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Nonequilibrium time evolution of large quantum systems is a strong candidate for quantum advantage.
Variational quantum algorithms have been put forward for this task, but their quantum optimization routines
suffer from trainability and sampling problems. Here, we present a classical preprocessing routine for variational
Hamiltonian simulation that circumvents the need for a quantum optimization by expanding rigorous error
bounds in a perturbative regime for suitable time steps. The resulting cost function is efficiently computable
on a classical computer. We show that there always exists potential for optimization with respect to a Trotter
sequence of the same order and that the cost value has the same scaling as Trotter in simulation time and system
size. Unlike previous work on classical preprocessing, the method is applicable to any Hamiltonian system
independent of locality and interaction lengths. Via numerical experiments for spin-lattice models, we find that
our approach significantly improves digital quantum simulation capabilities with respect to Trotter sequences
for the same resources. For short times, we find accuracy improvements of more than three orders of magnitude
for our method as compared to Trotter sequences of the same gate number. Moreover, for a given gate number
and accuracy target, we find that the preoptimization we introduce enables simulation times that are consistently
more than ten times longer for a target accuracy of 0.1%.
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I. INTRODUCTION

Quantum simulation is believed to be one of the first
applications in quantum computing that may show practical
advantages over its classical counterparts [1,2]. To compile
a digital quantum algorithm for simulating a time evolution
U (¢) that will be typically generated by a p-local Hamiltonian,

Uty=e™ with H=Y c;H, (1)
J

a Trotter-Suzuki decomposition [3], that approximates U (¢)
as a product of local exponentials, can be employed. Although
so-called beyond-Trotter methods, such as more general prod-
uct formulas [4-6], quantum signal processing techniques
[7], or Krylov subspace inspired algorithms [8] have been
investigated, recent studies on Trotter error scaling [9,10] have
proven Trotter sequences to still be competitive.

Nonetheless, in specific applications, Trotter sequences fail
to deliver the optimal solution for a product formula with
fixed gate count [11]. Among other optimization strategies,
variational quantum algorithms have been put forward to find
optimized (system-specific) gate sequences for Hamiltonian
simulation [12—17].

Although variational quantum algorithms have recently
piqued significant interest as possible applications on near-
term quantum hardware [18], they hide intrinsic difficulties
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that make their implementation on near-term devices very
challenging. Vanishing gradients (Barren plateaus) [19-21]
sample overhead for efficient measurements [22,23] and ef-
fects of noise on cost function evaluations [24] are only
some of the hurdles to overcome. Thus, key to a successful
near-term quantum algorithm is developing strategies to use
quantum hardware in the crucial solution step, but otherwise
as little as possible.

A drastic, however, promising, approach to solve this is not
to do quantum optimization at all, but rather push the whole
optimization loop into classical preprocessing, which requires
a cost function that is efficiently computable by a classical
machine. This idea has been demonstrated to be applica-
ble in specific cases, such as translational invariant models
[25] in which parameters found on small systems can be
reused in large systems as well as systems with efficient tensor
network representations [26—29] to calculate error measures
classically.

Here, we present a cost function that is classically effi-
ciently computable and use it for classical optimization of
quantum circuits that implement time evolution in preprocess-
ing. We show that this cost function yields a faithful upper
bound on the two-norm error of the ansatz unitary if one
restricts the single time step to be small, an assumption that
is common to all product formulas [4—6,9]. Our cost func-
tion is agnostic of the considered initial state and relies on a
perturbative expansion of a rigorous upper bound that can be
transformed into a polynomial in the parameters. The number
of terms that need to be calculated scales with the number
of noncommuting terms H; in the Hamiltonian. While this
number is generally dependent on the locality and interaction
distance in H, it is bounded by a power of the qubit number
for models with only two-body interactions. There are thus
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FIG. 1. Maximal simulation time 7" of variational and Trotter sequences of order g € {1, 2, 4} (left) and simulation time ratio 77 /Ty of first
order sequences (right) for a fixed gate count that is determined by K and a threshold accuracy € € {1072, 103} evaluated on a nearest-neighbor
XY model on a 3 x 3 quadratic lattice and random interaction strength J/(f)u centered around 0.5, J© centered around 1 and h, = 0.25. The

72

small jumps in % are due to the finite step size in the search for optimal time steps ¢ to meet the error threshold €. See Sec. IV for details of

the numerical experiments to produce the data shown here.

no intrinsic limitations on the Hamiltonian for the use of
our method. We further give a perturbative and classically
computable error estimate that allows us to predict error scal-
ings in system size and simulation time if the optimized gate
sequence is repeated K times.

We illustrate the improvements enabled by our approach
via exact numerical simulations for an XY model with ran-
dom nearest-neighboring interactions. Our results (cf. Fig. 1)
show that the maximally reachable simulation times 7" for a
given target accuracy € and a fixed gate budget G = O(K)
are more than ten times longer than for a Trotter sequence of
the same order for cases with K > 20 and € = 1073, More-
over, the variational sequence even reaches slightly larger
simulation times than second-order Trotter and is competitive
with fourth-order Trotter, whereas these higher order formulas
provide less data points for fixed gate budget.

The paper is structured as follows. We begin by intro-
ducing the second-order perturbative distance of a variational
sequence from the correct time evolution operator in Sec. II
and show that it bounds the algorithm error up to third-order
corrections in the parameters. We further show that the per-
turbative distance always has a nonvanishing gradient at the
point in the parameter space that corresponds to the Trotter
sequence yielding a general guarantee for the existence of an
optimal solution away from Trotter. In Sec. III, we compute
the scaling of the error in the extrapolation of found optimal
gate sequence in system size and simulation time. Finally, we
demonstrate our findings and the advantages they enable in
numerical experiments on the XY model in Sec. IV before we
close with a summary and outlook.

II. PERTURBATIVE COST FUNCTION

We are interested in a variational ansatz for quantum
simulation U(z) = exp(—itH). It has been demonstrated

before [11,25] that Trotter sequences can be optimized in a
model-specific way using the ansatz

R M
Uvar = 1_[ 1_[ e*i@,-,,’Hj . (2)

r=1 j=I

The inner product factorizes all M Hamiltonian terms indexed
with j and the outer product adds the freedom to use in total
R layers in which the parameters can be different. While the
choice of ansatz is not necessarily restricted to Eq. (2), it
has the advantage of containing the Trotter solution. If we
use the parameters 6, ; = %I, Eq. (2) reduces to a Trotter
decomposition with Trotter number R.

Finding the optimal solution for an operator approximation
is hard, since error measures for the time evolution operator,
such as

€var = U () — Ul 3

where ||.|| is a yet unspecified, unitary invariant norm, requir-
ing exponential resources, in general. In this paper, we present
a classically efficient optimization strategy that yields good
results in the relevant regime of small time steps %, where
power expansions can be applied. To this end, we introduce
an approximation to an upper bound of the error measure €y,
for the time evolution operator in Eq. (3), which is provided
by a quantity that we call perturbative distance.

Definition 1. Let H = ZI/M cjH; be a time-independent
Hamiltonian. Define the perturbative distance

CO)=|i Y &OH; =Y x; 0 OH; Hyl| (4
J

i>J
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with the coefficients

£1(0)=) 0, —1c;. )

1
21.5©0) =3 [Z(@, i)+ Y Or iy — Or O, ,-)}. (6)

r>r

The perturbative distance C(6) represents an approxima-
tion to an upper bound of the error measure €y, for the time
evolution operator. We make this statement precise in the
following proposition.

Proposition 1. Let H=Y"" ¢;H; be a time-independent
Hamiltonian and C(0) the perturbative distance defined in
Eq. (4). Then the error €, defined in Eq. (3) is bounded up to
third-order corrections by

evar < C(0) + O(O?). (7

Proof. We can write the difference operator in Eq. (3) in
the form

gfilH _ eZ’ (8)

where Z is determined by merging Uy, into one exponential
via the Baker-Campbell-Hausdorff (BCH) lemma. We show
in Lemma 2 (see Appendix A2 for a proof) that up to third
order
) 1
Z=iy 6,;H;— 3 > 000y [H; Hyl+ O©°).
nj r.p)=>("J")

©))

We assumed a specific ordering of the multi-index (r, j) for
the sake of being precise. The statement can be very well
applied to arbitrary orderings of the exponentials in Eq. (2).
We finally make use of a well-known estimate (see Lemma 1
in Appendix A 1 for a proof)

e — €| < A - B, (10)

that leaves us with the proposition. |

To make C(6) an approximate upper bound to the error €y,,
we need to assume 1t_e ||H|| < 1 and bound the parameters 6 to
be at the same order of magnitude. This assumption yields
a time-dependent bound on R, which is not surprising. In
general, Lieb-Robinson bounds on the entanglement that is
generated by time evolution gives a relation between ¢ and R
[30]. If one manages to minimize C(6) within the perturbative
regime, the leading term in the upper bound will be of order
O(6?), yielding a new error estimate that we will analyze in
Sec. 111

Note that first-order Trotter sequences can be represented
by Eq. (2), setting the parameters 6, ; = % The Trotter solu-
tion has the advantage that it makes the linear contribution in
0, respectively 1t'z’ vanish. It is, however, not the only solution
that achieves this. In fact, we can reduce the number of pa-
rameters by M if we constrain the linear terms by &§; = 0V;.
Let us thus fix the last layer (r = R) by setting

Orj=1c;— ) b, (11
r#R

so (R — 1)M parameters remain. Note that Eq. (11) is a choice
that turns out to be helpful as long as the operators that

contribute in linear order are all orthogonal to the operators
in the second-order terms, which we assume in the following.
Otherwise first and second order terms could be used to cancel
each other.

We are still free to choose a specific norm. While in finite
dimensions, all norms are equivalent, choosing a norm to
describe the error €, implies a notion of how the algorithm
performs for specific initial states. If we were to choose the
operator norm ||.||,, for instance, € can be connected to an
infidelity for the worst case initial state, while a two-norm
I.ll, yields an average case error. Later, C(6) shall be used
as a cost function in variational optimization, so it should
be continuously differentiable in the parameters 6, ;. While
this rules out the operator norm, all Schatten p-norms can
be applied. If we consider the two-norm, we see that the
computation of C(0) is classically efficient. In this case,

COY ==27"Y "> Xy xnTr((H;, Hyl[Hg, HeD), (12)

j>i k>k

where we included a normalization factor 27" that prevents
C(#) from growing in the Hilbert space dimension. Typically,
the commutators [H;, Hy] follow a simple algebraic struc-
ture (for instance, if all H; are Pauli strings). The factors
Tr([Hj, Hj]1[Hy, Hy']) can thus efficiently be computed for the
model of interest, typically even by hand, leaving C(0) to be
a fourth order polynomial in 6.

The Trotter solution, while becoming exact in the limit
R — 00, can always be beaten for finite R > 3, as we will
show in the following.

Proposition 2. Let H =) ;¢;jH; a Hamiltonian and Uy
as defined in Eq. (2) with R > 3. The Trotter solution OZ i=

t% describes a (local) minimum of C(6) if and only if the
Trotter formula is exact, i.e., C(67) = 0 Vz.

Proof (Sketch). For the forward direction =, we explicitly
calculate the gradient at the Trotter solution VC(07). Setting
this to zero, gives a relation

Z Z Ajkw = 2(,»22% Z Z Ajkws Yl

j>1 k>k' Jj<l k>k'

13)

where A; i x; is a tensor independent of » and R. For R > 3,
we show that this forces the left-hand side of Eq. (13) to
vanish, making the Trotter sequence exact. For details, see
Appendix A 3. The reverse direction < is trivial. |

III. ERROR SCALING

Since the proposed classical optimization scheme can only
make valid statements within the perturbative regime 6 <
m, longer simulation times either require large R or repe-
titions of a small time step. A similar extrapolation can be
done in system size. This section studies the scaling of the
perturbative distance along these extrapolations. In the case
that the second-order perturbative cost function is optimized
to values that become negligible to higher orders, the error

scaling is determined by a third-order term E (6) for which

evar < CO) + E0) + 00" (14)
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holds. First, we consider the extrapolation in system size in
the presence of translation symmetries.

Proposition 3. Let H=Y"_, > c.H be a p-local,
translation invariant Hamiltonian, where index a labels differ-
ent interaction terms and the dependence on the qubit number,
indicated by superscript (j), only denotes on which qubit HY
has support. Let further Uy, be as defined in Eq. (2).

If the parameters are chosen to be translation invariant, i.e.,
0y,j = 0,4, then the cost value for a system of n qubits on a
D-dimensional geometry is bounded by the cost value Cyy;i(6)
of a system of (2p — 1)P qubits and the error is bounded by
Eunit () of a system of (3p — 2)” qubits

CO) < nCunit(0) and  E(O) < nEuni(9).  (15)

Further, if all the commutators [H;, H;] are orthogonal with
respect to the Hilbert-Schmidt product, cost and error read

C(O) = VnCuie(0) and  E(0) = VnEwi(8).  (16)

See Appendix A4 for a proof. Remarkably, the calcula-
tion of C(0) on translation-invariant systems is reduced to a
problem on (2p — 1)P qubits only. If the optimal parameters
are used for a larger system, the cost function will scale as
O(n). In fact, a system that is small enough can be exactly
diagonalized on a classical computer and an exact measure of
error, such as |U (0, ) — Uy, || can be calculated. A successful
extrapolation of optimal parameters for translation invariant
systems to larger system sizes has been found in Ref. [25]
and also shows a linear scaling of the squared cost function in
system size n, even beyond the perturbative regime. While we
restrict the discussion here to translation symmetries, the be-
havior of other scaling transformations such as clusterings or
pooling-inspired transformations can be analogously checked.

Optimizing on longer simulation times still within the per-
turbative regime comes with an increase in R and therefore
with the number of parameters making a successful opti-
mization hard. Instead, long simulation times can be reached
by repeating a pretrained single time step fixing the number
of parameters to be RM. The scaling of the cost function
under this extrapolation in simulation time is studied in the
following.

Proposition 4. Let U,,(0) be an ansatz for variational
Hamiltonian simulation as defined in Eq. (2) with the cost
value C(0). The ansatz

K

R M
U@ = (TT[Te ™™ | - (17)

r=1 j=1

simulates time 7 = Kt using KR layers and K copies of the
RM parameters. The corresponding cost value reads

C(%) = KC(®). (18)

Proof idea. The extrapolated ansatz is equivalent to the
ansatz before by mapping R — KR, t — Kt and identifying
0y,j = Or9r, j, Wwhere % denotes the modulo operation. Plug-
ging this into the definition of x from Eq. (6) yields a linear
factor K. See Appendix A 5 for details. |

In total, the cost function scales as O(K) when extrapolat-
ing in time. Note that the leading order Trotter error scales the

same under the above mapping

t? t?
||U(07 t) - UTrotter” = O(E) - O<KE> (19)

The error E(9) of the repeated sequence does not admit a
common K-dependent factor that can be pulled out, but rather
introduces extra terms, A, that make the error scaling worse
than for Trotter sequences (see Appendix A 5 for details). The
extra terms will, in general, contribute to an O(K 2) scaling:
% KK —-1)

E©0") gKE(Q)—i—TA. (20)
Although this result means that usually the improvement with
respect to Trotter will eventually melt away at long times,
our numerical experiments show that there are significant
improvements for the timescales that are relevant to reach
quantum advantage in digital quantum simulation.

IV. NUMERICAL EXPERIMENT

To explore the accuracy improvement that can be enabled
with our approach in specific examples, we study the perfor-
mance of the derived cost function by optimizing a variational
sequence with the second-order perturbative distance defined
in Eq. (4) and comparing it to the exact value for the dif-
ference of time evolutions €y, = ||U(t) — Uyye|| and €rroger =
U (t) — Urroer|| as well as to the leading order error term
E@) (cf. Eq. (14)) that is efficiently computable classically.
For this comparison, we study the ratios

_ €Trotter

€Trotter
R, = Ry = 21
T ew | E®) @D

of perturbative (Rg) and exact (R,) error measures comparing
Trotter and variational sequences. In Eq. (21), C(87) denotes
the perturbative distance for choosing the variational parame-

ters equal to the Trotter choice 6, ; = t%
From the bound in Eq. (14), we can also infer an approxi-

mate lower bound for the exact error ratio

€Trotter

o Y~
Re> g s + 06" ~ R, (22)

where we assumed that C(6) < E(0) after a successful opti-
mization of the parameters 6.

As an example, we consider an XY model with a fully con-
nected interaction graph that is described by the Hamiltonian
(up to unitary equivalence)

Hyy ==Y (JOVY, +J92,2,) + > X,  (23)
n

n>v

The sum over w, v counts every pair of qubits and the sym-
metric matrices J,S};Z) encode the interaction strengths between
qubits ¢ and v. In our numerical simulations, we normalize
the Hamiltonian to |H|| = /7 to fix the timescale.

To calculate C(0) for the XY model, we define a mapping
between the single index j € {1, ..., M} used in the above
derivations and the Hamiltonians in Eq. (23) labeled by the
qubit indices u € {1, ..., n} and the interaction type. The non-
vanishing commutator terms that appear in C(0) are of the
form [Z,Z,,X,], [Y,Y,, X,] or [Z,Z,,Y,Y;]. This allows the
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FIG. 2. Perturbative (C, E) and exact (¢) error measures (left) and exact error ratio R, and the ratio of error estimates Rg (right) as defined
in Eq. (21) evaluated on a nearest-neighbor XY model on a 3 x 3 quadratic lattice and random interaction strength Jf}:f, centered around 0.5,

J&) centered around 1 and i, = 0.25.

reduction of C(A) to O(n*) nonvanishing terms in the fully
connected case and to O(n) nonvanishing terms in a nearest-
neighbor XY model. See Appendix C for an explicit form of
the perturbative distance C(6). Note that we are still free to
turn off specific interactions from the fully connected graph
to study lattice geometries of any dimension. We will now
turn to a two-dimensional geometry for which there is no
analytical solution using free fermion mapping, such as in one
dimension.

In Fig. 2, we plot the cost values C, E and €, as well as the
ratios R, and Ry for different times ¢. The optimizer manages
to find small values of C(9) for all times. For small enough
times t < MII‘tI;H = 1, the perturbative distance also incorporates
a faithful indicator for the exact norm in a sense that the op-
timal parameters also yield a significant decrease in the exact
error €, of the variational sequence. Also, the error estimate
E and the ratio Rg yield very good approximations for the true
error ratio R, as predicted in Eq. (22). The numerics hence
indicate that the approximate upper bound derived in Eq. (14)
is tight.

In Fig. 3, the optimal parameters found before for a fixed
time step +/2nt € {0.05,0.5, 1.5} are being repeated up to
K = 10 times to simulate longer times. As predicted in Propo-
sition 4, the square of the perturbative distance grows with
a factor K2. For total simulation times ~/2nKt < 1.5, this
scaling is also reflected in the exact cost €. Above this crit-
ical time, higher order contributions become non-negligible,
which explains why the scaling € deviates from O(K?).
Remarkably, the error ratio between Trotter and variational
sequences stays constant also far beyond this critical time until
the improvement of the variational sequence eventually starts
melting away atz > 1.

Let us take this extrapolation to a practical case in which
we have a gate budget G = O(KRn) that will scale with the
number of qubits n and the number of circuit repetitions K,
and a maximal target accuracy €. A natural question from a
practitioner’s point of view is to ask, What is the maximally
reachable simulation time 7 = Kt with these fixed resources.
We study this question in Fig. 1 where we plot 7y for vari-
ational and Trotter sequences of order g € {1, 2, 4} picking

v2nt =0.1 v2nt =1.0 v2nt =3.0
10° > ) 1 1
c(67)
103 ] o . | |6 ° ® o o0 0oco0o
ot | | o s e © o 00000 . R e o o 000°°
[~} —6 B |
Nuil(] s o ¢ sasss R o © o 0 0000
O . °
.
107° _ ]
° e © ©°° oo
10124 ° e 1 1
2 4 6 8 10 2 4 6 810 2 4 6 810
K K K

FIG. 3. Pertubartive cost values C compared with exact norm cost function € for a repeated sequence of variational and Trotter solution
evaluated on a nearest-neighbor XY model on a 3 x 3 quadratic lattice and random interaction strength J,(}L centered around 0.5, J% centered

> Y

around 1 and &, = 0.25. A single time step always corresponds to R = 3 layers and the single step time increases from left to right +/2nt €
{0.05, 0.5, 1.5}. From the log-log plot, one can read off C(6%)*> = O(K?) as predicted by Proposition 4.
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the maximal time step ¢ that corresponds to an error € just
below the threshold. While the variational sequence reaches
larger simulation times than first- and second-order Trotter
sequences, its maximal simulation time is comparable to the
fourth-order Trotter formula in the € = 1072 case and in the
€ = 1073 case for circuits with K < 25. The simulation time
of the variational sequence is then surpassed by that of a
g = 4 Trotter formula in the case € = 1072 at depths K > 25.
However, since higher order Trotter formulas require more
gates for a single time step, the resolution of the time evolution
for a given gate number also becomes more sparse. For NISQ
applications, which are typically K < 20, there might be only
a single- or no fourth-order data point in the implementable
range, depending on the system size. We also plot the ratio of
simulation times 77 /Ty for first-order sequences to show that
our method can reach simulation times that are more than ten
times longer than for a Trotter sequence of the same order for
e =10"3and K > 20.

We have also computed the values of the the ratios R and
R, for different times ¢ for a transverse field Ising model in
Appendix B. Also for this model, our approach leads to a dra-
matic improvement. This model, however, has a particularly
simple commutator algebra that is routed in its low connec-
tivity. Therefore, many of the two-qubit gates in a Trotter
sequence commute with each other and, as a consequence,
a first-order Trotter sequence of the Ising model is unitar-
ily equivalent to a second-order Trotter sequence. Improving
upon this sequence would require a third-order perturbative
distance analogous to our discussion above.

V. CONCLUSION

In this paper, we presented a classically efficient way to
estimate error measures for variational time evolution in the
regime ,60 < HTIII and proposed an optimization routine
for variational Hamiltonian simulation that is executed com-
pletely in classical preprocessing. The method is applicable to
arbitrary p-local Hamiltonians and only requires computing
commutators of individual terms in the Hamiltonian.

We show that—analogous to a Trotter decomposition—
the linear contribution to the error in the parameters 6 can
be forced to exactly vanish. The remaining parameters can
then be found to minimize the second-order error terms for
which the existence of a better solution than Trotter is always
guaranteed within the perturbative regime. A generalization
to higher orders is straightforward and remains only a matter
of diligence. The Trotter-inspired error scalings in system size
and extrapolations in simulation time are conserved also when
deviating from the Trotter solution. Our findings are backed
up with numerical experiments on the XY model with random
interaction strengths.

For future work, it would be interesting to study other phys-
ically motivated models like nonlocal fermionic encodings.
Also, an extension to time-dependent Hamiltonians would be
interesting, although the extrapolation to larger times is not
straightforward for this case. Another possibility to simplify
the computation of the perturbative distance is to change the
exact error measure that is to be approximated. This can be
done by fixing the initial state of the quantum simulation or to
consider alternative error measures, such as the conservation

of statistical moments of the Hamiltonian, as recently pro-
posed in Ref. [17].
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APPENDIX A: DERIVATION OF THE COST FUNCTION

1. An upper bound for the error

To derive an upper bound for the error of a variational gate
sequence for time evolution, we start by reviewing a general
upper bound for differences of unitaries shown in Ref. [31].

Lemma 1. Let A, B be Hermitian operators and ||.|| any
norm that admits unitary invariance, then

e —e®| < A — B (A1)

Proof. We begin by writing the difference operator e —
e'® in integral form

1
eiA _ eiB — / dxi[ei(B-‘rx(A—B))]
0 dx

1 1
= f dx / dy[e¥ B A=B) (A — B)
0 0

% ei(l—y)(B-ﬁ-x(A—B))]. (A2)
In the first step, we used the fundamental theorem of calculus
and, in the second step, we used the identity for the derivative
of the exponential map

1
ieF(x):/ dyeyF(x)F/(x)e(l—y)F(x) (A3)

dx 0

for any operator valued function F (x) and its derivative F’(x).
If we consider the norm of the operator in Eq. (A2), we can
use the triangle inequality and its unitary invariance to get to
the result

1 1
e = e < [ ax [ ayjer® D )
0 0

% 1= VB+x(A-B)) I

1 1
=/ dx/ dylA—Bl = [A—Bl. (Ad)
0 0

[ |

Let H = szw: , ¢jH; be Hermitian. We are interested in a
time evolution operator built from gates of the form e~*#,
For this choice, the variational gate sequence will have the
form of Eq. (2). We can use the BCH formula to find an anti-
Hermitian operator Z that combines all exponentials in Eq. (2)

into one. Using Lemma 1, we then get a general bound for the
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difference operator

—itH __ eZ ”

|1U©, 1) — < |litH + Z||. (AS)

Uvar“ = ||€

Z contains infinitely many terms in general. To transform
Eq. (AS) into something that is classically computable, we
will truncate Z in a perturbative regime.

2. Truncation of BCH formula

In the limit of small time steps % — 0, a Trotter formula
becomes exact. We want to keep 1% small but finite in the
following. We further assume the parameters 6, ; to be of
the same order as %. Consider the following supplementary
lemma.

J

Lemma 2. Let Aj, j € J for some index set JJ be a list of
bounded operators and denote the maximal operator norm
max; [|A;|, =: a. It holds that

-
l_[eAf =eb,
Jjed

B=) A;+ % D AL Ad+ é D 1A T4 Al

J€d j>k J#k

(A6)

1
+ = > A A AT+ [Ar. [Ar ATD + O,
6 J>k>1

(A7)

where we assumed an implicit ordering on index set .j, and
the arrow above the product implies that the exponential cor-
responding to the smallest index is being multiplied from the
right.

Proof. We proceed by induction over the size of index set J. For |J| = 1, the statement becomes trivial and for |J| = 2
equivalent to the BCH formula. We hence assume that the statement holds for an index set JJ of size I — 1. Let us rename Z from
above to Z;_; to emphasize the size of the index set. If we add an /th index, we get

AT

JjeJ

where we get Z; from the BCH lemma

Zi=Ar+Zimi + AL Z4 ]+ S1A

= Al = eZI’

(A8)

—Z1-1, [An Zi—i 11 + O(a®). (A9)

Let us recollect all orders in a. For first order, we get A; + Zf;ll A= le'=1 A;. For the second-order term, we gather two terms

from Eq. (A9):

-1 -1 1
1 1 1
3 > AL A+ §|:A1, ZA,-:| +0@) = 3 > AL Afl+ O@). (A10)
i>j i=1 i>j
Finally, the third-order term has three contributions from Eq. (A9),
1 I-1 1 -1 11 1
T3 DAL AL AL+ = 3 (A, T4 AL+ 41, T4 AjID + D AL T4, Adl]
J#k ]>k>l j>k
1 -1
Z[AI, AL AT+ 55 D lA) (A Arl)
J.k
1 1-1 -1 1-1
= 2 AL A, Al + ¢ Z (A} [Ar. AT+ [ArL [Ar. AJD + — Z[AI, [A}, Al
J#k ]>k>1 j>k
I-1 I-1 1-1
1 1
Z([AI, [Ar AT+ A5, TA) AD + 55 D (—TAL TA), Ad] + (A, A, AlD + — Z[AJ, [A, Afl]
Jj>k ]<k
1 1
=15 Z[A,,[A,,Akm ¢ 2 (A) [Ae AT+ A1, [Ag, A1), (A1)

J#k J>k=>1

where we first split the sum 3, , =3 ., +> ,, + >, and used the Jacobi identity of the commutator in the first step. In
the second, we renamed indices to absorb the fourth sum into the second terms and the rest into the first term accordingly. Taking

all three orders together, we conclude with the statement.
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We can now apply Lemma 1 to the BCH Hamiltonian Z of a variational decomposition of H. While we will need the
third-order term of Eq. (A7) when discussing error scalings, for now we only make use of the first- and second-order term

M
—itH — Z = —it » _ ¢;H; +zZ@,,H 5 > 0600 yIH; Hyl + O0)

Jj=1 (r)>(".j")

, 1
= ZZ <Z 0, — ch-)H,- -5 > 000 [H Hyl+ O©?), (A12)
J r

r)>(".j")

where we implied an order on the index set J = {(, j)};. The specific ordering is not important for our discussion. Without
loss of generality, we will choose the order (r, j) < (+/, j/), if and only if r < ' or r = #/ and j < j'. If one fixes the last layer
of parameters as in Eq. (11), the linear contribution in Eq. (A12) will vanish. For the sake of clarity, we will still write 0 ; in the
following even though it is not a free parameter. Finally, we can write the second-order term of the upper bound

1

litH + 2] = |5 Y 0.,6r[H; Hy]
>0
1
2 Z <Z er,jer,j’>[Hj’ Hpl+ 5 Z (Z 0r.j0r. i )[ Ayl
=i\ =

1
=52 [Z(@n O i)+ D (Or 0y — Or O j)} [H;, H; . (A13)

j=>j r r>r'

We dropped vanishing commutators and regathered similar terms in the last step of Eq. (A13). For the sake of clarity, we will
define an abbreviation for the coefficient of the commutator terms:

=—29,]9r, + - Z(er,erj 0,.100.7)- (A14)

After plugging in Eq. (11), that is necessary to make the linear contribution in Eq. (A12) vanish, we get

Xy = r cjcy —tcj Ze,, +Ze,,9,, +Ze,,9, g (A15)

r>r

3. Optimization potential (proof of Proposition 2)

Proof. The backwards direction is trivial as C(6) > 0 per definition. As for the foryvard direction, assume that #7 is a global
minimum of C and hence also of C2. The cost value at the Trotter parameters GI = %" reads

CO") = 27" ZZICj;;"ckT([H,»,ij][Hk,Hk/]), (A16)

j>j k>k'

which is nonzero in general. For a global minimum, the gradient of C at the point 7 must vanish. The gradient of C at the
Trotter solution reads

0q,1C(O) = =271 3" (34, )k x Tr(LH;, Hy 1[Hy, Hie). (A17)
j>j k>k'

Here, we introduces the shorthand 9,,; = %. The factor 2 in Eq. (A17) comes from the fact that the cost function is symmetric
rJ
under the exchange of the factors x; ; and x; . The derivative of x reads

2041, = 61,847 + 31,704, + Z(5z,j9r'.j' —81.70r ) + Z(Qr,jSI,jf = 0,.531.7)

q>r' r>q
S DA RN RN DD (A18)
r<q r>q r<q rzq
and at the Trotter solution
tcy tc;
204X, = 81,j7’(2q —R)+ 3z,jf?’(2(q —1)—R). (A19)
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Finally, the gradient of the cost function reads

(aq,zc%({“’ } ) 2y Yy e Hj1[Hy, Hi)

j<l k>

+2_HZZ J(z(q_ 1)_R) Tr([H;, H;1[Hk, Hi'1)

j>1 k>k'

. 2 ,
=27 @g-1D-R Y ~Ca-R Y |3 S T, Bl B (A20)
Jj>1 j<l k>k'

We have VC(67) = 0 if and only if

2
SN cjenee Te(Hy, HylHy, Hy)) = ("—IZZc,ckck/Tr([Hl,H1[Hk,ka]> Vq.1 (A21)

j>1 k>k' Jj<l k>k'

Since R > 3, the right-hand side of Eq. (A21) will have a nontrivial dependence on g but the left-hand 51de W111 not. For
instance, plug in g = 1 and ¢ = R with arbitrary but fixed /, then the prefactor on the right-hand side becomes & T and = R . As
for R > 3, these are unequal, so the left-hand side of Eq. (A21) must vanish. Since [/ is arbitrary, also C(6) = 0Vt Wthh means

Trotterization is exact. [ |

4. Translational-invariant models (proof of Proposition 3)

For the following proofs, we are interested in the leading order term E(6) in the error from the truncation to the perturbative
regime. This term will become dominant by the time we have minimized C(0). As before, in Appendix A2, we expand
llitH + Z|| now up to third order and separate C from the third-order error term E using the triangle inequality:

litH + Z|| < C(0) + E©) + O0%). (A22)
Using Lemma 2, we can read
1 1
E@) = |1 D 00Oy Uy U Hyll b Y0 0 j0uiui (UHj, (i Hill + [Hy, [Hi, Hy1)
(n, )£, j") (r,j)>(u,k)>(v,l)
1
~ 12 D000 ibny + Y 616,00 i |H;, [H Hill + — (Z Y 0165465

J£J r r#r’ j>k>1 r

(A23)

+ Z Zgr,jgr,kev,l + Z 29;-,j9u,k9u,1 + Z Z er.jeu,kev,l>([l_1jv (Hi, Hi11 + [H, [Hy, H/‘]])’ ,

j>k r>v k>j r>u J.k, r>u>v
! J

where we split the sums as before using an implicit row-major ordering on the multiindex (7, j). For the sake of simplicity, we
gather all coefficients into a tensor ®; 4 ; of the twofold nested commutators and define E(6) = || ) Iy D [Hj, [Hy, Hl-

Proof of Proposition 3. If we impose translational symmetry on the system of interest, we can split such a symmetric, p-local
(p-nearest neighbor) Hamiltonian into A different interaction types that act the same way on every qubit, i.e.,

A n
H=>Y"% cH. (A24)

a=1 j=1

The index () labels the qubit number and a the interaction type. The Hamiltonians H'” have nontrivial support on the p qubits
starting with j. In one dimension, these are j, j + 1, ..., j + p — 1. For higher dimensions, different interaction types may admit
support on clusters of at most p neighboring qubits. We do not make any assumptions on lattice geometry or dimension in the
following and formally denote by N, (/) the set of Hamiltonian terms that correspond to a p-nearest neighbor of the jth term.
The parameters are chosen to be translational invariant by just dropping the dependence on the qubit number, i.e., 6, ; = 0,,. As
a consequence, also x; y = Xao and @i = Py .

Since we introduced another index j — (a, j), we need to refine the chosen ordering. Without loss of generality, we choose

(ra,j): (LLH< L)< aj)<(raj). (A25)
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To simplify the cost function defined in Eq. (12), we decompose the sum

Yo=Y+ > (A26)

(a,))>(a@,j") j>j a=ad jj
a=d

We plug in the above structure into the definition of the cost function, and use the locality of the Hamiltonian to get

C@®) = }:X Hu>Ho)_%§:§:X [HY, Y]

j=J a>ad j.j

— Z Z Xaa[H(]) H(]) +Z Z H(}) H(])]

b JeN,(D a>a' j eN,(j)
i
<n Z waHY, HY] +Z Z «[HY, H(’)] for one fixed j
JEN() a>a’ j'eN,(j)
J>i
=: nCunit(0), (A27)

where we used the triangle inequality in the last step. From translational invariance, we know that the second to last term yields
the same value for every j yielding a factor n. If the commutators [H;, H; ] are orthogonal with respect to the Hilbert-Schmidt
product, the sum j can be pulled out of the squared norm yielding n equal addends and hence C(8) = /nCynit (6).

The same way, we can reduce the computation of E£(0) to a unit cell. However, as we consider twofold nested commutators
here, the unit cell is of size (3p — 2)P:

E®) = Z Z Z Z abc H(J) [H(k) H(l) H

j a,b,c keN,(j) IeN, (k)
g nEunit(e) (A28)

Again, if the commutators [Hcﬁj ), [Hb(k), HC(’ ] are orthogonal with respect to the Hilbert-Schmidt inner product, we get E(6) =
\/EEunil (0 ) n

5. Long simulation times (proof of Proposition 4)

Proof. As Eq. (17) is equivalent to the ansatz before by just mapping R — KR, t — Kt and identifying 6, ; = 6,4, ;, the cost
function will have the same form as before with modified yx,

xR = Z(@,,@,,)Jr Z(@,,@,, 0,6 )

r>r'

K& K&
(R)
= > 6n) + 5 > (O 00y — 010 ) = K\, (A29)
r=1 r>r'

where we denoted the number of layers as a superscript x ® to better differentiate the two coefficients. The factor K comes from
the identification of 6, ; = 6,4, ;. While the first factor is trivial, the second comes from splitting the antisymmetric sum into

KR R R R R R
KK +1) (K—-1DK KK +1) (K- DK
|
In the same way, we can plug in the duplicated parameters 8X into E(6). We get the following identities:
KR
Z KZ and Z K2Z+K(K—1)Z (A31)

r#r r#r

043035-10
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which yields a global factor K for the first sum >_ -y In Eq. (A23). For the second sum, unfortunately we do not have a common

factor to pull out. We have
KR

r>u r>u

KR R

KEK+D& KK-D&K & kKEK=-1)
ZZ ) Z+ ) Z=Z+TZ

r<u r>u ru

R

KK -DE+1D) gy KK = DK —2) &
3 ok 3 SESDEED 5 KESDED 5

r>u>v r>u=>v

R KK —1) R R
=K ) +TZZ.

r>u>v r u>v

roou>v r  u<v

(A32)

In the last step, we used that the sum over ) .  vanishes because of antisymmetry of the commutator. While some of the above
contributions multiply the error before duplication by a factor, others are nonzero extra terms. We thus get an upper bound

EW®®) < KE®)+

involving the rest term

A =

j>k r>u j>k r<u Jj<k r<u
1 I 1

APPENDIX B: PERTURBATIVE DISTANCE
OF A TRANSVERSE FIELD ISING MODEL

We apply the presented method to a general transverse field
Ising model (TFIM) with full connectivity, which is described
by the Hamiltonian

Hrea = =Y JwZuZy + Y huX,.

v I

(BI)

The sum over w, v counts every pair of qubits and the sym-
metric matrix J,,, encodes the interaction strengths between
qubits u and v. To fix a timescale, we normalize the Hamilto-
nian to |[H|| &~ 4/n. In total, the Hamiltonian admits @ 77
terms and n X terms. To use the notation introduced before,
one needs to map the interactions between two qubits to a
single index j:

. nn—1)
H = {Zumzv(j) for j < =5

Xu(j) for n(n;l) < ,] < n(n2+1)
Juingy  for j < 25

Cj= n(n—1) - nntl) (B2)
hﬂ(j) for 5 <] g —5 -

The exact ordering of the indices is not important, in general.
To give an explicit example, consider row major ordering
j=Ww—1Dmn - %) + v, for u < v. We plug H; into Eq. (12)
and observe that the only nonzero commutator terms are of
the form Z, Y, . To also have a nonvanishing trace (Pauli-string
squares to 1), both commutators need to match, i.e.,

Tr([H;, Hjl[H, He1) = =2"728; 180 1 (Spuiy i

+ 81’-(/)‘)(/,))@]— n(nz—l) @:1(uz—l)+1_j,,
(B3)

where we used the implicit one-to-one mapping between in-
dices j € {1, ..., @} and u,v € {l,...,n}, as well as the

KK-1)

) ; (A33)

(Z DI >er,~9uk9uz<[H,~, [Hy, ) + [He [Hj HAD 43> 0 0,00 (Hi, [H;, Hj11)

Jik, 0 r>u>v H

(A34)

(

Kronecker delta and the discretized Heavyside step function:

1 ifj=k _J1 ifx>0
8”‘_{0 else OX_{O else

The Heavyside factors ensure that only ZZ and X terms are
composed in the commutator. The Kronecker deltas in the
bracket account for the two cases where X can hit the first or
second qubit of ZZ. The factors §; 8, r ensure that the Pauli
strings match yielding a nonvanishing trace. In total, we get

COP =4 Y X5y k35870 Gty + Suiinain)

j=i k=K

(B4)

X ®j_»l(,,;|) @n(nz—l)+l_.]»/

M 4n M,

2
=4 ) DX Gutinutn T 8o

J=M+1 =1

n
2 2
=43 (Ko joem + L jgom)s (BS)

n<v

where we shorthanded the number of ZZ interactions as M, =
w. Note that every addend in Eq. (BS5) is positive, so mini-
mizing C(6) reduces to the simultaneous minimization of each
addend. However, the equations Xf_j, = 0 do not decouple in
general, so there is no exact formula for the roots of Eq. (BS).

1. Two-dimensional square lattice

Physical models typically yield local interactions. Let us
reduce the above discussion to a two-dimensional TFIM
that only includes nearest-neighbor interactions. This is
straightforwardly done by imposing

Jw=0 (B6)

and 6,y =0 ifu~v,
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A (X, Z]
(Baspty — 1) | (Ha, py)
(X, Z] A
(ﬂmaﬂy) (Hxaﬂy + 1)

Z
(z =1, py)
(X, Z] (X, Z]
(M, ) (Kas py)
Z
(b + 1, py)

FIG. 4. Visualization of the perturbative distance for a two-dimensional nearest-neighbor Ising model. Instead of defining cumbersome
notation as in Eq. (B7), it is often simpler to think about the commutator structure in this pictorial manner.

where p ~ v denotes that © and v are not neighbors. On a
two-dimensional square lattice, it is handy to further refine the
qubit indices into two @ = (i, ity), Where p, € {1, ..., n,}
and pu, € {1, ..., ny} count the lattice sites in each dimension,
respectively. 6, ; = 0 also implies x; ; = 0V’ which further
reduces the number of terms in Eq. (BS5):

(ny, ny)

_ 2
CO=4 D (Xpigutumr
p=(L1)

2 2
+ Xj((ux,ﬂﬁ1)),j(u.,(ﬂx,uy+l)) + Xj(u),j(ﬂ,(m-!—l,ﬂy))

2
F X+ L) 01+ L)) (B7)

Although the cost function becomes tedious to write, it only
contains a linear number of terms and is thus efficiently com-
putable. The four contributions in Eq. (BS) account for the
different combinations of the appearing ZY string and are
depicted in Fig. 4.

10—10 4

10—13 1 .

000 025 050 075 100
t

2. Numerical results

In Fig. 5, we study the performance of the derived
cost function by optimizing a variational sequence with the
second-order cost function derived in Eq. (B7) and comparing
it to the exact value of the difference of time evolutions € for
different times ¢. The optimizer manages to find small values
of C (@) for all times. For small enough times t < ﬁ ~ 1, the
perturbative cost function also incorporates a faithful indicator
for the exact norm in a sense that the optimal parameters also
yield a significant decrease in the exact error of the variational
sequence.

APPENDIX C: PERTURBATIVE DISTANCE OF AN XY
MODEL IN A TRANSVERSE FIELD

In total, the XY Hamiltonian from Eq. (23) admits n(anl)

YY terms, @ 77 terms, and n X terms. To use the notation
introduced before, one needs to map the interactions between

N,

%,

0.00 025 050 075  1.00
t

FIG. 5. Perturbative (C) and exact (¢) error measures (left) and exact error ratio R, and the ratio of error estimates Rg (right) as defined in
Eq. (21) evaluated on a nearest-neighbor Ising model on a 3 x 3 quadratic lattice and random interaction strength J,, , centered around 1 and

h, =0.25.

043035-12



PROBLEM-SPECIFIC CLASSICAL OPTIMIZATION OF ... PHYSICAL REVIEW RESEARCH §, 043035 (2023)

two qubits to a single index j:

X for j <n By forj s
; (n+1) (&) . n(n+1)
Hj = {YuhYoy  for n<J ST =g forn< i< T (CH
ZoinZocny  for D 52 @ n(n+1) . )
1(H%v(j) 2 J s Sy for =5= < j <nt

The exact ordering of the indices is not important, in general. To give an explicit example, consider row major ordering j =
(w—1)(n— %) + v for u < v. We plug H; into Eq. (12) and observe that the only nonzero commutator terms are of the form
Z,Y, and Y, X, Z,. To also have a nonvanishing trace (Pauli-string squares to 1), both commutators always need to match. While
this is always given if j = k and j' = k’, now we can also have the case [V,,Y,, X,,] = —[Z,Z,, X,] = —2iZ,Y,,

n
2 2 2 2 2
Cc@O)y =4 Z (XW,V), j T X io) T X joo T X jwy = Xi(ww). i Xjsuv). i) — X iz, J0) K i), 1)

n<v

n
2 2 2 2 2 2
+4 D (G wmimor T X gorimor T Xworiun T Kwarnien + X miwer F Xgmoriun)s (€2

n<v<o
where we mapped back the lattice indices p, v to the single index j by reverting the mapping for all cases in Eq. (C1). The terms

in the first line of Eq. (C2) come from commutator terms of the form YZ and the terms in the second line from terms of the form
XYZ.

1. Two-dimensional square lattice

If we only admit nearest-neighbor interaction and set all other J,S“V];Z) =0, we get

(nxany)

2 2 2 2 2
COY =4 Y (X100 F Xoustanst 10ttt 1) T Xt Lt F Xt Lyt L)
n=(1,1)

Xttt 10,76 T Xt Gttty 1) ity 1) T X0t Lty ) T X Gty H Gt L)

T X G G sy 1)), () Xy Gt (e oy 1)), (et +1)) ™ Xz (s G 1, ), (10) X G G+, 42)), J (-1, 18)

T X sty 1), sty 1) X s sty 1), (10 ™ K (et 1y D), et 1y ) Xy (s (1)), ()

+ XJZZ(IL(/’L’cv/‘vy‘"1))vj)’((“xv”)’+l)v(MXqIL)‘+2)) + ijz(.uu(/Lx+1v“y))vj)’((ﬂx"‘lvﬂy)v(ﬂx‘i’zvﬂv))

+ ijz(u,(ux,uy+1)),jy(u,(m+l,uy)) + ijz(u,(u.nuyH)),jy((u.x,uy-!—l).(Mx+1.,uy+1))

+ ijz(u,(M,V,er)),jy((url,uv),u) + X.]z:(”'a(Mxv,vaJl’l))vjv((/‘x*1vﬂx’+1)v(ﬂxvﬂ]'+1))

+ ijz((;t.x,/ty-s-l),(u.r,/ty+2)),1v(/t,(/Lx,uﬁ-l)) + Xi((/tﬁ-l.,uy),(m-s-Z.uy)),jy(u,(m-+l.,uy))

+ X?Z(Mv(Mx‘i’lvM)'))vjy(Mv(anMy+1)) + X?z((uxwyﬂ),(uﬁl,M,‘-Jrl)),jv(u,(ux,uﬁl))

X ety 00 Gttt 1) T XLty 1. Gttty 1),y ety 1)) (©3)
Although being tedious to write, Eq. (C3) admits a linear number of addends that follow simple systematics. The first two lines

gather the 2D-analogs of terms 1-4 in Eq. (C2) and lines 3 and 4 gather the former terms 5 and 6. The remaining terms are
gathered in lines 5-10 and resemble every combination of nontrvial three-body commutators.

2. More parameters

We explore the behavior under changing depth R within a single time step, which also alters the number of parameters to
be optimized. In Fig. 6, we show a numerical experiment analog to Fig. 2, but using R = 4 and R = 6. As with increasing R,
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N 0 F
~ -/
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®  ETrotter
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M ® X =¢py
104 4 X = €Rr=¢
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FIG. 6. Perturbative (C) and exact (¢) error measures (left) and exact error ratio R, (right) for R = 4 and R = 6 evaluated on a nearest-
neighbor XY model on a 3 x 3 quadratic lattice and random interaction strength J ,(LV?) centered around 0.5, J&) centered around 1 and h,, = 0.25.

On the left panel, results for R = 6 are plotted.

(
m

1’—? decreases and the Trotter errors that we compare with get smaller. The optimizer still manages to find solutions that yield a
comparable improvement ratio as seen in Fig. 2. For very small times, the improvement ratios become much smaller, since the
cost function C, as well as the error €, approach numerical accuracy.

[1] A. Smith, M. S. Kim, F. Pollmann, and J. Knolle, Simulating
quantum many-body dynamics on a current digital quantum
computer, npj Quantum Inf. 5, 106 (2019).

[2] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R.
Barends, R. Biswas, S. Boixo, F. G. S. L. Brandao, D. A.
Buell, B. Burkett, Y. Chen, Z. Chen, B. Chiaro, R. Collins, W.
Courtney, A. Dunsworth, E. Farhi, B. Foxen, A. Fowler et al.,
Quantum supremacy using a programmable superconducting
processor, Nature (London) 574, 505 (2019).

[3] M. Suzuki, Decomposition formulas of exponential operators
and Lie exponentials with some applications to quantum me-
chanics and statistical physics, J. Math. Phys. 26, 601 (1985).

[4] H. Yoshida, Construction of higher order symplectic integra-
tors, Phys. Lett. A 150, 262 (1990).

[5] T. Barthel and Y. Zhang, Optimized Lie-Trotter-Suzuki decom-
positions for two and three non-commuting terms, Ann. Phys.
418, 168165 (2020).

[6] J. Ostmeyer, Optimised Trotter decompositions for classical
and quantum computing, J. Phys. A: Math. Theor. 56, 285303
(2023).

[7]1 G. H. Low and L. L. Chuang, Optimal Hamiltonian simulation
by quantum signal processing, Phys. Rev. Lett. 118, 010501
(2017).

[8] K. Bharti and T. Haug, Quantum-assisted simulator, Phys. Rev.
A 104, 042418 (2021).

[9] A. M. Childs, Y. Su, M. C. Tran, N. Wiebe, and S. Zhu, Theory
of Trotter error with commutator scaling, Phys. Rev. X 11,
011020 (2021).

[10] A. Schubert and C. B. Mendl, Trotter error with commutator
scaling for the Fermi-Hubbard model, arXiv:2306.10603.

[11] B. D. M. Jones, G. O. O’Brien, D. R. White, E. T.
Campbell, and J. A. Clark, Optimising Trotter-Suzuki
decompositions for quantum simulation using evolutionary
strategies, arXiv:1904.01336 [cs.NE].

[12] S. Barison, F. Vicentini, and G. Carleo, An efficient quan-
tum algorithm for the time evolution of parameterized circuits,
Quantum 5, 512 (2021).

[13] M. Benedetti, M. Fiorentini, and M. Lubasch, Hardware-
efficient variational quantum algorithms for time evolution,
Phys. Rev. Res. 3, 033083 (2021).

[14] C. Cirstoiu, Z. Holmes, J. Iosue, L. Cincio, P. J. Coles, and
A. Sornborger, Variational fast forwarding for quantum sim-
ulation beyond the coherence time, npj Quantum Inf. 6, 82
(2020).

[15] J. Gibbs, K. Gili, Z. Holmes, B. Commeau, A. Arrasmith, L.
Cincio, P. J. Coles, and A. Sornborger, Long-time simulations
for fixed input states on quantum hardware, npj Quantum Inf. 8,
135 (2022).

[16] M. S. J. Tepaske, D. Hahn, and D. J. Luitz, Optimal com-
pression of quantum many-body time evolution operators into
brickwall circuits, SciPost Phys. 14, 073 (2023).

[17] H. Zhao, M. Bukov, M. Heyl, and R. Moessner, Making Trot-
terization adaptive and energy-self-correcting for NISQ devices
and beyond, PRX Quantum 4, 030319 (2023).

[18] M. Cerezo, A. Arrasmith, R. Babbush, S. C. Benjamin, S. Endo,
K. Fujii, J. R. McClean, K. Mitarai, X. Yuan, L. Cincio, and P. J.
Coles, Variational quantum algorithms, Nat. Rev. Phys. 3, 625
(2021).

[19] J. R. McClean, S. Boixo, V. N. Smelyanskiy, R. Babbush, and
H. Neven, Barren plateaus in quantum neural network training
landscapes, Nat. Commun. 9, 4812 (2018).

[20] M. Cerezo, A. Sone, T. Volkoff, L. Cincio, and P. J. Coles, Cost
function dependent barren plateaus in shallow parametrized
quantum circuits, Nat. Commun. 12, 1791 (2021).

[21] S. Wang, E. Fontana, M. Cerezo, K. Sharma, A. Sone,
L. Cincio, and P. J. Coles, Noise-induced barren plateaus
in variational quantum algorithms, Nat. Commun. 12, 6961
(2021).

043035-14


https://doi.org/10.1038/s41534-019-0217-0
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1063/1.526596
https://doi.org/10.1016/0375-9601(90)90092-3
https://doi.org/10.1016/j.aop.2020.168165
https://doi.org/10.1088/1751-8121/acde7a
https://doi.org/10.1103/PhysRevLett.118.010501
https://doi.org/10.1103/PhysRevA.104.042418
https://doi.org/10.1103/PhysRevX.11.011020
http://arxiv.org/abs/arXiv:2306.10603
http://arxiv.org/abs/arXiv:1904.01336
https://doi.org/10.22331/q-2021-07-28-512
https://doi.org/10.1103/PhysRevResearch.3.033083
https://doi.org/10.1038/s41534-020-00302-0
https://doi.org/10.1038/s41534-022-00625-0
https://doi.org/10.21468/SciPostPhys.14.4.073
https://doi.org/10.1103/PRXQuantum.4.030319
https://doi.org/10.1038/s42254-021-00348-9
https://doi.org/10.1038/s41467-018-07090-4
https://doi.org/10.1038/s41467-021-21728-w
https://doi.org/10.1038/s41467-021-27045-6

PROBLEM-SPECIFIC CLASSICAL OPTIMIZATION OF ...

PHYSICAL REVIEW RESEARCH §, 043035 (2023)

[22] H.-Y. Huang, R. Kueng, and J. Preskill, Predicting many prop-
erties of a quantum system from very few measurements, Nat.
Phys. 16, 1050 (2020).

[23] Z. Cai, Resource estimation for quantum variational simula-
tions of the Hubbard model, Phys. Rev. Appl. 14, 014059
(2020).

[24] D. S. Franca and R. Garcia-Patrén, Limitations of optimization
algorithms on noisy quantum devices, Nat. Phys. 17, 1221
(2021).

[25] R. Mansuroglu, T. Eckstein, L. Niitzel, S. A. Wilkinson, and
M. J. Hartmann, Variational Hamiltonian simulation for trans-
lational invariant systems via classical pre-processing, Quantum
Sci. Technol. 8, 025006 (2023).

[26] M. Streif and M. Leib, Training the quantum approximate op-
timization algorithm without access to a quantum processing
unit, Quantum Sci. Technol. 5, 034008 (2020).

[27] C. M. Keever and M. Lubasch, Classically optimized Hamilto-
nian simulation, Phys. Rev. Res. 5, 023146 (2023).

[28] E. Cervero Martin, K. Plekhanov, and M. Lubasch, Barren
plateaus in quantum tensor network optimization, Quantum 7,
974 (2023).

[29] A. Kotil, R. Banerjee, Q. Huang, and C. B. Mendl, Rieman-
nian quantum circuit optimization for Hamiltonian simulation,
arXiv:2212.07556.

[30] J. Haah, M. B. Hastings, R. Kothari, and G. H. Low, Quantum
algorithm for simulating real time evolution of lattice Hamilto-
nians, SIAM J. Comput. FOCS18 (2021).

[31] S. Chakraborty, A. Gilyén, and S. Jeffery, The power of
block-encoded matrix powers: Improved regression tech-
niques via faster Hamiltonian simulation, in 46th International
Colloguium on Automata, Languages, and Programming
(ICALP 2019), Leibniz International Proceedings in Infor-
matics (LIPIcs), edited by C. Baier, I. Chatzigiannakis, P.
Flocchini, and S. Leonardi (Schloss Dagstuhl-Leibniz Cen-
ter for Informatics, Dagstuhl, Germany, 2019), Vol. 132,
pp- 33:1-33:14.

043035-15


https://doi.org/10.1038/s41567-020-0932-7
https://doi.org/10.1103/PhysRevApplied.14.014059
https://doi.org/10.1038/s41567-021-01356-3
https://doi.org/10.1088/2058-9565/acb1d0
https://doi.org/10.1088/2058-9565/ab8c2b
https://doi.org/10.1103/PhysRevResearch.5.023146
https://doi.org/10.22331/q-2023-04-13-974
http://arxiv.org/abs/arXiv:2212.07556
https://doi.org/10.1137/18m1231511

