2108.02395v1 [quant-ph] 5 Aug 2021

arXiv

Experimental simulation of open quantum system dynamics via Trotterization
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Digital quantum simulators provide a diversified tool for solving the evolution of quantum systems with
complicated Hamiltonians and hold great potential for a wide range of applications. Although much attention
is paid to the unitary evolution of closed quantum systems, dissipation and noise are vital in understanding the
dynamics of practical quantum systems. In this work, we experimentally demonstrate a digital simulation of an
open quantum system in a controllable Markovian environment with the assistance of a single ancillary qubit.
By Trotterizing the quantum Liouvillians, the continuous evolution of an open quantum system is effectively
realized, and its application in error mitigation is demonstrated by adjusting the simulated noise intensities.
High-order Trotter for open quantum dynamics is also experimentally investigated and shows higher accuracy.
Our results represent a significant step towards hardware-efficient simulation of open quantum systems and error
mitigation in quantum algorithms in noisy intermediate-scale quantum systems.

Quantum computers and quantum simulators attract great
attentions for their unprecedented capability in information
processing tasks, such as executing quantum algorithms for
universal computation [1, 2] and solving dynamics of many-
body quantum systems [3, 4]. Over the past two decades, great
efforts have been dedicated to building quantum machines for
implementing these tasks [5, 6], and exciting progress has
been achieved. Recently, quantum processors composed of
a few dozens of qubits have been realized, and the demon-
stration of “quantum supremacy” [7] proves the advantage of
quantum computing.

However, quantum information is vulnerable to the noisy
environment. The behavior of practical quantum systems
deviates from the ideal model and their evolution follows
non-unitary quantum dynamics [8, 9]. Therefore, applica-
tions of noisy intermediate-scale quantum (NISQ) [10] de-
vices are limited. Quantum error correction techniques and
fault-tolerant quantum architectures have been proposed to
overcome this obstacle [11-14]. However, they demand quan-
tum hardware with high performance and consume a great
amount of quantum resources, making them impractical with
current technologies. Instead of eliminating noise, one can
also synthesize noise to explore the potential of NISQ de-
vices. For example, error mitigation (EM) has recently been
proposed as a promising approach to improve the accuracy
of quantum information processing by varying noise inten-
sity and extrapolating the results from a collection of experi-
ments [15-17]. Furthermore, quantum noise also plays a sig-
nificant role for the simulation of the non-equilibrium phase
transitions [18], driven-dissipative phase transitions [19, 20],
and non-Hermitian topological phenomena [21] that appear in
quantum many-body systems. Therefore, the ability to sim-
ulate an environment with controllable noise intensity is of
fundamental importance.

In this work, we propose and demonstrate a digital simula-
tion of the continuous evolution of an open quantum system
based on a Trotterization approach in a superconducting cir-
cuit. The Trotterization of the open quantum system dynam-
ics is implemented repetitively by resetting and coupling an
ancilla qubit to the data quantum system. We realize precise
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FIG. 1: (a) The schematic of open quantum system evolution with
a controllable environment. (b) The Trotter scheme for simulating
open quantum system dynamics, which consists of non-unitary jump
operators Ly and coherent unitary evolution due to Hamiltonian H;.
The jump operators can be realized efficiently by a unitary gate on
the combined system of the data quantum system and an ancillary
qubit followed by resetting the ancillary qubit.

intensity adjustments for different types of noise and present a
proof-of-principle EM demonstration for estimating the zero-
noise dephasing rate of the data system. Additionally, a 2nd-
order Trotterization is applied to the system and shown to
have higher precision. The approach to simulating open quan-
tum system dynamics demonstrated in this work would help
to understand and control quantum noise [22], realize univer-
sal digital quantum simulators [23], and pave the way towards
practical NISQ technologies [10].

The quantum dynamics of an open system [Fig. 1(a)] can
be described by the master equation [24, 25], which can be
written most generally in the Lindblad form [26] as dp /dt =
Y £i(p)+Xi-Zi(p), where p denotes the density operator of
the system, the coherent Liouvillian £;(p) = —i[H}, p] repre-
sents the evolution due to the j-th Hamiltonian component H;,
and the incoherent Liouvillian % (p) = 2Ly pLz — {L;Lk, p}
describes the quantum jump evolution due to the k-th jump
operator L. Thus, the evolution of the open system can be
described as p () = i £t p (0).
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(a) Experimental sequence for simulating the continuous evolution of an open quantum system by repetitively implementing

dephasing, damping and rotating Liouvillians. The detailed schemes for realizing these Liouvillians with the assistance of an ancillary qubit
are shown in the dashed boxes. (b)-(d) Experimentally extracted results of energy relaxation time 77 (blue), phase relaxation time (Ramsey
time) 7, (red), and Rabi oscillation rate Q (green) for varying control parameters 6;, 6,, and Q of the Trotterized Liouvillians. For all
experiments, the Trotter step number N = 13 and, except for the variable, the other two parameters are fixed: 6, = 20°, 83 = 51.4° for (b);

8, = 20°, 8; = 38.6° for (c); 6; = 20°, 6, = 20° for (d).

For the unitary evolution of a closed quantum system, the
implementation of the Hamiltonian H = } H; could be ap-
proximated by the Trotter approach, i.e. the target unitary
evolution with a duration ¢ is discretized into N steps and each
step is decomposed into unitary gates ei'/N that are imple-

, N
mented alternatively [23, 27, 28]: limy_e (H j eHjt/N ) —

¢'H'Such a digital approach has been widely adopted in quan-
tum simulations with complicated Hamiltonians both exper-
imentally and theoretically [29-32]. The generalization of
Trotterization to the open quantum system shares the same
spirit as that for a closed system
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It is worth noting that there are different choices in the or-
dering of Liouvillian superoperators and some (such as the
2nd-order Trotterization demonstrated in the following) might
have a better precision for finite N. The deviation of the dis-
cretized temporal evolution from the target quantum evolution

can be suppressed to & {(t /N )'"H} for the m-th order Trotter-

ization (see Ref. [33]). Each Trotter step consists of an in-
coherent elementary process eZitIN corresponding to a quan-
tum channel [8, 38] that realizes a linear completely-positive
trace-preserving mapping, and a coherent elementary process
et/N that is a unitary gate. Therefore, this scheme of dig-
ital quantum simulation of open quantum systems could be
carried out by experimentally implementing elementary chan-
nels on the data quantum system, which can be efficiently im-
plemented by discarding the ancilla as the environment after
a unitary gate on the composite ancilla-data quantum system
(Fig. 1b).

We verify the proposed Trotterization approach in a cir-
cuit quantum electrodynamics architecture [39-45]: the first
two Fock states |0) and |1) of a microwave cavity consti-
tute the data qubit undergoing open system evolutions; a dis-
persively coupled transmon qubit serves as the ancilla qubit.
The device parameters can be found in Ref. [33]. Figure 2(a)
shows the experimental sequence for simulating the continu-
ous evolution of the data qubit in an environment with control-
lable noise intensity. We mimic the dephasing (jump operator
L= @ 0;) and the damping (L = /%, 0_) environment for the
data qubit under continuous on-resonance drive, with the cor-
responding channels being realized with measurement-based
adaptive control [38]. Here, 71 and 7» are the jumping rates.
We first initialize the data qubit into a specific state p;, and
the ancilla to the ground state |g), then repetitively implement
dephasing, damping, and rotating channels alternatively for N
times, and finally measure the output state of the data qubit
by mapping its information to the ancilla through a decoding
unitary, followed by the ancilla measurement [33].

When repeating the quantum circuits [Fig. 2(a)] with a
period of 79 = 3.56 us, the equivalent environment noise
strength can be tuned by the dephasing parameter 0;, corre-
sponding to a dephasing rate y; = —In([2cos?(8; /2) — 1]) /7o,
and the damping parameter 6, corresponding to a damping
rate 75 = —In(cos?6,)/7. Then, the resulting coherence
times of the data qubit are 1/7; = —In(cos?8,) /79 +1/T;° and
1/T> = —1In([2cos*(61/2) — 1]) /70 — In(cos6;) /279 + 1/ T5°.
Here, Tl0 and T20 are the intrinsic coherent times of the data
qubit. The on-resonance drive is implemented by the rotating
gate X (6s), which is equivalent to a Rabi rate Q = 03 /360°1,
on the data qubit. In order to evaluate the simulation on
the open quantum system dynamics, we initialize p;, into
10, (10) +[1)) /v2, (|0) +i[1)) /v2, and |1) separately, and
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FIG. 3: (a) Experimentally extracted 77 (blue) and 7, (red) with
varying 6, while keeping 0; = 20° in the Trotter scheme with re-
peated dephasing and damping channels only (the inset). Dots are
derived results from experimental data, dashed lines are theoretically
expected results from an ideal model, and solid lines are numeri-
cal results including gate errors. (b) and (¢) Experimental evolution
curves to give the results in (a). P(1) and P(+) are the populations
of the excited state and |+) = (|0) +|1))/+/2 state of the data qubit,
respectively. The dots are experimental data and dash lines are fitted
curves. The colors from red to dark red correspond to 6, varying
from O to 70 degrees, respectively. (d) Estimation of dephasing time
Ty by EM. The red points are the measured 75 [first two data points
in (a)] and the green line shows the first-order Richardson extrapola-
tion based on these two points. The red hollow circle with error bar
is the calculated T from the first pair of 77 and 75 in (a) through
1/Ty = 1/T; — 1/2T;. Inset: error mitigation (EM) with Richardson
extrapolations.

measure the corresponding evolution curves of these states
on the bases of the Pauli operators oy, 0y, and o,. Then,
by a global fitting of the twelve evolution curves, we obtain
all experimental 71, 7>, and Q, and compare them with the
theoretical expectations.

Figures 2(b)-(d) illustrate the experimental results for the
data qubit with simulated dephasing, damping and rotation
channels; all acting simultaneously. We separately fix two pa-
rameters and regulate the third one to verify the effectiveness,
controllability, and flexibility of each adjustment. The experi-
mental results are fairly consistent with the expected ones in-
cluding the gate errors (solid lines), but with discrepancies at
large 0;>. These deviations mainly come from two aspects:
the high-order effects of Trotterization become significant for
large 6, > and the fitting errors become larger when the system
has a faster decoherence rate for larger 6; >. This experiment

confirms the effective simulation of a Markovian environment
for an open system evolution, and such an approach not only
enables the simulation of arbitrary noise, but also allows for a
wide range of tunable noise intensity.

The tunability of the environmental noise intensity allows
the precise control of open quantum system dynamics, and
thus provides a valuable tool to extrapolate the behavior of
a quantum system with no presence of the inevitable noise
through the so-called EM method [15-17]. As a proof-of-
concept experiment, we find the dephasing time 7} in the Trot-
ter scheme with repeated dephasing and damping channels
only [Fig. 3(a) inset]. In this experiment, the extra dephas-
ing rate from the dephasing channel is fixed with 6; = 20°
while the damping rate in the damping channel through 6, is
varying. The measured 77 and 7, (Ramsey time) as a func-
tion of 8, are shown in Fig. 3(a). Based on the first two data
points of T3, we can derive Ty = T, for T} — o by the 1st-
order Richardson extrapolations (see Ref. [33]), as shown in
Fig. 3(d). The resulting Ty from this 1st-order extrapolation,
as well as the higher-order ones based on more T," points,
agrees well with the expected value [Fig. 3(d) inset]. This
demonstration nevertheless shows the potential of EM in more
complicated simulations of a quantum system coupled to an
environment with digitized and tunable noise intensity.

As observed in our experiments, the errors of Trotterization
appear larger for larger 0, » due to the finite Trotter step size
7. In principle, the error could be suppressed by reducing Ty.
However, the imperfection of the ancilla imposes a restriction
of 7y (see Ref. [33]), and the finite gate time is also an intrinsic
limitation. Therefore, we propose and demonstrate the higher-
order Trotter scheme for the open quantum system simulation
to achieve a better precision. The higher-order Trotter scheme
is constructed from the generalized Trotter scheme mentioned
above by symmetrization [46], as illustrated in Fig. 4(a). For
general Liouvillians IL; (j € {1,..,m}) that include all coher-
ent and incoherent components, it can be proved that [33,47]

e):;”:l ]LjAt _ H‘};l:1e]LjAt/2H}:me]LjAl/2 + V74 (At3) (2)

for the 2nd-order Trotter formula with a precision of &'(At?),
in comparison to

m

oLi=1 LjA _ HT:1€H‘-’N +0 (M%) (€)]

for the 1st-order Trotter.

Different permutations of the Liouvillians {IL; } in the Trot-
terization can have different accuracies. This is straightfor-
ward to understand for the case with dephasing (Zpn), damp-
ing (Lyamp), and rotating (£r) channels [Fig. 2(a)], because
LR is not commutative to either Lyp, or Lyamp. As N is fi-
nite in the practical experiment, the incommutability between
channels leads to the differences in the simulation accuracy
for different channel permutations.

To quantify the precision of the quantum dynamics simu-

Zxﬁj(xj —x9)2/\/]v,

where x € {(0y),(0y),(0.)} are the expectation values, j =

lation, we define the accuracy as ./ =
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FIG. 4: (a) Sequences of the 1st- and the 2nd-order Trotters for
simulating open quantum dynamics. (b) Numerical investigation
of the accuracy «7 for six different operation permutations. We
have different colors to denote different permutations of dephas-
ing (ZLgpn), damping (Lyamp) and rotation (£R) in the form of
A—-B—-C: blue, zdph - gdamp - SR and fdamp - gdph - ,SR;
green, Lyamp — LR — Laphs cyan, Lgph — LR — Lgamp; Mmagenta,
LR — Liaph — Ldamp and LR — Lyamp — ZLaph. Hollow and solid dots
represent the 1st- and the 2nd-order Trotters, respectively, in (b-e).
(¢) Numerically simulated evolutions of oy (blue) and o; (red) with
6, =20°, 6, = 30° and 03 = 25.7°. The solid lines are the tar-
get evolution curves based on the master equation. (d) Experimental
accuracy </ for the 1st-order Trotter (blue hollow dots, dashed line)
with permutation Lypp — ZLgamp — £r and the 2nd-order Trotter (ma-
genta solid dots, dashed line) with permutation £r — Zgph — Lgamp»
respectively. The solid lines correspond to the accuracy when gate
and measurement errors are considered in the target evolution as the
reference. (e) Measured evolution curves of oy (blue) and o, (red)
with 6, = 20°, 6, = 30°, and 63 = 25.7°. The solid lines are the
same target evolution curves as in (c).

1,2,...,N denotes the step of the evolution, and x? are the ex-
pectations of the target evolution.

We first numerically simulate the system evolutions as
a function of 6, for different permutations of Liouvillians
(Zaph» ZLdamp»> and £r) based on the Trotter scheme also with
the intrinsic coherence times of the data qubit, and calculate
their accuracies. For an initial state p;;, = |1) (1], the results are
summarized in Fig. 4(b). Different permutations indeed have
different accuracies and the commutative relation leads to the
coincidence between the sequences Zypn — Lgamp — £r and
Ldamp — ZLaph — £r, as well as between £r — Liph — Liamp
and £r — Liamp — ZLaph. More importantly, we find that the
2nd-order Trotter outperforms the 1st-order Trotter for all pos-
sible sequences and confirm the validity of high-order Trotter-

ization in simulating open quantum dynamics.

In Fig. 4(c), numerically simulated temporal evolution
curves for o, and o; of the data qubit are provided with
6, = 20°, 6, = 30°, and 03 = 25.7°. The 2nd-order Trotter
shows better consistence with the target evolution (solid lines)
than the 1st-order Trotter. It is worth noting that the total num-
ber of Trotter steps is fixed when comparing the 1st- and the
2nd-order Trotters [as indicated in Fig. 4(a)], and the results
unambiguously reveal the advantage of the higher-order Trot-
terization in terms of the higher accuracy by re-ordering.

We then perform more realistic numerical simulations of
&/ based on QuTip [48, 49] with the experimental pulses and
the intrinsic coherence times of the data qubit (see Ref. [33]),
and obtain the optimal permutations for the 1st-order Trotter
(Zaph — Ldamp — £r) and the 2nd-order Trotter (£r — ZLyph —
Zdamp), respectively. Figure 4(d) shows the corresponding
experimental results of the accuracies as a function of 6.
Clearly, the 2nd-order Trotter always has a significant higher
accuracy, especially when 6, is large. By taking into account
the gate and measurement errors, which modify the effective
coherence times in the master equation for the target evolu-
tion, the variation tendencies of the adjusted accuracies (solid
lines) are also consistent with the numerical simulations in
Fig. 4(b). Figure 4(e) shows the experimentally measured
evolutions of the system under the simulated open quantum
dynamics, in which the 2nd-order Trotter (solid dots) show a
better agreement with the target evolution (solid lines) than
the 1st-order Trotter (hollow dots), as expected.

Although the data quantum system in current experiment is
a two-level qubit, the extension to multi-qubit systems and
high-dimensional qudit systems can be straightforward. It
is generally considered that to realize an elementary chan-
nel of a quantum system that could be decomposed into two
Kraus operators requires a two-dimensional ancillary system
for unitary dilation [50, 51]. Furthermore, other theoretical
works [52, 53] have proved that arbitrary elementary quan-
tum channels with more than two Kraus operators can be effi-
ciently implemented in arbitrarily high-dimensional quantum
systems (d dimensions) with the assistance of only one an-
cilla qubit and at most 2log,d steps of adaptive control. Re-
cently, with the same experimental setup, arbitrary elemen-
tary quantum channels on a high-dimensional data quantum
system have been experimentally demonstrated [54]. There-
fore, the Trotterization scheme for the universal simulation of
open quantum system dynamics with high dimensions can be
applied in the same way, holding the advantage of mimick-
ing the quantum system in an environment with tunable noise
intensity in a wide range.

In conclusion, a universal digital quantum simulator based
on the Trotterization scheme is demonstrated for studying
the dynamics of a two-level open quantum system. We also
demonstrate the 2nd-order Trotter scheme for a more accu-
rate simulation of the quantum evolution with a given step
size. Benefiting from the universality and tunability, interest-
ing open quantum system phenomena could be explored and
the EM technique can be implemented in NISQ-based digital



quantum simulators.
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I. THEORY OF OPEN QUANTUM SYSTEM DYNAMICS

As shown in Fig. S1, a closed quantum system is an ideal
quantum system that has no interaction with the environment.
The evolution of a closed quantum system can be represented
by a unitary gate acting on the quantum state of the system.
For an open quantum system, however, there are interactions
between the quantum system and the environment, and thus
the evolution of the quantum system is no longer unitary due
to these couplings.

A. Quantum Master Equation

The continuous evolution of a Markovian open quantum
system can be described by the master equation [1, 2], which
is a differential equation to properly describe the non-unitary
behavior of the system. The master equation can be written

most generally in the Lindblad form [3] as
dp . _ + +
=7 = TILH; P+ YL Ly —{L{ L, p}]
j k

j (S.1)
=L8(0)+ L Alp),
J

where H; are the Hamiltonians, which are Hermitian operators
representing the coherent part of the dynamics, and L are the
Lindblad jump operators representing the coupling of the sys-
tem to the environment. With Liouvillian £;(p) representing
the coherent evolution and %;(p) describing the incoherent
evolution, the dynamics of the system can be described as
p(r) = eZi St L2 p(0). (S.2)
For example, the dephasing of a qubit could be described
by

dp . %

o = "UH.pl+ 5 (0:po: - p), (S.3)
with ¥, being the dephasing rate. For a two-level atom cou-
pling to the vacuum and undergoing spontaneous emission,

the master equation to describe this process is

dp _

5 = iH.pl+1n(20-po.—0i0p—poio), (S4)

where H = 00 /2, Lindblad operator /¥, 0_ represents the
emission, and J» is the spontaneous emission rate.
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FIG. S1: The conceptual illustration of closed and open quantum
systems.



B. Quantum channel

For an open quantum system (the data quantum system), the
evolution could be described by a unitary on a larger closed
system consisting of the data quantum system and the envi-
ronment. Then, the evolution from the input state p;, to the
output state p,,s of the data quantum system could be obtained
by discarding the environment as

Pour = Tren [U(Pin @ pen)U ], (S.5)

with Tr,, denoting the partial trace of the environmental de-
grees of freedom. Such a mapping could describe either a tem-
poral evolution or travelling through a distance of the quantum
system, and is also called “quantum channel” [1, 4]. A quan-
tum channel can be represented as a sum of the Kraus opera-
tors [4]

m

&(p) =Y EwpE],
k=1

(S.6)

where Y ", E; Er =1. As a special case, if an irreducible rep-
resentation of a channel has only one Kraus operator, then the
channel reduces to a unitary evolution:

E(p)=UpU". (S.7)

There are two quantum channels for the data qubit in our
experiments. The first one is the dephasing channel, which
describes the loss of phase information without losing energy.
We can interpret the dephasing channel as random rotations
Rf (arotation of 6 along the z-axis of the Bloch sphere) on the
quantum state, the effect of which makes the off-diagonal el-
ements of p decay exponentially to 0. According to Eq. (S.3),
for a dephasing rate y; and an evolution duration time 7, the
Kraus operators of a dephasing channel are:

1 0
Ep = {0 e—}’lf/z]’
S.8
T (S8)
7 lo Vi—ent |’

where 1 — e~ "7 represents the probability of the data qubit to
dephase without losing energy. Suppose an initial data qubit

state is
| a b
p - b* c 9

then the output state of the data qubit after the dephasing chan-
nel is

(8.9)

Eupn(p) = Y ExpE]
p
S (S.10)
- [b*e"’lf/2 c } '

The second quantum channel used in our experiment is the
amplitude damping channel, which describes the effect of en-
ergy dissipation, i.e. spontaneous emission. For example, an

S2

excited quantum state |1) always has a probability of losing its
energy and finally returns to the ground state |0). For a damp-
ing rate 7, and an evolution duration time 7, the corresponding
Kraus operators are

1 0
EOZ |:O 677/27/2 :| )

[o \/1—6—7’2"’]
Ei=|, 0 )

(S.11)

Suppose the initial state of a data qubit is described as
Eq. (S.9), then the output state of this qubit after the ampli-
tude damping channel is

Cg’damp (P) = Z,Eka]lL
k

[ 1—ce T pent/2
T pre T2 e T

(S.12)

C. Trotterization of Liouvillians

The achievable interaction Hamiltonian could be limited
and localized for a complex quantum system. Similar to the
Trotterization of the Hamiltonian simulation [5, 6], we could
implement the Liouvillians of the system by alternatively im-
plementing the local Liouvillians. For general Liouvillians
L; (j € {1,..,m}) that include both coherent and incoherent
components, the complete Liouvillian could be represented as
eXi-1Li' | The Trotter decomposition of the whole Liouvillian
means: 1) divide each component into N pieces, i.e. the evo-
lution duration for each step is At = ﬁ; 2) implement each
piece of each channel in turn; 3) repeat the above sequence
for N times. By Taylor expansion,

m
el i — oy Y LjAr+o(a8%). (S.13)
j=1
Here, we have the time normalized to the norms of the opera-
tors ‘ L;||, and thus we have At < 1 for N > 1. Similarly, we
have

[T =1+ (Li+1Lo+...+ Ln)Ar + O(A2).  (S.14)
J

Therefore,
et i He]LjAf + ﬁ(Atz) (S.15)
J
and
Bt = [t Y (S.16)
N
- [H N 1 O(Ar%) (8.17)
J

N N N—k
(H e]LjA[) + Z C]kv (H e]L_/Al) ﬁ(Atzk) .
j i1 j

(S.18)



Since CY < N* and [J;e%% = (1), we have
Cko(A**) = C¥ ﬁ(NZk) < (Ni) Therefore,
Yy, ck (HjeL/A’) O(At?%) = O(Ar), and we finally

have

(S.19)

N
L L L& 1
= (I;Ie JN> +ﬁ(N).
By simply repeating the Liouvillians in a fixed order, the target
Liouvillians could in principle be realized with an imperfec-
tion & (1/N) for N — oo.
There is another way to get Eq. (S.19). Based on the Baker-
Campbell-Hausdorff (BCH) formula

AFB) _ eAzeBte—%[A,B]rz ny (t3)

1 2
— e+7[A,B]t eBteAt +0 (t3) ’

(S.20)
(S.21)

the Trotterization of Liouvillians could be error free if L; is
commutative with Ly, Vk # j. Therefore, the error is closely
related to the order of IL; in general. According to the BCH
formula, we can get the accuracy of the 1st-order Trotter as

pLi+Llo)Ar _ e]LlAte]LzAtef%[]LlAt,LzAz] L0 (At3)

= Lt platt (I+0 (Atz)) +0(A%)  (S:22)

= ittt | (AR, (S.23)
Applying the iteration to {L; }, we obtain

il T + o(ar?). (S.24)

J

For the 2nd-order Trotter, we implement 2N Trotter steps
with repetitions of normal ordering {Ll,Lg,...,LJ-,...,]Lm
followed by the reverse ordering {Lm, oL, Lo, I } ie.

]LjAt/Z.

I AP e (S.25)

Because we have

pLitLo)Ar _ 5 (Li+1Lo)Ar 5 (Ly+1o)Ar

(S.26)

by applying Eq. (S.20) and Eq. (S.21) to the first term and the
second term on the right side of Eq. S.26, respectively, we can
get:

o3 (Lit+la)Ar 5

{ %LlAte%]LzAtef%[L,At,LzAt]+ﬁ(At3)}

(Ly+1Lp)As

{ LLianLoa] St S g (Aﬁ)} (S.27)
I eszAtez]LzA’ez]LlAt +0 (At ) (S.28)

Applying the iteration to {L; }, we then have:
L LAt HTzleLjAt/ZH}:meL/Atﬂ +0 (M), (S.29)
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Therefore, we finally obtain

ezl}l:l ]th

i 1
= (e emm, zN) +o (1\72) . (S.30)
This expression indicates that we can suppress the error from
0(%) 0 0(h
terms. This could be helpful in practical experiments when
N is limited by the gate time or other factors.

) by simply re-ordering the Trotterization

II. EXPERIMENTS

A. Experimental device and setup

The experimental device consists of two superconducting
waveguide cavity resonators and a transmon qubit dispersively
coupled to them. One of the cavities (storage cavity) has a life-
time of 715 = 143 us and a Ramsey phase coherence time of
Trs = 250 us, whose first two Fock states |0) and |1) constitute
the two basis states of the data qubit, serving as the data quan-
tum system undergoing open system evolutions. The trans-
mon qubit, with a lifetime of 714 = 25 us, acts as an ancil-
lary qubit to assist the control and readout of the data system.
The other short-lived cavity (lifetime is 71, = 44 ns) is used to
readout the ancillary qubit with the help of a Josephson para-
metric amplifier for a high fidelity measurement. The readout
of the data qubit is realized by mapping the information of the
data qubit to the ancilla through a decoding unitary, followed
by an ancilla measurement. The unitary is achieved with a
gradient ascent pulse engineering (GRAPE) technique [7, 8]
and transfers (a]|0) + B|1))|g) to |0) (cx|g) + B |e)), where
|g) and |e) are the ground and the excited states of the an-
cilla qubit, respectively. The dispersive coupling between
the ancilla qubit and the storage and the readout cavities are
Xgs/27 = 1.90 MHz and /27 = 3.65 MHz. A summary of
the device parameters are listed in Table I. The readout fideli-
ties of the ancilla are shown in Table II.

Our experiment is realized in the superconducting quan-
tum system controlled by field programmable gate arrays
(FPGA), as shown in Fig. S2. Different FPGA boards are
utilized to control the ancilla qubit (FPGAO), the readout cav-
ity (FPGA1) and the data quantum system (FPGA?2), respec-
tively. FPGAs are necessary to realize the quantum channels
in the main text based on the adaptive control. The detailed
geometry of the device and details of the measurement setup
can be found in Ref. [9].

B. Experimental procedure

The open system dynamics could be simulated by Trotter-
ized Liouvillians, with each Trotter step corresponding to a
quantum channel

& (p) =e¥p. (S.31)
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Description Term Measured value
ancilla frequency 0q/2n 5.692 GHz
storage cavity frequency ws/2m 7.634 GHz
readout cavity frequency /27 8.610 GHz
ancilla anharmonicity Kq/27m 232 MHz
self-Kerr of storage cavity Ks/2m 4.23 kHz
ancilla-storage coupling Xas/27 1.90 MHz
ancilla-readout coupling Xqr/27 3.65 MHz
ancilla lifetime Tiq 30 us
ancilla Ramsey coherence time Tq 40 us
storage cavity lifetime (decay rate) Tis (ks/27) 143 ps (1.1 kHz)
storage cavity coherence time T 252 us

readout cavity lifetime (decay rate) 7i; (k:/27) 44 ns (3.62 MHz)

TABLE I: Detailed device parameters.

Prepared state  Readout fidelity
lg) >0.999
le) 0.989

TABLE II: Readout fidelities of the ancilla qubit. The readout fidelity
loss for |¢) dominantly comes from the ancilla qubit decay during the
measurement time (320 ns).

Then, simulations of the propagators of Liouvillians for the
data quantum system can be realized by constructing a series
of gates or quantum channels acting on the state of the sys-
tem. The effect is in principle exactly the same as the target
Liouvillians acting on the initial state.

Therefore, the universal simulator [10] of an open system
can be realized in three steps:

1. Initial state |w(0)) preparation. Prepare the initial state
of our data quantum system to study the desired quan-
tum evolution. The preparation is realized with the
GRAPE method.

2. Implementation of elementary channels {&} to the
system. For our digital quantum simulation of the open
system, each channel &; is realized digitally via an an-
cillary qubit coupling to the data quantum system.

3. Measurement of the controllable quantum system. In
current experiments, the quantum system after each
Trotter step is characterized.

C. Experimental sequences

The data quantum system under study is a bosonic mode
in the storage cavity (the data qubit whose basis states are
Fock states {|0),|1)}) with an ancillary qubit to mimic the
environment. The quantum channel simulation on the data
qubit is realized by a unitary gate on the composite data qubit-
ancilla system followed by a partial trace of the ancilla, which

S5

FIG. S3: Schematic of realizing a quantum channel on a data qubit
with the assistance of an ancilla qubit. The quantum channel can be
realized by a proper unitary operation on the whole system followed
by a reset operation on the ancillary qubit.
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FIG. S4: The circuit and the experimental pulse sequence for realiz-
ing the dephasing channel.

was first experimentally realized in Ref. [11]. The scheme is
schematically shown in Fig. S3, where the ancillary qubit is
reset after each use of the ancilla. In this work, we imple-
ment two different kinds of channels: dephasing channel and
amplitude damping channel.

For the dephasing channel, the circuit and the correspond-
ing experimental pulse sequence are shown in Fig. S4. The
realization can be divided into three steps:

1. Initialize and prepare the quantum sate of the ancilla
qubit by a rotation gate R? |g).

2. Realize a controlled-phase (CZ) gate between the an-
cilla and the data qubit, by utilizing the dispersive inter-
action (¥, |e) (e|a'a, with x, being the cross-Kerr coef-
ficient) between the ancilla qubit and the storage cavity
over a time interval of 37/ ;.

3. Reset the ancilla to the ground state |g).

The circuit in the red box in Fig. S4 represents the sequence
of the unitary gate U on the composite system (including both
the data qubit and the ancilla qubit). The reason for choos-
ing this circuit is that we can adjust the dephasing rate of the
channel by changing the rotation angle 6 at will. Ideally, the
simulated phase coherence time is [11]

1/T = —In([2c0s*(6/2) — 1)) /70 + 1/T°. (S.32)
Here, 7 is the time interval for the repetition implementation
of the dephasing channel, and T2O is the intrinsic phase coher-
ence time of the data qubit. It is worth noting that the unitary
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FIG. S5: The circuit and the experimental pulse sequence for realiz-
ing the amplitude damping channel.

gate U could also be realized the GRAPE technique. How-
ever, we need to update the optimized GRAPE pulse when
there is a change in the parameter 6, which would be resource
and time consuming.

For the amplitude damping channel, the circuit and the ex-
perimental pulse sequence are shown in Fig. S5. The unitary
gate U is composed by four gates including two ancilla qubit
rotation gates Rf and R;e, one CZ gate, and one controlled-
NOT (CNOT) gate. Similar to the dephasing channel, we can
conveniently adjust the corresponding damping rate of the am-
plitude damping channel by changing the angle 6. Here, the
CNOT gate is implemented by a measurement-based adaptive
approach [11]. Ideally, the circuit gives the simulated coher-
ence times as

1/T; = —In(cos*6) /1o + 1/T,
1/T> = —In(cos’8) /279 + 1/ T5.

(S.33)
(S.34)

Here Tlo is the intrinsic energy relaxation time of the data
qubit.

The rotation gate on the data qubit is implemented by a
GRAPE pulse acting on the composite system.

III. EXPERIMENTAL IMPERFECTIONS AND
CALIBRATION

A. Experimental Imperfections

In our experimental system, both the ancilla and the data
qubit are inevitably coupled to their environment, and conse-
quently the experimental results would deviate from the above
exact formalism of the ideal model. In our system, we choose
the storage cavity with long coherence times as the data quan-
tum system, while the ancilla is a transmon qubit with much
shorter coherence times. It is cumbersome to do a full analy-
sis of the imperfection completely analytically, so we resort to
a numerical model. Based on numerical simulations with the
exact experimental pulses and measured device parameters in
Table I, our experimental imperfection is mostly attributed to
the decoherence of the ancilla. Here, we provide some quali-
tative analysis of the ancilla error.

For the dephasing channel (Fig. S4), there are two gates: (1)
During R?, the dephasing and decay of the ancilla can induce
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a population uncertainty of the ancilla, which consequently
brings an uncertainty to the phase accumulation of the data
qubit. (2) For the CZ gate, the decay of the ancilla can also
induce an uncertainty of the accumulated phase of the data
qubit, while the dephasing of ancilla has no effect on the data
qubit. Therefore, the overall effect of the circuit is to induce
a random phase flip on the data qubit. In an ideal circuit, the
datg gubit accumulates a phase of 7 with a probability of p =
sin” 7.

The situation is more complicated for the amplitude damp-
ing channel. Here, we take the decay of the ancilla as the
major error. In Fig. S5, the ancilla decay error mainly ap-
pears in the CZ gate and the adaptive CNOT gate. In the
CZ gate, the decay could be treated as a reset of the ancilla.
When the decay happens, this part is equivalent to a dephas-
ing channel (Fig. S4). The consequent adaptive CNOT gate
is equivalent to a bit-flip channel. So, the decay error oc-
curs during the CZ gate gives effective both dephasing and
bit-flip channels on the data qubit. Approximately, the de-
cay probability during the CZ gate is p ~ 0.01sin”> 6. In the
CNOT gate, the decay leads to a measurement error of the
ancilla and then a wrong feedforward gate. In the ideal cir-
cuit, the data qubit is flipped from |1} to |0) with a prob-
ability of p = sin®> @, which is determined by the ancilla’s
population at |e) after the R;e gate. However, the decay of
the ancilla would modify this population, and thus reduces
the effective amplitude damping rate. To summarize these
two effects, the ancilla decay error mainly modifies the effec-
tive amplitude damping rate of the target amplitude damping
channel and also introduces extra dephasing and bit-flip chan-
nels with a rate ~ 0.01 sin? 0/7. For 6 < 1, we could esti-
mate the extra channel rate would be about two orders smaller
than the target dephasing or damping rate as 0.01sin> 6 /T K
—In(cos?0) /7o +1/T,—In([2cos?(6/2) — 1]) / %.

Other than the above gates, there are also unitary gates on
the composite system by the optimized GRAPE pulses: one is
the adaptive gate on the data qubit and the other one is the co-
herent Rabi rotation gate. According to previous demonstra-
tions of the GRAPE gates in our system, the imperfections of
the ancilla and cavity could give rise to a depolarization-like
channel to the data qubit with a probability pgrapg = 1% ~
2% for each gate, i.e. the density matrix decays to the identity
matrix with a rate of —Ti In(1 — pgrape). Therefore, the er-
ror due to the GRAPE unitary gate leads to considerable errors
to the simulation of open quantum system dynamics. Differ-
ent from the imperfections in other gates, which contribute
small modifications of the target decoherence rates, the er-
ror due to the GRAPE pulse increases with 1/7y. In order to
suppress the influence of this type of error, we would like to
have 7% In(1 — pgrape) < 1 and thus we choose Ty =

1
3.56 (s in our experiments (— ! =170~ 350 us).

% In(1-pGRAPE)



B. Experimental results for calibration

As mentioned in the main text, to evaluate the simulation
on the open quantum system dynamics we initialize the data
qubit pyy into [0), (0)+ 1)) /v/2. ([0) +i[1)) /v/2. and |1)
separately, and measure the corresponding evolution curves
of these states on the bases of the Pauli operators oy, 0,, and
o;. Then, by a global fitting of the twelve evolution curves,
we obtain all experimental 771, 75, and Q.

To calibrate the influence of the experimental imperfections
on the Trotter simulation of the open quantum system dynam-
ics, we first numerically implement the Trotter process with
0° for both dephasing angle 6; and damping angle 6, (Fig. 2a
in the main text), which theoretically induces no effect on
the coherence time of the data qubit. The representative ex-
perimental results are shown in Fig. S6. By a global fitting
of the twelve evolution curves, we can get the effective in-
trinsic coherence times of the data qubit as Tfeff = 114 us,

Tz?cff = 80 us. These values are much lower than the intrinsic
ones, mainly due to the decoherence effects of the ancilla in
the numerical model. Therefore, the coherence times in prac-
tical experimental system should be modified as

1/Ti = —In(cos?02) /To+ 1/ Ty, (S.35)
1/Ty = —In[2cos?(6/2) — 1] /7
—In(cos6,) /2T + 1 /Ty . (8.36)

The effect of the rotation gate is not included in the above
numerical simulations. So, we further execute the permutation
Dephasing-Damping-Rotating (Zgph--ZLgamp-£R) channels as
an example. We initialize the data qubit to |1), and then im-
plement the Trotter process with 8; = 6, = 0 and 63 = 38.6°.
Fitting the curves with the master equation, we get the effec-
tive Ty = 96 s, Ty.q = 82 s, and Q = 30.2 kHz. By
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FIG. S6: Experimental results of open quantum system dynamics for
calibration, with the parameters 8; = 6, = 0 (parameters in Fig. 2a
in the main text). Dots are the experimental data and dashed lines are
the fitting curves. Red: Initialize the data qubit to | 1), then implement
the Trotter process, and finally measure the data qubit on the basis of
|1). Blue: Initialize the data qubit to |4+) = (|0) + |1))/v/2, then
implement the Trotter process, and finally measure the data qubit on
the basis of |+). The effective intrinsic coherence time is obtained
by a global fitting of all twelve curves. Here we just present two of
the curves.
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FIG. S7: Experimental results of the open quantum system dynamics
with 6 = 6, =0 and 63 = 38.6° (parameters in Fig. 2a in the main
text). Dots are the experimental data and dashed line represents the
fitting curve. we initialize the data qubit to |1), then implement the
Trotter process, and finally measure the data qubit on the basis of |1).
The effective intrinsic coherence time is obtained by a global fitting
of all twelve curves. Here we just present one of the curves.

comparing Tl(?eff with and without the rotation gate, we could
evaluate the error of the rotation GRAPE gate is ~ 1.6%, con-
sistent with our estimation. We also find that the effective Q
is very close to the target Q, so we just consider the modifi-
cations of Tffeff and T20,cff in the master equation for the target
evolution in the main text.

IV. NUMERICAL SIMULATION OF TROTTER WITH
DIFFERENT PERMUTATIONS

To be more realistic, we simulate the experimental se-
quence numerically in QuTiP [12, 13] with the experimen-
tal pulses and the intrinsic coherence times of the data qubit.
Figure S8(a) shows the accuracy of the 1st-order Trotter (hol-
low dots) and the 2nd-order Trotter (solid diamonds), with the
dephasing angle 6; = 20°, damping angle 6, = 30°, and ro-
tating angle 63 = 25.7°. Different colors represent different
permutations. One can see that every permutation of the 2nd-
order Trotter performs better than all the permutations of the
Ist-order Trotter. To compare the accuracy of these two kinds
of Trotter experimentally, we choose the most accurate per-
mutation of the 1st-order Trotter (Zgpn--Zgamp-£r) and the
most accurate permutation of the 2nd-order Trotter (£r--Zph-
.Zdamp). Figure S8(b) shows the evolution curves of the QuTiP
simulation on the bases of oy and o, from which we find
that the 2nd-order Trotter provides evolution curves nearly the
same as the target ones, and is obviously more accurate than
the 1st-order Trotter.

V.  ERROR MITIGATION

In order to achieve high-precision quantum computation
with a noisy intermediate-scale quantum machine, a new tech-
nique called error mitigation [14, 15] was proposed for cer-
tain tasks, which allows the inference of ideal results, without
noise, by extrapolating data from several experimental noise
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FIG. S8: Numerical QuTip simulation of the 1st-order Trotter and the
2nd-order Trotter. (a) The accuracy of the 1st-order Trotter (hollow
dots) and the 2nd-order Trotter (solid diamonds) with dephasing an-
gle 6; =20°, damping angle 6, = 30°, and rotating angle 63 = 25.7°.
Different colors represent different permutations in the form of A-B-
C. From left to right, Red: Lyamp-ZLaph-L£r; Blue: Lyph-Laamp-
£R; Green: gdamp"gR'fdph; Cyan: fdph'/QR'gdamp; Black: SR-
Laamp~Laph; Magenta: £r-Liph--Lgamp- (b) Evolution curves of o,
(blue) and o (red) with 8; = 20°, 6, = 30°, 83 = 25.7°. The solid
lines are the target evolution curves, solid dots represent the 2nd-
order Trotter, and hollow dots represent the 1st-order Trotter. The
2nd-order Trotter results are closer to the target evolution.

intensities. The value of a physical quantity E(A) in the ex-
periment with a noise intensity A can be represented by the
Taylor’s expansion around the zero-noise value E*:

n
EA)=E*+ Y aA*+ o(A"). (8.37)
k=1
Suppose we can obtain the experimental results E(A;) with a
series of noise intensities

/Ii = C,‘l, (838)

with ¢; (co = 1) being a dimensionless scaling factor. Then, we
can estimate E* as a linear combination of the measured E(4;)
with a precision to the n-th order by Richardson’s deferred
approach to the limit [16, 17]:

E*=E;+0(A") (S.39)
= i YEA) +O(A™, (S.40)
i=0

where the coefficients 7 are functions of ¢;’s. This is achieved
by solving the following n + 1 equations:

n

EXL)=Ep+ Y (), (S.41)
k=1
where i =0,1,--- ,n and E}; is the n-th order estimation of the

expectation value.
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We do the first three orders of Richardson extrapolations
with the experimental data sets in Table III. The error bars in
the inset of Fig. 3(d) in the main text are the statistical stan-
dard deviations calculated through propagation of the errors
of E(A;) in the estimation relation E; = Y7 ( %:E(A;).

TABLE III: The data sets used to do Richardson extrapolation.

i 177 (us™1) ¢ 75 (us)
0 0.0090 1 35.56
1 0.0190 2.13 29.63
2 0.0442 493 22.00
3 0.0892 9.96 14.15

* These two authors contributed equally to this work.
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