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Shortcuts to adiabaticity for open systems in circuit
quantum electrodynamics
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Shortcuts to adiabaticity are powerful quantum control methods, allowing quick evolution

into target states of otherwise slow adiabatic dynamics. Such methods have widespread

applications in quantum technologies, and various shortcuts to adiabaticity protocols have

been demonstrated in closed systems. However, realizing shortcuts to adiabaticity for open

quantum systems has presented a challenge due to the complex controls in existing pro-

posals. Here, we present the experimental demonstration of shortcuts to adiabaticity for open

quantum systems, using a superconducting circuit quantum electrodynamics system. By

applying a counterdiabatic driving pulse, we reduce the adiabatic evolution time of a single

lossy mode from 800 ns to 100 ns. In addition, we propose and implement an optimal control

protocol to achieve fast and qubit-unconditional equilibrium of multiple lossy modes. Our

results pave the way for precise time-domain control of open quantum systems and have

potential applications in designing fast open-system protocols of physical and inter-

disciplinary interest, such as accelerating bioengineering and chemical reaction dynamics.
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Adiabatic processes – which preserve the non-degenerate
instantaneous eigenstates of time-dependent Hamilto-
nians – have important applications in quantum tech-

nologies, including quantum simulation1,2 and computation3,4.
Though adiabatic evolution is, in principle, relatively robust
against parameter fluctuations and environmental noise5, in the
noisy intermediate-scale quantum era, decoherence is still an
obstacle preventing its widespread application. Shortcut to adia-
baticity (STA) addresses this issue by finding fast trajectories that
connect the initial and final states of slow-paced adiabatic pro-
tocols. Since STA was first proposed6, it has found many appli-
cations, including atom cooling, trapped atom and ion
transportation7,8, spin population transfer9–12, implementing
quantum logic gates13,14 and quantum thermodynamics15. Due to
freedom in choosing intermediate trajectories, time-dependent
control parameters of a system can be adjusted in different ways,
resulting in various STA protocols16. In particular, the method of
counterdiabatic (CD) driving17,18 adds an auxiliary control HCD

to the reference Hamiltonian to suppress unwanted diabatic
transitions. This adiabatic-following feature makes CD driving
robust to parameter errors8 and suitable for fast holonomic
gates19 and efficient quantum heat engines20.

While STA finds widespread applications in closed quantum
systems, its generalisation to open quantum systems is of fun-
damental interest. There are two strategies for this generalisation:
first, one can stick with STA designed for closed systems and
mitigate environmental effects by utilising redundant degrees of
freedom12; second, one can directly attempt to accelerate open
system adiabatic dynamics. For open classical systems, a swift-
equilibration protocol similar to STA was used to accelerate the
equilibration of a Brownian particle21. Recently, this idea was
extended to the field of biology to guide the probability dis-
tribution of genotypes in a population along a specified path and
time interval22. For open quantum systems, CD driving can be
designed theoretically based on non-Hermitian Hamiltonians23,24

or Lindblad dynamics25. However, it remains challenging to
conduct such experiments, as they often require complex controls
such as engineered system-bath interactions26.

Here, we show the generalisation of STA to an open circuit QED
(cQED) system consisting of multiple dissipative bosonic modes.
When the time-dependent controls are varied sufficiently slowly27,
the system evolves adiabatically within its time-dependent deco-
herence-free subspace (DFS)28. Analogously to the CD driving for
closed quantum systems, we deduce the diabatic part of the Liou-
villian, which causes non-equilibrium transitions, and add a unitary
control to counteract it. Consequently, we can enforce fast adiabatic
evolution of the time-dependent DFS, i.e., a system initialised in the
DFS remains so at all times29. However, when multiple lossy modes
are present – as is common in many experimental scenarios – under
the one-port driving of our setup (see below), only one hybrid mode
at a time can be under perfect CD control. To realise STA in a multi-
mode setting, we further develop an analytical, open-loop control
protocol, which we term multi-mode optimal control (MMOC). In
MMOC, we make use of non-adiabatic dynamics during ring-
up(ringdown) to achieve the desired final equilibrium in a duration
much less than that required by a slow varying adiabatic reference
process; see below. Utilising redundant degrees of freedom, we can
also minimise a user-defined merit function, which we choose here
to be the maximum driving amplitude to avoid undesired qubit
excitations30. See Fig. 1a for a schematic overview of the system
dynamics under the CD and MMOC procedures.

Results
Open circuit QED system. Motivated by potential quantum
computing applications such as improved qubit readout cycle time

and fidelity, we choose an experimental setup (Fig. 1b) consisting
of two coupled resonator modes31, a and b, with coupling strength
J/2π ≈ 10.5MHz. Mode b is dispersively coupled to a transmon
qubit32 and mode a is coupled to a feedline at an effective tem-
perature of 75mK with strength κa/2π ≈ 11.4MHz, which serves as a
cold bath. Given the dispersive coupling to the transmon qubit, the
coupled modes a and b can be decoupled into qubit-dependent
hybrid modes (normal modes) a00;1 and b00;1 (see Methods). A
coherent drive with amplitude ϵ(t) at frequency ωd/2π= 6.44025
GHz is generated by an arbitrary waveform generator and applied
through the feedline. The system dynamics is inferred via time-
traced output homodyne detection using the input-output theory as
detailed in Supplementary Note 1.

Open system STA by CD driving. We first implement CD
driving designed for lossy hybrid mode b0 to achieve a fast ringup
in a target duration tf, with the qubit kept in the ground state. For
a chosen reference drive ϵ(t), the required additional CD control
can be derived from the Lindblad dynamics or time-dependent
DFS of the system (see Supplementary Note 2 and 3). The CD
driving in the rotating frame of driving frequency ωd, including
the reference ϵ(t) and the auxiliary control, takes the form:

ϵCDðtÞ ¼ ϵðtÞ � i
_ϵðtÞ

Δ0
r � iκ0r=2

; ð1Þ

where Δ0
r � ω0

r � ωd and κ0r are the frequency detuning and
decay constant respectively, for the hybrid resonator mode b00

and qubit state in 0j i. For convenience, the superscripts are
omitted in what follows. Note that in the dissipation-free limit
κr→ 0, the closed system CD solution is readily recovered8. We
characterize the performance of the CD driving in terms of the
quantum speed limit for open quantum systems33 and conclude
that the CD driving has optimal quantum efficiency within the
space of all available pulses (see Supplementary Note 4).

As shown in Fig. 2, we apply the reference driving ϵ(t) with a
sin2-shape ringup, i.e. ϵðtÞ ¼ ϵ0sin

2ðπt=2tf Þ before tf and ϵ(t)= ϵ0
afterwards. This sin2-shape reference waveform is chosen to give a
smooth, hardware-friendly CD driving pulse. For both tf= 30 ns
and 100 ns, we compare the performance of the reference driving
ϵ(t) and CD driving ϵCD(t). To demonstrate a speedup compared
with the adiabatic timescale34, estimated to be on the order of κ�1

r
(see Supplementary Note 3), we also apply an adiabatic sin2

driving. Until tf ¼ 800 ns � κ�1
r , we observe a relatively good

sin2-shape response, indicating adiabatic evolution. Our results
show an equilibrium time of 100 ns for the CD driving and
350 ns � 5κ�1

r for a quench driving. For tf= 30 ns, the large and
rapidly varying CD pulse induces out-of-equilibrium excitation of
the untargeted mode a0. As a consequence, a0 requires an extra
relaxation time of 75 ns � 5κ�1

f to return to its equilibrium. For
tf= 100 ns, equilibrium is achieved almost immediately after tf,
and the non-equilibrium excitation of a0 is negligible. Since the
sampled output signal is a coherent superposition of the input
driving field and the leakage of the system (see Supplementary
Note 1 for details), the spiked IQ trajectory during the CD driving
in Fig. 2c does not imply non-equilibrium dynamics. Additional
data, corresponding to different tf and a comparison between open
and closed system CD drives, can be found in Supplementary
Note 9.

The CD drive Eq. (1) can only accelerate adiabatic dynamics
for a single, qubit-state-dependent hybrid mode at a time and
may excite other modes out of their instantaneous eigenstates.
This issue can be mitigated with a relatively small driving-
detuning ratio for the untargeted modes (Fig. 1c). However, due
to the time-energy uncertainty, when the protocol duration is
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reduced, the correspondingly larger drive amplitudes mean such
unwanted excitations cannot be avoided entirely.

Multi-mode optimal control. To eliminate the excitation of the
untargeted mode a0 and remove the qubit-state dependence of the
driving, we propose the following MMOC protocol. The MMOC
pulse is based on a multi-section ansatz: the protocol duration is
divided into m equal-spaced sections, each with a constant
complex amplitude, i.e. ϵ(tj−1 < t < tj)= ϵj, j∈ {1, 2, 3,…,m}.
During the ringup stage, the control pulse is subject to the
boundary conditions ϵ(0)= 0 and ϵ(tf)= ϵ0. During the reset
stage, the boundary conditions are reversed. To equilibrate four
hybrid modes in time tf, we utilise the underlying Langevin
dynamics and obtain four linear equilibrium-transfer equations
connecting the pulse vector ϵ and the equilibrium difference y
with a transfer matrix G as y=G ⋅ ϵ. If the complex hybrid
detuning eΔ � Δ� iκ=2 is found for each hybrid mode, G and y
can be analytically derived. These equilibrium-transfer equations
can be solved via singular value decomposition of G as long as
m ≥ 4. The resulting ϵ takes the form ϵ ¼ ϵe þ∑m�4

i¼1 xiϵi, where
the essential vector ϵe can be analytically solved for, and ϵi are
m− 4 vectors orthogonal to ϵe. See Supplementary Note 5 for a
detailed derivation. The extra degrees of freedom xi are chosen
numerically to minimise the maximum amplitude component of
ϵ. As a result, we can obtain a 5 dB reduction in the maximum
amplitude compared with the essential vector. See Supplementary
Note 6 for more discussion on the performance and speed limit of
this protocol.

Figure 3 shows our results for the fast equilibration of all four
lossy hybrid modes of the coupled oscillator system. Choosing
m= 10, we first apply a tf= 60 ns ringup pulse for fast system
equilibration, and then transfer the system to the vacuum state at
the end with another 60 ns reset pulse. According to the time-
traced IQ trajectories (Fig. 3b, c and insets), different modes
undergo different non-equilibrium dynamics and end up in their
respective equilibrium states after the MMOC pulse. Our results
show that fast unconditional multi-mode ringup and depletion
are almost achieved at the desired time and reduce the duration
required to achieve equilibrium compared with natural relaxa-
tion. The accelerated depletion shows the advantage MMOC has
over a simple rectangular pulse which is turned off at the end.

One issue preventing our protocols from further acceleration is the

Kerr nonlinearity correction term 1
2Kðb0yÞ

2
b02 to the resonator mode

dispersive Hamiltonian35. While our methods are designed to work
in the linear regime, increasing the protocol speed requires fast-
growing driving power, and accounting for nonlinearity becomes
essential. However, in the weakly nonlinear regime, i.e., where driving
power is well below the first-order dissipative phase transition
point36, we empirically – in both simulation and experiment – find
the effect of nonlinearity can be largely mitigated by including a
mean resonator frequency shift ~Kn37 in our protocols, where n is
the equilibrium photon number in the resonator mode. If the drive
exceeds this dissipative phase transition point, not only does the
microwave output suddenly increase, we also observe the transmon
qubit becoming excited in a qualitatively similar way to a previously
reported result30. This result is shown in Fig. 4, where we stimulate
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Fig. 1 Experimental setup and principles of shortcut to adiabaticity (STA). a Schematic of relevant dynamics. An adiabatic protocol transfers the initial
state ρi to the final state ρ0;1f along the light pink trajectories in the decoherence-free subspace (DFS), which is precise only in the infinite time limit. To
accelerate this adiabatic trajectory, a counterdiabatic (CD) driving can be applied to cancel non-adiabatic transitions, making the adiabatic approximation
exact. Due to the effect of dissipation, CD driving for closed quantum systems has limited effectiveness, while its open system extension achieves arbitrary
speed up for a single-mode conditioned on the qubit state. To realise STA for multiple modes and independent of qubit states, we develop the multi-mode
optimal control (MMOC) protocol, which includes non-adiabatic trajectories at intermediate times and reaches both final states ρ0;1f at a given target time.
b Setup of the superconducting circuit. The resonator mode b is dispersively coupled to a transmon qubit with strength g/2π≈ 80MHz. The Purcell filter
mode a is coupled to the resonator mode with strength J/2π= 10.5MHz and to the feedline with strength κa/2π= 11.4MHz. From residue qubit excitation,
the temperature of the environment is measured to be 75mK, justifying the cold-bath approximation of the feedline. Driving pulses are applied through the
input field ci, and the output field r0 is amplified by an impedance-matched parametric amplifier (IMPA) and homodyne detected to infer the system
dynamics. c Measured transmission spectrum S21 and hybrid-mode frequencies for both qubit states. The driving frequency ωd/2π= 6.44025GHz is
allocated roughly in the middle of ω0

r =2π ¼ 6:4427 GHz and ω1
r=2π ¼ 6:4378 GHz, where the 0 or 1 in the upper right corner denotes the qubit state. The

significant shift of resonant dips is partly due to the nonlinearity of the cavity when it is driven with large power. See Supplementary Note 1 for more details
on the asymmetry and frequency shifts.
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the resonator mode with different amplitudes and durations and
measure the remaining ground state population. Our results support
the theory38 that the resonator phase transition and the qubit
excitation coincide.

Discussion
We have experimentally extended STA to an open quantum
system. Our CD method accelerates adiabatic dynamics of the

DFS of a single driven-dissipative bosonic mode to occur within
100 ns, compared with the 800 ns of the regular slow-varying
scheme. Furthermore, by utilising possible non-adiabatic
dynamics, our MMOC protocol – based on methods from opti-
mal control theory – can achieve unconditional adiabatic
dynamics for multiple lossy bosonic modes simultaneously in a
similar duration. It is worth pointing out that the ringdown pulse
cannot be obtained by simply reversing the ringup pulse as can be
done in the closed system. Time-reversal symmetry is broken

c
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b

d

(a
rb

. u
ni

ts
)

Fig. 2 Open system shortcut to adiabaticity by counterdiabatic (CD) driving and bare drivings. a Different pulses used in the experiment. The sin2

ringups with final time tf= 30 ns (green) and 100 ns (red) are used, along with their corresponding CD drivings (blue and orange). The drivings are kept
constant at ϵ0 after tf. A slow varying sin2 driving with tf= 800 ns (purple) is used to illustrate the adiabatic ringup timescale. b Output amplitude (in mV)
measured by room-temperature FPGA. End times of the CD driving protocols are marked for tf= 30 ns (red) and 100 ns (yellow). The non-equilibrium
excitation after tf= 30 ns is caused by excitation of the Purcell filter mode due to the relatively small resonator-filter detuning. The error bar is the standard
deviation of the points in the equilibrium states at 990 ns. c, dWe decompose the output signal into its (I)n-phase and (Q)uadrature components, and plot
the corresponding IQ trajectories for the tf= 100 ns sin2 driving (d) and its CD driving (c). Trajectories begin at the points indicated by black crosses.
Arrows alongside the simulation indicate the direction of the time evolution. The simulated trajectories are calculated based on the input-output formalism
detailed in Supplementary Note 1. To avoid the difficulty of direct tomography, we can infer the bosonic system mean-field state from the output signal. The
good fit between simulation and experiment data suggests that the CD driving does indeed realise adiabatic following. The mismatch mainly comes from
the weak nonlinearity of the resonator. All experimental points are averaged over 3 × 104 experiments. A Savitzky-Golay filter with window length 21 and
polynomial order 3 is applied to improve the signal-noise ratio.
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under open-system dynamics. Compared with other ansatz-based
numerical optimal control methods which can be more prone to
getting stuck in local minima, our MMOC approach is based on a
strong initial analytical solution that can be further optimised
based on experimental data to mitigate error arising from initial
parameters, nonlinearity and control distortions.

The methods we have presented here are a first step to
accelerating open system dynamics in a broader range of settings.
The open system CD suppresses diabatic transitions out of the
DFS and opens the door for STA to more applications, such
as quantum thermodynamics39, reservoir engineering40 and
holonomic quantum computation based on bosonic codes41.

The open-loop MMOC protocol, being independent of qubit-
state, is suitable for fast resonator ringup(ringdown)42,43 and can
be used to reduce measurement cycle times in quantum error
correction protocols. We also test its impact on qubit readout
fidelity by applying MMOC to the rising edge of the readout
pulse. Results are given in Supplementary Note 9, and show that
MMOC can improve readout fidelity of the 0j i state. For the 1j i
state, T1 decay occurring during the MMOC pulse currently
leads to a slightly decreased readout fidelity, but this can be
addressed either through an improved T1, or better statistical
analysis of the readout data44 (experiment in progress). Both
methods can also potentially be applied to other dissipative

(a
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ni

ts
)
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b

c

Fig. 3 Multi-mode optimal control (MMOC) by single-port driving. a MMOC pulses. A multi-section pulse with target equilibrium time tf= 60 ns is
applied to shortcut thermal equilibrium of both resonator and filter modes for different qubit states simultaneously. A different pulse is used to reset to the
vacuum state in the end. b, c Measured output amplitudes (in mV) for the MMOC pulses with and without reset. The steady output signal is achieved for
qubit state 0j i (b) and 1j i (c) about 30 ns later than the target time, likely due to the high driving amplitude and low-Q energy-storing components in the
feedline, such as the impedance-matched Josephson parametric amplifier. This explanation is reinforced by the observation of a similar 30 ns tail with a far-
detuned and high-amplitude driving which, in principle, will not excite the multi-mode cQED system (Supplementary Note 9). In c, the steady output
decays over time due to the T1 decay of the qubit. The error bar is the standard deviation of the points in the equilibrium states at 930 ns. The good final
reset performance for the mixed qubit states demonstrates that MMOC works for both qubit states simultaneously. The corresponding IQ trajectories are
plotted inset, from which we can infer the system undergoes highly non-equilibrium dynamics during the MMOC pulse. Trajectories begin at points
indicated by black crosses. All data are processed in the same way as in Fig. 2.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27900-6 ARTICLE

NATURE COMMUNICATIONS |          (2022) 13:188 | https://doi.org/10.1038/s41467-021-27900-6 | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


bosonic systems, such as optical resonant cavities and
optomechanics45–47. It is worth pointing out that, by setting the
decay rate κ= 0, MMOC can be recast as an approach to closed
system STA, with applications in bus-mediated gates in experi-
mental quantum computing platforms48,49. As recent theoretical
developments have shown, open-system STA also has inter-
disciplinary applications such as accelerating biophysics50,
bioengineering22 and chemical reaction dynamics51.

Methods
Experimental setup and calibration. Our devices consists of a tunable transmon
qubit coupled to a λ/4 microwave resonator with coupling g/2π ≈ 80MHz. The
resonator is coupled to an individual λ/4 Purcell filter with coupling J/2π ≈ 10MHz.
The hybrid mode frequencies are ω0

r=2π ¼ 6:4427 GHz; ω1
r=2π ¼ 6:4378 GHz

and ω0
f =2π ¼ 6:4634 GHz; ω1

f =2π ¼ 6:4673 GHz and linewidths κ0r ¼ 1=62:88 ns;
κ1r ¼ 1=77:93 ns and κ0f ¼ 1=17:86 ns; κ1f ¼ 1=15:64 ns. The frequencies ωr, ωf

can be estimated by fitting the transmission S21 shown in Fig. 1c with the input-
output theory of Supplementary Note 1, or by fitting the measured time-traced IQ
plots with numerical trajectories obtained from quantum Langevin dynamics. The
hybrid linewidths κr, κf are obtained by measuring the decay time constant of the
quenched ringdown. All spectrum parameters are characterised to a precision
of <2π × 0.1 MHz.

Driving pulses ϵ(t) are generated by an arbitrary waveform generator with a
sampling rate of 2 GS/s and up-converted to the driving frequency by IQ mixing
with the LO microwave signal. The readout signal is first amplified with an
impedance-matched Josephson parametric amplifier, then by high electron
mobility transistors, and finally by room temperature amplifiers. It is further
homodyne demodulated, digitised by an analogue-to-digital converter at 1 GS/s

and analysed by a room-temperature DAQ FPGA. Each experimental point in the
figures is an average of 3 × 104 experiments.

Hybrid-mode dynamics. Here we show how the interacting dissipative modes are
decoupled so that CD driving is realised for a single lossy hybrid mode. The
derivation is based on a simplified version of the circuit model shown in Fig. 1b,
where the input gate capacitor is ignored, and the qubit’s effect is implicitly
accounted for through a state-dependent shift on the filter and resonator modes.
The exact input-output relations based on the entire circuit are derived in Sup-
plementary Note 1, which are equivalent to the results of this simplified model by
reparametrization.

In the dispersive regime of cQED52, after applying the rotating wave approximation,
the bare system Hamiltonian in the driving frame (at frequency ωd) reads

H0;1 ¼ Δaa
yaþ Δ0;1

b bybþ Jðaybþ byaÞ; ð2Þ
where a, b are bare filter and resonator modes. The superscripts denote the qubit state,
Δa(b)≡ωa(b)−ωd is the driving detuning of mode a(b), J is the coupling strength
between the modes, and the qubit-induced dispersive shift is 2χ ¼ Δ1

b � Δ0
b. Here we

have set ℏ= 1. Since our protocol time is much shorter than the qubit lifetime,
decoherence is dominated by relaxation κa through the cold bath at an effective
temperature of 75mK. In the Heisenberg picture, the system dynamics according to the
input-output theory is53

_a ¼ �iΔaa�
κa
2
a� iJb� ffiffiffiffiffi

κa
p

ai ð3Þ

_b ¼ �iΔ0;1
b b� iJa; ð4Þ

where ai is the time-dependent input field. A linear transformation of a and b
decouples these equations, resulting in the hybrid modes a00;1; b00;1 with frequencies
Δ0;1
f ; Δ0;1

r and linewidths κ0;1f ; κ0;1r . The hybrid modes are defined so that ½a0 i; a0 iy� ¼
½b0 i; b0 iy� ¼ 1 for i= 0, 1, whereas ½a0 i; b0 i�≠ 0 due to environmental effects. Omitting
the superscripts for convenience, we have

_a0 ¼ �iΔfa
0 � κf

2
a0 � cf

ffiffiffiffiffi
κa

p
ai ð5Þ

_b
0 ¼ �iΔrb

0 � κr
2
b0 � cr

ffiffiffiffiffi
κa

p
ai; ð6Þ

where cf, cr are coefficients from the linear transformation. Equation (6) is equivalent to
the master equation in the Schrodinger picture54:

_ρb0 ¼ �i½HrðtÞ; ρb0 � þ κrDðb0Þρb0 ; ð7Þ
where HrðtÞ ¼ Δrb

0yb0 � ðicr
ffiffiffiffiffi
κa

p
aiðtÞb

0y þ h:c:Þ. For coherent driving fields, we can

approximate the Hamiltonian as HrðtÞ ¼ Δrb
0yb0 � ðiϵrðtÞb

0y þ h:c:Þ, where the
effective drive is ϵrðtÞ ¼ cr

ffiffiffiffiffi
κa

p haiðtÞi. Based on the master Eq. (7), we can derive (see
Supplementary Note 3) the CD driving Eq. (1) for a single hybrid mode.

Data availability
Source data are provided with this paper in the Source data file.

Code availability
Codes used in the theoretical calculation are available from the corresponding author on
reasonable request.
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