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Device parameters. In Table S1, we present the characteristics of the quantum simulator with 16 out of the
20 qubits having XY-control lines. These 16 qubits are
labelled in Fig. 1.
Correction of XY crosstalk. The characterization of the
Z-crosstalk effect and its correction have been described
in Ref. (29), which are also the same as in this experiment. In addition, the XY-drive crosstalks between qubits must be corrected, as all qubits are driven by identical
microwave drives to quench the system. Different from
the Z-crosstalk effects, the characterization of the XYcrosstalk effects includes the phase calibration of the microwave drives. Figure S1 shows the calibration process
taking the measurement of the XY crosstalk effect of Q2
to Q1 as an example.
In Fig. S1a, to characterize the crosstalk amplitude,
Q1 is biased to the interacting frequency ωI /2π, while
Q2 ’s frequency is tuned to a nearby one, e.g., (ωI /2π −
0.08 GHz), and other qubits are decoupled from Q1 and
Q2 by tuning their resonant frequencies far away. We apply a strong flat-top-envelope microwave pulse with frequency ωI to Q2 ’s XY-control line, generating a crosstalk
excitation on Q1 . We then monitor the evolution of Q1 ’s
excitations for different resonant frequencies (ωI −δ1 ) of
Q1 (δ1 is a small deviation). By fitting the Rabi oscillation of the measured excited probabilities of Q1 , we can
obtain the crosstalk amplitude of Q2 to Q1 .
In Fig. S1b, we characterize the crosstalk phase of Q2
to Q1 , with the same frequency arrangement as that in
Fig. S1a. However, to cancel the crosstalk effect of Q2
to Q1 , a microwave pulse on Q1 ’s XY-control line, with
amplitude equal to the crosstalk amplitude of Q2 to Q1 ,
should also be added. In this process, we monitor the
evolution of Q1 ’s excitations for different phases of the
microwave pulses on Q2 ’s XY-control line, while fixing
the microwave phase of Q1 to zero. The excitations of
Q1 are almost completely inhibited during the whole evolution process at a specific phase, as can be seen from
Fig. S1b, showing that the phase difference of the microwave drives on the XY-control lines of Q1 and Q2 is
π.
Calibrations of other pairs of qubits are performed with
a similar method. After quantifying these crosstalk effects, we correct these issues in experiments by considering the case which only involves two qubits: Q1 and

Q2 . We bias these two qubits to ωI /2π and simultaneously apply resonant microwave pulses on their XY-control
lines with amplitudes AeiφA and BeiφB for Q1 and Q2 ,
respectively (other qubits are decoupled from Q1 and Q2
by tuning their resonant frequencies far away). Here φA
and φB represent the microwave phases of Q1 and Q2 ,
respectively. If no correction is made, the microwave amplitude and phase of each qubit can be represented as
[

iφA
AeiφA + a12 Bei(φ12 +φB )
Q1 ,Q2 Ae
[
],
i(φ21 +φB )
iφB ] = M̃xy
BeiφB
a21 Be
+ Be
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1
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]
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1

is the XY-crosstalk matrix measured with the technique
described above. On the contrary, if we set the mi′
crowave amplitudes and phases of the qubits to A′ eiφA
′
and B ′ eiφB in advance, the microwaves we apply to the
XY-control lines should be corrected as
′

Q1 ,Q2 −1
(M̃xy
) [

A′ eiφA
].
′
B ′ eiφB

We have performed experiments to verify the validity
of this XY-crosstalk correction, where we bias Q1 and Q2
to ωI to open the interaction and simultaneously apply
identical microwaves to these two qubits. The results are
displayed in Fig. S2, demonstrating the validity of this
correction. The same treatment can be easily extended to
the multi-qubit case.
Note that in the experiments we apply two kinds of microwave drives on the qubits. One establishes the transverse field with the same driving frequency ωI for all
qubits, and the other is the rotation pulse applied at each
qubit’s idle frequency. The XY-crosstalk correction is
only applied when we impose microwave drives on all
the qubits, to generate identical transverse fields. As for
the rotation pulses, the XY-crosstalk effects are negligible due to the large detuning between the idle points of
qubits.
Calibration of the transverse field. The term of the local transverse field hxj σjx for each Qj in Eq. (1) in the
main text is enabled by the resonant microwave drives
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TABLE S1. Quantum simulator characteristics. Here, ωj is the idle frequency of Qj , where single-qubit rotation pulses are
∗
applied. T1,j and T2,j
are the energy relaxation time and Ramsey dephasing time (Gaussian decay) of Qj , respectively, which are
measured at the interacting frequency ωI (= ωR + ∆); gj denotes the coupling strength between Qj and the resonator bus R; ωjr is
the resonant frequency of Qj ’s readout resonator; ωjm is the resonant frequency of Qj at the beginning of the measurement process,
when its readout resonator is pumped with microwave pulses. Finally, F0,j (F1,j ) is the probability of detecting Qj in the ∣0⟩ (∣1⟩)
state, when it is prepared in the ∣0⟩ (∣1⟩) state.

with calibrated magnitude and phase. To ensure the uniformity of the driving magnitude, we perform Rabi oscillation measurements on each stand-alone qubit Qj at the
interacting frequency ωI . The qubit exposed to the resonant microwave drive will experience an oscillation of its
excited-state probability, where the oscillation frequency
hxj /π can be adjusted by the driving amplitude. For the
phase calibration of the transverse field, when applying
microwave drives with a flat-top envelope to each Qj , we
actually obtain the form hxj (e−iφj σj+ + eiφj σj− ), where φj
is the microwave phase sensed by each Qj and may be different from each other, because of the length disparities
between each Qj ’s XY-control wires. The experiments
require the uniformity of φj , which can be achieved by
the following calibration process. Here, we consider two qubits (Q1 and Qj ), equally detuned from the resonator bus by ∆/2π ≃ −450 MHz and driven by resonant
microwaves through their own XY-control lines with the
driving phases of these two qubits set to 0 and φj , respectively. The two-qubit Hamiltonian can be written as
̵ =λ1j (σ − σ + + σ − σ + )
H1j /h
1 j
j 1
+ hx (σ1x + e−iφj σj+ + eiφj σj− ),
where λ1j is the coupling strength between Q1 and Qj ,
and hx represents the driving magnitude on the two qubits. In experiments, we start with the ground state and
monitor the evolution of the two-qubit system under the
above Hamiltonian for different values of φj . We selec-

t Q1 as the reference and adjust the φj of other qubits
to make them pairwise aligned with that of Q1 . Note
that when performing the phase check of Q1 and Qj at
the interacting point ωI , the frequencies of other qubits
are arranged in the vicinity (about 50 to 100 MHz away
from ωI ) to minimize the Z-crosstalk effect. The calibration sequence and experimental results for different
φj are displayed in Fig. S3. We note that the calibration
of the transverse field cannot ensure the ideal uniformity
of the microwave drives. Thus, we numerically consider a small inhomogeneity in the phases of the microwave
drives for the 16 qubits, and find that our numerical results show a better agreement with the experimental results if φj is drawn from a normal distribution with an
average value 0 and a standard deviation 0.08.
Phase calibration of the rotation pulse. As can be
seen from Fig. 1c, after the evolution under the quenched
Hamiltonian, we apply the rotation pulse on each qubit
before the joint readout to measure the physical quantities, including the average spin magnetizations ⟨σ x (t)⟩
and ⟨σ y (t)⟩. The rotation operation on each qubit is realized by a Gaussian-envelope microwave pulse with a
full width at half maximum of 20 ns, which has been
characterized by randomized benchmarking with a fidelity above 0.99 for both Xπ/2 and Yπ/2 rotation gates.
To mainly compensate for the dynamic phase caused
by frequency tuning through the sequence, the phase of
each rotation pulse needs to be corrected. The calibration

FIG. S1. Quantification of XY-crosstalk effects. a, Experimental sequence and results for measuring the XY-crosstalk
amplitude. After tuning Q1 to the interacting point ωI , we apply a strong microwave drive (hx2 /2π ≃15 MHz) on Q2 ’s microwave drive line with resonant frequency ωI . The strong drive
will generate a crosstalk Rabi oscillation on Q1 . We measure
the Rabi oscillations for different values of δ1 , among which the
one with the slowest Rabi oscillation characterizes the crosstalk
amplitude, as shown by the red vertical dashed line. b, Experimental sequence and results for the measurement of the XYcrosstalk phase. In our experiments, we add a microwave drive
on Q1 ’s XY-control line with an adjustable phase φ. The selection of φ can induce an enhancement or neutralization effect
(red dotted vertical line) on Q1 ’s Rabi oscillation, which can
help us identify the XY-crosstalk phase.

process is presented in Fig. S3c, taking Q1 as an example.
The calibrated qubit is biased to the interacting frequency
ωI with a rectangular pulse, while the frequencies of other qubits are arranged in the vicinity, to minimize the Zcrosstalk effect. Almost simultaneously, Q1 is driven by
a flat-top-envelope microwave pulse with frequency ωI .
Then, we bias Q1 back to its idle frequency and apply
a π/2-rotation pulse before the readout. We record the
probabilities of Q1 ’s excited state during this dynamics
for different phases φ of the rotation pulse. The results are displayed in Fig. S3d, where the phase offset used
for the correction is highlighted by the red dotted vertical
line.

Numerical simulation on the effects of disordered couplings. As shown in Fig. 1B of the main text and
Fig. S4a, although the experimental device can successfully simulate the LMG model, there still exists a disorder
in the qubit-qubit couplings. To study the effects of the
disordered couplings on the signatures of the DPT, we

FIG. S2. Experimental test of the XY-crosstalk correction.
a, The experimental sequence. We tune two qubits on resonance
at ωI , while other qubits are arranged in the vicinity, and apply
resonant microwave drives (hx /2π ≃5 MHz for each qubit) on
these two qubits’ XY-control lines with a controllable phase difference of φ. b, The measured probabilities P11 of the ∣11⟩state, versus t and φ, in cases with and without applying the
XY-crosstalk correction, compared with the numerical results.
When no XY-crosstalk correction is made, the measured oscillation periods of P11 for different φ values show an obvious
inconsistency, indicating an enhancement (black dotted vertical
line) or neutralization (red dotted vertical line) effects induced
by the XY crosstalk. After applying the XY-crosstalk correction, the experimental results are in good agreement with the
numerical results.

numerically study the Hamiltonian
16

16

i<j

j=1

̵ = ∑(λ + δλij )(σ + σ − + σ − σ + ) + hx ∑ σ x , (S3)
H/h
i j
i j
j
where λ is the mean value of the qubit-qubit couplings
with λ/2π ≃ 1.43 MHz, and δλij follows a uniform distribution [−W, W ]. The time-averaged magnetization ⟨σ z ⟩
and the time-averaged correlation Czz versus the transverse field with different disorder strengths W are depicted in Fig. S4b and S4c, respectively. The behaviors
of ⟨σ z ⟩ and Czz of the ideal LMG model and our device
are compared, which indicate that our device can be effectively described by Eq. (S3) using a disorder strength
W /2π ≃ 0.7 MHz. Furthermore, we demonstrate that the

FIG. S3. Phase alignment of the transverse field and the rotation pulse. a, Experimental sequence. Two qubits (Q1 and Q2 )
are detuned from the resonator bus R by the same amount ∆/2π ≃ −450 MHz, while other qubits are arranged in the vicinity of
this point to minimize Z-crosstalk effects. We then apply resonant microwave drives on these two qubits with the same magnitude
(hx /2π ≃ 2 MHz) but a phase difference of φ and monitor the dynamics from 40 ns to 120 ns by recording the probabilities of
Q1 and Q2 , denoted as P1Q1 and P1Q2 . b, 2D graph of δP ≡ P1Q2 − P1Q1 as a function of t and φ (top) and the time-averaged
δP (bottom). We fit this curve with a sine function to extract the phase offset (red dotted vertical line), which will be added to
the microwave drive of Q2 to ensure the phase alignment between these two qubits. c, Experimental sequence taking Q1 as an
example. The qubit Q1 is detuned from the resonator bus R by about ∆/2π ≃ −450 MHz, while other qubits are arranged in the
vicinity of this point to minimize Z-crosstalk effects. Simultaneously, we apply on Q1 resonant microwave drives with a magnitude
of hx /2π ≃ 5 MHz, after which we quickly bias Q1 to its idle point and apply a rotation pulse with a specific phase φ before the
readout. d, 2D graph of the measured excited probabilities P1 as a function of t and φ. The phase offset pointed by the red dotted
vertical line should be added to Q1 ’s rotation pulse to align the phases.

disordered qubit-qubit couplings do not drastically influence the signatures of the DPTs. In details, the finite and
zero values of ⟨σ z ⟩ in the DFP and DPP, respectively, as
well as the local minimum of Czz can all be observed
in the ideal LMG model, our quantum simulator, and the
Hamiltonian in Eq. (S3) with a relatively small strength
of disorder W /2π ≤ 1 MHz.

and

Measurement of the spin-squeezing parameter. The
calculation of the spin-squeezing parameter ξ 2 consists
of the following steps. The first step is to calculate the
⃗ 0 = (sin θ cos φ, sin θ sin φ, cos θ),
mean-spin direction n
where

⃗ 2 = ⟨S x ⟩2 + ⟨S y ⟩2 + ⟨S z ⟩2 .
with ∣S∣
The second step is to obtain the expression of Sn⃗ ⊥ and
to minimize its variance. We can obtain two or⃗ 1 = (− sin φ, cos φ, 0) and n
⃗2 =
thogonal bases, n
⃗0.
(cos θ cos φ, cos θ sin φ, − sin θ), perpendicular to n
⃗
⃗ ⊥ , with n
⃗⊥ =
Then, Sn⃗ ⊥ can be represented as S ⋅ n
⃗ 1 cos ϑ + n
⃗ 2 sin ϑ, and ϑ ∈ [0, 2π]. The minimum in
n
Eq. (2) of the main text is actually equivalent to the optimization of ϑ. It turns out that the optimum procedure
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Sz
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⃗
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⎧
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⎪
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FIG. S4. Coupling matrix and the effects of disordered couplings on the DPT. a, The matrix presenting the qubit-qubit coupling
strengths. b, The numerical results of the time-averaged magnetization ⟨σ z ⟩ as a function of the transverse field for the LMG model,
our quantum simulator with coupling strengths shown in a, and the Hamiltonian in Eq. (S3) with different disorder strengths W . c
is similar to b but shows the results of the averaged spin correlation Czz .

finally gives an elegant formula
ξ2 =

2
[⟨(S n⃗ 1 )2 + (S n⃗ 2 )2 ⟩
N√
(S4)
− ⟨(S n⃗ 1 )2 − (S n⃗ 2 )2 ⟩2 + ⟨{S n⃗ 1 , S n⃗ 2 }⟩2 ],

with {S n⃗ 1 , S n⃗ 2 } = S n⃗ 1 S n⃗ 2 + S n⃗ 2 S n⃗ 1 .
We measure ⟨(S n⃗ 1 )2 ⟩ and ⟨(S n⃗ 2 )2 ⟩ by applying
⃗ 1 (⃗
single-qubit rotations to move the n
n2 ) axis in
the Bloch sphere to the z-axis before readout. For
⟨{S n⃗ 1 , S n⃗ 2 }⟩, it boils down to the measurement of two-

spin correlators
1
⟨{S n⃗ 1 , S n⃗ 2 }⟩ = (∑⟨σin⃗1 σjn⃗2 ⟩ + ∑⟨σin⃗2 σjn⃗1 ⟩).
4 i≠j
i≠j
To characterize the two spin correlators for all combinations (16 × 15 × 2), we adopt the following methods: First, we divide the 16 qubits into 2 groups randomly,
e.g., G11 ={Q1 –Q8 } and G12 ={Q9 –Q16 }. Next, we apply
⃗ 1 -axis to
rotation pulses on the qubits in G11 to bring the n
the z-axis, and simultaneously apply other rotation puls⃗ 2 -axis to the z-axis, after
es on qubits in G12 to bring the n

MHz
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FIG. S5. Numerical calculation of the dynamics of the spinsqueezing parameter. The dashed curves are the strict results
according to Eq. (S4), while the points are calculated with the
method described above. To estimate the error bar, we repeat
the calculation 5 times for different values of t and hx . For each
time, we randomly select 5 groups of {Gi1 , Gi2 } and average the
results.

which the 16-qubit joint readout is executed, yielding the
probabilities P ={P00...0 , P00...1 , ..., P11...1 }. Finally, by
zz(G11 ,G12 )

16

calculating ∑2j=1 Pj Sj,j
as
1

1

1

, with S zz(G1 ,G2 ) written

1

S zz(G1 ,G2 ) = ∑ σiz ∑ σjz ,
i∈G11

j∈G12

we obtain the summation of two-spin correlators for 8 ×
8 = 64 combinations (Q1 –Q9 , Q1 –Q10 , ..., Q1 –Q16 , Q2 –
Q9 , ..., Q8 –Q16 ), i.e.,
Pn11 n2 (G11 , G12 ) =

∑

⟨σin⃗ 1 σjn⃗ 2 ⟩.

i∈G11 ,j∈G12

Moreover, by exchanging the rotation pulses applied to
qubits in these two groups, we can obtain
Pn12 n1 (G11 , G12 ) =

∑

⟨σin⃗ 2 σjn⃗ 1 ⟩.

i∈G11 ,j∈G12

After repeating this process 5 times, where 16 qubits are
divided into two different groups of equal size, we can
approach ⟨{S n⃗ 1 , S n⃗ 2 }⟩ by averaging the overall results
16 × 15 5
i
(Gi , Gi ) + Pni 2 n1 (Gi1 , Gi2 )].
∑[P
64 × 5 i=1 n1 n2 1 2
This method has been verified by numerical simulations that possess a very high precision, as illustrated in
Fig. S5.
Finite-size effect of the Loschmidt echo in the LMG
model. The results in the main text are in good agreement with the theoretical predictions based on the LMG

FIG. S6. Numerical results of the Loschmidt echo in the
LMG model. a, The value of the first minimum of the
(1)
Loschmidt echo Lmin scales with the system’s size N . b, The
(1)
value of Lmin as a function of g for N = 16.

model. It has been shown that the Loschmidt echo cannot be strictly equal to 0 in a finite-size LMG model (28).
In Fig. S6a, we present the first minimum value of the
(1)
Loschmidt echo Lmin as a function of the LMG model’s
size N with J = 1 and different g, showing a perimeter
(1)
(1)
law Lmin ∼ exp(−αN ), with α > 0. Although Lmin → 0
as N → ∞ for arbitrary g > 0, we can still observe a
(1)
drastic difference of Lmin in the two phases (Fig. S6b),
(1)
i.e., Lmin ≃ 0 in the DPP, while it has finite value in the
DFP.
Loschmidt echo, rate function, and anomalous dynamical phase: Numerical results and possible signatures. Before discussing the numerical and experimental
results, we briefly review several important concepts and
the conclusions in previous works.
We first introduce the concept of the DPT characterized via the non-equilibrium order parameter (710,24,25). The Z2 global symmetry plays a key role in
the DPT. In the dynamical paramagnetic phase (DPP), as
hx > hxc , the symmetry is restored, and the value of order
parameter is equal to zero. In the dynamical ferromagnetic phase (DFP), as hx < hxc , the symmetry is broken, and
the order parameter has a finite value. Therefore, based
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FIG. S7. Numerical and experimental data for the long-time behaviors of the Loschmidt echo and the rate function. a, The
time evolution of the Loschmidt echo for hx /2π ≃ 1 MHz. b, The time evolution of the Loschmidt echo for hx /2π ≃ 5 MHz. c,
The time evolution of Loschmidt echo for hx /2π ≃ 8 MHz. d, The rate function of the Loschmidt echo in a. e, The rate function
of the Loschmidt echo in b. f, The rate function of the Loschmidt echo in c. g, The numerically simulated value of the minimum
(glob.)
Loschmidt echo for different finial times tf as a function of hx . h, The experimentally measured value of Lmin as a function of
(glob.)
x
h , with Lmin being the minimum value of the Loschmidt echo during its time evolution with a final time of around 600 ns. The
solid curves in a–f are numerical results obtained using the real parameters of the superconducting quantum simulator.

on the Z2 global symmetry, the non-equilibrium order parameter has a finite (zero) value in the DFP (DPP).
A different concept of DPTs is the non-equilibrium
phase transition associated with the real-time dynamics of the Loschmidt echo (7,9,11,24,25). This is characterized by the occurrence of the non-analyticity of
the rate function of the Loschmidt echo, defined as
r(t) ≡ −(1/N ) ln L(t), during the time evolution, where
the Loschmidt echo is L(t) ≡ ∣⟨ψ(0)∣eiHt ∣ψ(0)⟩∣2 =
∣⟨ψ(0)∣ψ(t)⟩∣2 .
Then, we review the results in Refs. (7,9,24,25) on the
relation between these two concepts of dynamical criticality, characterized via the non-equilibrium order parameter and Loschmidt echo, respectively. In Ref. (7),
the numerical results of the Ising chain with power-law
decaying interactions, characterized by a decay rate α,
show that when α = 1.8, the non-analytical point of the
Loschmidt echo rate function r(t) appears in the DPP,
while it is absent in the DFP, merging these two concepts

of dynamical criticality. In Ref. (9), these two concepts
of dynamical criticality are studied in the LMG model,
revealing that during the dynamics, the non-analyticity
of the rate function occurs after (before) its first minimum point in the DFP (DPP). Different from the results
in Ref. (7), the non-analytical cusps of the Loschmidt echo rate function in the LMG model can also be observed
even though the system is in the DFP, which refers to the
anomalous dynamical phase. Recently, from the perspective of Lee-Yang-Fisher zeros (24), the existence of the
anomalous dynamical phase is also verified using an infinite matrix-product-state technique (25). Moreover, it
has been revealed that the anomalous dynamical phase
can be observed in long-range spin systems and is absent in models with short-range interactions or long-range
fermionic systems (38).
To study the dynamical criticality characterized by
the Loschmidt echo, it is essential to observe the nonanalytical behavior of the rate function r(t). In Fig. S7a–

magnetization

magnetization

c

0

-1
0

0.5

(MHz)

1.5

2

(MHz)

MHz
MHz
MHz

Time-averaged
correlations

1

magnetization

1

d

1

0.9

0.8

0.8

0.6

0.7

0.4

0.6

0

0.5

1

1.5

2

0.5
0.4

0.3
(MHz)

FIG. S8. Experimental data for the quantum simulator with different values of the detuning ∆ and the qubit number N . a,
The order parameter ⟨σ z ⟩ as a function of the field strength hx . The theoretically predicted critical points for ∆/2π ≃ −450 MHz,
−500 MHz and −550 MHz are hxc /2π ∼ 5.7 MHz, 5.0 MHz, and 4.4 MHz, respectively, as highlighted by the dashed vertical
lines. b, The same data in a but with hx normalized by its critical value hxc . c, The order parameter ⟨σ z ⟩ and d, the time-averaged
correlation as a function of the field strength hx for different qubit numbers N = 8, 12 and 16, with a detuning ∆/2π ≃ −450 MHz.
The theoretically predicted critical points for N = 8, 12 and 16 are hxc /2π ∼ 3.0 MHz, 4.4 MHz, and 5.7 MHz, respectively, as
highlighted by the dashed vertical lines. The inset figures show the same data with hx normalized by the critical values hxc . The
8-qubit system consists of Q1 , Q3 , Q6 , Q8 , Q9 , Q11 , Q14 , and Q16 as shown in Fig. 1 of the main text. The 12-qubits system
consists of Q1 , Q2 , Q3 , Q4 , Q5 , Q6 , Q7 , Q8 , Q9 , Q11 , Q14 , and Q16 .

f, we present the numerical results of the Loschmidt echo and the rate function with different transverse field
strengths hx . For hx /2π ≃ 1 MHz (Fig. S7a,d) and
hx /2π ≃ 5 MHz (Fig. S7b,e), the system is in the DFP. For hx /2π ≃ 8 MHz (Fig. S7c,f), the system is in the
DPP, according to the critical point hxc /2π ≃ 5.7 MHz.
The non-analytical point of r(t) can be observed in both
the DFP (Fig. S7e) and the DPP (Fig. S7f). However,
in the DFP, before the first minimum point of r(t), the
non-analytical behavior of r(t) is absent, while there is
an obvious non-analyticity of r(t) before its first minimum point in the DPP. As discussed in Ref. (9), the nonanalyticities of r(t) in Fig. S7e and S7f are denoted as the
anomalous and regular dynamical phases, respectively.
By comparing the results in Fig. S7a–c and S7d–f,
it is indicated that whether the maximum point of the
rate function is non-analytical depends on how the val-

ue of Loschmidt echo at the minimum point is close to
0. Therefore, we focus on the minimum point of the
Loschmidt echo. In addition, since the difference between the above-mentioned regular and anomalous dynamical phases focus on the behavior of r(t) before its
first minimum, we can diagnose the regular dynamical
(1)
phase via the first minimum of the Loschmidt echo Lmin .
As shown in Fig. S7b and S7e, although the first maximum of r(t) is analytical, the non-analyticity can occur at a longer time. The corresponding behavior of the
(1)
Loschmidt echo L(t) is that Lmin is obviously non-zero
at an early time, and L(t) can be observed to be close to
zero for a longer time. Therefore, an indirect evidence
of the anomalous dynamical phase can be obtained by
studying the long-time evolution of L(t). In Fig. S7g,
we present the numerical results of the minimum L(t),
Lglob.
min ≡ mint∈[0,tf ] L(t), with tf being the final time of

FIG. S9. Dynamics of the quasidistribution Q-function. The quasidistributions Qexp (θ, φ) at different time intervals, for
hx /2π =2 MHz (up) and 6 MHz (down), respectively.

the time evolution, as a function of the transverse field
strength. For a given tf , there exists a region of the transverse field strength hx ∈ [hxd , +∞), where L(glob.)
≃ 0
min
is satisfied. With increasing tf , the lower bound of the
region hxd becomes smaller, indicating the occurrence
of the zeros of the Loschmidt echo (the non-analyticity
of the rate function) for a longer time in the DFP. In
Fig. S7, we present the experimental data of the global minimum value L(glob.)
min. with tf = 600 ns, compared
(1)
(1)
with the Lmin . From the behavior of Lmin , it is seen that
the zeros of the Loschmidt echo occur in the DPP, i.e.,
hx /2π ∈ [5.7, +∞) MHz, while the behavior of L(glob.)
min.
shows the occurrence of the zeros of Loschmidt in the
DFP, i.e., hx /2π ∈ [3, +∞) MHz. In addition, we numerically calculate L(glob.)
with tf = 2000 ns, giving a broadmin
er region where the zeros of L(t) occurs (see Fig. S7g).
It can be deduced that in the full DFP (0 < hx < hxc ),
L(glob.)
→ 0 for an infinite final time tf → ∞.
min

In our experiments, the time interval of the measurements is 4 ns, which is not small enough to directly observe the non-analyticity of the rate function. We employ
a time interval of 1 ns for the numerical simulations in
Fig. S7a-f. The observation of non-analytical points of
r(t) could be a further experiment, where the time resolution needs to be improved.
Additional experimental data. In Fig. S8a and S8b, we
plot the experimentally measured non-equilibrium order
parameter as a function of the transverse field magnitude for different values of the detuning ∆ with N = 16
qubits. We also plot the experimentally measured nonequilibrium order parameter (Fig. S8c) and the two-site
correlation (Fig. S8d) as a function of the transverse field
magnitude for different qubit numbers N with a detuning
∆/2π ≃ −450 MHz. In Fig. S9, we displayed the evolution of the experimental quasidistribution Q-function for
two different transverse field magnitudes.
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