
Supplementary Materials for
Characterizing many-body dynamics with projected ensembles on a 

superconducting quantum processor

Zhiguang Yan et al.

Corresponding author: Zhiguang Yan, marzgy09@gmail.com; Zi-Yong Ge, ziyong.ge@riken.jp

Sci. Adv. 12, eaeb8213 (2026)
DOI: 10.1126/sciadv.aeb8213

The PDF file includes:

Supplementary Text S1 to S7
Table S1
Figs. S1 to S21
Legend for movie S1
Legend for file S1
References

Other Supplementary Material for this manuscript includes the following:

Movie S1
File S1



S1 Experimental wiring setup

The measurement setup for our superconducting qubit system is illustrated in Fig. S1. The sample

is housed within a Blufors LD400 dilution refrigerator, which maintains a base temperature of

approximately 10 mK at the mixing-chamber (MC) stage. For each unit consisting of four qubits

and one readout port, we employ a near-quantum-limited impedance-matched parametric amplifier

(IMPA) (54) to amplify the readout signals at the MC stage, achieving an amplitude gain of around

20 dB with a 600–700 MHz bandwidth.

A DC source (Yokogawa GS200) is utilized to apply the DC coil current to flux-bias the IMPA

at its operation frequency. As shown in Fig. S1, twisted-pair DC cables are used in the flux-bias

line to mitigate the electric and magnetic noise from the environment. In addition, to suppress

the high-frequency noise, a π-filter (cutoff ∼ 1 MHz) at room temperature and a homemade RC

filter (cutoff ∼ 2 kHz) at the 4 K plate are implemented. In the setup, a frequency doubler (Marki

ADA-1030) is used to generate the high-frequency pump signal for the IMPA, which ranges from

16.2 to 16.9 GHz, approximately at twice the readout-resonator frequency. The long-time readout

results shown in Fig. S15 indicate that the DC source and the frequency doubler remained stable

during the experiments.

In our setup, the quantum analyzer (Zurich Instruments UHFQA) is used to generate the read-

out input (RIN) signals and demodulate the readout output (RO) signals. As shown in Fig. S3B,

four readout resonators are coupled to a single readout port in one unit on our chip, allowing us

to perform frequency-multiplexed readout through the four readout resonators. To ensure that the

local-oscillator (LO) signals for the modulation and demodulation are phase-locked, we employ a

Keysight microwave source to generate the LO signal, which is then amplified and goes through a

power splitter to produce two phase-locked LO signals: one for the modulation and the other for

the demodulation. The Zurich Instruments HDAWG8, an arbitrary waveform generator (AWG),

generates all XY and Z control signals for the tunable transmon qubits (28). As depicted in

Fig. S1, we utilize two AWG ports to generate the in-phase (I) and quadrature (Q) signals, which

are then multiplexed with a LO signal by an IQ Mixer (Marki MMIQ-0218L) to produce the drive



signal for the qubit. The HDAWG8 supports DC settings, allowing us to generate the DC and fast

Z-pulse from a single output port. We combine theXY and Z signals at room temperature through

a diplexer (QMC-CRYODPLX-0218). Then, the combined signals are sent to the qubit through

microwave cables in the refrigerator. Using this approach, we can fully control each qubit with just

one microwave coaxial cable.

In the experiment, we require both low-frequency and high-frequency signals, which are used

respectively to modulate the transmon qubit frequency and to drive the qubit transition. For the

DC signal, we do not want it to be attenuated at the MC stage to avoid generating heat which

might be transferred to the qubit and/or lead to a temperature increase of the MC plate. On the

other hand, for the high-frequency drive signal, it is essential to be attenuated at the MC stage to

suppress the high-frequency noise coming from the high-temperature plates. To address this issue,

we developed a special low-pass filter. As shown in Fig. S2, it features a 2 GHz passband for the

low-frequency flux-bias signal and a relatively flat passband (4.5–6 GHz) with an attenuation of

approximately 10 dB for the high-frequency drive signal. In developing this low-pass filter, three

key considerations were taken into account:

1. Sufficient attenuation at the qubit frequency: The filter must provide enough attenuation at

the qubit frequency to suppress the qubit thermal excitations.

2. Flat response in the frequency domain: It is essential to maintain a flat frequency response

within the range of the qubit frequency. It is critical for the waveforms of the qubit drive

signal, particularly for the short-time pumping signals. As shorter signals have larger band-

widths, excessive variations in attenuation across the frequency range would significantly

distort the signals in the time domain.

3. Thermal contact to the MC plate: Ensuring good thermal contact between the low-pass filter

and the MC plate. Poor thermal contact could result in the filter’s temperature exceeding that

of the MC plate, allowing high-temperature noise to reach the qubit.

In our wiring setup, we maintained two different wiring configurations for qubit control: the



drive lines for Q3, Q7, Q8, Q9, Q12 and Q13 are designated as XYZ1 and the other lines are des-

ignated as XYZ2. The qubits connected to the drive lines XYZ1, even with the total attenuation

10 dB less than that in the drive lines XYZ2, showed comparable thermal population and T1 (see

Table S1 and Figs. S5D and S5E). The observed variations in the qubit thermal population may

arise from the attenuation variations in the low-pass filter. In particular, Q9 with the XYZ1 wiring

configuration and the total attenuation of only 22 dB exhibits a thermal population of 0.66% and

T1 ≈ 50 µs at the frequency of 5715 MHz.

S2 Device design

Our experiments are conducted on a scalable, two-dimensional superconducting quantum proces-

sor and enables full qubit control (Z- and XY -control). All the control signals access the quantum

processor via spring contacts vertical coaxial-cable wiring. As depicted in Fig. S3A, the 4 × 4 tun-

able transmon qubit chip is mounted onto a stage featuring a 2D spring-contact array, aligned with

the corner pillars. Figure S3D presents the cross-section along the dashed line in Fig. S3A. All

the spring contacts directly contact the backside of the chip. The Z/XY -control pin is connected

to the back end of the qubit, with the contact point (green) shown in Fig. S3C. Each readout pin

is connected to a readout superconducting through-silicon via (TSV; yellow-green), which cou-

ples capacitively to the λ/4 band-pass filter (purple) on the top side of the chip, functioning as a

transmission line.

As shown in Fig. S3B, each λ/4 band-pass filter couples to four readout resonators (light blue),

allowing frequency-multiplexed readout for each unit consisting of four qubits. In addition, nu-

merous TSVs are placed in the chip, connecting the segmented topside grounds to the backside

ground to suppress potential slot-line or substrate modes. Moreover, these TSVs help to local-

ize the control signals, reducing unwanted crosstalk. In our case, we achieved X-crosstalk below

1 × 10−3 and Z-crosstalk below 5 × 10−3 between any control port i and qubit Qj (i ≠ j).

As shown in Fig. S3B, we implement floating tunable transmon qubits (light gray) with con-

centric geometry optimized through the surface-participation-ratio analysis (50). The loop size of



our concentric qubit is approximately 3 × 105 µm2, nearly three orders of magnitude larger than

typical SQUID loops used for qubits. However, as illustrated in Fig. S4B, with the gradiometric

geometry and optimized linewidth in the qubit design, the square-root amplitude
√
AΦ of the 1/f

flux noise spectral density AΦ/ω is about 4.9 µΦ0, which is comparable to those in conventional

designs (55).

To couple adjacent qubits, a coupler bus (dark red) is employed. The Hamiltonian for two

adjacent qubits, Qi and Qj , along with the coupler bus, is given by

Ĥ/h̵ = ωiσ̂
+
i σ̂
−
i + ωjσ̂

+
j σ̂
−
j +

1

2
ωcâ

+â + gj(σ̂+j â + σ̂−j â†) + gi(σ̂+i â + σ̂−i â†) + gij(σ̂+i σ̂−j + σ̂−i σ̂+j ).
(S1)

Here, ωi, ωj , and ωc denote the frequencies of Qi, Qj and the coupler, respectively; gi (gj) rep-

resents the coupling strength between Qi (Qj) and the coupler. The parameter gij denotes the

direct coupling strength between two nearest-neighbor qubits. The operators σ̂α (α = x, y, z and

σ̂± = σ̂x
j ± σ̂

y
j ) correspond to the Pauli matrices of qubits, while â and â† represent the lowering and

raising operators of the coupler mode. By applying the Schrieffer–Wolff transformation (56),

Û = exp
⎡⎢⎢⎢⎣
∑
λ=i,j

gλ
∆λ

(σ̂+λ â + σ̂−λ â†)
⎤⎥⎥⎥⎦
. (S2)

The coupler can be effectively decoupled from the system up to second order in gλ/∆λ, yielding

an effective XY model

Ĥeff/h̵ = ∑
λ=i,j

ω̃λσ̂
+
λ σ̂
−
λ + (

gigj
∆
+ gij) (σ̂+i σ̂−j + σ̂−i σ̂+j ). (S3)

Here, the coupler is assumed to remain in its ground state, which holds true in our experiment.

∆λ = ωλ−ωc is the frequency detuning between qubit Qλ and the coupler. The parameter ∆, defined

as 1/∆ = (1/∆i + 1/∆j) /2, represents the effective detuning. ω̃λ = ωλ + (g2λ/∆λ) [αλ/ (∆λ + αλ)]

is the Lamb-shifted qubit frequency, where αλ represents the anharmonicity of Qλ. In our device,

the frequency of the coupler buses used to connect adjacent qubits within a unit is about 22 GHz,

while the frequency of the coupler buses used to connect adjacent qubits between neighboring

units is approximately 40 GHz. The considerable detuning between the qubit and the coupler bus



can effectively suppress the unwanted qubit–coupler interactions to the residual coupling strength

below 20 kHz. On the other hand, the effective coupling strength between adjacent qubits is

approximately 3.5 MHz within one unit and 4.5 MHz between neighboring units, as indicated in

Fig. S6F.

In our design, we carefully optimized the frequencies of adjacent coupler buses to maintain

a frequency detuning exceeding 1 GHz, thereby effectively mitigating unwanted interaction be-

tween the next-nearest-neighbor (NNN) qubits through the virtual exchange interaction, which, in

our setup, is very small (∼ 0.08 MHz) and can therefore be considered negligible. The magnified

micrographs in the insets of Fig. S3B illustrate the following regions: the coupling capacitor be-

tween the transmon qubit and the readout resonator, the capacitor between the transmission line

and the band-pass filter, and the Manhattan-style superconducting Josephson junction (57).

As illustrated in Fig. S3C, the control-line coupler of each qubit is patterned on the backside

of the chip with a minimalistic design, consisting solely of an arc-shaped gap around the pin–chip

contact point (green). In Fig. S3E, the schematic of the qubit and control circuits is presented,

illustrating how the microwave-frequency drive signals and low-frequency bias signals couple to

the qubit. When a DC signal is applied to the control pin, the current is asymmetrically distributed

around the gap, generating a differential magnetic flux Φ = Φ1 − Φ2 within the superconducting

qubit loop, where Φ1 and Φ2 denote the respective magnetic fluxes penetrating through the two

half SQUID loops. This differential magnetic flux Φext is the effective magnetic flux bias for the

tunable transmon qubit. The dependence of the qubit frequency on Φext can be approximated

by (28):

ω(Φext) = (ωmax +
EC

h̵
)
√
d2 + (1 − d2) cos2 (πΦext

Φ0

) − EC

h̵
. (S4)

Here, EC is the transmon charging energy, and ωmax = (
√
8EJEC − EC)/h̵ represents the

maximum qubit frequency. The asymmetry parameter d of the SQUID junctions is defined as

d = ∣(EJ,2 −EJ,1)/(EJ,2 +EJ,1)∣, where EJ,1 and EJ,2 denote the Josephson energies of the two

SQUID junctions. It is important to note that Eq. (S4) is an approximation, valid only in the



regime where EJ ≫ EC. When a high-frequency drive signal is applied, the electromagnetic field

couples to the qubit via the effective mutual capacitance. In our chip, the control port exhibits mu-

tual inductive (Z) coupling of approximately 0.8 pH. The capacitive (XY ) coupling to the qubit

is represented in the qubit decay rate of 2π × 200 Hz to the port. The inductive and capacitive

coupling strengths can be independently modulated through modifications to the angle and size of

the gap in the backside ground plane.

S3 Fabrication

Our sample is fabricated on a 3-inch silicon wafer with (100) crystal orientation and a resistivity

of more than 20kΩ ⋅ cm. The fabrication process is outlined as follows:

1. Through-silicon vias (TSVs) fabrication: Etch the vias using the deep reactive ion etching

technique.

2. TiN-film deposition: Deposit 100-nm-thick TiN films on both sides of the silicon wafer with

sputtering at a temperature of 850°C immediately after the wafer pre-cleaning.

3. Via metallization: Evaporate 300-nm-thick aluminum with an incident angle of 40° on both

the front and back sides of the wafer on a planetary rotating stage.

4. Aluminum-film etching: Laminate resist films on both sides of the wafer and perform UV

exposure and development, leaving the resist covering the vias. Perform wet etching to

remove the aluminum on both sides of the wafer.

5. TiN-film etching: Spin-coat the wafer with AZ1500 photoresist, Then, do the photolithog-

raphy using direct laser writing on each side of the wafer sequentially to define the qubits

and resonators on the top surface and control-line contacts on the backside. Subsequently,

perform dry etching on both sides after development.

6. Cleaning: Immerse the wafer in Remover104 at 120°C for more than four hours, then per-

form the oxygen plasma cleaning and HF cleaning.



7. Junction fabrication: Spin-coat the wafer with Copolymer and PMMA sequentially to form

a bilayer electron-beam resist structure. Then, expose the wafer in an electron-beam writer.

After developing the resist, evaporate aluminum films for the junctions (Fig. S3B) in an

e-gun evaporator.

8. Indium evaporation: Cover the backside of the wafer with lamination film resist. Then,

expose the wafer by a direct laser writer. After the development, evaporate 4-µm-thick

indium on the backside of the chip.

9. Dicing and lift-off: Dice the wafer into chips and finally perform the lift-off.

S4 Device parameters

Our superconducting quantum processor employs frequency-tunable transmon qubits with a gra-

diometric structure, which enhances resilience against uniform global flux noise. The maximum

frequencies of the qubits alternate between high and low values, as depicted in Fig. S5B. This fre-

quency arrangement effectively reduces the interactions among the adjacent qubits when we char-

acterize them at the beginning without bias currents (all the qubits will be at their sweet points if

there are no flux offsets). In the experiments (see Fig. S9), we use DC currents to bias all the qubits

at the same operation frequency while preparing their initial states and performing their readout at

their individual idle frequencies with additional Z-pulses applied. As demonstrated in Fig. S6E,

by ensuring sufficient frequency detuning between all the neighboring qubits, we suppress the ZZ

coupling (58) to be below 110 kHz. This allows the fidelities of simultaneous single-qubit gates

to be comparable to those of individual single-qubit gates. Moreover, the single-qubit gates are

characterized by randomized benchmarking (59–61) at the idle frequencies with the Z-pulses ap-

plied. The achieved fidelities of the single-qubit gates suggest that both the Z-pulse distortion and

crosstalk are well calibrated (see for the details in Sections S5.1 and S5.3.)

In our chip, the qubit anharmonicity η (representing the nonlinear boson–boson interaction on

site) ranges from −248 to −218 MHz, which is more than 40 times larger than the coupling strength



Table S1: Qubit parameters. For better comparison, we show the simultaneous-readout assign-
ment fidelity Fii (the probability of correctly classifying the qubit state ∣i⟩ as i), qubit idle-point
thermal population P idle

th , qubit operation-point thermal population P op
th measured when all the

qubits are aligned at the operation frequency, and the fidelities of individual P ind
RB and simultane-

ous P sim
RB single-qubit gates, performed at the idle points with the Z-pulses applied. RB stands for

randomized benchmarking.

Parameters Q0 Q1 Q2 Q3 Q4 Q5 Q6 Q7

F00(%) 99.74 99.42 99.82 99.74 99.79 99.56 99.74 99.72

F11(%) 98.75 98.82 98.85 98.24 99.05 98.43 98.61 97.09

P idle
th (%) 1.39 1.9 2.58 0.75 0.46 3.81 5.39 2.46

P op
th (%) 4.62 4.26 4.22 5.09 5.09 5.21 5.16 5.24

P ind
RB (%) 99.25 99.44 99.48 99.66 99.54 99.52 99.05 99.44

P sim
RB (%) 99.39 98.44 99.60 99.29 99.68 99.31 98.92 99.66

Parameters Q8 Q9 Q10 Q11 Q12 Q13 Q14 Q15

F00(%) 99.08 99.05 99.90 99.49 99.61 99.87 99.07 99.62

F11(%) 96.68 98.87 96.67 97.82 98.85 98.57 97.55 97.20

P idle
th (%) 2.85 2.6 1.22 0.56 4.04 4.12 4.13 2.63

P op
th (%) 5.14 5.04 4.88 5.24 4.78 3.94 4.43 4.93

P ind
RB (%) 97.91 99.44 99.44 99.58 99.81 99.43 99.63 99.61

P sim
RB (%) 97.14 99.47 98.84 99.64 98.92 99.18 99.25 99.63

between the neighboring qubits. Consequently, our system is in the hard-core limit of the interact-

ing boson model and well described by the XY model (32). For the qubit-state readout, we use a

resonator dispersively coupled to the transmon qubit to perform non-destructive measurement (28).

A band-pass filter (51, 62) is used to indirectly couple the readout resonators to the transmission

line (as illustrated in Fig. S3), achieving an average qubit–resonator coupling strength of approx-

imately 2π×150 MHz (see Fig. S6B), while maintaining the Purcell-limited relaxation times for

all the qubits longer than 1 ms. This results in a relatively large ratio between the dispersive shift

χ and the readout-resonator decay rate κ with the median value of ∣2χ/κ∣ being 0.7 across all the

qubits, allowing us to attain a high signal-to-noise ratio (SNR) for the readout (63).

As illustrated in Fig. S7, the single-qubit gates and readout are performed at the idle points



with the Z-pulses applied. During the waiting time of 600 µs, the Z-pulses are turned off. Then

all the qubits are aligned to the operation point. With well-suppressed Z-pulse distortion and

crosstalk, high-fidelity simultaneous single-qubit gates, and low readout crosstalk, we achieved

an average simultaneous-readout assignment fidelity of 99.6% for state ∣0⟩ and 97.5% for state

∣1⟩ across all the qubits. Due to the extended waiting time at the operation point between two

successive measurements, similar thermal populations P op
th were observed among all the qubits.

Here, the thermal population of each qubit was estimated from the single-shot readout result from

the first measurement M0 and the second measurement M1, given by Pth = F 0
00 −F 1

00, where F 1
00 is

determined by post-selecting data from the second measurementM1 in which the qubit was in state

∣0⟩ in the first measurement M0. In addition, we measured the thermal population of each qubit

biased at the idle point by a DC current. The measured thermal populations P idle
th at the idle points

are summarized in Table S1. From these thermal-population values, the effective qubit temperature

was calculated (64) and shown in Fig. S6C. More parameters of the chip can be found in Table S1

and Figs. S5 and S6.

S5 System calibration

In the experiments, all the qubits are initially biased at the operation frequency with the Z-control

DC bias (Z-bias), while the initial-state preparation and the final-state readout are performed at

the idle points by applying Z-pulses. To achieve optimal energy-relaxation times T1 across all

qubits, minimize the impact of defects and ZZ coupling, and achieve high-fidelity multi-qubit

initialization and readout, the following parameters need to be carefully optimized or calibrated:

(i) Z-pulse distortion, (ii) qubit frequency setup, (iii) single-qubit gates, (iv) timing alignment be-

tween different control channels, (v) qubit frequency alignment, (vi) the phase of qubit, and (vii)

qubit frequency over time . The qubit-frequency drift is evaluated with the Ramsey decay mea-

surement and then corrected with the compensating Z-bias. For timing alignment and single-qubit

gate optimization, we follow the methods in Ref. (32). Further details regarding the optimization

and calibration of other parameters are provided below.



S5.1 Z-pulse distortion calibration

In our experiments, the Z-pulse distortion would significantly affect the fidelities of gates and

readout since they are performed at the idle points with Z-pulses applied. Any component with

limited bandwidth, impedance mismatch, or parasitic capacitance and inductance in the control

line can contribute to the Z-pulse distortion. As shown in Fig. S3A, we use spring contacts to

deliver the control signals to the ports on the chip. By employing the impedance-matched design,

we can effectively suppress the distortion of the Z-pulse on the package side.

To calibrate the Z-pulse distortion, we need to bias each qubit to a point where its frequency is

highly sensitive to the Z-pulse amplitude. In our case, the qubit is biased below 5.8 GHz, with the

Z-pulse amplitude significantly larger than that used in the experiments. Since the tunable trans-

mon qubit exhibits shorter T2 at the frequency-sensitive point, the standard Ramsay pulse sequence

to measure the phase shift due to the Z-pulse Fig. S8B (65) cannot be used for long-time-scale dis-

tortion due to the large dephasing rate. Therefore, we first calibrate the distortion of the Z-pulse

using the waveform sequence shown in Fig. S8A (32) by applying a long-time (10 µs) Z-pulse.

After a delay time τ , we apply two half-π pulses with a constant time spacing (200 ns) to measure

the accumulated phase. The longtime Z-pulse can effectively separate the distortion due to the

rising edge from that due to the falling edge, simplifying the calibration process. Then, we fur-

ther characterize the short-time-scale Z-pulse distortions with the waveform sequence in Fig. S8B,

as the accumulated phase measured in this waveform is more sensitive to the initial portion of

the distorted Z-pulse. Finally, we find that applying several exponential-decay corrections to the

ideal Z-pulse is sufficient to correct the distortion of the Z-pulse for all the qubits. In Fig. S8C,

we present the accumulated phase of qubit Q5 measured by using the sequence in Fig. S8A with

corrected and uncorrected Z-pulses, respectively.

S5.2 Frequency setup

Several considerations must be taken into account when optimizing the frequency setup, as outlined

below:



1. Energy relaxation: Due to unwanted coupling with two-level systems (TLSs) or other modes,

the transmon qubits typically exhibit T1 fluctuations as a function of the qubit frequency and

time (66, 67). Consequently, we measure the T1 distribution for each qubit in the frequency

range between the operation frequency and the idle frequency, ensuring that none of the

qubits interact with the loss modes.

2. Qubit–qubit coupling at the idle points: In our chip, the coupling strengths between nearest-

neighbor (NN) qubits range from 2.9 to 4.8 MHz. After optimizing the idle frequencies

of all the qubits, the residual XY coupling between all the NN qubits can be suppressed

below 0.06 MHz. Additionally, we ensure that the minimum frequency detuning between

the next-nearest-neighbor (NNN) qubits is larger than 5 MHz to suppress any unwanted qubit

drive from the X-crosstalk, which should be below −30 dB in our system. Finally, to avoid

the potential two-photon excitations due to the X-crosstalk, we also avoid exact frequency

matches with ω02/2 between the neighboring qubits, where ω02 is the frequency difference

between the ground state and the second excited state.

3. ZZ coupling: For coupled two neighboring transmon qubits, because of the weak anhar-

monicities, there is non-negligible ZZ coupling due to interaction through higher-energy

levels such as ∣11⟩, ∣02⟩, and ∣20⟩ (58). This coupling can be expressed as

ΩZZ = −
2g2(η1 + η2)

(∆ − η1)(∆ + η2)
, (S5)

where η1 and η2 represent the anharmonicity of the qubits, g is the their coupling strength,

and ∆ denotes the difference in their frequencies. The ZZ interaction introduces inter-

qubit control crosstalk during parallel quantum operations, thereby reducing the fidelity of

multi-qubit state initialization. Furthermore, this parasitic coupling degrades the fidelity of

simultaneous readout for the multi-qubit state. Consequently, the final state of the quantum

system continues to evolve under the non-negligible ZZ coupling. By optimizing the fre-



quency setup, as shown in Fig. S6G, we suppressed the ZZ coupling between any NN qubits

to below 110 KHz.

4. Dephasing: In our chip, T1 is always much larger (>10 µs) than the system evolution time

for the experiment (300 ns). However, the short dephasing time (as shown in Fig. S5) could

significantly influence the experiment. The qubits may couple to some modes with thermal

population (TLSs, etc.), resulting in a significantly larger dephasing rate, which can lead to

reduced purity in the multi-qubit states. By measuring T ∗2 of each qubit within a frequency

range of several tens of MHz, both at the operation point and the idle points, we might find

the undesired coupling modes. To avoid these modes, we adjust the operation point or the

idle points of the affected qubits, ensuring that they are decoupled from these modes. After

this optimization, all the qubits work well at the operation point and their idle points.

S5.3 Qubit-frequency alignment

In Ref. (32), the frequency alignment was optimized by the vacuum Rabi oscillations between

the nearest-neighbor qubits. Then, the Z-pulses, corrected by the crosstalk matrix, were applied

to shift the qubits from the idle points to the operation point. However, in this experiment, we

employed an alternative approach to align the frequencies of all the qubits, omitting the Z-pulse

correction by the crosstalk matrix, as the current chip exhibits Z-crosstalk nearly ten times smaller.

The details of the calibration process are as follows:

1. Bias each qubit to the operation point using Z-bias, while detuning the frequencies of other

qubits by more than 400 MHz. Next, perform the Ramsey measurement to fine-tune the

Z-bias voltage VDC, adjusting each qubit to the operation frequency.

2. Use the Z-pulse to shift each qubit from the operation point calibrated in step 1 to its idle

point. Then, perform the Ramsey measurement at the idle point. Fine-tune the Z-pulse

amplitude Vpulse, setting each qubit to its target idle frequency.

3. Bias all the qubits at the operation point by Z-bias with the calibrated Z-bias voltage VDC



in step 1. Next, perform the Ramsey measurement for each qubit at its idle point with the

calibrated Z-pulse amplitude Vpulse in step 2. If any qubits experience frequency shifts due

to the Z-bias crosstalk, then, fine-tune the Z-bias voltage for those qubits to compensate for

the frequency shifts, successfully calibrating the Z-bias crosstalk.

4. After calibrating each qubit’s Z-bias voltage VDC in step 3, we perform the Ramsey mea-

surement on each qubit with all the qubits’ Z-pulses applied. Due to Z-pulse crosstalk, some

qubits may exhibit frequency shifts at their idle points. We then fine-tune the Z-pulse am-

plitudes of these qubits to compensate for the frequency shifts, successfully calibrating the

Z-pulse crosstalk.

In the process of the Z-crosstalk calibration, we found that most qubits experienced frequency

shifts of less than 1 MHz from the crosstalk of the Z-bias and the Z-pulse, signifying minimal

Z-crosstalk within our system. As all calibrations above rely on the Ramsey-oscillation measure-

ments, the frequency alignment precision is limited by the fitting error of the Ramsey oscillation,

which is generally below 10 kHz. After calibration, we can mitigate the effects of the Z-crosstalk

and ensure that each qubit functions at its target frequency during the experiments. As shown

in Fig. S10, the experimental results for the 12Q chain system are in good agreement with the

theoretical simulations.

S5.4 Relative-phase calibration

In the information leakage benchmark experiment, as illustrated in Fig. 4A of the main text, all

qubits in the 3 × 3 array are initially prepared in a superposition state. Specifically, the center

and corner qubits are prepared in the state ∣X+⟩ = 1√
2
(∣0⟩ + ∣1⟩), while the remaining qubits are

prepared in the state ∣Y+⟩ = 1√
2
(∣0⟩ + i∣1⟩). To prepare this multi-qubit state, we must calibrate the

relative phases between all the qubits (68). The Hamiltonian for the coupled two-qubit system can

be written as

Ĥ/h̵ = 1

2
ωσ̂i

z +
1

2
ωσ̂j

z + g (σ̂i
+σ̂

j
− + σ̂i

−σ̂
j
+) . (S6)



Here, we assume that the two qubits have the same frequency ω, and g is the coupling strength

between them. As shown in Fig. S11, in the relative-phase calibration of the two qubits, we use

the initial phase of Qi as a reference, preparing it to the state ∣ψi⟩ = 1√
2
(∣0⟩ + ∣1⟩), then we prepare

another qubit to the state ∣ψj⟩ = (∣0⟩ + eiϕ∣1⟩) with relative phase ϕ. The initial state for the two-

qubit system can be written as ∣ψij(t = 0)⟩ = 1
2(∣0⟩+ ∣1⟩)⊗(∣0⟩+eiϕ∣1⟩). Under Eq. (S6), we obtain

the state evolution over time as follows:

∣ψij(t)⟩ =
1

2
e−iωt∣00⟩ + 1

2
√
2
eiϕ(∣Ψ+(t)⟩ − ∣Ψ−(t)⟩) +

1

2
√
2
(∣Ψ+(t)⟩ + ∣Ψ−(t)⟩) +

1

2
eiωt∣11⟩

=1
2
e−iωt∣00⟩ + 1

4
[(e−igt − eigt) + eiϕ(e−igt + eigt)] ∣01⟩ (S7)

+ 1

4
[(e−igt + eigt) + eiϕ(e−igt − eigt)] ∣10⟩ + 1

2
eiωt∣11⟩.

Here, ∣Ψ+⟩ = 1√
2
(∣01⟩ + ∣10⟩) and ∣Ψ−⟩ = 1√

2
(∣01⟩ − ∣10⟩) are the eigenstates of the coupled

qubits in Eq. (S6). Then, the probabilities for observing the four energy eigenstates ∣00⟩, ∣11⟩, ∣01⟩

and ∣10⟩ evolve as follows:

P00(t) =
1

4
, (S8)

P11(t) =
1

4
, (S9)

P01(t) = ∣
1

4
[(e−igt − eigt) + eiϕ(e−igt + eigt)]∣

= 1

4
[1 − sin(ϕ) sin(2gt)] , (S10)

P10(t) = ∣
1

4
[(e−igt + eigt) + eiϕ(e−igt − eigt)]∣

= 1

4
[1 + sin(ϕ) sin(2gt)] . (S11)

From Eqs. (S8)–(S11), we expect that the probabilities for states ∣00⟩ and ∣11⟩ are independent

of the phase and time, each remaining constant at 1/4. This is consistent with the experimental

results presented in Fig. S12B. When the phase is neither 0 nor π, the probabilities P01 and P10

will oscillate with the phase ϕ of Qj , ranging from 1
4[1 − sin(2gt)] to 1

4[1 + sin(2gt)]. In the



relative-phase calibration, we fixed the evolution time to be π/4g for better SNR. The position

of the black arrow in Fig. S12B marks the phase offset between Q3 and Q7, where P01 = 0 with

a negative slope. We calibrated the necessary qubit pairs to determine the relative-phase offsets

between all the qubits in the 3 × 3 array. The results are presented in Fig. S12A.

S5.5 Dynamical-phase calibration

In the information-leakage benchmark experiment, we measured the expectation value ⟨X⟩ of all

the qubits (Fig. 4A) with a Xπ
2

pulse applied to each qubit before the measurement. As the system

evolves with all the qubits at the operation point while being characterized at their idle points, all

the qubits will accumulate a phase during the system evolution. We use the sequence in Fig. S13

to calibrate each qubit’s dynamical phase. The qubit is prepared in the state 1√
2
(∣0⟩+∣1⟩) at the idle

point with the Z-pulse applied. Then, the Z-pulse is turned off, tuning the qubit to the operation

point. After a time τ , the qubit is returned to the idle point, followed by an X rotation, and finally

measured. The probability of measuring the qubit at state ∣1⟩ oscillates when we sweep the phase

of the final X rotation, allowing us to determine the accumulated dynamical phase at which the

qubit reaches maximum probability at state ∣1⟩. Specifically, the qubit accumulates its phase in

three stages during the system evolution: the falling edge (0 < t < τf), the flat section (τf < t < τr)

and the rising edge (τf < t < τ ):

ϕ(τ) = ∫
τf

0
∆ωr(t)dt + ∫

τr

τf
∆ωr(t)dt + ∫

τ

τr
∆ωr(t)dt. (S12)

Finally, we sweep the evolution time τ , performing the Xπ
2

rotation to the final state with the

calibrated phase. As shown in Fig. S13B, the phases of all qubits’ final states for each evolution

time τ are well calibrated, and the decay rate of the qubit expectation values ⟨X⟩ agrees well with

the qubit dephasing time T ∗2 illustrated in Fig. S5H.

S5.6 Long-time readout stability

In our chip, four readout resonators in a single unit are coupled to a single band-pass filter. By

applying frequency-multiplexed heterodyne-mixing signals to the filter, we realize multiplexed



qubit readouts through the four resonators. In the readout optimization, we fine-tune the readout

frequencies, durations, and amplitudes to maximize the separation between the readout signals

conditioned on the qubits’ ground and excited states in the IQ plane. The hyperplane parameters

are calculated to maximize the probability of correctly classifying the states ∣0⟩ and ∣1⟩. The

readout quality is quantified by the readout fidelity, defined as

FRO =
1

2
(F00 + F11), (S13)

where F00 (F11) is the probability of correctly classifying the qubit state ∣0⟩ (∣1⟩) as 0 (1).

The readout pulse length for each readout resonator is approximately 400 ns, with a demodula-

tion window duration ranging from 520 ns to 600 ns, primarily determined by the external coupling

rate of each resonator, κ (as illustrated in Fig. S5H). Figure S14A illustrates a set of the single-shot

readout data for Q12. The data is acquired by preparing all qubits in the states ∣0⟩⊗16 (shown in

blue) and ∣1⟩⊗16 (shown in red). The dashed line is the principal axis used to distinguish the qubit

states ∣0⟩ and ∣1⟩. Figure S14B shows histograms of the data in Fig. S14A projected along the

principal axis in the IQ plane. The dot-dashed lines represent the Gaussian fits to the signal distri-

butions of states ∣0⟩ and ∣1⟩. For this dataset, the readout assignment fidelity is FRO = 99.68%, with

F00 = 99.87% and F11 = 99.49%. The difference between F11 and F00 is attributed to the energy

relaxation of the qubit during the readout.

In our experiments, we take the data continuously for a long time. To maintain the system

stability, for every 3.5 hours, we calibrated each qubit’s frequency and π-pulse amplitude and

then characterized the readout fidelity without modifying any readout parameters. In Fig. S15, we

present the results of readout data collected over five days of measurement. For most of the qubits,

the readout remained highly stable, with variations in Fii (i ∈ {0,1}) below 0.02. Over five days

of continuous measurement, we achieved an average readout fidelity FRO of 98.51% across all the

qubits, with average fidelities of 99.57% for F00 and 97.46% for F11.



S6 Benchmark of many-body information leakage

In this section, we explore the universality of our method for benchmarking many-body informa-

tion leakage. When the system is coupled to the environment, it transitions into a mixed state. The

corresponding density matrix can be expressed as a sum of orthogonal pure states:

ρ̂ = ∑
j

λj ∣ϕj⟩ ⟨ϕj ∣ , (S14)

where ⟨ϕi∣ϕj⟩ = δij and ∑j λj = 1. Without loss of generality, we assume λ1 ≥ λ2 ≥ λ3 . . .. A large

degree of information leakage results in low purity p of ρ̂, defined as

p ∶= Trρ̂2 = ∑
j

λ2j , (S15)

and is related to the second-order Rényi entropy:

S2 = − lnTrρ̂2 = − lnp. (S16)

We consider the case of small information leakage, where λ1 ≫∑j=2 λj . Under this condition, the

second-order Rényi entropy can be approximated as

S2 = − ln(∑
j

λ2j) ∼ −2 lnλ1. (S17)

Now we focus on the projected ensemble of the density matrix ρ̂. Each projected state of

subsystem A can be expressed as

ρ̂A(zB) = ∑
j

λj ∣ϕA,j(zB)⟩ ⟨ϕA,j(zB)∣ , (S18)

where ∣ϕA,j(zB)⟩ represents the projected state corresponding to ∣ϕj⟩:

∣ϕA,j(zB)⟩ = A(IA ⊗ ⟨zB∣) ∣ϕj⟩ , (S19)

withA as the normalization factor. In a quantum many-body system, after sufficient time evolution,

∣ϕA,j(zB)⟩ can be treated as a random state. Using the Bloch-sphere representation, ρ̂A(zB) can be

regarded as the sum of a series of random vectors. In the case of small information leakage, the



length of these vectors (equivalent to the purity) is proportional to λ1. Consequently, the ensemble-

averaged entropy of ρ̂ can be approximated as

ĒA = −∑
zB

p(zB) lnTrρ̂2A(zB) ∼ − lnλ1. (S20)

From Eqs. (S17) and (S20), we can find that ĒA is proportional to the second-order Rényi entropy

S2. This demonstrates that ĒA serves as an effective measure of information leakage in quantum

many-body systems.

To validate the above discussions, we perform numerical simulations for both Markovian noise

and 1/f noise. We consider three representative models: the 1D mixed Ising model, the effective

Hamiltonian for Rydberg atoms with long-range van der Waals interaction, and the XY model.

The corresponding Hamiltonians are written as:

ĤMIsing =
L−1
∑
j

σ̂z
j σ̂

z
j+1 + hz

L

∑
j=1
σ̂z
j + hx

L

∑
j=1
(σ̂x

j − σ̂z
1 − σ̂z

L) , (S21)

ĤRA = V
L−1
∑
i>j

n̂jn̂j+1

∣i − j∣6
−∆

L

∑
j=1
n̂j +Ω

L

∑
j=1
σ̂x
j , (S22)

ĤXY = ∑
⟨i,j⟩

Jij(σ̂+i σ̂−j + h.c.). (S23)

In addition, without loss of generality, we only consider the infinite-temperature systems.

S6.1 Markovian noise

We first consider Markovian noise, where the system dynamics are governed by the Lindblad

master equation:

d

dt
ρ̂ = −i[Ĥ, ρ̂] +∑

j

γj(L̂j ρ̂L̂
†
j −

1

2
{L̂†

jL̂j, ρ̂}). (S24)

Here, γj represents the dissipation rate (the coupling strength between the system and the environ-

ment), and L̂j is the jump operator.

For 1D mixed Ising model, we choose the parameters hz = 0.8090, hx = 0.9045, and L = 10,

and also consider the dephasing channel L̂j = σ̂z
j . In addition, we consider three initial states:

∣Ψ1⟩ = ∣Y+Y+Y+Y+...⟩, ∣Ψ2⟩ = ∣Y+Y−Y+Y−...⟩, and ∣Ψ3⟩ = ∣X+X−X+X−...⟩.



For ĤRA, we choose the parameters V = 1.44, ∆ = 0.9, Ω = 4.7, and L = 10, and consider

the energy-relaxation channel L̂j = σ̂−j . We consider three initial states: ∣Ψ1⟩ = ∣Y+Y+Y+Y+...⟩,

∣Ψ2⟩ = ∣0000...⟩, and ∣Ψ3⟩ = ∣0101...⟩.

For the XY model, we consider both 1D and 2D systems with the dephasing channel L̂j = σ̂z
j ,

and the system sizes are L = 10 and 3 × 3, respectively. In the 1D case, we consider three initial

states: ∣Ψ1⟩ = ∣X+Y+X+Y+...⟩, ∣Ψ2⟩ = ∣X+X+X−X−X+X+X−X−X+X+⟩, and ∣Ψ3⟩ = ∣X+X+Y+Y−X+

X+Y+Y−X+X+⟩. In the 2D case, we have ∣Ψ1⟩ = ∣X+Y+X+Y+...⟩, ∣Ψ2⟩ = ∣X+X+X+X−X−X−X+X+X+⟩,

and ∣Ψ3⟩ = ∣X+X−X−Y+Y−Y−X+X−X−⟩.

The numerical results are presented in Fig. S16. The left panels demonstrate that ĒA exhibits

similar dynamics across different subsystems A. In the short-time regime (t ≪ 1/γ), both S2 and

ĒA show a linear increase. Over a longer time scale, the dynamics of ĒA can be well approximated

by

ĒA = E0(1 − e−t/τMB), (S25)

where E0 and τMB characterize the steady-state value and relaxation time, respectively. The middle

panels reveal that ĒA is largely independent of the initial states. We also obtain the slopes of S2(t)

and ĒA(t) in the short-time regime by using a linear fit. The slopes versus the dissipation rate γ

are plotted in the right panels of Fig. S16. The results indicate that the slopes are proportional to

γ.

S6.2 1/f noise

In many quantum simulators, dephasing mainly results from 1/f noise (e.g., superconducting

qubits, nuclear spins, Rydberg atoms etc.), which is not Markovian. Now we focus on 1/f noise,

where the system dynamics are governed by the Hamiltonian:

Ĥ(t) = Ĥ0 +
1

2
∑
j

ξj(t)σ̂z
j , (S26)

⟨ξj(0)ξk(t)⟩ = ∫
∞

−∞

dω

2π
Sjk(ω)e−iωt. (S27)



where ξ(t) is a Gaussian fluctuation, and Sjk(ω) is the spectral density of the noise. Here, we do

not consider the spatial correlation of the noise, so the noise spectral density of noise satisfies

Sjk(ω) =
δjkAj

∣ω∣
, (S28)

where Aj is the noise strength. Generally, the low-frequency regime of 1/f noise dominates the

dephasing in the system, i.e., ωh ≪ 1/T , where ωh is the high-frequency cutoff and T is the total

evolution time. Thus, Eq. (S26) can be considered as a time-independent system with disorder.

S7 Other extended data

In the section, we present more experimental and numerical data (Figs. S18 – S21).
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Figure S1: Measurement setup.
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A B

Figure S4: Decoherence characterization. A, Qubit coherence time T1 (energy relaxtion), TR
2

(Ramsey), and TE
2 (spin-echo) as a function of the qubit frequencies. The data is for Q11. B, Pure

dephasing rates ΓE
φ as a function of the slope of the qubit spectrum. We derive the 1/f flux-noise

amplitude
√
AΦ through the linear fit to the data.
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Time

Figure S7: Pulse sequence for evaluating assignment fidelities: All the qubits are Z-biased
at the operation frequency ωop for initialization for a long period (600 µs) to allow the system to
reach a steady state. Then, we apply the Z-pulses to shift all the qubits to their idle frequencies.
Subsequently, we perform the first measurement M0, apply qubit drives, and conduct the second
measurement M1, sequentially.
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Figure S8: Z-pulse distortion calibration. A, Pulse sequence to calibrate the long-time-scale
Z-pulse distortion. B, Pulse sequence to calibrate the short-time-scale Z-pulse distortion. C, Ac-
cumulated phase measured by the pulse sequence in A before and after the Z-pulse distortion
calibration.



Time

Figure S9: Pulse sequence to probe deep thermalization. All the qubits are initially aligned
to the operation point. Then, we turn on the Z-pulses, perform the readout M0 and prepare the
initial state. Subsequently, we turn off the Z-pulses, allowing the system to evolve at the operation
point for a duration of τ . Finally, the Z-pulses for all the qubits are turned on to freeze the system
evolution and perform the readout M1.



Q0 Q1 Q2 Q3 Q4 Q7 Q8 Q11 Q12 Q13 Q14 Q15

Qubit

0

50

100

150

200

0.0 0.2 0.4 0.6 0.8 1.0

Q0 Q1 Q2 Q3 Q4 Q7 Q8 Q11 Q12 Q13 Q14 Q15

Qubit

0

50

100

150

200

Ti
m

e
 (

n
s)

Ti
m

e
 (

n
s)

Ti
m

e
 (

n
s)

Ti
m

e
 (

n
s)

Q0 Q1 Q2 Q3 Q4 Q7 Q8 Q11 Q12 Q13 Q14 Q15

Qubit

0

50

100

150

200

Q0 Q1 Q2 Q3 Q4 Q7 Q8 Q11 Q12 Q13 Q14 Q15

Qubit

0

50

100

150

200

A B

C D

E FSimulation Simulation

Experiment Experiment

Population

Figure S10: Dynamics of particle and hole propagating along a 12-qubit loop. A, Q0 is
initially excited to the state ∣1⟩ while all other qubits are in state ∣0⟩, creating a localized particle
which propagates along the 12-qubit loop. B, All the qubits except Q0 are initially excited to the
state ∣1⟩, leaving Q0 in ∣0⟩ to form a ’hole’. C and D, Experimental results showing particle (C) and
hole (D) propagations under the initial conditions of A and B, respectively. E and F, Simulations of
the particle and hole propagations, respectively. The agreement between the experimental results
and the simulations demonstrates that the system can be accurately modeled by using an XY spin
model. Furthermore, it confirms the precise synchronization of the operations across the qubits.



Time

Figure S11: Pulse sequence for calibrating the relative phase. We rotate Qi and Qj to the XY
plane and set the initial phase of Qi as the reference. Then, we adjust the phase of Qj , turn off
the Z-pulse to let them resonantly couple for a time duration τ = π/4gij , where gij is the coupling
strength between Qi and Qj . At the end, we turn on the Z-pulse and perform the readout.
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Figure S12: Relative-phase calibration. A, Relative-phase offsets (rad) between the adjacent
qubits. B, Results of the experiments in Fig. S11. The position of the black arrow indicates the
relative-phase offset between Q3 and Q7
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Figure S13: Dynamical-phase calibration. A, Pulse sequence to calibrate the accumulated dy-
namical phase during the Z-pulse control. B, Expectation values ⟨X⟩ after calibration for each
qubit as a function of time τ .
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Figure S14: Single-shot readout. A, Time-integrated IQ signals of Q12 when all the sixteen qubits
are prepared in state ∣0⟩⊗16 and in state ∣1⟩⊗16. B, Histograms of the data from A, showing data
projected along the principal axis in the IQ plane. Dot-dashed lines represent Gaussian fits to the
signal distributions for ∣0⟩ and ∣1⟩.
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Figure S15: Simultaneous readout fidelities F00 and F11, of the 16 qubits in over five-day
continuous measurement.
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Figure S16: Benchmark of many-body information leakage. a, 1D mixed Ising model. b,
Interacting Rydberg-atom Hamiltonian. c, 1D XY model. d, 2D XY model. (Left panel) Dynamics
of S2 and ĒA, where we choose site j as subsystem A. The initial states are corresponding to ∣Ψ1⟩,
and γ = 0.002. The insets show the long-time evolution of ĒA, and the black dashed curves are fits
according to Eq. (S25). (Middle panel) Dynamics of ĒA for different initial states with site 5 as
subsystem A and γ = 0.002. (Right panel) Slopes of S2(t) and ĒA(t) in a versus the dissipation
rate γ.
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Figure S17: Benchmark of many-body information leakage due to 1/f noise in the 2D XY
model. a, Dynamics of S2 and ĒA under 1/f noise. We choose site j as subsystem A. The initial
states are corresponding to ∣Ψ1⟩, and

√
Aj = 0.03. The insets are the long-time evolution of ĒA,

and the black dashed curve is a linear fit. b, Dynamics of ĒA for different initial states with site
5 as subsystem A and

√
Aj = 0.03. c, Slopes of S2(t) and ĒA(t) in a versus the noise intensity√

Aj .
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Figure S18: Particle propagation. a, Evolution of the Particles in the 16-qubit system with a
half–filled initial state. b, Total-population evolution in a. c, Evolution of the particles in the 12-
qubit system with a half-filled initial state. d, Total-populatoin evolution in c.
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Figure S19: Distributions of purity for each state ρ̃A(zB). The purity of ρ̃A(zB) is defined as
Trρ̃2A(zB).
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Figure S20: Real parts of the density matrices ρ̂(k)A without post-selection. (A, B) Real parts
of ρ̂(1)A and ρ̂(2)A , respectively. The empty boxes indicate the corresponding ideal density matrices.
For a half-filling state in a 16-qubit system, the ratio p

D ∣n(zB)=7 is larger than p
D ∣n(zB)=6 =

p
D ∣n(zB)=8,

where n(zB) denotes the total number of excitations in subsystem B, D∣n(zB) is the Hilbert-space
dimension of subsystem B for a fixed excitation number n(zB), and p∣n(zB) is the probability of
measuring n(zB) excitations in subsystem B [p∣n(zB)=7 = 1/2, and p∣n(zB)=6 = p∣n(zB)=8) = 1/4].
Consequently, in the experiment, more bit-strings with n(zB) = 7 were observed, leading to smaller
measured probabilities for the ∣00⟩ and ∣11⟩ states of subsystem A compared with the ideal case.
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Figure S21: Scaling of ∆(k) for 2D XY model. (A, B) Dynamics of ∆(2) and ∆(3) for different
system sizes, respectively. (C, D) Saturated values of ∆(2) and ∆(3) versus the system size, re-
spectively. The black dashed lines are exponential fits: ∆(k) ∼ e−N . To eliminate possible effects
of symmetry, we introduce weak disorder and choose the initial states as random half-filling Fock
states. The Hamiltonian is given by Ĥ = ∑⟨i,j⟩ J(σ̂+i σ̂−j + h.c.) + ∑j hjσ̂

+
j σ̂
−
j , where the on-site

disorder hj is uniformly sampled from the range [0, J]. The sampling numbers are 160, 80, 40,
and 20 for system sizes: 4 × 2, 4 × 3, 4 × 4, and 4 × 5, respectively.



Movie S1.

Time evolution for the distributions of ρ̃A(zB) on the Bloch sphere.
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