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Simulating quantum systems is one of the most promising avenues to harness the computational power of
quantum computers. However, hardware errors in noisy near-term devices remain a major obstacle for applica-
tions. Ideas based on the randomization of Suzuki-Trotter product formulas have been shown to be a powerful
approach to reducing the errors of quantum simulation and lowering the gate count. In this paper, we study the
performance of non-unitary simulation channels and consider the error structure of channels constructed from a
weighted average of unitary circuits. We show that averaging over just a few simulation circuits can significantly
reduce the Trotterization error for both single-step short-time and multi-step long-time simulations. We focus
our analysis on two approaches for constructing circuit ensembles for averaging: (i) permuting the order of the
terms in the Hamiltonian and (ii) applying a set of global symmetry transformations. We compare our analytical
error bounds to empirical performance and show that empirical error reduction surpasses our analytical esti-
mates in most cases. Finally, we test our method on an lonQ trapped-ion quantum computer accessed via the
Amazon Braket cloud platform, and benchmark the performance of the averaging approach.
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Near-term quantum computational devices possess the po-
tential to simulate the dynamics of many-body quantumssys- [ @@ V)" 4
tems beyond the capability of classical computerd]l The S VT.pV
two main approaches for simulating quantum dynamics are (i) e !U?';»Ul Ave: {p1,p2} Ul pU.
analog Hamiltonian simulation and (ii) digital quantum simu- — N /) :
lation. In digital quantum simulation, the physical system is I ...... ,’\>-
usually mapped to qubits, and quantum gates are used to ap- ’ ;
proximate the desired dynamics. The most common class of ’
algorithms are product formulas, including the Suzuki-Trotter
formulas [2-9], which approximate the evolution unitary by
splitting the Hamiltonian into a sum of non-commuting terms
and evolving the quantum state with each term in a SequenceFlG. 1: An illustration of the Welghted average over unitary sim-
of small time intervals. More advanced algorithms, such as Ulations and the intuition for error reduction. We prepah¢ uni-
truncated Taylor series 10], multiproduct formulas 11, 12], @7 drcuits Uy, U, .., U w_(each aiming to approximate the ideal
and methods based on quantum signal processirig,[ 14], evolutionV = e ). angl specify a set of weight coefﬁaents
have also been developed in recent years. Nevertheless, prod- tpr P m for each cireutt (the figure shows the castl = 2).

- 0o ! The initial quantum statep is evolved under the application ofindi-
uct formulas remain popular, especially for near-term de- iqual unitary circuitsUs, . In order to obtain the final measurement
vices [15-22], due to their relative implementation simplicity. resylt, a yeighted aveigge of the geasurement outputs is computed

Recently, a new class of quantum simulation algorithms ®OK, = " _ p, Tr OU/ pUn , where O is the observable of
based on randomization has been proposezB£30]. In con- interest. The average of simulations reduces the simulation error due
trast to coherent algorithms that produce unitary quantum cir-to a partial cancellation ofindividual error terms.
cuits, these randomized algorithms generally result in non-
unitary simulation channels by randomly choosing a product
formula in each time step. These non-unitary channels have significantly reduce the simulation error in short-time and
better asymptotic scaling with certain Hamiltonian parameters long-time simulations. Here, the NUSCs for long-time sim-
than deterministic algorithms. ulation are constructed by repeatedly using the same circuit

In this paper, we study the efﬁciency of non_un]tary simu- block for each time step, which is different from previous ran-
lation channels in various non-asymptotic scenarios. Specifi- domized simulation approaches2B-25, 31]. We consider a
cally, we consider non-unitary simulation channels (NUSCs) ~ few methods for constructing contributing circuits and calcu-
constructed from weighted averages of unitary simulation cir- late the optimal distribution of weight coefficients of NUSCs
cuits (as shown in Fig. 1). We provide an estimate for the in some cases. We demonstrate the performance of NUSCs
error structure of NUSCs and demonstrate how NUSCs can ~ for digital quantum simulation of physically relevant systems

both numerically and experimentally on the lonQ Harmony
device [32] via the Amazon Braket cloud platform 33].
The rest of the paper is organized as follows. In Sec-
¥ Currently at AWS Quantum Technologies tion I, we introduce the general construction of NUSCs for




digital quantum simulation and express the error of NUSCs in
terms of the errors of the contributing unitary simulation cir-
cuits. In Section III, we provide two constructions for NUSCs
and evaluate their performance both analytically and numer-
ically. Both constructions average over simulation circuits
based on Suzuki-Trotter product formulas. In the first con-
struction (Section III A), the different circuits are obtained by
permuting the order of the Hamiltonian terms. In the second
construction (Section IIT A), the different circuits are obtained
by symmetry transformations. We derive analytical represen-
tations for and bounds on the error for each construction of
NUSCs. We benchmark the technique by applying it to a
nearest-neighbor XY spin chain and to a Heisenberg chain
with power-law interactions. In Section [V, we benchmark the
performance of NUSCs experimentally on an IonQ trapped-
ion quantum computer. In Section V, we provide the sum-
mary and the outlook. In the Appendices, we provide details
omitted from the main text.

II. THE GENERAL FRAMEWORK

We consider an n-qubit state p and the task of simulating
on a quantum computer the evolution V(p) = VpVT, where
V = e~ describes the time evolution under Hamiltonian H
for some time ¢. A quantum simulation of the evolution V(+) is
a quantum channel I/ (-) that approximates the target evolution
for any quantum state or a particular quantum state p. Assume
we have M unitary simulation channels {Uy, ..., Uy} with
the corresponding unitaries {U7, . . ., Ups }. We consider aver-
aging them according to a vector of M non-negative weights
{p1,...,pa} such that E%zlpm = 1 (as shown in Fig. 1).
Our aim is to compare how well the NUSC

M M
Up) = Y Pl (p) = D pUmpUf, (D)

m=1 m=1

approximates V(p) compared to each contributing simulation
Upm(p). In the following, we will use the Frobenius norm
|A|z = Tr(ATA) for convenience in the analytical calcu-
lations. It is trivial to show that

4 (0) = VD)l <D Pl (p) = V(O p- @

Therefore, the performance of U(p) cannot be worse than the
(weighted) average performance of the contributing simula-
tions. In particular, if ||[U,,(p) — V(p)||» = € for all m, the
weighted average U(p) approximates the target state V(p) at
least as well as each Uf,,, does.

In practice, the performance of I/ can be much better than
guaranteed by Eq. (2). To better reflect the typical perfor-
mance of U(p), we consider the error of U averaged over
Haar-random pure initial states [34] as the figure of merit
(which we call the loss function):

Lp= / () @) = V() @Dl G

We note that the choice of the Frobenius norm (as opposed
to other metrics, e.g. the spectral norm) does not qualitatively
change our conclusions, but the Frobenius norm enables exact
analytical calculations of the integral above.

We consider a short evolution time ¢ such that || H|| ot < 1
and assume that U,, and V' are functions of ¢ and are both
infinitely differentiable. Under this assumption, we consider
the Taylor expansion of the error of each U, in powers of ¢.
Suppose the leading order error in each contributing simula-
tion Uy, ..., Ups is O(t9) for a positive integer g. We can then
decompose each U, up to order t27 as

2q
Un =V =iy EDt+0t*), 4)
s=q

where B} = ﬁgts (U, — V) is the coefficient matrix of
the sth-order error term in the Taylor expansion of U,,,. The

following result relates the error of the weighted average U/ to
the error terms E,(,f) of the contributing simulations U,,,. We
consider v/L r, rather than L itself, in the following theorem
so that the error appears at the same order ¢ as in contributing
simulations ,,,.

Theorem 1. Given the expansions of U,, in Eq. (4) and a set
of weights {p1, ..., pas } normalized to unity, the error of the
weighted average U/ can be written as

VL= ﬁ (Lot? + Lyt™) + O(t*+2),  (5)

where d = 2" is the dimension of the Hilbert space and

L3 = d|E,|; - | (B[, (©)
i _ (B )
b e (B, By )~ Te(ELL V) Te(VIE,) o

Lo ’
with the weighted qth-order coefficient matrix defined as

Eq = Z%:l meS“g)'

We provide detailed proof for the theorem in Appendix A.
Although it is hard to obtain an analytical optimal probability
that minimizes Eq. (5), the expressions for the leading (cx t9)
and the second leading (oc t9+!) order error terms in Theo-
rem | relate the error of the NUSC U(-) to the errors of the
contributing unitary simulations U,,. In particular, Eq. (6)
shows how a reduction in F, the weighted gth-order error,
reduces the error of the NUSC. Comparing the loss functions
for each contributing simulation and for the NUSC given by
Theorem 1, one can see that the simulation error of I/ can be
suppressed by choosing a set of weights that result in smaller
E, and E ;. For technical simplicity, we use the error reduc-

tion from Efqg)’s to F, (for the leading order ¢) as a bench-
mark for the error reduction by a NUSC compared to each
contributing circuit. For example, suppose we have a Hamil-
tonian H = A + B with two simulations U; = e~ #4te—iBt
and Uy = e~ Bte—iAL eqch having a nonzero second-order
error. If one sets the weights to be (p1,p2) = (0.5,0.5), the



second-order error term Fo will vanish. Therefore, the aver-
age error of the NUSC is one order in ¢ better than the er-
ror of each contributing simulation. In general, however, for
a small number M of contributing simulations, matrices E,
and F,; cannot be reduced to zero by tuning the weight co-
efficients p,,, because the error matrices contain exponentially
many (say, in the number of qubits being simulated) entries,
while we only have M — 1 tuning parameters. Nevertheless,
as in the simple H = A + B example above, we can expect
a significant reduction of one or both these terms for carefully
crafted weights and contributing simulations.

For long-time simulations with || H |zt > 1, a standard
approach in digital quantum simulation is to divide the evolu-
tion time into N steps of duration At, such that | H || At =
|H||zt/N < 1. One then applies the same product for-
mula in each time step, yielding a unitary simulation cir-
cuit. We first consider the error structure of such an /V-step
simulation, which is denoted as U(N, At). We also denote
the exact evolution and product formula in each time step as
V(At) = e 1A and U(At), respectively. The simulation
error in each step is F(At) = V(At) — U(At). We decom-
pose the error E(At) into two parts as

E(At) = [H,n(At)] + £(At). ®)

The first part [H,n(At)] represents the error that does not
commute with the Hamiltonian, while the second part £(At)
commutes with H, i.e., [H,(At)] = 0. The error for the
N-step simulation E (N, At) can be approximated to leading
order as

E(N,At) = NE(AL) + é[e_thn(At)eth —n(At)].
€))

In Appendix D, we provide the proof of Eq. (9) and more
details on how to derive {(At) and n(At) from H and E(At).
When the step size At is fixed, the norm of the second term
in Eq. (9) is bounded by a constant O(||7(At)|| ) while the
first term increases linearly with N. Therefore, the first term
becomes the dominant error in the long-time (large-N) limit.

In order to study the general structure of the NUSC error in
long-time simulation, we proceed by analogy with the setting
for a short evolution time. We suppose that the leading-order
term in E,,, (At) is O(At9) for an integer . We can thus write
the expansion of E,,(At) similarly to Eq. (4) as E,,(At) =
V(AL) — Up(At) = iESP At + O(At9+1). According to
Eq. (8), we split the coefficient matrix E,(,‘f ) into two terms as

E = [H,n{?] + ¢, (10)

where [H, f,(,‘f)] = 0. We can decompose the N-step simula-
tion U, (N, At) up to order At? and ignore the part that does
not increase with NV:

Un(N,At) =V —iNEWD AT + O(NALY), (11)

where V = e~ #Ht = ¢=#HNAL We then combine Eq. (11)
with Theorem 1 and obtain the following error estimate:

i = \/EN[L‘&“W Lot ()

where (Lgmg)2 = d||§qH2F — ‘Tr(ngﬂz and §, =

an‘f:lpmfﬁ,‘?. Eq. (12) shows how a reduction in &g,
the weighted gth-order commuting error, reduces the sim-
ulation error of the NUSC. By carefully choosing weights

{p1,...,pm}, we can expect a significant reduction of &,

compared to the contributing terms f,(ﬂ), which results in a

smaller simulation error for the NUSC.

III. CONSTRUCTIONS OF NUSCS

In this section, we consider two constructions for each step
in the contributing unitaries: by permuting the terms of the
Hamiltonian [24] (Section III A) and by symmetry transfor-
mations [35] (Section III B).

A. Permutation of Hamiltonian term ordering

We construct contributing simulations by using product for-
mulas with different term orderings. We start with short-time
simulations when ||H ||zt < 1. To construct the contribut-
ing simulation unitaries for the weighted combination, we can
exploit a single-step product formula. Suppose the Hamil-
tonian can be decomposed into I' experimentally realizable
non-commuting terms as H = er.zl H;. Additionally, we
also assume the Hamiltonian can be parametrized as a sum of
Pauli string terms

H= Z Joo, (13)

where o = 01 ®- - -®0,, denotes Pauli strings on n qubits and
o; € {I,X,Y, Z} forall 1 < i < n denote Pauli matrices on
site 7. In the following, we also use X ,Y;, and Z; to denote
Pauli X, Y, and Z operators on site ¢. Multiple Pauli terms
Joo are allowed to be included in a single /{; Hamiltonian
term.

We consider a digital quantum simulation that approxi-
mates the target evolution through a kth-order Suzuki-Trotter
product formula:

T
Si(t) = [ [ exp(—iH;t), (14)
j=1

r 1

Sa(t) = Hexp (—ZHJ;> H exp (—zHJ;> , (15)
j=1 j=T

Sk(t) = S5 (wrt) Sk—2 (1 — 4u)t) Sg_s (ut),  (16)

where uy, = (4 — 4Y/(*=1)~1 The kth-order Suzuki-Trotter
formula requires O(5%/2) simulation blocks and provides a
simulation approximation error e, = O(t**1). Obviously,
one way to reduce the approximation error is to increase the
order k of the Suzuki-Trotter product formula. However, this
comes with the cost of an exponential increase in the num-
ber of gates in the simulation circuit. In contrast, in our ap-
proach based on NUSCs, we keep the order k of the product
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FIG. 2: (a) Deviation of the empirical average from the actual loss function. We consider the short-time simulation of a nearest-neighbor
XY spin chain in Eq. (21) at ¢ = 0.3. For the second-order (k = 2) Suzuki-Trotter formula, we use U; and Us given in Eqs. (17,18). For
k = 4, 6, and 8, we construct U; and U, using Eq. (16) with (A, B) and (B, A) orderings. We plot the deviation of L, quantified using
the ratio between the root-mean-square deviation /var(Lr) and the averaged loss function L over 20 batches of samples, as a function of
sample number N in each batch at different k’s and p’s. (b) Error reduction by averaging two Suzuki-Trotter formulas with (A, B) and (B, A)
orderings of Hamiltonian terms. We plot the error metric Lr/Lro as a function of the weight coefficient p, where Lo is the simulation
error for Suzuki-Trotter formulas Uy of kth-order. The dashed vertical line shows the optimal weight p obtained in Lemma | for second-order
Suzuki-Trotter product formulas. The circles mark the minima of the curves and correspond to the optimal p for each k. We see that these

optimal p’s depend very weakly on k.

formula (and hence the gate count) fixed. By building upon
Suzuki-Trotter product formulas, various effective quantum
simulation algorithms have been proposed [23, 24, 35] which
improve the simulation error.

We focus on near-term applications of digital quantum sim-
ulation with Hamiltonians consisting of a few terms. In the
following analysis, we consider simulating a Hamiltonian H
of the form in Eq. (13) that can be divided into two parts,
i.e. I' = 2. We simulate the evolution under I by averaging
the second-order product formulas with different term order-
ings. Specifically, let S be a subset of Pauli strings and let
us decompose the Hamiltonian as a sum of two terms H =
A+ B,suchthat A = 3 o Jooand B = ) Jeo,
where S€ is the complement of .S.

We consider the simulation of exp(—iHt) using second-
order Suzuki-Trotter formulas (14) with two possible term or-
derings:

oeSe

Ui(t) = exp (—iA;) exp (—iBt) exp (—iA;) , (17

Us(t) = exp (zBé) exp (—iAt) exp <’LB;> . (18)

In the limit | H || ot < 1, Egs. (17) and (18) both approximate
exp(—iHt) up to the second order in ¢. When averaging these
two formulas with weights {p, 1 — p}, Theorem 1 relates the
error of the resulting NUSC to the weighted third-order er-
ror 5 defined after Eq. (7). The following lemma gives an
expression for the norm of Fs.

Lemma 1. The norm of the weighted third-order error E3
in averaging Eqgs. (17) and (18) with weights p and 1 — p,

respectively, is

|Bsl|3 = C2" [(2 - 3p)2J% + (1 - 3p)2 T3], (19)

where C'is a constant that may depend on H but is indepen-
dentof p, J3 = > cgJa.and J = > __q. JZ. In particu-
lar, the optimal p that minimizes || Es|| 5 is

2J3 + J3
=_—4 b 20
popt 3 (Ji + J%) ( )
The simulation error term ||E3||fP of the NUSC is
C2"J3J%/(J3 + J3) at pop.

In Appendix B, we provide a proof of Lemma 1. The proof
follows from the calculation of the third-order error terms in
U, and Us. We note that we can obtain analytic optimal
weights using orthogonal bases other than the basis of Pauli
strings. In the case where the Hamiltonian terms A and B
are not orthogonal in the Pauli basis, the expression for the
optimal weight (20) will be modified, although the analytical
calculation is straightforward.

To benchmark the effectiveness of averaging product for-
mulas, we apply this technique to a nearest-neighbor XY spin
chain:

n—1 n n—1
H=Y% XiXip+hy Xi+y YiYin, @D
i=1 i=1 i=1

=A =B

where h is the strength of the magnetic field along the & di-
rection. In all numerical simulations that follow, we esti-



mate L by calculating the averaged Ly on N = 103 Haar-
randomly chosen quantum states. Here, the deviation of the
empirical average from the actual Haar average is bounded by
~ O(1/v/N) according to the Chebyshev inequality, where
the coefficient in front of 1/v/N depends on the error (maxi-
mized over all possible initial states) between the target evolu-
tion and the simulation. Although this coefficient depends on
the system size, the system size is small in the following, so
we can ignore this dependence. We simulate e~*/* for n = 6,
h =1, and t = 0.3 using an average of the two second-order
product formulas given in Egs. (17) and (18) with the corre-
sponding probabilities p and 1 — p. In Fig. 2(a), we plot the
deviation of L as a function of sample number N in each
batchatk = 2,k = 6, p = 0, and p = 0.5 to support the
claim that the deviation is negligible compared to the actual
loss for N = 10° samples. In Fig. 2(b), we plot the reduc-
tion ratio of the error, quantified using the loss function in
Eq. (3), as a function of p. The optimal average of U; and
U, corresponds to about an order of magnitude reduction in
the error. The vertical dashed line in Fig. 2(b) corresponds
to the value of pope = 0.5625 from Lemma 1. We note that
||E3|| - given in Lemma 1 is only indirectly related to the error
of the NUSC through Theorem 1. Additionally, higher-order
terms also contribute to the error of the NUSC. Nevertheless,
Fig. 2(b) shows an excellent agreement between the estimate
from Lemma 1 and the true value of p that minimizes the error
of the NUSC.

For higher-order Suzuki-Trotter formulas, the leading er-
ror term becomes more complicated. Therefore, it is more
difficult to obtain a version of Lemma 1 for a general kth-
order product formula. Nevertheless, we will now argue that,
for a non-degenerate (i.e. having all eigenenergies distinct)
Hamiltonian with I' = 2, the reduction of the error term in
the NUSC averaging k¥ > 2th-order Suzuki-Trotter formulas
become more prominent as k grows.

To prove the above claim, we derive a recursive formula
that approximately relates the error of the kth-order Suzuki-
Trotter formula to the (k — 2)th-order one. This recursive
formula will allow us to estimate the error term Ej; for an
arbitrary order k of the Suzuki-Trotter formula. For a kth-
order Suzuki-Trotter formula S}, (for either ordering of A and
B), we denote Eg, (t) = V(t) — Sk(t) as the simulation er-
ror. In the limit of short evolution time and large k, we have
the following relationship between Ej, (t) and Eg, ,(t) (see
Appendix C for the proof):

By, (t) = [e/ust, [ 102000, B, ()]
+O((ux — 1/3)t"), (22)

where uy, = (4 —4Y/(*=1))~1 Keeping only the linear part in
the Taylor-series expansion of the exponentials, we get

Egs, (t) ~ (1 — 2uy)uet® [H, [H, Es,_, (uyt)]]
~ (1 —2u)uft® [H,[H,Es, ,(t)]].  (23)

In the following, we consider combining M Fkth-order
Suzuki-Trotter formulas. To distinguish between different

5

formulas, we denote by Ey(,lfﬂ) the (k + 1)th-order error
of the mth kth-order Suzuki-Trotter formula, i.e. the (k +
1)th-order term of Eg, for the mth Si. Since Ejiq

Z%Zl mefff +1), which is defined in Sec. II as the coeffi-

cient matrix for the averaged (k + 1)th order error, is a linear
(k+1)
m

combination of F , we can use Eq. (23) to approximate
E}+1 using the Hamiltonian and Ej_o or lower-order Ej
(k' < k — 2) for the same set of weights {pi,...,ppr}. An
important application is that we can use Eq. (23) repeatedly
to approximate Ej1(t) with E3(t) or E5(t) of the second-
order or the 4th-order Trotterization, which have analytical
representations [36]. Specifically, we can combine Eq. (23)
and the error decomposition in Eq. (8). Only the first term in
Eq. (8) for Ej_o will remain in Ej. Specifically, for a non-
degenerate Hamiltonian (i.e. Hamiltonian whose eigenvalues
are all distinct) with I' = 2, we have the following lemma re-
garding the error reduction when we average two higher-order
Suzuki-Trotter formulas.

Lemma 2. For a non-degenerate Hamiltonian H = A + B,
consider averaging two kth-order Suzuki-Trotter formulas
[defined in Eq. (16)] in the small-¢ limit [||H || ot < 1] corre-
sponding to the two orderings of A and B, with weights p and
1 — p, respectively. Then

(i) The error reduction ratio Ry, = ||Ex+1]|/||Es, || for k =
4 is larger than for & = 2. Here ||Eg, || refers to an error
for a fixed choice of the ordering of Hamiltonian terms in the
Suzuki-Trotter formula.

(ii) The optimal weight for averaging two kth-order formu-
las in the limit & — oo approaches a fixed value pop — gy

We leave the detailed proof to Appendix D, where we use
Eq. (23) and the error decomposition in Eq. (8) to derive the
coefficient matrix of the leading error term for combining two
kth-order Suzuki-Trotter formulas with different orderings of
A and B. In the limit of large k, we further provide the con-
ditions for completely eliminating the leading-order error. As
a numerical illustration, we further compare the performance
improvement of the combination of two kth-order Suzuki-
Trotter formulas Sy (¢) for k = 2, 4, 6, 8 in Fig. 2. We first
observe that the optimal weights po, remain nearly the same
for k = 2 and kK = 4. (They are not exactly the same be-
cause Lemma 2 guarantees equality of optimal weights only
at infinite k£ and because we empirically optimize for the loss
function L instead of the error term in the Lemma.) As the or-
der increases, the improvement of the weighted average also
increases. For two 8-th order Suzuki-Trotter formulas, we find
that NUSCs reduce the error metric L by four orders of mag-
nitude. These observations are consistent with the analytical
results given by Lemma 2.

For a general Hamiltonian H = 25:1 H., with ' > 3, the

error term E,(,:f ) depends heavily on the structure of H and of
each term H,. However, we can still expect an error reduction
by averaging over different product formulas constructed by
permuting the order of the terms H.,. For example, consider
the simplest case of the second-order product formula, k£ = 2.
The lowest-order simulation error for a second-order Suzuki-
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FIG. 3: Long-time simulations of the power-law Heisenberg model in Eq. (25) using a combination of six Suzuki-Trotter formulas correspond-
ing to all possible permutations of the Hamiltonian terms Hx, Hy, Hz. (a) We plot the ratio of the figure of merit L and the error Lo of
the contributing product formulas as a function of the power-law exponent « for the number of Trotter steps N = 2 x 10? and the evolution
time ¢ = 100 for different system sizes n = 4, 8. (b) In the 6-qubit Heisenberg model (i.e. n = 6) with uniform all-to-all interactions (o« = 0),
we employ 2nd-, 4th-, and 6th-order Suzuki-Trotter decompositions for each step with fixed step sizes 0.005, 0.1, and 0.33, respectively. We
plot the loss function L r for the averaged channel (the dotted lines) and the loss function for a single contributing formula (the solid lines) as
a function of step number N. Since we fix the simulation time to be ¢ = 100 but choose different step sizes for different g, we get different
maximal values of N for different q. (c) The same as (b), but for a = 1.

Trotter formula can be represented as [36]

r

t3
ﬂ E [H% + 2HV27 [H’Ys? HMH + O (t4) . (24)
=1
727’731:"/1-&-1

Notice that there are at most O(I'®) terms in Eq. (24),
and the Frobenius norm for each commutator is bounded
by ”[H’YU[H’YWHWS]]HF < 4||H’71||FHH’Y2HF||H’YS||F'
Therefore, the simulation error for a single second-order
Suzuki-Trotter formula is bounded above by ||Eg,|, <
O((tT maxy=1, .1 HHVHF)?’) Consider now averaging over
all T'! second-order Suzuki-Trotter formulas corresponding
to all possible orderings of Hj,..., Hr with equal weights.
The simulation error is now a linear combination of terms
as in Eq. (24) corresponding to all I'! possible permuta-
tions of H,. We can observe that all commutators of the
form [H,,,[H,,, H,]], with 71 # ~2 # <3, will cancel
each other. As a result, only at most O(I'?) terms will re-
main, and the asymptotic simulation error will be bounded by
O((tmaxy—1, .. ||[Hy||)?T?), which is smaller compared
to the contributing Trotterizations by a factor of I'.  The
weighted average may also bring a further considerable reduc-
tion in the simulation error if we further optimize the weights
or increase the order of the formulas. Note that, for a large
number of terms I', there are exponentially many possible or-
derings of H,. We can therefore exploit random sampling
techniques. In Appendix F, using matrix concentration theo-
rems [25, 37-40] and the spectral norm for technical simplic-
ity, we prove that, with high probability, the statistical error
from sampling only 7" orderings of Hamiltonian terms is be-
low ©(AtIN1/2/T), where q is the leading-order term for the
simulation error of each product formula. This result shows
that the weighted average implemented by random sampling
can efficiently converge to the expectation regardless of I'.
We now consider long-time simulations and numerically
illustrate the effectiveness of averaging unitary circuits on
the example of the one-dimensional Heisenberg model with

power-law interactions:

H = Hx + Hy + Hy

1
—_— (Xin +YY; + leJ)(ZS)
Jj=1li=j+1

i — 31"

Here Hx y,z are the Hamiltonian terms containing the prod-
ucts of Pauli matrices X; X, Y;Y;, and Z,Z;, respectively.
The power-law exponent « describes how fast the interaction
decays with the distance between the spins. We consider the
simulation of exp(—iHt) for 0 < ¢ < 100. As mentioned in
Sec. I1, we choose one ordering and repeatedly use the Suzuki-
Trotter formula of this ordering in each time step. We then av-
erage over different orderings with the corresponding weights.
We derived the analytical value for the optimal mixing prob-
ability p,,; in NUSCs only in the case when Hamiltonians
consist of two non-commuting terms H = A + B [Eq. (20)].
In a more general case, when the number of non-commuting
terms is > 3, the analytical calculation becomes tedious, since
it relies on the general expression for the third-order Trotter
error. In order to compute the optimal vector of weight co-
efficients numerically, we discretize the interval of values of
the weight coefficients p,, € [0, 1] into 10 bins, so that there
are 11 possible values p,,, € {0,0.1,0.2, ..., 1}. Next, we per-
form a grid search on a discrete lattice of 11 points, where
M is the number of contributing circuits for averaging. In
the Heisenberg model example we are considering, we have
M = 6 corresponding to the number of permutations of three
Hamiltonian terms H x, Hy, and Hz. In Fig. 3(a), we observe
that, for strongly long-range models with o < 1, the weighted
average method reduces the error by an order of magnitude.
Even for @ 2 2, averaging unitary circuits can still result in
a significant 40% reduction in the loss. In Fig. 3(b,c), we fo-
cus on the 6-qubit power-law Hamiltonian with a = 0 and
o = 1. We increase the number of steps and observe that
NUSCs reduce L by an order of magnitude in both short-
time and long-time simulations. In Fig. 3(c), we observe that



the ratio of loss functions (i.e. error reduction) is different in
short-time simulation and long-time simulation. This is be-
cause the reduction ratio is different for £, and &, in Eq. (8).
It is also interesting that, in the case of all-to-all interactions
(v = 0), the loss function Ly grows strictly linearly with the
number of Trotter steps N, see Fig. 3(b). We provide an ana-
lytical explanation of this behavior in Appendix D.

The approach for averaging over product formulas with dif-
ferent Hamiltonian term ordering to reduce the simulation er-
ror can be used not only in the context of simulation on quan-
tum hardware but also in classical simulation methods such
as the time-evolving block-decimation (TEBD) algorithm. In
particular, in Appendix E, we apply the averaging technique
to the infinite time-evolving block-decimation algorithm [41]
to compute the ground state and the corresponding energy of a
spin chain. We provide numerical evidence that averaging uni-
tary simulations can improve the convergence rate of the clas-
sical algorithm. We believe this method could also be used to
improve a wide range of other classical computational meth-
ods for real-time and imaginary-time simulation of quantum
many-body systems.

B. Symmetry transformations

In this section, we consider the construction of the con-
tributing product formulas (in each step) using symmetry
transformations. For that, we assume that the Hamiltonian is
invariant under a set of unitary transformations from a group
S,ie. [C,H]=0,forallC € S.

For the short-time evolution V(At) = e~ "4t such that
||H|| At < 1, assume that we have a simulation Uy (At) =

V(At) — 22‘1 EY Ats + O(A20+1) with leading order

error O(t?), where E§ s) are the sth-order error operators, as
defined in Sec. II. We construct M contributing product for-
mulas by choosing a finite set of unitaries (possibly including
the identity operator) Cy, ..., Cps—1 € S and applying them to
the simulation Uy: U,,, = C U,C,,. Since [C,,, V] = 0, we
can rewrite the weighted combinatorial gth-order error opera-
tor I, of the average channel as

M—-1
B = 3" pnClL B C. (26)
m=0

The representation in Eq. (26) is a weighted average of the
error over M simulations each having error CLE§Q)C,TL and
weight p,,,. We can explain the reduction of error in Eq. (26)
by imagining qu) as a vector and C’;L,qu)C’m as a rotation
of the original vector. Unlike in Sec. III A, each contributing
simulation is now guaranteed to have the errors of the same
cLepica], - £
simulations, we get aFweighted combination of vectors that
have different orientations. The length for the resulting vec-
tor cannot be longer and is usually smaller compared to the
original simulations due to the triangle inequality.

If we have no information about the error structure, we
can choose symmetry transformations C',, randomly from the

norm:

. By combining different
F

group S. In the original paper on symmetry protection [35],
a symmetry transformation is added in each time step, and
each time step has the same duration. Compared with that
construction, the NUSCs considered here have an additional
degree of freedom: we can adjust the weights {p,, }. Further-
more, in our averaging approach, we use the same symmetry
transformation in each time step, so the symmetry transforma-
tion C,,, in each step will cancel with the C} in the next step,
leaving symmetry transformations only at the beginning and
at the end of the circuit. Therefore, we no longer need to apply
symmetry transformations in each time step, thus potentially
reducing the total gate count.

To illustrate error reduction using simulations constructed
with symmetry transformations, we carry out numerical simu-
lations on the one-dimensional long-range Heisenberg model
in Eq. (25). The Hamiltonian is invariant under global rota-
tions S = {Q;_, Ri(0,¢) : R; € SU(2)} with R; denot-
ing an arbitrary single-qubit rotation R on the i-th spin (the
same rotation R is applied on each spin). Specifically, we
choose R Haar-randomly. Similar to the symmetry protection
approach [35], we expect an O (M~ %) decrease in the simula-
tion error non-commutative with any symmetry C' € S except
identity if we assume equal weights p,, and randomly picked
symmetries C,,. This result can be understood by viewing the
rotations R as a random walk in the vector space of opera-
tors [35].

As shown above, randomly chosen symmetry transforma-
tions applied to the entire evolution operator can reduce the
simulation error. We can obtain greater improvement if we
know the structure of the simulation error. Here, we consider a
special case: C,,, = (C1)™ for a fixed unitary operator C; and
m =0,..., M—1. We further assume that Cy = exp(—iOA)
is generated by a Hermitian operator O such that |O||A <« 1
and at least one eigenvalue of OA is an irrational multiple of
m. In this case, we can obtain a provable O(ﬁ) reduction of
the part of the error that does not commute with C;. Given
an arbitrary simulation error E, we employ a technique simi-
lar to Eq. (8) and decompose the error as E = [O,n¢] + &c,
where [O, n¢| (§¢) is the part of the error that does not com-
mute (commutes) with O. The derivation of {- and 7)¢ is the
same as the derivation of £ and 7, except one needs to replace
H with the operator O. We then have

Esym ~ gc 4 (eiMAtOncefiMAtO o nc) ) (27)

MAt

Here, we assume that M is a large number. The derivation of
Eq. (27) follows the same pattern as the derivation of Eq. (9).
Therefore, by increasing M, we can suppress the part of the
error that does not commute with O. In Appendix G, we pro-
vide the proof of Eq. (27) and benchmark the error reduction
achieved with this scheme.

We remark that there are advantages and disadvantages for
the two methods. When the number of Hamiltonian terms I"
is small, the averaging over term permutations involves only
a relatively small number of contributing formulas M = T'!
and provides an asymptotic error reduction, whereas averag-
ing over symmetry group S would have 1/M convergence rate
to the same asymptotic error value as M — oo. In the op-
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FIG. 4: Simulating the power-law Heisenberg model [Eq. (25)] by averaging unitary circuits using symmetry transformations. Given a formula
U, we construct other formulas in the average by applying symmetry transformations R(6, ¢): U1 — R‘L(é?7 ¢) U1 R(0, ¢). (a) Reduction of
the quantum simulation error in the second-order Suzuki-Trotter formula by averaging two unitary circuits constructed from repeatedly using
product formulas {U1, Ul} in each step, where U, = ¢H'U ¢ and C¥ is the Hadamard gate applied to all spins, as a function of the
weighting coefficient p. The Trotterized evolution consists of N = 5 x 10* time steps with a fixed step size At = 2 x 1073, corresponding
to a total simulation time ¢t = 100. (b) Same as in (a), but we fix p = 0.5 and vary the number N of Trotter steps. (c) We implement
M = 10 different Haar-random symmetry transformations on the second-order Suzuki-Trotter formula U; for ¢ = 100 and increase system
sizes 3 < n < 11. We plot the simulation error reduction as a function of system size n for different power-law exponents o = 0,1, 2, 4.
The solid lines show linear fits on a log-linear plot. The error bar here indicates the standard deviation due to randomly sampled symmetry

transformations.

posite limit, when the number of Hamiltonian terms is large
and the number of possible term permutations grows expo-
nentially, the averaging over the full permutation group of
Hamiltonian terms becomes prohibitive. In such a case, there
are two options: (a) perform averaging over a finite number
of symmetry transformations .S, or (b) use the sampling ap-
proach to generate a finite subset of random permutations of
the Hamiltonian terms, as described in Eq. (24). Depending
on the concrete experimental setting, it might be more conve-
nient to use either method (a) or (b) for Hamiltonians with a
large number of terms.

In Fig. 4(a,b), we demonstrate the effect of symmetry-based
NUSC:s for the simulation of the power-law Heisenberg spin
chain in Eq. (25). We consider n = 6 qubits with open
boundary conditions and apply a single symmetry transfor-
mation, resulting in M = 2 contributing unitaries. We choose
R; to be 7/2 rotations around the x-axis corresponding to
the Hadamard gate, which is equivalent to the substitution
X < Zand Y < —Y. Therefore, applying this symme-
try transformation to the evolution in this model is equivalent
to implementing a product formula with different orderings
of the three parts of the Hamiltonian. The symmetry operator
can be written as 1 = (R”)®" where R denotes a single-
qubit Hadamard gate. In Fig. 4(a), we observe a 30% to 45%
reduction in the average error for different power-law expo-
nents « by using equal weights for the two contributing uni-
taries. In Fig. 4(b), we fix the step size and increase the total
simulation time. For different power-law exponents a, we ob-
serve 40% to 65% reduction in L in short-time simulations
and 30% to 50% reduction in long-time simulations. Similar
to the previous section, we also observe a step-like increase in
the error reduction ratio as the number of steps N grows from
N =100 to 1000, reflecting the dominance of one of the two
terms in Eq. (8). In Fig. 4(c), we choose M = 10 symmetry
transformations randomly from the SU(2) symmetry group.

Our method works well for the power-law exponents in the
range 0 < o < 1 and results in simulation error reduction for
different system sizes.

An important question concerning the practical implemen-
tation of our approach is whether the error reduction persists
for larger systems without changing the choice of weights. In
general, it is hard to derive an analytical bound with favor-
able dependence on system size n for the NUSC error (the
loss function) in Eq. (3). This is because we use the Frobe-
nius norm in order to analytically compute the Haar integral.
As the Frobenius norm for spin models can increase exponen-
tially with n, it might be hard to get a useful bound in the
limit of large n. However, we remark that the scaling of error
with n will not increase exponentially if we consider the spec-
tral norm in Eq. (3) instead of the Frobenius norm. While the
spectral norm is a common choice in most analytical results on
digital quantum simulation, we cannot compute Eq. (3) using
the spectral norm. We would like to note that, as n increases,
the slope for the system-size scaling for the power-law expo-
nents @ = 1 and o = 2 is small in Fig. 4. For power-law mod-
els, we can thus expect that the error reduction due to mixing
product formulas persists up to system sizes n ~ 100, where
any classical simulation becomes computationally hard.

IV. EXPERIMENTAL BENCHMARKS ON THE IONQ
QUANTUM PROCESSOR

In the previous sections, we presented both analytical re-
sults and numerical benchmarks for averaging product formu-
las. To provide further benchmarks of NUSCs, we carry out
experiments on IonQ’s 11-qubit trapped-ion quantum com-
puter [32] via the Amazon Braket cloud platform [33]. The
IonQ Harmony device features all-to-all connectivity with av-
erage single-qubit and two-qubit gate fidelity of 99.5% and
97.5%, respectively.
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FIG. 5: Experimental error suppression using a linear combi-
nation of product formulas to simulate time evolution under the
Hamiltonian in Eq. (28). We plot the total variation distance
between the measured probability distribution of bitstrings and

the ideal distribution obtained by solving the Schrodinger equa-
2n (meas) p(Schrod)

tion: Total Variation Distance = % Dot , where

piscmd) = |tu|? is the squared amplitude of the wavefunction for

the computational basis state u. For each set of simulation param-
eters (u, A\, t), we show two groups of histograms: (left) the ideal
numerical simulator and (right) the IonQ Harmony device. To distin-
guish these two groups, the simulations on the numerical simulator
are depicted using lighter colors, while the experiments on the lonQ
quantum processor are depicted using darker colors. Within each his-
togram group, we compare the performance of individual first-order
product formulas, e"*4*e~*B* (blue) and e "*Bte~*4* (green), and
their weighted linear combination with equal weights = {0.5,0.5}
(red). All simulations on the IonQ device were performed for an
n = b qubit subsystem, and the number of measurement shots was
set to Nawor = 104

We consider a Hamiltonian for the Ising model in both
transverse and longitudinal magnetic fields with periodic
boundary conditions [42]:

H=Y XiXpa+py XitA) Zi.  (28)
i=1 i=1 i=1

——
A B

This Hamiltonian can be natively simulated using only
Rx x(0) gates and single-qubit rotations chosen from the
IonQ device gate set. The model (28) is not exactly solv-
able provided p and A are nonzero and provided A\ # 1 [42].
We simulate this model for system size n = 5 on the IonQ
device. We consider combining first-order product formulas
e~ Ate=iBt and e~ 1Bte=i4! with weights {p, 1 — p}. We fo-
cus on short-time simulations using a single step. This al-
lows us to maximally suppress the experimental noise brought
by circuit depth and simulation time. We fix the input state

to be (RT)®n |0)*" = A= 2" 1}y (where |i) runs over
all computational basis states) and estimate the total variation
distance between expected and measured probability distribu-
tions in the computational basis. We set the number of mea-

surement shots to be Nyt = 10 for each product formula.

The results of the experiment are shown in Fig. 5(a). We
simulate the dynamics of the Hamiltonian in Eq. (28) at dif-
ferent values of (p, A,t) on both a numerical simulator and
the real IonQ device. The error on the IonQ device is com-
posed of three parts: the analytical simulation error, the sam-
pling noise as we can only approximate the distribution using
limited samples, and the experimental noise. On a numerical
simulator, there is no experimental noise. We fix p = 0.5 to
eliminate the second-order error oc 2. When combining two
product formulas, we set the number of shots per product for-
mula to be N, = Nehot/2 = 5 x 103 for a fair comparison
between the contributing product formulas and the average.
We found a regime of parameters where the sampling errors
remain smaller compared to hardware errors and Trotteriza-
tion errors. We set the simulation times to be small enough
t € [0,0.2], so that the accumulated errors on the quantum
hardware remain comparable to the Trotter error of an ideal
simulation. Increasing the number Ny, of measurement shots
reduces the sampling error, however, this becomes problem-
atic when the initial and final states are close to each other
so that a prohibitively large number of shots is required to
achieve the necessary level of accuracy. As the shot number
Ninot 1s unchanged, the sampling error (represented by the er-
ror bar) for the sampling procedure remains the same for dif-
ferent ¢. To ensure that the sampling error does not overwhelm
the Trotter error in such cases, we choose larger p and A for
t = 0.05 in order to increase the Trotter error because the pa-
rameters that control the Trotter error are the dimensionless
products pt and At.

When simulating quantum dynamics classically, NUSCs
can achieve an improvement of one order of magnitude. On
the other hand, on the IonQ Harmony device, the improve-
ment is negligible for ¢ = 0.2 but becomes noticeable as we
decrease the simulation time from ¢ = 0.2 down to ¢ = 0.05.
At t = 0.05, we experimentally demonstrate a 30% reduction
in the simulation error. Our results indicate that combining
product formulas results in the suppression of the effective
Trotter error in experimental settings. Although the Trotter
error reduction in NUSCs occurs both at short and long evo-
lution times (as demonstrated in Fig. 4), the effect becomes
experimentally measurable on noisy devices only at short evo-
lution times. Finally, in the most interesting regime when the
total evolution time is large, digital quantum simulations split
the evolution time into smaller time steps and apply a prod-
uct formula in each time step. Our approach further applies
a NUSC over full circuits of multiple time steps. However,
hardware errors depend not only on the total simulation time
t, but also on the number of gates applied throughout the evo-
lution, since every gate incurs coherent control errors which
will accumulate. Therefore, we would expect that, in a re-
alistic experimental setting, digital quantum simulation using
either NUSCs or standard Suzuki-Trotter formulas will fail
only when the number of Trotter steps is below a certain crit-



ical value, whereas the hardware error will start to dominate
when the number of Trotter steps is above this critical value.

V. SUMMARY AND OUTLOOK

In summary, we consider an approach to reduce the digi-
tal quantum simulation error using a weighted average over a
few unitary circuits. We analyze two methods for construct-
ing contributing unitary circuits: (i) taking different orderings
of Hamiltonian terms in Suzuki-Trotter formulas and (ii) ex-
ploiting symmetry transformations. We show that one can po-
tentially achieve the accuracy of a higher-order simulation via
simply averaging the outcome of different unitary circuits re-
gardless of the number of simulation steps (i.e. regardless of
the simulation time), which can save considerable quantum
resources. We demonstrate the error reduction via NUSCs us-
ing experiments on the IonQ device via the Amazon Braket
cloud platform. Finally, in Appendix E, we demonstrate nu-
merically that our approach for averaging unitary simulations
can improve the classical infinite time-evolving block decima-
tion algorithm for simulating quantum systems [41].

While we provide the optimal weight distribution for the
lowest-order error only in the case of Hamiltonians made up
of two directly realizable terms (H = A+ B), it would be im-
portant to provide an analytical bound for the error reduction
for a general Hamiltonian that contains more than 2 experi-
mentally realizable terms. It would also be interesting to ana-
lytically prove the error reduction of NUSCs and characterize
how the error reduction scales with system size in long-time
simulations.

The figure of merit exploited in this work evaluates the
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performance of a given simulation by calculating the aver-
age simulation error on pure states. Error analysis averaged
over all quantum states in the low-energy subspace of a given
Hamiltonian, building upon the result in Ref. [43], would be
another interesting future direction.

It is also important and interesting to generalize the analysis
in this paper to more advanced quantum simulation methods
such as truncated Taylor series [ 10] or qubitization [14], as the
error structure would be typically more complicated.

Finally, we emphasize that the optimal weights in our av-
eraging approach depend on the exact error structure deter-
mined by both the simulation algorithm and the properties of
the Hamiltonian. It would be interesting to calculate the exact
optimal weights for the symmetry transformation approach
and the permutation-of-terms approach for some physically
relevant models.
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Appendix for: Improved Digital Quantum Simulation by Non-unitary Channels

In this Appendix, we provide additional details on numerical calculations in the main text and expand upon the theoretical
aspects of this work. In Appendix A, we provide a detailed proof of Theorem 1 in the main text. In Appendix B, we prove
Lemma 1 in the main text and provide more numerical evidence. In Appendix C, we provide the proof of Eq. (22) in the
main text. In Appendix D, we decompose the simulation error into two terms and study the behavior of each term in short-
time simulations and long-time simulations. We also explain the linear growth of simulation error with the number of Trotter
steps in Figure 3(b) at « = 0. Finally, we give the proof of Lemma 2 in the main text. In Appendix E, we use NUSCs in
the classical infinite time-evolving block decimation iTEBD) algorithm to calculate the ground state and its energy for one-
dimensional quantum models. We numerically show that NUSCs could considerably accelerate the convergence rate of the
algorithm. In Appendix F, we provide the step and sample complexity calculations to bound the random fluctuations when
implementing random sampling for Hamiltonians with a large number of terms in Section III A. In Appendix G, we provide
additional numerical results for the symmetry protection approach in Section III B. We also provide analytical and numerical
verification for the O(1/M) reduction for combining a simulation under a particular group of symmetry protection considered
in Section III B: {C,,, = (C1)™ }m=0,....M—1-

Appendix A: Proof of Theorem 1

In this section, we prove Theorem 1 in the main text.

Suppose that we have M contributing simulations Uy, ..., Ups and the target evolution V. The average error Ly in Eq. (3) for
the NUSC can be written as

Lot Ustspiseemn V) = [ dle) S o [0 U — V [0 V1

m=1

. (AL)
F

where ||-||  is the Frobenius norm, and the integral is over pure states drawn from the Haar measure. When M = 1, this integral
can be evaluated analytically [34]:

LF<U7V>=/d|w>|\U|w><¢|U*—V\w>< Vil = {h@(dHTr(U*V)V)}, (A2)

where d is the dimension of the system. This result makes use of the observation that U |¢)(1)| U and VT [¢))(1)| V are pure
states and of the calculations of Haar integrals in Refs. [44—46].

The choice of using the Frobenius norm enables analytical evaluation of the average error for any M:

LF(U17 ~~~7UJW?p17 <y PM, V) =2 <]— - CH—I) (Z pm + Z men)

m>n

me\Tr U = S prpa| (UL UL

m>n

d +1) (A3)

Now we provide the proof of Theorem [ in the main text. Given a product formula with leading order error O(¢?), we expand
the approximation error up to the (2¢ + 1)-th order. Since each simulation U,,, = V' — ZQQH ESts 4 O(t?9%2) is unitary,

ie. Ul U,, = VIV =1, the error operators EY satisfy

2q+1
iy ( E@ty —yt Ef,f)) +2E@OTE@ 4 20+ ( BtV p@ | gt E<q+1>) O (129+2) (A4)

m
S=q
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We exploit this constraint to expand Tr(U,},V') and Tr(U\,U,, ). Ignoring higher order terms O(t272), we have

2q+1
T (U},V) =d+i Y T (BRI, (AS)
s=q

e (U, V) |* = d? — 2 [d Tr(E§g>TE5,§>) - Tr(Eﬁgﬁv) ’2]

_ op2atiRe [d Tr(ET(g—s-l)TET(g)) _ Tr(E?ggH)TV) Tr(VTEf?g))} : (A6)
Te(USU,) =d+i Qil s [Tr(Eﬁ,f” V) - Tr(VTES))] + 1% Tr<E5,”Z”E5ﬂ))
_ 2041 [Tr (EﬁgﬂﬁE@) LTy (E53>+E£q+1>)} : (A7)

e (U, U,)|* = d2 — 2 {d [Tr (Eﬁ,g)TEﬁg)) 4T (E;Q>TE;q>) — 9Re(Tr (E}g”E;q))} - ‘Tr(Efjj”V) ‘2

Te(E01V) ’2 +2Te(EQV) Te(EPTV) } — 2201 {aRe [Te (BB ) + Te (EG T ED))]

+d [Tr (E,(,;”l” E,(f)) +Tr (E}gﬁ Efﬁ“)ﬂ —Re [Tr(Ef,g“)T v) Tr(vT Ef,;ﬂ) —Tr (E}f*lﬁ V) Tr(VT E,(f))

~ Ty (E}ﬁ“”V) Tr<vT E5,3>) ~Tr (Eggﬂﬁ v) Tr(VTE;@)] } . (A8)
Hence, we obtain the lowest two orders of the average error Lp:
2t2q 2 4t2q+1 t 1
Lr =005 [aTe(EJE,) — |Tr(E[V)[*] + TR [ame(E B - (B V) T (VIE)], @a9)

where F, = Z%Zl mef:{) and Fy i = Zf\f:l me7(,[f+1). Eq. (A9) is exactly the conclusion of Theorem 1. We note that the

above equation also guarantees that the (2¢)-th order error is always positive. This is because d Tr(ATA) > |Tr(A)[?, where
A=EIV.
a

Appendix B: Proof of Lemma 1

In this section, we present a detailed proof of Lemma 1 in the main text and provide additional numerical evidence illustrating
the Lemma.

As defined in Egs. (17,18) in the main text, U; and Us are the two possible second-order Trotterizations of A and B, which
are the two experimentally realizable parts of the Hamiltonian H = A + B. Following the notation in Appendix A, we derive
the third-order error for the two product formulas and the NUSC according to Ref. [36]:

B = BB A] - o [A[4.B]). ®1)
B = A4, B]) - o B, (B, 4] (82)
By =233, AY + T A A B = o (2~ 39)A+ (1 - 39)B, 4, ] (83)

By exploiting the triangle inequality and the sub-multiplicative property of the norm, we can bound the norm of E3 by
1
1Bl < 511(2 = 3p)A + (1 = 3p) Bl ¢ [|[4, B|l (B4)

This bound indicates that the norm of the averaged third-order error depends on [|(2 — 3p)A + (1 — 3p)B|| . We write the
Hamiltonian as H = ) _ J,0, where o are Pauli strings, and assume that A and B have support on non-overlapping sets S and

S¢ of Pauli strings. In this case, we have Tr [(aA + BB)Q} = o Tr(A?) + 82 Tr(B?), so that

1
IEslli < 527 [(2 = 3p)* 73 + (1= 3p)* T3] 1A, B, (BS)
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Actual Loss L r

Loss or Normalized Error

2
- - -Term HE3||F
— Analytical Loss
0 0.2 0.4 0.6 0.8 1
Weight (p)

FIG. 6: Illustrative numerical simulation of the one-dimensional spin model H = ) i XiXip1 +JIX: + > j Y;Y;4+1. We plot the actual
average error (i.e. loss) L (blue), the numerical result for || E3 H% (red), and the analytical result for || E5 ||2F (green). All curves are normalized
to be 1.0 at p = 0 (where we only apply U1). The optimal weight for the (approximate) analytical result is pope = 0.5625, while the actual
optimal weight is very close: pope = 0.5750.

where J3 = > o J2, Ji = Y ,cge Jo. and n is the number of qubits. Equation (B5) also allows us to derive the optimal
2J5+73
3(J3+J5)

To further illustrate the result of Lemma 1, we provide the numerical simulation of the one-dimensional spin model
H=% XXi+JX,+> ;Y;Yj41. As shown in Fig. 6, we consider averaging two second-order Trotterizations given
in Egs. (17,18) in the main text with A = Y. X;X; 11 + JX; and B = Zj Y;Y; 1. We set the system size to be n = 6, the
simulation time to be ¢ = 0.1, and the parameter .J to be .J = 1. In this case, we have J3 = 2"(2n — 1) and J3 = 2"(n — 1).
By Lemma 1, we can obtain the optimal weight to be pop; = 0.5625 and the error to be 0.070 and 0.111 of the errors of U; and
Us,, respectively. Here, the absolute value of the errors for U;, Us, and the average with the optimal weights are 0.0213, 0.0130,
and 0.0023. We observe from the numerical results in Fig. 6 that the actual loss L and error || E3||%, deviate from the analytical
result slightly due to the higher-order error.

weight p,,; = and the corresponding improvement in Lemma | in the main text.

Appendix C: Proof of Equation (22)

In this section, we provide the proof of Eq. (22) in the main text.
As mentioned in the main text, the recursive definition for higher-order Suzuki-Trotter product formulas is given by

r 1
Sa(t) = Hexp <zHJ;> H exp (zHJ;> ; (CD)

j=1 j=T

Sk(t) = Si_g (unt) Sk—z (1 — dug) t) S§_y (ukt) (C2)

where uj, = (4 — 41/(k=1) - Here, Sy (t) provides a digital quantum simulation with (k + 1)th-order error in ¢. Without loss
of generality, we can assume that Eg, (¢) has the form

Eg, (t) = K "+ K§ ot 4+ Kp oth T+ Ot ), (C3)

where K¥ denotes the error coefficient matrix of th i-th order error for Eg, (). By the recursive relation given by Eq. (C1), we
can derive the following relation between Eg, (t) and Eg, ,(¢) under the assumption || H || ot < 1:
ESk (t) :ESk,z (ukt)eiH(l—uk)t + eiHuktESk72 (ukt)eiH(l_Quk)t + eiH(l_uk)tE5k72 (ukt)

_ . . . (C4)
+ e,LH(172Uk)tESk,2 (ukt)ezHukt + 62H2uktE5k72((1 _ 4Uk)t)€ZH2ukt,

where the higher-order terms of the form Eg, ,(uxt)Es, _,(uxt) and Es, ,(urt)Es, _,((1 — 4ug)t) are ignored. Eg, (t) has
the lowest-order error term of (k + 1)th-order, while Es, , (¢) has the lowest-order error term of (k — 1)th-order. We consider



15

the kth-order error on both the left-hand and the right-hand side of Eq. (C4). The coefficient on the left-hand side is 0, while the
coefficient on the right-hand side can be computed to yield the following equation:

0=2uy ' (5up — 1)tF - (2K} 2 —i {K; "}, HY), (C5)

where {A, B} = AB + BA is the anticommutator. We utilized the fact that 4u} * + (1 — 4uz)*~! = 0.
Now we consider the difference between the left-hand side and the right-hand side of Eq. (22) in the main text. Taking
advantage of the representation in Eq. (C4), this difference can be written as

2€iHuktESk_2 (ukt)eiH(l—Zuk)t + QeiH(l—Quk)tESk_Z (ukt)eiHukt + eiHQuktESk_z ((1 _ 4uk)t)€iH2ukt. (C6)

The kth-order term in Eq. (C6) gives exactly the right-hand side of Eq. (C5) and hence vanishes. We now consider the
(k 4 1)th-order term in Eq. (C6). It gives

— AKF Puy T (Buy, — 1) (Bug — 1)

oy [ { KT H Y - 6ue(Bue — 1) + (Kp 2H? + HPKP7?) - (ug + dup — 1) + HKF 72 H - (24w, — 4uy)] -
(€7
Given that, as k — oo, uxr — 1/3, we have the first term approaching 0 and the rest of the terms approaching to
2/3uf ek + {(QK;T2 —1 {K,’j:f, H}),iH} in this limit. Then, using Eq. (C5), we find these remaining terms also van-
ish. Therefore, the leading-order error of Eq. (C6) has a scaling of O(t*+2) when k — co. According to Eq. (C4), the difference
between the left-hand side and the right-hand side of Eq. (22) is exactly Eq. (C6) and has a (k + 2)th order leading-order term.
This concludes the proof of Eq. (22) in the main text.

In addition, in Table I, we provide numerical values for some of the parameters in Eq. (C7) and their ratios for £k =
4,6,8,10, c0.

El6ur(5ur, — 1)[(Buz + dug — 1) /6ur, (5uy, — 1)[(24uz — duy)/6ur (5uy — 1)
4 2.667 0.440 0.924
6 1.937 0.470 0.954
8 1.722 0.480 0.967
10 1.619 0.485 0.974
o] % % 1

TABLE I: The parameters in Eq. (C7) for some finite k£ and for infinite k&

From Table I, we see that, when k& = 8, the ratios (3uj + 4uy, — 1)/6uy(5ux, — 1) and (24ui — 4uy)/6uk (5ux, — 1) deviate
by only about 5% from their ideal values at kK — oo. Since the average error L is defined using the square of the norm, such a
deviation would only cause an ~ 10~ deviation.

Appendix D: Error decomposition for long-time simulations

In this section, we consider the error structure of a N-step simulation U (N, At). Suppose the exact evolution in a time step
Atis V(At) = e At We consider a simulation circuit U(At) = V(At) — E(At), where E(At) is the simulation error. We
can decompose F(At) into

E(At) = [H,n(At)] + £(At) (D)

for some operators 1 and £ such that £ commutes with H. In terms of n and &, the error for the N-step simulation can be
approximated to leading order as

N

. . . : b e B(AY) iy
E(t) ~ Z e—zH(N—j)AtE(At)ezH(N—j)At ~ / e—th Sk AP tdt/ (D2)
Z 0 At
1 —1 7
=¢(At)N + Al [e= " tn(At)e™t — n(At)] . (D3)

Notice that, at a fixed At, the second term in Eq. (D3) is bounded by %, independent of N. Meanwhile, the first term increases

linearly with N and hence becomes the dominant error in the long-time (large-/V) limit.
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To derive an analytical form of 1 and £, we consider an n-qubit Hamiltonian H represented by its eigenvalues and eigenstates
as

d
H =" Eli)il, (D4)
1=1

where d = 2" is the dimension of the Hilbert space, {|i)} are the eigenvectors, and {F;} are the energy spectrum of the
Hamiltonian. For simplicity, we suppose the error E(At) = E =}, . €;;i)(j|. We can calculate { as

1 (T .
€= lim — / e HHt Bttt gy (D5)
T—o0 0
= > O ey (D6)
’i,j:Ei:E_j

Now we consider an example of the all-to-all-interacting Heisenberg model:
H=> (X;X; +Y}Y; + Z:Z)) (D7)
i<j

and analyze the Trotter error in simulating time evolution under H. This Hamiltonian corresponds to the long-range-interacting
Heisenberg model with the power-law exponent o = 0. The presence of additional symmetries in Eq. (D7) allows us to compute
the error terms analytically. We consider this special model in order to explain why, in Figure 3(b) and Figure 4(b) in the main
text, the o = 0 model does not undergo a transition in what error term dominates Eq. (D3).

We can simplify our calculations by noticing that the Hamiltonian (D7) can be written in terms of a large spin:

3 3
H:2(S§+S§+S§)—ZN:HHHﬁHZ—ZN, (D8)

where H, , ., = 25’3’%2 and the components of the “large spin” are defined sums of Pauli operators: S, = 1 > X Sy =

% > Y, S, = % >; Z;. Components of the spin operator satisfy standard commutation relations:
[Sas Sp] = i€apySy- (D9)

To construct the Trotter product formula, we split the Hamiltonian into three terms H,, H,, and H,. We first consider the
error term for the first-order product formula. The error has the following structure:

Egma < ALY "[H,, H,). (D10)
pu>v

We will show that the second-order error £;—, commutes with H. Due to the rotational symmetry of the Hamiltonian, we only
need to show that [H, C1] = 0, where

Cy = [S2,52] = Su[Sa, Sy1Sy + [Sa, Sy]SaSy + SySalSe, Syl + Syl[Se, Syl Se
=i {459,5.5, — 2i(S; + S2) + 2052} =i (45,5,5. — 2iH). (D11)

From Eq. (D11) it follows that we only need to compute [H, S;S,S,]. We now separately calculate the contribution to this
commutator from each of the three terms in H. The contribution from S? reads

[S2,525,5.] = Su[S2,Sy]S= + S29y[S2, 2] = Sa (Sa[Se, Sy)S= + [Se, Sy)S2S2) +
Sz Sy (52[Se, S:] + [Se, S:182) =i (S22 + 905:525: — S0y SeSy — 525,5z) - (D12)

Next, the contribution from S; reads

[52,5,5,5.] = [S2,5,]5,S. + 525,[52,5.] =i (=5,5.5,5. — 5.525, + 5,525, + 5.5,5.5,) . (D13)

Yy
Finally, the contribution from 53 reads

[52,5,5,5.] = [52, 5,15, 5. + S.[52,5,]5. = i (S.525. + 5,5.5,S. — 5,5.5,5. — S252). (D14)
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Summing up the three contributions we obtain
[H,C1] = [S2 + S5 + 52,4i5,5,S.] = 0. (D15)

Equation (D15) implies that the total error for the N-step first-order Suzuki-Trotter formula scales linearly with the number of
time steps: ||E,=2(t)|| = N||E(At)||. Similarly, one can show that the second-order error term &£, for the second-order product
formula [36],

r

3 r r
;ZZ H, +2 Z H’ml Z H%,H%H, (D16)

y1=1 yo=v1+1 y3=v1+1

commutes with the Hamiltonian (D7). The commutativity of the second-order error term with the all-to-all-interacting spin
Hamiltonian (D7) explains the strictly linear growth of the simulation error with the number of Trotter steps in Fig. 3(b) at
a=0.

We now give the proof of Lemma 2 in the main text. We consider a non-degenerate Hamiltonian, i.e. E; # E; fori # j. In
this case, for a given simulation error F, ¢ is just the diagonal part of F in the Hamiltonian eigenbasis:

d
€= eili)i]. (D17)
i=1
To obtain the expression of 7 satisfying [H,n] = E — &, we writep =}, eg) |#)(j| and find
1 Cij
e . D18
€= T E; (D18)

We now consider the weighted average of second-order Trotterizations for non-degenerate bipartite Hamiltonian H = A+ B.
We write the Hamiltonian as H = Z?Zl E;|i)(i] and A, B as

A= ali) (il + ) il (D19)
i i#j

B=> (Bi—a)|i)(il = > i) il- (D20)
i it

Consider two second-order Suzuki-Trotter formulas U; and Us given in Egs. (17,18). Referring to the second term of Eq. (D1)
for U; and Us as &; and &, we find

G =&Y rili)il, (D21)
ki =Y 20ij0;(E; — E). (D22)
J#i

Here, we only consider the leading term and therefore focus on the coefficient matrix for At3. This result demonstrates that, no
matter what non-degenerate Hamiltonian we choose, as long as A and B are not diagonal, we will have £; = &5 to the leading
order. This means that, by averaging these two product formulas, we can never reduce the leading-order (oc At?) coefficient in
&. All the error reduction in this case will be from the reduction in the first term of Eq. (D1) by combining [H, 1] and [H, 2]
for short-time simulations.

Suppose that the optimal weight p for the second-order simulation is poy and that it results in a reduction of the term [H, 7].
If we now consider fourth-order simulation, Eq. (23) implies that the resulting error does not depend on the commuting part
(&) of the second-order error, and is instead entirely determined by the non-commuting part ([H, 7]) of the second-order error.
Therefore, the optimal weight p for the fourth-order simulation is the same as the optimal weight poy for the second-order
simulation, and the corresponding error is reduced by the same factor as the non-commuting part of the second-order error.
Since the second-order error also contains the commuting part, which is not reduced, this concludes the proof of part (i) of
Lemma 2.

To prove part (ii) of Lemma 2, we first derive expressions of the first term in the second-order error:

[H,m) o< Y [aij(Bj = B)(2E; — i — 2B + ay) + Y auau(2E — E; — Ej)] i) (j], (D23)
i,j#i I#i,5
[H,mo) o< Y [0 (Ej — Ei)(2E; — o — 2E; + o) + Y anai(2E; — E; — E)] [i) (4] - (D24)

i, 7 I#i,j
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Again, we only consider the leading term and therefore focus on the coefficient matrix for At3. We consider combining two
product formulas of (2k + 4)th order. By using Eq. (23) k times, we can approximate the simulation error for the two formulas
as

[H, ceny I’I7 [H7 7]1]] X Z (Eg — Ei)Zk[Ozij<Ej — E’Z)(QE‘Z — QG — QEJ + Oéj) + Z ailajl(QEl — El — EJ)] ‘Z> <j| , (DZS)

1,574 l#1,5
[H, ..., H,[H,ns]] x Z (E; — E;)*[ai;(E; — E:)(2E; — a; — 2E; + o) + Z (2B — E; — Ej)] i) (j| . (D26)
1,74 1#i,5

As k increases, only the terms with large (E; — E;) will matter. At large k, the value of a few terms will determine the absolute
value of the simulation error, which requires fewer weight parameters to optimize. This observation makes it possible to obtain
significant error reduction via averaging over a few product formulas. In the limit & — oo, since the largest (£; — E;) is unique
as the Hamiltonian is non-degenerate, we can ignore all but one entry in [H, ..., H, [H,m]] and [H, ..., H, [H,n2]]. Therefore,
the optimal weights for our approach would converge to a particular value p* that only depends on these two terms as the order
k increases. This concludes the proof of part (ii) of Lemma 2 in the main text. Furthermore, in the case when this entry has the
opposite sign in the two errors, we can completely eliminate the leading-order error in this limit by adjusting p.

Appendix E: Application to classical algorithms for studying quantum models of infinite size

In this section, we consider applying our averaging approach to classical simulations of quantum models. The infinite time-
evolving block decimation iTEBD) algorithm [41, 47, 48] is widely used to approximate ground-state energies and ground
states of one-dimensional quantum models. It is a method based on matrix product states (MPS) [49] and can approximate the
ground state of an infinite-size one-dimensional chain.

We consider a one-dimensional translationally-invariant infinite-chain model with sites labeled by » € Z and each described by
a complex D,-dimensional vector space V,. & CP+. Starting with a translationally invariant initial pure state |¥) not orthogonal
to the desired ground state, we can find the ground state by evolving |¥) in imaginary time:

|G) = lim e ™| W), (E1)

T—00

which requires classically simulating e 7%

The iTEBD method represents |¥) using an MPS, and we briefly recap here the main idea of this representation. For any site
r, we denote by [« r] and [r + 1 —] the semi-infinite sub-chain of sites {—o0, ...,7} and {r + 1, ..., 0o}, respectively. We then
write the Schmidt decomposition of |¥) across this partition as

DP
vy => " Gl @ (w2, (E2)

a=1

where the Schmidt rank D, is assumed to be finite, {GZ]} are the Schmidt coefficients, and {|\I/[OTT]}, {|\I/£: Hﬁ]} are basis
states. We use a three-index tensor 7"l to relate the Schmidt basis across two neighboring partitions. Therefore, the initial state
|T) can be expanded using the local basis |il"!) for site  and using G TG+l

D, D,
) = S S GUIT Gl iy wl 2o, (E3)
a,f=11=1

We can then decompose |¥) using local bases for sites {r + 1,7 + 2} in terms of GUIT UG HUTI+2 Gl 42l and so on. By
repeatedly exploiting this decomposition, we can derive an MPS representation for |¥).

Notice that directly implementing the evolution using the entire Hamiltonian H is impossible for MPS. We thus implement
the imaginary-time evolution e =" using digital simulation. A direct method is to split the Hamiltonian and apply the first-order
product formula. As shown in Fig. 7(a), in case of a two-body nearest-neighbor Hamiltonian H, we can split H into a block of
terms I; ;1 with even 4 (Heyen) and a block of terms H; ;41 with odd ¢ (Hgq). Therefore, for a fixed step size d7, the digital
simulation of e~ at 7 = Ndr — oo takes the form

7—h_g)loe—ﬂ—H s H (H Ui,i+1(d7)> ( H Uz‘,i+1(d7)> — H (H e—dTHi,'i+1> ( H e—dTHi,H»l), (E4)

N—oco \i=odd i=even N—oco \i=odd i=even
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FIG. 7: An illustration of (a) 2-site and (b) 3-site iTEBD algorithm using the first-order product formula.

where U; ;+1(d7) = e~ %" Hi.i+1 and N is the number of steps for the digital simulation. This method is known as a 2-site iTEBD

method. In each iteration corresponding to time step dr, we contract G 1T+ G 11 and apply a block Ui,i+1(dr). We then
use singular-value decomposition to decompose the tensor into the new GUITIr+1Glr+1],

Similarly, a Hamiltonian composed of terms H; ;11 ;12 acting on triples of adjacent sites can be decomposed into three parts
according to the value of 7 modulo 3, as shown in Fig. 7(b). This method is known as the 3-site iTEBD method. Compared
to the 2-site algorithm, two singular-value decompositions are required to decompose the tensor into a product of five smaller
tensors. While we presented the example of a first-order product formula, imaginary time evolution can also be realized using
higher-order product formulas.

Now we consider constructing NUSCs by averaging different Suzuki-Trotter product formulas. When calculating the ground-
state energy via Tr(H|G)(G|)/ Tr(|G)(G|) with |G) = lim, ., e~ "#|¥), we can represent |G)(G/| as a weighted average of
different simulations Uy, ..., Up as

M
IGYG| =" pmUn|O)(W|U,, (ES)

m=1

where {p1, ..., par} are the weights. Since the iTEBD algorithm is a classical computational method, we can directly take the
average of the unitaries U,,, which can be regarded as a non-unitary operation on the initial state |¥):

M
G) =" pmUn|¥). (E6)
m=1

To study the performance of the averaging technique, we perform a numerical experiment on both two-body Hamiltonians and
three-body Hamiltonians. For the 2-site iTEBD method, we consider a Heisenberg model with nearest-neighbor 2-body terms:

H=> (XiXip1+YiYip1 + ZiZiya) (E7)

where X;,Y;, Z; are Pauli operators on spin ¢. We exploit an algorithm similar to that in Ref. [41] and decrease time-step
size dr € {0.1,0.01,0.001}. As we expect the ground state as the output of the algorithm, the converged state should remain
unchanged after each iteration dr. We measure the distance between the states before and after each iteration and regard it as
the error for each iteration. Once this distance is below a certain threshold, we say the algorithm has converged at the current
time-step size and we decrease the time-step size. Otherwise, we enter the next iteration. We count the total number of iterations
required for the algorithm to converge for all d7 € {0.1,0.01,0.001}. We set the threshold value as 1079 in the following
numerical experiments. As shown in Fig. 8(a), we compare the number of iterations that the algorithm requires to convergence
for first, second, and fourth-order standard Suzuki-Trotter formulas and for the unweighted average (p = 0.5)—using Eq. (E5)—
of two first- and second-order Suzuki-Trotter formulas corresponding to the two orderings of Hoqq and Heyen. In Fig. 8(b), we
perform a similar numerical experiment using a linear combination of unitaries [Eq. (E6)] instead of taking a mixture of states
[Eq. (E5)]. We observe that, by averaging different simulations, one can reduce the required iteration number by a factor of
three.
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FIG. 8: Application of averaging simulations in iTEBD methods with equal weight p1 = p2 = 0.5 for two first- and second-order Suzuki-
Trotter formulas with permuted sequences.

(a) Using 2-site iTEBD methods to calculate the ground state of the Hamiltonian in Eq. (E7). We compute the error as a function of iteration
number for first- (k = 1), second- (k = 2), and fourth-order (k = 4) Suzuki-Trotter formulas and for combining two first-order (labeled
“Rand. k = 1) and two second-order (labeled “Rand. £ = 2”) simulations via Eq. (E5). (b) Same as (a), but using a linear combination of
unitaries [Eq. (E6)]. (c) Same as (a), but using the 3-site iTEBD method to calculate the ground state of the Hamiltonian in Eq. (E8) with
Ji = h; = —V; = 1. (d) Same as (c), but for the Hamiltonian in Eq. (E9).

For the 3-site iTEBD method, we observe a similar speedup in the convergence of the iTEBD algorithm. Specifically, we
consider the family of Hamiltonians

H=— Z(JiZileiZH»l +ViXi Xiv1 + hi Xs), (E8)

i

specified by parameters J;, V;, and h;. This family of Hamiltonians is used in the study of topological edge states defined at
arbitrarily high energies [50] and in the study of Floquet symmetry-protected topological (SPT) phases [51, 52]. The Hamiltonian
in Eq. (E8) has a Zy x Zy symmetry. In the extreme case when V; = h; = 0, the model is exactly solvable by mapping to free
fermions, and the eigenstates of Eq. (E8) are the mutual eigenstates of the stabilizers Z;_1 X;Z;1. These eigenstates are SPT
states and the ground states are called cluster states. When V;, h; # 0, the single- and two-body terms make the ground states
deviate from cluster states, and the model can not be solved exactly. In Fig. 8(c), we fix the parameterstobe J; = h; = —V; =1
and apply the 3-site iTEBD method to calculate the ground-state energy and the ground-state wavefunction. In particular, we plot
the error for the ground state (the trace distance between the output state and the actual ground state) as a function of the number
the iterations. In order to perform averaging, we combine with equal weight (p = 0.5) via Eq. (E5) two product formulas, such
that the first product formula has the term ordering as in Eq. (E8) and the second product formula has the order of the terms
reversed. We see that, using the averaging technique, we achieve a 50% reduction in the iteration number required to converge
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to the ground state.
It is worth mentioning that, in some cases, we can get more dramatic reductions in the number of iterations required to
converge. As an example, consider the following one-dimensional spin model with 3-body terms:

H=-) (Zi1XiZis +Yi). (E9)
In Fig. 8(d), we use the 3-site iTEBD method to approximate the ground state and the ground-state energy for this model.
For the averaging technique, we again combine with equal weight (p = 0.5) via Eq. (E5) two product formulas at both order
k = 1 and order £ = 2 with the second one reversing the order of the three Hamiltonian terms. While the algorithms that
exploit standard (not averaged) Suzuki-Trotter formulas require more than 5 x 10* steps even for fourth-order formulas, a simple
equally-weighted combination of two first-order product formulas requires fewer than 500 steps to converge to the final energy,
which is a two-orders-of-magnitude improvement compared to the unaveraged algorithm.

Appendix F: Derivation of step and sample complexity for long-time simulations

In Section III A, we have shown that, by applying permutations of Hamiltonian terms and using weighted averaging, we can
reduce the quantum simulation error. In particular, we demonstrated how this approach works in the case where we choose
only a few permutations. By choosing a larger number of contributing permutations, we expect an increasing ability to reduce
the simulation error. In particular, in Section III A, we show that averaging over the complete permutation group with equal
weights for a Hamiltonian composed of I' terms provides a reduction in the asymptotic leading error term by a factor of I'.
This approach is immediately applicable to Hamiltonians with a small number of terms. However, the size of the permutation
group grows exponentially with the number of Hamiltonian terms, and averaging a large number of permuted product formulas
requires more resources. To address this issue, we mention in Section III A an alternative approach: to randomly sample all the
product formulas in the permutation group with equal weights. In Section III A, we also give an upper bound on the statistical
error from sampling a limited number of permutations. In this appendix, we prove this bound. The resulting bound also holds
for Section III B, where we are averaging over a large number of symmetries in the symmetry group with equal weights. For
technical simplicity, we consider the spectral norm in this section, which is different from the Frobenius norm considered in the
main text.

We assume that the simulation Uy, (N, At) is an N-step simulation with the simulation block U, (At) in each step being a
product formula with leading-order error O(t?). Consider running our algorithm 7" times (corresponding to 7" different choices
of min U,, (N, At)) and averaging (with equal weights) the results of observable measurements afterward. The step size should
be small, At = t/N << 1, while ¢ could have an arbitrary value. The simulation error for a particular input state p can be written
as (1/T) 3, U(j)pU(Tj) — VpVT, where V is the ideal evolution. Defining U(p) = (1/T) > U(j)pU(Tj) and V(p) = VpV'T, we
can write the spectral norm of the simulation error as

() = V)l < IU(p) = V()
< mgXHU(p) -Vl

< max [@ToU)) - T2 V)@,
LpEC4 x4
= ||M_VH<>
1
<2 TXJ_:U(J’)_V D

where ||-||; is the trace norm, ||-||, is the diamond norm between quantum channels, and T ® U/(-) is the channel that performs
the identity channel on the first n qubits and I/(-) on the remaining n qubits. Here, the first line follows from the definition of
the norms, the third line uses the fact that [[(I® U) (55 ® p) — (I® V) (55 @ p) ||1 = [[U(p) — V(p)||; for any p, and the last
line follows from Lemma 3.4 of Ref. [25]. We decompose (1/T) >~ U(;) — V into the expectation bias E[U(;)| — V and the
fluctuation error represented as

T
1

Egpe = T ; U(j)(Na At) —-E [Um (Nv At)] ) (F2)

where U,y is the j-th random sample of our algorithm (i.e. one of the U,,,(At)). The following theorem asserts the sample (1)

and step (/') complexity required to bound || Efiycl||,. We remark that this sample complexity does not consider the number of
samples that are required to converge to expectation values of observables.
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Theorem 2. Consider simulating the dynamics V = e~*#* of an n-qubit Hamiltonian H = 2;21 Hj. Pick ¢,6 > 0 and
consider drawing 7" random simulations Uy, ..., Uy, - .., Uy each of N steps and At = t/N < 1 such that

/2
- vt N\
T=Q (]\7(24—1)/26 (n + log (5>) , (F3)

)

where v = HE}ff) + H@S‘i ) , E,(g ) is the error matrix for each time step, and 5,(,‘3) is the part of E,(g that commutes with H,
2 2

following notation from the main text. Then with probability at least 1 — 4, the fluctuation error || Epy||2 is bounded above by
e. Equivalently, if we fix 7" and set the step number to be

42/ (24=1)424/(24—1) 1\ ¥/ (2¢-D)
V=0 g (e (5)) ’ F49)

then the fluctuation error || Epyyc ||, is bounded above by e with probability at least 1 — 4.

Proof. The proof of Theorem 2 follows from the matrix Bernstein inequality [37-39]. We introduce several mathematical results
regarding matrix concentration inequalities. Suppose X1, ..., Xy are independent and identically distributed (i.i.d.) random

variables. According to the strong law of large numbers, the sample mean 1/N Zf\; X converges to the expectation E[X;] for
large N. For random matrices X7, ..., Xy, the following matrix Bernstein inequality holds [37]:

Lemma 3 (matrix Bernstein inequality [37-39, 53, 54]). Consider a set of d x d random matrices { X1, ..., X7} with E[X;] =
and || X;||2 < R for all ¢. Then for any 7 > 0, we have

T .2
r l > T] < 2dexp <7/2> . (F5)
=1 2

TR?+ R7/3
Now we continue to prove Theorem 2. We first prove the sample complexity result given in Eq. (F3). We denote X; =

b%og I(lj()le; b%y (E[Uy,)) for j = 1,...,T, which satisfies E[X;] = 0. Moreover, the spectral norm of each random variable X is
151l = 1) — U], (F6)

< U] = Vi, + [V = U F7)

< ma 0] + ] J oo )

In the second line, we used the triangle inequality. The first term in the second line is bounded by N Hf,(,? ) H (t/N)? according to
2

Eq. (11) in the main text if we only consider the leading-order error. The second term in the second line is bounded by N ‘ ‘ Eﬁg ) H
2
using the assumption that U,, is a product formula with leading order O(¢?). Thus we obtain the bound in the third line. We
apply the matrix Bernstein inequality to the sum = Z].Tzl Uiy — (E[Un]) = Z;’.le X with R = ~vt?/TN49~!. Therefore, given
€ < NR, the probability that H = Z 1 UGy — (B[ m])H > € can be bounded by
2

T T

1 . .
Pr|i> X, =Pr |||~ Z UNI_UY — (B[U V| >e (F9)
i=1 2 j=1 9
—€2/2
<2d F10
= 2aexp (NR2 . Re/3) F10)
< 2dexp (8NR2) (F11)
_3T2N2q 1 2

Therefore, if we choose 7' > © (1&‘1%_1]\7_(2‘1_1)/2 (n + 10g(1/5)1/2)), then we have H T Z]T:1 Ugy) — (]E[Um])H2 < e with
probability at least 1 — 4.
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FIG. 9: (a) We employ the second-order (kK = 2) product formula as U; and plot the error reduction as a function of the number of
Haar-randomly chosen symmetry transformations at ¢ = 100 and different power-law exponents o« = 0, 1,2, 4. The dashed horizontal line
represents the error reduction achieved by combining 3! second-order product formulas with all possible orderings of Hamiltonian terms H x,
Hy, and Hz. (b) Same as (a), but for the 4th-order (k = 4) product formula. (c) Same as (a), but for the 6th-order (k = 6) product formula.
(d) We use the symmetry operator > ., H; and construct Cp, = exp(i(m) @, HiA) form = 0,..., M — 1 and A = 0.01, where H;
is the Hermitian Hadamard matrix acting on qubit ¢. The initial simulation is the 6th-order product formula. We plot the error reduction as a
function of the number of symmetry transformations at different power-law exponents a.

For the step complexity when we fix 7, it follows from Eq. (F12) that, if N >
o (72/(2q—1)t2q/(2q—1) (n+10g(1/5))1/(2q71)/(TE)Q/(Q‘Z_U), then H%Z]T:l Uy — (]E[Um])H2 < ¢ with probability
atleast 1 — 4.

The sample complexity given by Eq. (F3) has polynomial dependence on ¢ and n. Moreover, when the step size At = t/N
is fixed, the sample complexity is © (Nl/QvAtq (n+ log(l/é))l/2 /e) This means that, when step size At is fixed, the

sample complexity scales as 7' oc t'/2. On the other hand, if we replace At with t/N, we find that sample complexity
scales as N—(2¢=1)/2 This means that, for fixed ¢, we can reduce sample complexity by increasing the step number N
(i.e. by decreasing the step size At). Alternatively, we can also bound the fluctuation error with high probability even with
T = 1 random sequence (i.e. no averaging), provided that the step complexity NN is large enough to satisfy Eq. (F4). In this
extreme case, the contributing simulation error itself is very small, which makes the fluctuation error bounded by e. Com-
pared with the step complexity of gDRIFT, which is © (272 (n + log(1/6)) /€*) [25], our step complexity has more favor-
able dependence on t, €, 7, (n + log(1/6)) as we employ higher-order (¢ > 1) digital quantum simulations in each step. In
particular, when the simulations U\y), ..., Ui are chosen as product formulas with large g, our step complexity approaches

() (’yl/qt (n+ log(l/é))l/(zq) /el/q) , which is linear in ¢. It is worth mentioning that this algorithm is scalable to larger sys-

tems at the price of an © (nl/ 2) increase in sample complexity or an © (nl/ (2‘1)) increase in step complexity. Notice that, since

step complexity NV scales as T~ 2/(24=1) increasing sample number 7 is not an effective way to reduce step complexity at large
q. Finally, we remark again that the sample complexity considered in this paper doesn’t take into account the experimental fact
that we have to repeat the experiment multiple times to get expectation values of observables.

Appendix G: Symmetry-based error reduction for the long-range Heisenberg chain

In this section, we first provide additional numerical results for the symmetry protection approach in Section III B. We then
prove Eq. (27) in the main text and provide numerics illustrating this equation.

In Fig. 9(a,b,c), we consider the Heisenberg spin chain with power-law interactions [see Eq. (25) in the main text]. We choose
symmetry transformations Haar-randomly and observe that, as the number of symmetry transformations M increases, the final
error reduction (solid lines) approaches an asymptotic value (dashed lines) given by the uniform mixture of 3! kth-order Suzuki-
Trotter formulas with all possible term orderings of Hx, Hy, and H. For the case of k = 1, the leading-order (second-order)
error only contains commutators [Hx, Hy|, [Hx, Hz], and [Hy, Hz]. By averaging over all 6 sequences, we can eliminate the
second-order error term. Averaging over Haar-randomly chosen symmetry transformations also reduces the leading-order error
to zero as the commutator of the form [Hx, Hy| contains no quadratic terms such as X2 where X = Y7 | X;. Yet, we were
not able to rigorously prove the equivalence between the two approaches in the general case for £ > 2 due to the non-isotropic
structure of the high-order error terms.

We now prove Eq. (27) in the main text and provide numerics illustrating this equation. We consider a specific choice of the
Hamiltonian-like operator O = Z?:l H,;, where H; is the Hadamard matrix acting on qubit ¢, that generates global rotations

around the axis defined by n = %(1, 0, 1). Constructing the group elements as C,,, = exp(imOA) form = 0,..., M — 1 such

that ||O|| A < 1 and at least on eigenvalue of OA is an irrational multiple of 7, we see that the resulting group has infinite
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size since the rotation angles ¢,,, are irrational multiples of 7. In a generic case, when the symmetry group is infinite (the phases
are irrational multiples of 7), it is beneficial to have large M because this reduces the error. For an infinite symmetry group
{Ch = exp(imOA)}S°_, and for a given simulation error E, we decompose the error as E = [0, n¢| + & similar to Eq. (8)
in the main text, where [O, n¢| (§¢) is the part of the error that does not commute (commutes) with O. We have

1= . 1 M-na g
E;Ym _ M Z e—szAEel(m—l)OA ~ MA e—zOt EezOt dr' (G1)
i=0
—to+ = [e—z‘(M—l)OAnCei(M—l)OA o 770] : (G2)

where E3™ is defined in Eq. (26) in the main text. This provides the proof for Eq. (27) in the main text, which indicates the
O(1/M) reduction of ¢, which is the part of the error that does not commute of O. This allows us to consider the unitary error
term E;7™ as a function of the number of symmetry transformations M. Fig. 9(d) shows that the NUSC error is suppressed as
M grows, similar to the Haar-random case in Fig. 9(a-c) and approaches an asymptotic value. Fig. 9(d) demonstrates that, if the
symmetry group does not coincide with the permutation group of Hamiltonian terms, it is beneficial to average the NUSC over
a large number M of symmetry transformations.
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