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Cat-state qubits formed by photonic cat states have a biased noise channel, i.e., one type of error dominates
over all the others. We demonstrate that such biased-noise qubits are also promising for error-tolerant
simulations of the quantum Rabi model (and its varieties) by coupling a cat-state qubit to an optical cavity.
Using the cat-state qubit can effectively enhance the counterrotating coupling, allowing us to explore several
fascinating quantum phenomena relying on the counterrotating interaction. Moreover, another benefit from
biased-noise cat qubits is that the two main error channels (frequency and amplitude mismatches) are
both exponentially suppressed. Therefore, the simulation protocols are robust against parameter errors of the
parametric drive that determines the projection subspace. We analyze three examples: (i) collapse and revivals
of quantum states; (ii) hidden symmetry and tunneling dynamics; and (iii) pair-cat-code computation.
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Introduction.—The quantum Rabi model (QRM) has
been used to describe the dynamics of a wide variety of
physical setups [1-3]. Generally, the QRM can be divided
into different coupling regimes [4,5], where the most
interesting one is the ultrastrong coupling (USC) regime.
This is because the USC can open new perspectives for
efficiently simulating known effects and observing funda-
mental phenomena in quantum nonlinear optics [1-6].
These coupling regimes are established when the light-
matter interaction energy is comparable to the bare
frequencies of the uncoupled systems.

Though the USC regime has been achieved in several
systems [7-10], it is still difficult to study unexplored
physics and observe its fascinating quantum phenomena at
will because the coupling regimes should be implemented
in a fully tunable and efficient manner [4,5]. In this respect,
proposals in both theory [11-14] and experiments [15-19]
for analog quantum simulation [20,21] of the QRM were
put forward [4,5]. Researchers can therefore study USC-
induced quantum phenomena, such as the asymmetry of the
vacuum Rabi splitting [13,16,22,23], nonclassical photon
statistics, and superradiance transition [17-19]. For simu-
lating the QRM, additional control fields are usually
applied to effectively enhance the ratio between the
coupling strength and the bare frequencies in a specific
rotating frame to reach the USC regime. However, the
simulation protocols [11-21] are sensitive to deviations in
these additional drives because projecting the system onto a
wrong rotating frame can result in a totally wrong effective
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Hamiltonian. For instance, in the protocols [12,13,24,25] of
squeezing-induced USC, a small deviation in the squeezing
strength results in a totally different effective Hamiltonian
and breaks the desired dynamical predictions. Similar
problems exist in other simulation protocols [21].

For realizing an error-tolerant simulation of the QRM in
the USC regime, we propose to use a logic qubit, e.g., the
cat-state qubit, instead of a physical qubit. The cat-state
qubit [26-30] formed by photonic cat states was introduced
for fault-tolerant quantum computing because it is noise
biased and experiences only bit-flip noise [31-36]. It can be
realized by parametrically driving a Kerr-nonlinear reso-
nator (KNR) [33—-38]. The odd and even cat states are two
degenerate eigenstates of this parametrically-driven KNR.
The coupling between the KNR and a cavity can be linearly
enhanced when we treat the KNR as a cat-state qubit,
allowing to reach the USC regime. Because the cat-state
qubit preserves the noise bias, our simulation protocol is
also noise-biased and can exponentially suppress the errors
caused by deviations in the parametric drive. As examples,
we show how this method can explore the following
phenomena in the USC regime: (i) collapse and revivals;
(i1) hidden symmetry and tunneling dynamics; (iii) pair-cat-
code computation.

Physical model.—As shown in Fig. 1(a), we consider
a general physical model of a KNR of frequency
wgnr coupled to a cavity of frequency w, with coupling
strength 4. A two-photon drive (i.e., parametric drive) with
amplitude P and frequency w,, is applied to the KNR.

© 2024 American Physical Society
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Thus, working in a frame rotating at half the parametric
drive frequency, the Hamiltonian under the rotating-wave
approximation becomes

H = Hy + Hgnr + Hines

= Ada‘a+ 6b'b,
HKNR — —Kb%ZbZ + Psz + P*bz,
H;, = Aab" + 2*a’b. (1)

Here, A = w — ,/2 and 6 = wgng — @,/2 are detunings,
K is the strength of the self-Kerr nonlinearity. A possible
implementation of this Hamiltonian involves superconduct-
ing circuits (see the Supplemental Material [39] for details),
which have experimentally realized Kerr-cat qubits [35,38]
and showed a strong suppression of frequency fluctuations
due to 1/f noise for the pumped cat [35,42,43].

When the parameters A, 6, and A are far smaller than
K and P, we can project the whole system onto the
subspace spanned by the eigenstates of Hxng [33,36,37].
Coincidentally, the ground eigenstate of the Hamiltonian
Hynr are a set of degenerate eigenstates

) = (I6) =1 =5)), )
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which are separated from the other eigenstates with an
energy gap Eg,, ~4K|p|* [33], where f = /P/K is the
complex amplitude of the coherent state |$) and N, are
normalized coefficients.

In the limit of {A, §, 1} < Egy,., if the KNR is initially in
the cat-state subspace C = {|C’)}, its dynamics will be
confined to this subspace. The KNR can be seen as a two-
level system, i.e., a cat-state qubit as shown in Fig. 1(b).
We define the Pauli matrices o, = |C2)(C"|, o_ = (5,)1,
and o, = |C£)(CE| - |C2)(C"|. Working in the cat-state
subspace, the effective Hamiltonian reduces to

w 'Kerr medum' |Cﬁ

Cavity

FIG. 1. (a) Schematic of the setup: a parametrically driven
Kerr-nonlinear resonator (KNR) is weakly coupled to a cavity
with strength A. (b) Bloch sphere of the cat-state qubit for
large p. The red circle denotes the only possible rotation
direction for the qubit.

5
HR_AaTa+20— + [ﬂﬂ( + Aoc_ )a+H.C}, (3)

which describes a tunable anisotropic QRM. Here,

= /tanh ||> and & = 25|p|>csch(2|A|?). The unitary
term 1, = |C£)(CF| + |CL)(C’.| is omitted in Eq. (3). For
large f, Hy takes the standard form of the QRM with an
enhanced coupling strength g ~ A because of A ~ A~ ~ 1.
As shown in Fig. 2(a), the effective dynamics governed by
the Hamiltonian H coincides very well with that governed
by the effective Hamiltonian Hp.

Parameter errors.—In our protocol, there are mainly two
errors: (i) driving frequency mismatch described by 6,67 b;
and (ii) driving amplitude imperfections, i.e., deviations in
P (or equivalently K). Therefore, the error Hamiltonian is

Heoy = 8,b7b + 8pb™ + 53b2. (4)

Projecting onto C, H, becomes

A2 0
Herrz6w|ﬂ|2<0 A2)+5P(ﬁ2+ﬂ*2)ﬂﬂ, (5)

which is approximatively a unit matrix for large . As long
as 6,,6p < Egyp, He only causes a change in the global
phase. We demonstrate this in Fig. 2(b) by illustrating the
dynamics governed by the total Hamiltonian H = H + H,,.
When the deviations reach 0p =9, = £0.1A, the
deviation in the final state population is less than 0.5%.
The effective Hamiltonian in Eq. (3) can be applied to
study various physical phenomena. Also, it is easy to
achieve some generalizations of the QRM [4,5] by adding
additional control fields. The simplest application of our
approach is to enhance the coupling in a weak coupling
(g < A) to the USC (g = 0.1A). The USC regime has a
typical dynamical feature, which is called “collapses and
revivals” [44]. It describes the appearance of photon-
number wave packets that bounce back and forth along
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FIG. 2. (a) Time evolutions of the initial state |0, Cﬁ) governed

by the effective Hamiltonian Hp (red-solid curve) and the
Hamiltonian H (green-dashed curve). (b) Deviations in the

population of the initial state |0, i) by adding the error
Hamiltonian H,, after a finite-time evolution with ¢ = 4z/A.
We choose =2, K=10A, A = A, and 6 = 0.1A to reach the
USC regime.
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FIG. 3. Instantaneous photon number distribution of the cavity

mode a in a finite-time evolution governed by H with the initial

state |0, Ci), exploring the round trip of a photon number wave
packet and collapse revivals. We choose parameters f = 2,
A=A, K=10A, and 6§ = 0.

a defined parity chain, yielding collapses and revivals of the
initial population [44]. The parity chain is defined by
the parity operator IT = —(—1)¢"%c, with I1|p) = p|p) and
p = +1. For the initial state |y (0)) = |0, Cﬁ) (correspond-
ing to p = +1), in the coupling regime with g/A > 1 and
5 = 0, the coherent evolution of the system results in

() = exp (g 21 exp |~ Lsin(an) 70, ). (@

where y(t) = (g/A)[exp (—iAt) — 1] is the coherent state
amplitude. The revival probability of the initial state is
Po(t) = [ (O)lw(1)? = exp [~y (1)), which exhibits
periodic collapses and full revivals as shown in Fig. 3.
This demonstrates that we can effectively achieve the USC
using the cat-state qubit.

Hidden symmetry and tunneling dynamics in the
asymmetric QRM.—Assuming |f| > V2 and A are real
for simplicity, the asymmetric QRM can be obtained by
applying a linear driving H,=Q(b+b"), with Q< E
onto the KNR, resulting in

gap»

Hag ~Adfa +goz +§ox +g(a" +a)o,,  (7)
where eo, /2 is the additional asymmetric qubit bias term
with € = 4p5Q and 6, = 6, + o_. This additional ¢, term
breaks the Z, symmetry in the standard QRM. Level
crossings appear in the spectrum of the asymmetric
QRMonlyife =nA (n=1,2,3,...) [45-47]. These level
crossings are expected to be associated with some hidden
symmetry of the model [45,46]. The origin of this hidden
symmetry is established by finding the operators which
commute with the asymmetric QRM Hamiltonian at these
special values. Such a symmetry is obviously sensitive
to deviations in the qubit bias o, term. In our protocol,
the dominant error Hamiltonian in Eq. (5) does not contain

off-diagonal elements (i.e., the ¢, term) because the cat-
state qubit preserves the noise bias.

The existence of level crossings is independent of the
value of 5 when & # 0. The term H, = SO‘Z /2, leading to
transitions between the eigenstates | + x) of o,, can be
regarded as a tunneling term. Removing the tunneling term
H, from H 5R, the rest of the Hamiltonian can be analyti-
cally solved with eigenstates

|n.£x) = D(xa)|n) ® —=(IC}) £[C2).  (8)

1
V2
where D(+a) = exp [+a(a — a')] are displaced operators
with amplitude @ = g/A ~ Af3/A, and |n) are the Fock states.
The corresponding eigenvalues are EfX = nA — g>/A £ ¢/2.

Equation (8) shows the eigenstates of two displaced
harmonic oscillators with displacing directions determined
by the two eigenvalues of o,. The asymmetric qubit bias
term eo, /2 lifts the degeneracy and leads to asymmetry
in the oscillator potentials [48] as shown in Fig. 4(a). Thus,
the levels |m, +x) and |(m + n)_, —x) become degenerate
when ¢ = nA. The tunneling process can be reduced to
an analytically solvable two-level resonant transition prob-
lem [49]. The transition efficiency is determined by the
tunneling matrix elements (m_|(m + n)_)d/2. However,
when € is a non-integer multiple of A, e.g., ¢/A €0.05,
0.95], the transition become off-resonance. Therefore,
when €/A €[0.05,0.95], the system mostly remains in
its initial state for a long time [see Fig. 4(b)], indicating the
tunneling probability decreases. For m = 0, a complete
population transfer from |0, , +x) to |n_, —x) occurs when
€ = nA, indicating that the tunneling oscillation takes place
(see Fig. 5).

Pair-cat code.—Using the bias term eo, /2 for control,
and assuming & = 0, the lowest two eigenstates in Eq. (8)
become degenerate. Their orthogonal basis

1
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FIG. 4. (a) Schematic effective potentials of the asymmetric
QRM for nonzero €, corresponding to a broken Z, symmetry.
(b) Time evolution governed by H of the initial state |0, , +x) for
€€10.5,0.95]. We choose 8 = v/2 and K = 300A for the cat-
state qubit. Other parameters are A = 0.5A and & = 0.1A.
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FIG. 5. Populations of (a) the initial state |0, , +x) and (b) the

target states |n_,—x). For € = nA, the tunneling process is
reduced to a two level transition problem, resulting in a Rabi
oscillation |0, +x) <> |n_, —x). Parameters are the same as
those in Fig. 4(b).

are two-mode cat (or, pair-cat) states, which can form a new
computational subspace with a code projection

Py =) (] + ) (u-l. (10)

Similar to the single-cat qubits [31,33,37], our pair-cat
qubit can also, even more effectively, preserve the noise
bias. Focusing on error operators b and b'b, the bias-
preserving parameters

ey 167l — G bblu_) = [BRe-2 (42 — A2),
(o lblu) = (u_|blu,) = pe 2 (A= A7), (11)

are exponentially smaller than those of the cat-state qubit:

(CL{bBICT) — (CLIbTBICE) = |B2(A2 - A2),
(C|bICE) — (CE[bIC) = (A — A7), (12)

For operators a and a'a, we have (u, |alu_) = (u_|a|u, )
and (u,|aalu,) = (u_|a*alu_). These indicate that the
pair-cat code can satisfy the Knill-Laflamme condition
[50,51] better than the single-cat code regarding single-
photon-loss error. Moreover, Eq. (11) demonstrates that a
projection of the error Hamiltonian H., onto the pair-cat
subspace using P, also results in a unit matrix for large a
and f. Therefore, the simulated QRM can be a great
candidate for realizing fault-tolerant codes tailored to
biased-noise qubits.

Paul-X gate—Noting that a and b are both uncorrect-
able errors, we can apply the control term eo,/2 to the
system to create an X gate. In the limit € < Eg,,, this
additional drive lifts the degeneracy between the states
a,+x) and | —a, —x) and leads to oscillations with an
effective Rabi frequency ¢ = 45Q between the states [u. ).
Choosing an evolution time f4,, = /e, the evolution
operator of the system becomes

Ux = |y ) (| =+ =) (s, (13)

1-Fy
x 1073

Iz
1
5

FIG. 6. (a) Average fidelity F'y of the pair-cat-code Paul-X gate
versus a and ff when K = 10A and 6 = 0. (b) Average infidelity
(1 —Fy) of the Paul-X gate in the presence of the error
Hamiltonian H,. We choose @ = f to be real and 1 = A =
0.1 K to satisfy 4, A < Egy,.
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i.e., the Paul-X gate. The average fidelity of the Paul-X gate
over all possible initial states can be defined by [52]

T 2
F, = Tr(MM 2 + [Tr(M)] , (14)
d-+d

where M = P ULU (tgaie)Pe» with P, (d) being the pro-
jector (dimension) of the computational subspace
C, = {|us)}. Here, U(tyy) is the actual evolution operator
calculated for the Hamiltonian H. The gate fidelities
calculated for different @ and B are shown in Fig. 6(a).
As a and f increase, the gate fidelity increases when
choosing a fixed A. Noting that a larger a corresponds to a
larger A for fixed f, this can lead to infidelity because the
condition 4 < E,,, cannot be well satisfied. This can cause
population leakage out of the computational subspace and
reduce the gate fidelity.

The projection of H., onto the pair-cat subspace also
results in a nearly unit matrix for large f, indicating the
robustness of the pair-cat Paul-X gate against parameter
imperfections in P and 6. As shown in Fig. 6(b), the error
Hamiltonian H,, only causes <0.2% infidelity to the Paul-X
gate, even when the deviations dp and o, reach £0.5A.
Moreover, because the bias-preserving parameters in
Eq. (11) are exponentially smaller than those in Eq. (12),
the influence of H., is also exponentially suppressed in the
pair-cat protocol. A comparison [see Fig. 7(a)] between our
pair-cat protocol and the single-cat one [35] indicates that
our protocol can more efficiently suppress parameter devia-
tions in the parametric drive. Specifically, choosing a = f3,
the gate fidelity mostly remains in Fy > 99.95% [black-
hollow curve in Fig. 7(a)].

Decoherence.—In the presence of single-photon losses
and dephasing, the system dynamics is described by the
Lindblad master equation

p=—ilH.p)+ 3 xDljlo + /Dl lo. (15
j=ab

where D[o]p = opo’ — (oTop + poT0)/2 is the standard
Lindblad superoperator and k;; (K‘?) is the single-photon loss
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FIG. 7. (a) Comparison of Fy between the pair-cat and the

single-cat codes. (b) Probabilities of excitations out of the C and
C, subspaces, given respectively by [1 — (C|p|C) — (C£ |p|CF)]
and [1 — (u|p|p,) — (u_|p|u_)] in the presence of decoherence.

Other parameters are A = A = 0.1 K and = 0.01A. For the
pair-cat code, we choose § = 0.

(dephasing) rate of the cavity mode j with j=a, b.

Assuming k;, ) < E

¥ gap> the dynamics of the cat-state
qubit is well confined to the subspace C because a
stochastic jump does not cause leakage to the excited
eigenstates for large £ [33,34,36].

After a projection of the system onto the cat-state
subspace C, the effective master equation becomes (see

details in the Supplemental Material [39])

p & —ilHg. p] + xDlalp + ki Dla’alp

A+ A A—Al
+ Kb|ﬁ|2D|: 2 Ox + 2 Gy]p

A%+ A2 Az - A2
+1<Z'|ﬂ|4D[ == az}p. (16)

For large f, the 6, and o, terms are exponentially sup-
pressed, leaving only the bit-flipping error .. As shown in
Fig. 7(b), when considering only single-photon losses, the
probability to go out of the cat-state subspace is negligible
(see the blue-dashed and red-solid curves). However,
because b'b| + ) = p?| £ ) £ BD(£p)|1), the leakage
probability becomes proportional to (K’fﬂ / Egap)2 for pure
dephasing (the green-hollow curve) [33,39]. To suppress
such a leakage, the dephasing rate should be as small as
possible for the simulation protocol.

For the pair-cat code, according to Eqgs. (11) and (12),
one can calculate that single-photon losses cannot induce
leakage out of the computational subspace C, when

a=p>+/2. This is demonstrated with the brown-
dashed-dotted curve in Fig. 6(b). Single-photon losses
only induce bit-flip error. Similar to the case of a single-
cat qubit, the pair-cat qubit is also robust against phase-flip
error, as demonstrated in Egs. (11) and (12). Though, the
dephasing rates should be small to suppress the leakage
probability. For instance, the leakage probability is about

0.5% when k = k? = 0.005A. Enlarging the amplitudes a

and f can suppress the leakage probability because
a'al|+a) =a*| £a) aD(+a)[l) and b'b| £ p) =
B £ B) £ BD(£P)|1) (see details in the Supplemental
Material [39]). However, this increases the experimental
difficulty in realizing the protocol.

Conclusions.—We have investigated how to amplify the
coupling between a parametrically driven KNR (corre-
sponding to a cat-state qubit) and cavity to effectively reach
the USC. The bias-preserving character of the cat-state
qubit makes the simulation protocol robust against the
frequency mismatch and the amplitude mismatch of the
parametric drive. Thus, a precise effective Hamiltonian
can be obtained for exploring USC-induced quantum
phenomena and applications, such as collapse and revivals
of quantum states, pair-cat-code computation, as well as
hidden symmetry and tunneling dynamics. Our numerical
simulations show that this protocol can simulate the USC
dynamics with high fidelity in the presence of parameter
imperfections. We have applied the model for implement-
ing a pair-cat code, which is a promising error-correction
code because it meets the Knill-Laflamme condition better
and preserves the noise bias stronger than a single-cat
code. This allows us to reach the same level of protection
of single-cat codes with a lower average photon number
per mode. We can predict that further increasing the
number of modes can further reduce the average
photon number per mode to reach the same level of
protection [53]. However, this may make the system too
complicated to realize. In summery, our results open a
path toward error-tolerant simulations of ultrastrong light
matter couplings, as well as promising applications of
error-correction qubits [30].
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