength is only one axis of the problem. The rela-
tive weight of rotating and counterrotating processes also
determines the conserved quantities, selection rules, and
level crossings of the model. Most experiments have nev-
ertheless focused on the isotropic QRM [21-27], where
this balance is fixed. As a result, central questions remain
open: how does the anisotropy reorganize the spectrum,
how do symmetry-protected crossings appear or disap-
pear, and can hidden symmetries be detected dynam-
ically within a single programmable device? Address-
ing these questions requires independent control of the
two interaction channels, opening the access to a broader
landscape beyond the RWA [28-32].

A natural framework for this control is the anisotropic
quantum Rabi model (AQRM) [30], which extends the
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FIG. 1. Device and theoretical model. a, Schematic illustration of the anisotropic quantum Rabi model, describing a
qubit coupled to two quadratures of the quantized light field. b, Symmetry structure of the AQRM in the parameter space
(A, e/w). The point (0,0) corresponds to the U(1)-symmetric JCM limit, the line e = 0 preserves the Z, parity symmetry.
Even outside these symmetry manifolds, hidden symmetries can emerge at special parameter points. ¢, Schematic diagram
of the experimental device and pulse sequence. The system qubit @ is coupled to the resonator while subject to longitudinal
sinusoidal modulation and a multi-tone transverse drive. Together, these modulations realize an effective AQRM Hamiltonian.

QRM by coupling a two-level system to both quadratures
of a bosonic mode, as illustrated in Fig. la. The AQRM
provides a tunable setting for quantum criticality, quan-
tum sensing, and nonclassical-state generation [31, 33—
37]. The Hamiltonian takes the form (by setting h = 1)

=56, +wila+ g (H n AHcr) + ga (1)

where H, = a'6_ + a6, and H., = 4’6, 4+ a6_ are the
rotating and counterrotating interactions, respectively.
Here, 0, w, and ¢ are the qubit frequency, mode fre-
quency, and transverse bias, respectively. And A = g2/¢g1
sets the relative strength of the two channels. Tuning A
interpolates between the JCM (A = 0) and the isotropic
QRM (XA =1). The AQRM exhibits a layered symmetry
structure. For A = 0 and € = 0, it has a continuous U (1)
symmetry associated with the conservation of the total
excitation number N = afa + (6, +1)/2. For A # 0 but
€ = 0, this symmetry is reduced to a discrete Zo parity
symmetry generated by P = —(—1)‘1%@ [38]. A finite
bias generally breaks parity and turns protected crossings
into avoided crossings, yet exact crossings can reemerge
at the discrete commensurate biases associated with ex-
ceptional solutions and hidden symmetries [39-46]. This

symmetry structure is summarized in Fig. 1b. In addition
to this rich structure and broad interest, direct experi-
mental access to the AQRM and systematic probes of its
spectra and dynamics have remained challenging, despite
some theoretical discussions [47—49].

Here, we construct a programmable AQRM simula-
tor based on the superconducting circuits, with indepen-
dent control of the rotating and counterrotating chan-
nels (g1,92) and of the bias . Together with a du-
ality mapping, this tunability allows us to access the
anisotropy continuously from A = 0 to A = oo, thereby
covering the full AQRM parameter space. Using the
time-domain measurements, adiabatic state engineering
and joint qubit-resonator tomography, we show how
anisotropy and bias reshape the QRM in three connected
ways. First, anisotropy modifies the level spacings in the
DSC regime and converts complete collapse-revival dy-
namics into incomplete revivals. Second, it reorganizes
the low-lying spectrum and produces a ground-state par-
ity switch. Third, for the biased models, it shifts the
dynamical signature of hidden symmetry in a way that
follows the predicted anisotropic commensurability con-
dition. Together these observations turn the AQRM from
a theoretical interpolation into an experimentally pro-
grammable symmetry landscape.
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FIG. 2. Tunable anisotropic interaction and collapse-revival dynamics in the AQRM. a,b, Measured time-resolved
qubit excitation probability P, and cavity photon population n as functions of the anisotropy ratio A. c, Extracted total
photon number N for different values of A\. d, Evolution of the qubit populations for A = 5 AQRM from the dual mapping, by
applying X and X/2 gates to the system qubit respectively. The parameters are Q/27 = w/27 = 1 MHz and go/27 = 2 MHz.
e—g, Collapse-revival dynamics for different values of A in the degenerate case. The cases A = 1, 0.8, and 0.6 are shown
in blue, orange, and green, respectively. The parameters are w/27 = 1.6 MHz and go/2m = 4.5 MHz, corresponding to
min{gi /w, g2/w} = 1.4, 1.25, and 1.05, respectively, which are all well within the DSC regime. h, Adjacent level spacings
(Ej+1 — Ej) in the positive- and negative-parity sectors. i, Photon-number fluctuation én extracted from the dynamics for
different A\. Symbols represent experimental data, and dashed curves show numerical results from the effective AQRM. Solid
curves include the full experimental protocol, decoherence, and the multilevel structure of the transmon treated as a qutrit.

Experimental setup

Our experiment is performed on a flip-chip supercon-
ducting quantum processor, comprising a central bus res-
onator R and 24 frequency-tunable transmon qubits [50].
We choose one transmon as the system qubit @, coupled
to R through a tunable coupler C for the in-situ control
of the qubit-resonator interaction [51]. The intracavity
photon state is measured using an ancillary transmon
Q, dispersively coupled to R, enabling photon-number-
resolved detection [52]. The system qubit has an anhar-
monicity «/27 = —0.37 GHz, which is sufficiently large
to suppress leakage and support an effective two-level de-
scription.

The central capability of the experiment is to convert
microwave control into the independent control of the
two quadratures of the light—matter interaction. We en-
gineer the AQRM by combining the longitudinal qubit
frequency modulation @, with a multi-tone transverse
drive €. The laboratory-frame Hamiltonian is

iy = 5. +wila + (goalo- +Eo- +He),  (2)

where @q = wq + A cos(ut) and € = [Vy + V cos(vt)]e™or.

The mechanism can be understood from a spin-1/2 pic-
ture. The cavity field acts as a transverse magnetic
field with two quadratures, B* = gg(a + a')/2 and
BY =igo(at — a)/2 [27]. In the rotating frame with wp,
the carrier tone sets the bias as ¢ = 2V}, while the trans-
verse modulation produces an z-field, B (t) = V cos(vt).
The rapid modulation of the total z field, B® + Bf(t),
renormalizes the BY component with the Bessel factor
Jo(28), with 8 = V/v, because 6, couples eigenstates
of &,. This mechanism is analogous to the dynamical
control of hopping in the driven lattice systems [53-55].
Consequently, the two cavity quadratures acquire differ-
ent effective strengths, and the stroboscopic dynamics
are described by the AQRM Hamiltonian. The total
coupling go is partitioned into rotating and counterro-
tating components g; and go, with g1 + go = go, and the
anisotropy ratio becomes A = (1 — Jy(28))/(1+ Jo(28)).
This allows A to be continuously tuned from 0 to 2.3
in our implementation. Because the effective USC/DSC
coupling is generated with Floquet synthesis rather than
through an intrinsically bare coupling, this approach
avoids the equilibrium constraints associated with no-go
arguments [56, 57].
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Ground-state level crossing and phase-space signatures of the AQRM. a, Energy spectrum as a function
g1 + g2, showing an exact crossing between the lowest even- and odd-parity branches. The solid curves correspond

to numerical results calculated via the effective Hamiltonian, whereas the dashed curves are obtained using the same wave
protocol adopted in the experiment. b, Energy gap between the ground state and the first excited state. The dashed line
denotes the predicted crossing point go.. c—f, Joint Wigner function matrix at go/2m = 1.5 (4) MHz for |0, g), |0, e) as initial
states, labelled as Ly(Ry) and Le(R.) individually. The parameters are /2 = 1 MHz, w/27 = 2.5 MHz, and A = 0.2. The
colorbars are set white when the value is zero, red when positive, and blue as negative.

We first verify that this control does more than rescale
the interaction strength: it changes the symmetry of the
dynamics. To benchmark the engineered interaction, we
isolate Hiny = ¢1(H; + AH.;) and initialize the system
in a single-photon state |0,e). Figures. 2a and b show
the measured qubit and resonator populations, as A is
swept at fixed go/2m = 3 MHz. We further show the ex-
tracted total photon number in Fig. 2c, which provides
a compact probe of U(1)-symmetry breaking and mul-
tiphoton generation. For A\ = 0, N remains conserved,
as expected from the JCM symmetry. Increasing A ac-
tivates counterrotating processes, mixes excitation man-
ifolds, and drives the system from bounded JCM oscil-
lations toward the photon growth of the isotropic point
A = 1, where N ~ ¢*t? in the DSC limit [50, 58]. For
A > 1, the dynamics are suppressed, because H,, does
not act on |0,e) at first order. The extracted photon
number captures this symmetry-controlled crossover and
agrees well with theoretical prediction.

The rotating and counterrotating processes are further

connected by introducing the identity H (w, 2, g1, g2, €)

6.H(w,—Q, g2,91,€)0,, which maps between 0 < A <
1 and A > 1 sectors [50]. Experimentally, this duality
allows a target AQRM with anisotropy A to be realized by
implementing its dual Hamiltonian at 1/\ with opposite
qubit frequency, together with 7 pulses before and after
the evolution. Using this scheme, we realize the dynamics
at A = 5 through the dual point A = 0.2, for the initial
states |0, e) and (|0, g) —i |0, e))/V/2, as shown in Fig. 2d.
The agreement with the target dynamics demonstrates
the access to the full AQRM parameter space, spanning
the JCM, QRM, and anti-JCM limits [59].

Collapse-revival dynamics in the DSC regime

Collapse-revival dynamics provides a direct time-
domain probe of the spectral regularity in the USC/DSC
regime [19, 20] and has been widely explored in the
QRM across diverse platforms [21-23, 60]. In Fig. 2e,
we present the DSC dynamics of the QRM at g/w =
1.4 in the degenerate case Q2 = 0, initialized from the
JCM ground state |0, g). The initial-state population al-
most decays to zero, remains suppressed over a period
of 27 /w, and then revives completely. This behaviour
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FIG. 4. Hidden symmetry and tunnelling dynamics in biased models. a, Schematic effective potentials of the biased
QRM for € # 0, where the Zs symmetry is broken. b, Pulse sequence for observing tunnelling dynamics in Plo, 4y in the biased
QRM by mapping bare number states onto the displaced Fock states. ¢, The time evolution of QRM starting from the initial
state |04, 4) against £/w. The upper, middle, and lower panels show Pio, ,+), P1_,-), and the extracted Py, respectively. The
dashed lines denote ¢/w = 0,1,2. d, The transfer population Py as a function of £/w for several values of A\. The dashed lines
represent the position where Py achieves a peak, where the solid curves denotes the numerical results. e, Extracted position of
P peaks as a function of . The dashed curve denotes the theoretical hidden symmetry points, while the solid curve represent
the numerical results using the same protocol and parameters as the experiments. Error bars represent one standard deviation.

can be understood from a displacement transformation
D(g/w) [20], with D(n) = end'=n"a@_ In the degenerate
isotropic QRM, this transformation maps the system to
an effective harmonic oscillator with equal level spacing
w, so the dynamical phases rephase exactly after one pe-
riod. For A # 1, however, the eigenenergies are roots of a
transcendental function [30, 38] and are no longer equally
spaced, interrupting the interference that produces per-
fect revivals.

In Figs. 2f and g, we present the DSC dynamics for
the anisotropic cases for A = 0.8 and 0.6, respectively,
using the same , w, and gg as in the isotropic case. The
initial-state population still exhibits a collapse-revival
pattern, but the revival is incomplete, which is consis-
tent with the breakdown of the equally spaced spectral
structure. In Fig. 2h, we show the corresponding level
spacings E; 1 — E; in the two parity subspaces. We fur-
ther characterize the dynamics using the photon-number
fluctuation dn = /(n?) — (n)?, as shown in Fig. 2i. For
A = 1, the state returns to |0,g) up to a global phase at
integer multiples of 27 /w [20], yielding én = 0 at those
instants. For A = 0.6 and 0.8, the minima of dn are
lifted, showing that anisotropy leaves a dynamical fin-
gerprint even in the nominally degenerate limit. These
results connect a programmable microscopic imbalance
directly to a measurable reconstruction of the spectral
interference.

Ground-state parity switching

Spectral reconstruction is also visible in the low-lying
eigenstates. For ¢ = 0, the AQRM preserves the same
Zo parity symmetry as the QRM, splitting the spec-
trum into even- and odd-parity branches. The generic
branches form the regular spectrum, while isolated cross-
ings between opposite-parity branches occur only at the
special parameter values, giving rise to the exceptional
spectrum. A hallmark of anisotropy is an exact crossing
between the two lowest levels of opposite parity. As gq
increases at a fixed A, this crossing exchanges the ground
and first-excited states, producing a ground-state parity
switch absent in the isotropic QRM. For the first crossing
with 0 < A < 1, the crossing point is given by the Judd-
type exceptional solution go. = (1 + A)gi. [30], where
g1c = /Qw/(1 —A2). This provides a sharp spectral
landmark of the AQRM.

To locate this crossing experimentally, we track the
two lowest energies using adiabatic state preparation fol-
lowed by joint qubit-resonator tomography [52]. Start-
ing from the decoupled point, the qubit is initialized in
|g) or |e) and the coupler is adiabatically ramped to the
target interaction strength, mapping the product states
onto low-lying eigenstates of the coupled Hamiltonian.
Tomography yields the joint density matrix p and the en-
ergy expectation Tr[pH|, allowing the two branches and



their interchange to be resolved. In Figs. 3a and b, we
measure the ground and first-excited energies as a func-
tion of gy and identify an exact crossing at the predicted
gdoc-

The joint qubit-resonator state can be fully character-
ized by a Wigner function matrix [27, 52, 61-64], with
elements Weys (a) constructed from the cavity blocks
i = (k|p|k’) for k, k" € {g,e}. Since the Wigner value
at the origin gives the photon-number parity W(0) =
2((—=1)™)/m [5, 61, 62], the total parity is obtained from
the qubit-resolved components as

P = 2 Wig(0) = Wee(0)]. (3)

The measured Wigner function matrices in Fig. 3c-f show
that the ground state changes from even parity (P = 1.02
for go < goc) to odd parity (P = —0.91 for go > goc)-
This directly reveals an anisotropy-induced parity switch
from the competition between rotating and counterrotat-
ing channels.

Hidden symmetry and tunnelling dynamics

A final test of the programmable symmetry is provided
by the biased model. Although a nonzero bias breaks the
Zo parity symmetry and generally lifts parity-protected
degeneracies, exact level crossings can reemerge at dis-
crete commensurate biases owing to hidden symmetries.
At these points, wave-packet dynamics are confined to a
reduced subspace spanned by displaced polaron states,
enabling coherent tunnelling between quasi-degenerate
effective potential wells [42], as illustrated in Fig. 4a. For
the QRM, the hidden symmetry emerges when the bias
satisfies the commensurate condition

epjw =k, (4)

where k is a positive integer. Under this resonance condi-
tion, the tunnelling is mediated by states that are direct
tensor products of displaced Fock states and transversely
polarized qubit states, |ni,+) = D(+g/w)|n) ® |£),
where |£) = (|e) % |g))/v/2. Because this tunnelling is a
high-order, symmetry-selected resonance with a narrow
linewidth, it is sensitive to parameter fluctuations and
pulse imperfections, making its observation a stringent
test of the simulator control accuracy. Experimentally,
we align the evolution, initial state, and measurement
basis with the hidden-symmetry subspace using joint dis-
placement operations and single-qubit gates before and
after the biased QRM’s evolution, as shown in Fig. 4b.
These operations map the displaced Fock-state basis onto
the bare photon-number basis for measurement. Fig-
ure. 4c shows the dynamics of P, )y and P;_ _) as
a function of €/w, initialized from |04, +). In the lower
panel, we plot the extracted maximum transfer proba-
bility, Py = max; Pj;_ _y(t), as a function of ¢/w. The
tunnelling points originated from hidden symmetries are
clearly identified near e/w = 1.0, corresponding to the
commensurate biases in Eq. (4).

For A # 1, the hidden-symmetry points become \ de-
pendent and are given by [42]

enfw=k——- (5)

which reduces to Eq. (4) at A = 1. Although an analo-
gous tunnelling-dynamics picture can be intuitively con-
structed, obtaining an analytic form of the correspond-
ing tunnelling initial state is difficult in the anisotropic
case. We therefore prepare a A-dressed initial state,
04, +)y = D(=VAg1/w) [0)@ (VX |g) +e)) /1 + X) and
measure the population at [1_, —), = D(VAg1/w) |1) ®
(vVXlg) — VAle))/v/1+ X), which can be effectively de-
rived in the weak-coupling regime [50]. Figure 4d shows
Py as a function of £/w, revealing a A-dependent shift
of the peak positions. In Fig. 4e, we extract the value
of ¢/w at which Pjs reaches its maximum and plot it
as a function of X\. The extracted trend follows the pre-
dicted anisotropy-dependent displacement of the hidden-
symmetry point in Eq. (5), providing a dynamical signa-
ture of generalized hidden symmetry in the AQRM.

Conclusion and outlook

In summary, we have realized a programmable exten-
sion of the quantum Rabi model in which anisotropy
and bias become experimentally tunable axes of sym-
metry control. This capability goes beyond reaching a
large effective coupling: it allows the balance between
energy-conserving and nonconserving processes to be
engineered, thereby controlling spectral structure, pro-
tected crossings and dynamical selection rules. The ob-
served incomplete revivals, ground-state parity switching
and hidden-symmetry tunnelling provide complementary
views of the same underlying principle: the nonperturba-
tive light-matter dynamics can be shaped by program-
ming the symmetry of the Hamiltonian. Looking for-
ward, the approach can be extended to time-dependent
anisotropic protocols, multi-qubit anisotropic Dicke-type
models [28, 65], and more complex Floquet-engineered
light-matter Hamiltonians [66].
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