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Hamiltonian simulation for hyperbolic partial differential equations by scalable quantum circuits
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Solving partial differential equations for extremely large-scale systems within a feasible computation time
serves in accelerating engineering developments. Quantum computing algorithms, particularly the Hamiltonian
simulations, present a potential and promising approach to achieve this purpose. Actually, there are several
oracle-based Hamiltonian simulations with potential quantum speedup, but their detailed implementations and

accordingly the detailed computational complexities are all unclear. This paper presents a method that enables
us to explicitly implement the quantum circuit for Hamiltonian simulation; the key technique is the explicit
gate construction of differential operators contained in the target partial differential equation discretized by the
finite difference method. Moreover, we show that the space and time complexities of the constructed circuit are

exponentially smaller than those of conventional classical algorithms. We also provide numerical experiments
and an experiment on a real device for the wave equation to demonstrate the validity of our proposed method.

DOI: 10.1103/PhysRevResearch.6.033246

I. INTRODUCTION

Partial differential equations (PDEs) serve as essential
tools for investigating the dynamic behavior of various phys-
ical phenomena, including heat conduction, fluid dynamics,
and electromagnetic waves [1]. Solving PDEs for extremely
large systems within a reasonable computation time is cru-
cial for accelerating engineering developments in industries.
Despite remarkable progress in addressing extensive physical
systems through the use of supercomputers [2,3], obtain-
ing solutions within a feasible computation time is still
intractable.

A potentially promising strategy to substantially reduce the
computational expenses for solving PDEs involves the utiliza-
tion of quantum computing. Quantum computing has attracted
considerable interest in recent decades as a prospective av-
enue for achieving dramatically fast computation compared
to classical computing. Although quantum computers cur-
rently suffer from limited hardware scalability and less noise
resistance, there has been remarkable progress in hardware
performance. One of the promising applications of quantum
computers is a solver of PDEs.

For steady-state problems, PDEs reduce to a system
of linear or non-linear equations and can be solved by a
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linear system solver. There are mainly two types of quan-
tum algorithms for solving systems of linear equations:
one is variational quantum algorithms [4-6] and the other
is the Harrow-Hassidim-Lloyd (HHL) algorithm [7]. Varia-
tional quantum algorithms are aimed at the use on near-term
quantum devices and have been extensively studied for ap-
plications to PDEs [8—11]. On the other hand, HHL-based
algorithms focus on the fault-tolerant quantum computers and
provide theoretical quantum speedup over classical algorithms
under certain conditions [7,12,13]. Although HHL-based al-
gorithms require several oracles to be implemented for state
preparation, matrix inversion, and extracting solutions [14],
there are various studies that can be applied for implementing
each part [15-17].

For time evolution problems governed by PDEs, there are
mainly two types of quantum algorithms as well, i.e., the near-
term and long-term algorithms. As for near-term algorithms,
variational quantum simulation [18,19] has been applied to
solve PDEs [20,21] while Hamiltonian simulation [22] is a
counterpart for long-term ones.

Hamiltonian simulation involves implementing a quan-
tum circuit for the time evolution of a quantum system,
exp(—iHt), with the time increment t and the Hamiltonian
of the target quantum system H; it is also referred to as quan-
tum simulation. The targeted Hamiltonians are, for example,
Ising Hamiltonians [23,24] and molecular Hamiltonians [25].
Remarkably, implementation of quantum simulation based on
the Ising Hamiltonian on a 127-qubit quantum computer has
been recently reported, which is a significant contribution
demonstrating the utility of quantum computers [23]. On the
other hand, there are also reports of applying Hamiltonian
simulation by reducing the governing equations of classical
systems to the Schrodinger equation [26-32]. Costa et al. [26]

Published by the American Physical Society


https://orcid.org/0000-0003-2069-0355
https://orcid.org/0009-0001-0907-1812
https://orcid.org/0000-0002-6076-8236
https://orcid.org/0000-0002-8497-4608
https://ror.org/05mjgqe69
https://ror.org/02kn6nx58
https://ror.org/04915qk43
https://ror.org/02kn6nx58
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.033246&domain=pdf&date_stamp=2024-09-04
https://doi.org/10.1103/PhysRevResearch.6.033246
https://creativecommons.org/licenses/by/4.0/

YUKI SATO et al.

PHYSICAL REVIEW RESEARCH 6, 033246 (2024)

proposed quantum simulation of the wave equation where the
Hamiltonian is given as the incidence matrix of a graph that
represents the discretized target space. Babbush et al. [27]
generalized this approach and proposed a quantum algorithm
for simulating classical coupled oscillators with the rigorous
proof of the exponential speedup over any classical algo-
rithms. Jin et al. [28,29] proposed an interesting approach
called Schrodingerization where the general ordinary differ-
ential equation is transformed to the Schrodinger equation by
the warped phase transformation. Authors in [30] proposed a
technique of linear combination of Hamiltonian simulation for
simulating general nonunitary dynamics. Although these re-
sults suggest that quantum algorithms may exhibit exponential
speedup even for classical system simulations, these methods
rely on an oracle access to the Hamiltonian, which makes their
implementation by elementary quantum gates unclear.

This paper proposes a Hamiltonian simulation algorithm
for solving a special type of PDEs, i.e., linear hyperbolic
PDEs without any source terms, which can be transformed
into the Schrodinger equation. Specifically, we derive an
explicit quantum circuit representation of time evolution
operators for Hamiltonian simulation driven by differential
operators. Then we apply the proposed method to the ad-
vection and wave equations, which are transformed into the
Schrodinger equation and are discretized by the finite dif-
ference method (FDM). The key technique of implementing
the time evolution operators given by differential operators
is to diagonalize each term of Hamiltonian using the Bell
basis. This is similar to the idea of the extended Bell measure-
ment [33] that efficiently estimates the expectation of band
matrices derived from the discretization of PDEs.

The contributions of this paper are summarized as follows.

(1) We provide an algorithm to build quantum circuits of
time evolution operators for Hamiltonian simulation by differ-
ential operators. This result will contribute to implementing
the FDM on a quantum computer.

(2) We derive the space and time complexities (Theo-
rems 1 and 2); our implementation requires dn-qubits and
quantum circuits with O(dn*T? /&) or O(dn*>T' /&%) non-
local gates, to perform Hamiltonian simulation of hyperbolic
PDEs defined on the d-dimensional lattice with 2" nodes in
each dimension up to time 7 within the additive error . That
is, the algorithm enjoys an exponential reduction of resources
with respect to the spatial degree of freedom.

(3) We transform the advection and wave equations into
the Schrodinger equation in the real space for solving them by
Hamiltonian simulation, based on the proof of self-adjointness
of the Hamiltonian derived from these equations. This anal-
ysis is followed by thorough numerical simulations and an
experiment on a real quantum device.

The rest of this paper is organized as follows. In Sec. II,
we briefly introduce the finite difference operators along with
their representation in a qubits system. We also discuss the
transformation of the advection and wave equations into the
Schrodinger equation to make our method applicable to these
equations. In Sec. III, we then provide the quantum circuit im-
plementation of the finite difference operators, together with
the theoretical error bound between the constructed circuit
and the target Hamiltonian evolution. In Sec. IV, we provide

several numerical experiments and an experimental result of a
real device. Finally, we conclude this study in Sec. V.

II. PRELIMINARIES

A. Finite difference operators and its representation in qubits

Let us consider a one-dimensional domain €2 := (0, L)
where L is the length of the domain. We discretize the do-
main 2 by uniformly distributed N points with the interval
l:=L/(N+1), where N is a power of two, i.e.,, N =2"
for n € N. Let us then consider a scalar field u defined on
the domain 2 and discretize the field u using its value at
each point (i.e., at each node in the 1-dimensional lattice) as
u = [ug, uy, ..., uy_1]. The forward difference operator D™
for the spatial derivative acts on u as

(D*u); = —uj+ll_ el
where uy is determined from the boundary condition (BC).
For instance,

forj=0,1,....N—1, (1)

0 for Dirichlet BC,
uy := fuy—1 for Neumann BC, 2)
U for periodic BC.

Note that the prescribed value for the Neumann boundary con-
dition is set to ensure that the spatial derivative (DVu)y_1 on
the boundary node is zero. Similarly, the backward difference
operator D~ is defined as the operator that acts on u as
Uj —uj_
(D7u); = ~—=— !

where u_ is determined from the BC such as

forj=0,1,....N—1, (3)

0 for Dirichlet BC,
u_y = 3 up for Neumann BC, (@)
uy—1  for periodic BC.

The central difference operator D* and the Laplacian operator
D* are the operators acting as

Ujp1 —Uj—
Du), = J+ J
(D7u),; 21
uj+1 —2uj+uj,1
12

forj=0,1,...,N—1, (®)]

(D*u); = forj=0,1,...,N —1,

(6)

where uy and u_; are defined by Egs. (2) and (4), respectively.

In what follows we quantize the above-described differ-
ence operators. For this purpose, we need the quantum state
corresponding to the discretized field #, on which those quan-
tized operators act; that is, let |u) be an n-qubit state on which
u is encoded as

2"—1

luy := Y ui ), (7)
j=0

where | j) := |jn—1jn-2 - .. jo) With ju_1, ju—2, ..., jo € {0, 1}
is the computational basis. Here, we assume that # is normal-
ized, i.e., |[u|l, = 1. Now, it is known that, for the qubit-based
system, the finite difference operators can be represented as
matrix product operators (MPOs) using the following three
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2 x 2 matrices [34]:

oo = [8 (1):|, o109 .= |:(1) 8], 1 := |:(1) (1):|, (8)

where oy, and oy are the ladder operators. The following two
2 x 2 matrices are also useful:

ao) = |:(]) 8i|, o111 = |:8 (1):| (9)

The point of quantization is the MPO representation
of the shift operators S~ =Y7'[j—1)(j| and ST =
Z? 711 |j) (j — 1] as follows:

Zp@(n J)®601 ®O.®(J 1)

Z s (10)

j=1
_ (S—)+ _ Zl®(n—j) ® o010 ® O.(ﬁ(] 1) ZS an
j=1
where
s; =1"""7 @ o @ a7V, (12)
sfi=1""D @01 ® 05" (13)
Here, af.’o is regarded as a scalar 1. For example, for the

case n =2, we have S~ = |0) (1] 4+ [1) 2] 4+ |2) 3] = 001 ®
10 + I ® op;. Using the shift operator, we obtain the forward
difference operator with the Dirichlet BC as follows:

D = ;(S‘ — 1%, (14)
Actually, the following relationship holds:
21
Dy lu) = ) Z uj1j)
1 (2] -1
= 2 wli-n=3"uwi
j=1 j=0
211
=y . (15)
j=0
where uy» = 0, which exactly corresponds to the forward

difference operator with the Dirichlet BC. To impose the
Neumann BC, it suffices to add 0" /I to Dy as

1
DY = 7(5* — 1%+ o). (16)

For the periodic BC, we have to add o 3" /I to D as
1
D} = 7(S— — 1%+ o). (17

Similarly, the other finite difference operators can be repre-
sented as

1
Dy = —(I®" —8Y),

l
1 ®n +

l(l — 5" — o).
;(1®” St —og"), (18)

1
Df = (5™ =%,

Di = 5 (S* St —ol + 03",

Dy = 211 (S"=8T—0o8"+ 07, (19)
D = —(S— + 8T —21%m),
Dﬁ_lz(s +ST =20 +og" +0)),
Dp = B (S + 8t =2% + 06" +05).  (20)

Since we have the shift operators S~ and S+, we can also
construct the finite difference operators of the higher-order
approximations as discussed in Appendix A.

Quantization of the difference operators for the d-
dimensional domain Q = (0, L)? is straightforward, as fol-
lows. We discretize each segment (0,L) by uniformly
distributed N points with the interval [ := L/(N + 1), which
results in a d-dimensional lattice with N¢ nodes. We again
assume that N is a power of two, i.e., N = 2" for n € N. Let
|u(t)) be a dn-qubit state on which the discretized field # on
the lattice is encoded as

i (|
(@) i=Y - Yl Xy X)) @ ® La) -
J1=0 Ja=0
. (21)
where |jot> = |(joz)n—l (ja )n—2 <. (jot)0> with (jot)n—l s
(Ja)n=2, - -5 (Ja)o € {0, 1} is the computational basis and x;,

is the spatial coordinate of the j,-th node along the x,-axis.
We again assume that u is normalized, i.e., ||u|l; = 1. The
finite difference operator D defined above can easily be
extended to those for |u) in the d-dimensional space, as
follows:

(Dg)a — I®(0[—l)n ®Dg ®I®(d—oz)n7 (22)
where u € {—, 4+, £, A} and B € {D, N, P}.

B. Transforming partial differential equations
to the Schrodinger equation

In this study, we particularly focus on the advection equa-
tion and the wave equation as hyperbolic partial differential
equations. To apply Hamiltonian simulation for these equa-
tions, we first need to express them in the form of the
Schrodinger equation.

1. Advection equation

Let the scalar field u be governed by the advection equa-
tion with the constant velocity field v as
du(t,x)
ot
where ¢ is the time, x is the spatial coordinate and V is the
spatial differential operator; that is, V = 9/0x for the one-
dimensional case d = 1. The scalar field u represents, for
example, temperature or concentration. The advection equa-
tion can be rewritten as
du(t,x)
ot

+v-Vu(t,x) =0, 23)

= —i(—iv - V)u(t, x). (24)
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If the operator —iv - V is self-adjoint (meaning that (i, (—iv -
Vu) = ((—iv - V)i, u) holds for arbitrary scalar fields u
and 1), Eq. (24) is exactly the Schroédinger equation; actu-
ally, this property holds under an appropriate BC as shown
in Appendix B 1. Thus, the advection equation falls into the
Schrodinger wave equation with the Hamiltonian that is ex-
pressed in terms of differential operators, V.

The next step is to discretize the field variable u and
the Hamiltonian —iv - V. That is, u is discretized as u
[ug, uy, ..., uy—1] and each element is encoded into the am-
plitude of the quantum state |u(¢)) given in Eq. (21). Also, the
Hamiltonian —iv - V is discretized using the central difference
operator (19) as

—iv; (D%), ford =1,
H = —ivl(Di)l - iUz(Di)z ford = 2,
—ivl(Di)l — iUg(Di)z — iU3(Di)3 ford = 3.

(25)

Since (D*)" = —D*, the Hamiltonian with the central differ-

ence operator is actually a Hermitian matrix. As a result, we
obtain the Schrodinger equation d |u(t)) /dt = —iH |u(t)),
and this is what we aim to simulate on a quantum device
using the Hamiltonian simulation method. Since the initial
condition for the advection equation is given as specify-
ing u(0, x), the state preparation oracle for the Hamiltonian
simylation hz:s to prepare a quantum state of |u(0)) =
Y Yo u0, x5, x ) L) ® - ® a).

Note that the upwind differencing scheme is preferable for
the numerical stability for the advection equation [35], but
using D or D~ to discretize V does not retain the Hermitian
property of H [36]. In fact, discretizing V using D™ makes
the Hamiltonian H = —iv D" for d = 1, which is no longer
Hermitian because H' = iv;(D")" = —iv;D~ # H with the
relationship of (D*)" = D~. This is the reason why we here
use the central difference scheme; we will investigate the re-
lationship between finite difference schemes and the resulting
Hermitian property to explore the possibility of using Dt or
D, in our future research.

2. Wave equation

Let u be governed by the wave equation with the speed
cas

The scalar field u corresponds to, for example, the displace-
ment of string and membrane, and the pressure. The wave
equation can be rewritten as

oY (z,x)
ot
by setting, whend = 1,

du(t x]) 0 9
_ x|
8u(r ) H=c a2 o) (28)
dx; ax;
du(t,x)

ot
Y, x) = ( u )
’ du(t,x) - Ju(t,x)
ic ( ax| +1i dxp )

= —iHY(t, x), 27)

¥, x) = (

when d = 2,

0 D0
0x1 0x;
H = c( ) .5 ), 29)
o o 0
and when d = 3,
du(t,x) 0 9 9 9
at X X2 ax3
. Qu(t,x) _ 9 0 0 0
IC——— -
_ ax; _ 0x
'l,(t» x) - ica”(”x> ) H =cC _i )
axz r)xz
. du(t.x) _ 9
lc—”ax}x P
(30)

where d is the number of spatial dimensions and x,, is the spa-
tial coordinate. This form of the Hamiltonian is similar to that
in Ref. [26]. Note that when d = 2, we can also set ¥(¢, x) and
H by a3 x 1 vector and a 3 x 3 matrix, respectively, which
are obtained by omitting the row and column regarding x3-axis
of those when d = 3. However, Eq. (29) has the advantage in
quantizing these quantities because of the size of power of
two.

We can show that, for the above three cases, H is self-
adjoint (meaning that (Y, H¢) = (H, ¥) holds for arbitrary
vector fields ¥ and ¥) under appropriate BCs; the proof
is given in Appendix B 2. Therefore, Eq. (27) is exactly
the Schrodinger wave equation; in other words, the wave
equation falls into the Schrodinger wave equation with its
Hamiltonian containing the differential operators.

92u(r, x) s The scalar field u(z, x) i's discretized and encoded in a
2 = c“Vau(t, x). (26) quantum state |1/ (¢)) on qubits as
|
0y ® X32) 2O 1) 4 1) @ e Y32 M)y ford = 1,
0)® Y3y Sr Ty M) iy @ | o)
1) @ie Y52y Yhmg (M 4 M) ) @ ) ford =2,
W) = 110) ®10) ® Y22y Y2 Y0y M) 1y @ 1) @ ) 3D
+10) ® 1) @ic Y5 —p S5sg Sosy M) i) @ 1) @ )
1) ®10) ®ic Y5 Sty Yooy ) ) @ [ o) ® |3)
HIN® 1) ®ic Y] g X5ty Ygmy S i) @ |ja) ® 1), ford =3,
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Note that the initial quantum state [i¢(0)) has to be
implemented to satisfy the initial conditions of the wave
equation, which are typically the initial conditions of (0, x)
and du(0, x)/0¢. When we have an initial value of u(0, x) as
an analytic function, which is a typical case in solving PDEs,
we can calculate du(0, x)/dx for the initial condition of our
algorithm. Thus, we assume that we can set the initial

J

c(og @ (D)) — 010 ® (D)),

c(o01 ® (D) —i(D1)y) — 010 @ (D)1 +i(D™ ))),

condition for the quantum state (i.e., du(0,x)/dx and
du(0,x)/0t) based on the typical initial conditions
of the wave equation (i.e., u(0,x) and Ju(0,x)/dt).
Also, the Hamiltonian H is discretized by the for-
ward and backward difference operators so that the
resulting H can be actually a Hermitian matrix, as
follows:

(000 ® 001 @ (D)1 + 001 ® 090 ® (D), + 001 @ 001 ® (DT)3

—000 ® 010 ® (D7)1 — 010 ® 000 ® (D7) — 010 ® 010 ® (D7 )3),

As a result, we obtain the Schrodinger equa-
tion d |y (t)) /dt = —iH |¥(t)), which can be simulated
on a quantum device. Note that the above discretization
imposes the Dirichlet BC for du/dt at x, =0 and for
ou/dx, at x, = L. That is, the mixed BC for u consisting
of the Dirichlet BC for x, = 0 and the Neumann BC for
X, = L is imposed, which is consistent with the condition
of self-adjointness of the Hamiltonian # as discussed in
Appendix B 2. We can also use the central difference scheme
for periodic BC because it retains the Hermitian property.
We would like to conduct our future research to discuss the
scheme for implementing arbitrary BCs while keeping the
Hermitian property of the Hamiltonian.

III. CIRCUIT IMPLEMENTATION METHOD FOR PDEs

A. Quantum circuit for time evolution by differential operators

Now, we consider a hyperbolic partial differential equa-
tion such that it can be reduced to the Schrédinger
equation d |u(t)) /dt = —iH |u(t)), where the Hamiltonian
‘H consists of the difference operators, as exemplified in
Egs. (25) and (32) in Sec. IIB. Note that, in addition to
those motivating examples, a wide class of partial differential
equations also falls into our target based on the technique

J

ix — —ik A+
e’s; +e 5;

ford =1,
ford =2,

(32)
ford = 3.

(

proposed in Refs. [28,29]. Our goal is to provide an effi-
cient method for implementing the time evolution operator
exp(—iH 1) for a time increment t, on a circuit of qubit-based
quantum devices.

Let us consider the following Hamiltonian that contains the
one-dimensional spatial difference operator:

H=y Z(e"*s; +e s, (33)

J=1

where y € R is a scale parameter and A € R is a phase
parameter. This Hamiltonian can represent the essential part
of the one-dimensional Hamiltonian for the advection equa-
tion given in Eq. (25). Also, the following procedure for
constructing quantum circuits and the scaling of the circuit
complexity, based on the Hamiltonian (33), is applicable to
the Hamiltonian for the wave equation given in Eq. (32). Since
oo = (X +1iY)/2and o9 = (X —iY)/2, where X and Y are
Pauli matrices, we can naively represent each term of the
Hamiltonian (33) by Pauli strings. However, such representa-
tion of the Hamiltonian yields the exponentially large number
of terms because s, and s, are global. Here, we use the
Bell basis instead of the Pauli matrices, which can efficiently
diagonalize each term of the Hamiltonian (33), as follows:

= ¢ ®-D) o1 ®Glr>g(j71) + e - & o10 ® Uoc?(jfl)

= 12070 @ (% 0)[1)*U D01V ™Y 4 7 [1)]0) V7P (0[(1207D)

0) PV~ + e 1)[0)2Y7 (01(1[#97D + e™ (1](0]*V D

= [®0—) g
V2 V2
jou- g 1ODEY™Y = e 10U (0[(1|FI7H — e (101U
V2 V2

=1°0"D @ Ui(—)(Z @ [1){(1|B9" U (=),

(34)
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q1 q1 () C)
M N
q2 q2 N U
W;
qj—1 qj—1 D
g q L S t P H HRZ
qn dn
T q1 W1
Wy
q2 q2
. W.
qj—1 V4 = gj- J W,
q;j q;
qTL : q’!‘L

FIG. 1. Quantum circuit to implement the time evolution operator V, where g; represents the j-th qubit.

where Z is the single-qubit Z gate. Here we call
(10| 1Y®U=D £ ¢4 |1)]0)®U D) /\/2 the Bell basis; the Bell
basis is the key for decomposing the Hamiltonian into a
sum of polynomial number of terms. Also, U; is the uni-
tary matrix so that U;(—1)[0) [1)®V~D = (j0) [1)®V~D +
e ™ 1) [0)®U~D)/4/2 defined as

j—1

Ui = | [ eNoTy, | PiooH;. (35)

m=1

where H; is the Hadamard gate acting on the j-th qubit, P;(1)
is the Phase gate acting on the j-th qubit as

o=y o) (36)

and CNOT/, is the CNOT gate acting on the m-th qubit
controlled by the j-th qubit. Note that we herein use the
little endian. Applying the first-order Lie-Trotter-Suzuki de-
composition, we can approximate the time evolution operator
exp(—iH1), as follows:

exp (—iHt) =exp | —iyT Z:(ei*s]T + e_"ks;“)
=1
A Hexp(—iyﬂ@(”_j)
=1
® Uj(=)(Z @ 1) (112Y~)U;(—=1)")

j=1
x Uj(—1)"

j=1

I®U=D —1)(1|®Y=D) is the multi-controlled RZ gate act-
ing on the j-th qubit controlled by 1, ..., (j — 1)-th qubits.
Note that from the second to the third line, exp(I ® A) =
I ® exp(A) and exp(UAU") = U exp(A)U" were used. The
unitary matrix W; is defined as

Wiyt 2) := 1% @ U;j(—=A)CRZ; ™~ Qy 1)U (—1)'.
(38)

Then, let V(yt, 1) denote the approximated time evolution
operator as

Viyr.A) = [Wi(yt. M) ~exp(—iHT).  (39)

j=1

We now have a concrete circuit implementation of this
approximating unitary matrix V, as shown in Fig. 1. Note that
such explicit form of implementation has not been reported
in the previous proposals [28,29]. Moreover, thanks to the
explicit form of V, we can have a detailed evaluation on the
approximation error between exp(—iHt) and V in the sense
of operator norm. Together with the explicit circuit construc-
tion, the followin g lemma gives the approximation error.

Lemma 1. Consider the Schrodinger equation
d|u(t)) /dt = —iH |u(t)) such that the Hamiltonian H is
given by Eq. (33). The time evolution operator exp(—iHT)
with the time increment 7 can be approximated by the unitary
V in Eq. (39), and its explicit circuit implementation is shown
in Fig. 1. Moreover, the approximation error in the sense of
the operator norm is upper bounded as

2.2 -1
lexp(—Ho) Ve, il < PO o)

Proof. We use the fact that the approximation error of the
Lie-Trotter-Suzuki decomposition is upper bounded by the
sum of operator norm of commutators of all terms contained
in the Hamiltonian ([37], Proposition 9). Hence, our task is to
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evaluate the commutators of all terms of the Hamiltonian (33),
as follows; the detailed calculation is given in Appendix C.
For n > j > j/ > 1, the terms of the shift operators e”sj_ +

e s + and e‘ks + e‘”s+ commute as

[e*s; +e st e’ks— +e s si1=0. 41)

For j > j' = 1, we obtain

||[e'*s +e st cetsy +e s = 1. (42)
Thus, the terms of the Hamiltonian, y (e"s; +e¢~"s7), can
be grouped into those for j > 1 and j = 1. Since the unitary
does not change the operator norm, the Trotter error is upper
bounded using the result of (Ref. [37], Proposition 9), as
follows:

lexp(=iHt) = V(yz, Ml

y27:2 " . . .
< > Z(e’}‘s; + e_’ks;’), e’}‘sl_ + e_“\s{r
j=2
T n
< y Z || elAS_ +e —i\ + el}nsl— +e_lAST]||
j=2
(n—1)
43
> (43)
[ |

Since Wj-, and W;., commute, we can easily obtain the
second-order formula as

VAT, 1) = Wiyt/2, OVVWi(—yT/2, 0). (44)

The following lemma gives the approximation error between
exp(—iHt) and V® in the sense of operator norm.

Lemma 2. Consider the Schrodinger equation d |u(t)) /
dt = —iH |u(t)) such that the Hamiltonian # is given by
Eq. (33). The time evolution operator exp(—iHt) with the
time increment 7 can be approximated by the unitary V® in
Eq. (44). The approximation error in the sense of the operator
norm is upper bounded as

V3T3

lexp(—iHT) = VP (y1, )] < (2n—3). (45

Proof. The detailed proof is given in Appendix D. Here,
we provide a sketch of the proof. Let us group the terms of
the Hamiltonian A in Eq. (33) into H; := ye™ + 57 + e~ s
and Hy :=y )" _z(e’A + 57 4+ e *s7) such that 7—[ H, +
H,. Since all terms in Hz commute each other, the error
of the second-order Suzuki formula is upper bounded ([37],

Proposition 9) by

Il exp(—iHt) — VA (y, 2|
3 3

< I, [, Hallll 4+ 2 P, (P, Fallll (46)

By evaluating the commutators, we obtain

]/31'3

Il exp(—iHt) = VP (yT, )| <

Qn—3). @7

We also provide the following lemma about the gate counts
of the unitary V.

Lemma 3. The approximated time evolution operators V' in
Fig. 1 and V® can be implemented using single-qubit gates
and at most 9n? — 33n + 34 CNOT gates for n > 3.

Proof. As shown in Fig. 1, the nonlocal gates included
in the operator W; are a multicontrolled RZ gate for j > 3
(a controlled RZ gate for j = 2) and totally 2(j — 1) CNOT
gates in the unitary U; and U for j > 2. It is known that
the multicontrolled RZ gate w1th (j — 1) control qubits can
be decomposed into single-qubit gates and at most 16 — 40
CNOT gates ([38], Theorem 3). Therefore, the number of
CNOT gates required to implement the approximated time
evolution operator V is

n

2(16]—40)+2+22(]— 1) = 9n% — 33n + 34. (48)

Jj=3 Jj=2

Since operators V and V® have the difference only in the
single-qubit gate by definition in Eq. (44), the number of
CNOT gates in V® is the same as that in V. [ |
We now extend the above discussion to the operators acting
on a d-dimensional domain 2.
Lemma 4. Let the Hamiltonian H consist of finite differ-
ence operators for a dn-qubit system as

H=y > Y fale™ ) +e ™). (49)

a=1 j=1

where y € R is a scale parameter, A, € R is the phase param-
eter and

(sj't)a — I®(a—1)n ® S;}' ® I®(d—ot)n, (50)

for u € {—,+}. The time evolution operator exp(—iHt)
with the time increment 7 can be approximated by the uni-
tary ®Z=1 V(ynet, Ay). The approximation error is upper
bounded in the sense of the operator norm as

22— D) Y0_ 02
: .

d
exp (—iHt) — ®V(7/T}aT7 Ag)

a=1

(5D

Proof. Here we sketch the proof; the detail is given in
Appendix C. From Eq. (34), we obtain

exp (—iHT)

d n
=exp | =iyt ) ) nale™ (5o + €M (5] )

a=1 j=I1

d
~ 1_[[®(ot—1)n ® V()/nal', )\a) ®I®(d—a)n

a=1

d
=@Vt k). (52)

a=1

where V (yn,7, Ay) is given in Eq. (39) and represents the
time evolution operator for the spatial dimension in the x,
direction. The approximation error of the Lie-Trotter-Suzuki
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decomposition is upper bounded by the operator norm of com-
mutators of Hamiltonian ([37], Proposition 9). Together with
the fact the terms of the Hamiltonian e« (57 )a + e e (sj')a
and e« (57 o + e (s;r )er commute for o # o’ and the dis-
cussion in the proof of Lemma 1, we obtain

yiti(n — I)ZZ:I ’72
5 )

d
exp (—iHt) — ®V(7/ﬂ7m Ag)

a=1

<

(33)

|

We can easily extend this lemma to the second-order for-
mula as follows.

Lemma 5. Let us consider the Hamiltonian H for a dn-
qubit system in Eq. (49). The time evolution operator
exp(—iHt) with the time increment t can be approximated
by the unitary ®%_, V(¥ 147, Ay ). The approximation error
is upper bounded in the sense of the operator norm as

d
exp (—iHT) = Q) VP (a7, k)
a=l1

P A Clk )OO
Proof. From Eq. (34) and the fact that W;., and Wj.,
commute, we obtain

exp (—iHT)

(54)

d n
=exp | =iyt ) D ma(e™(5))e + e (s )
a=1 j=I1
d
~ 1_[]®(01—1)" ® V(Z)(Vnafy re) ® J®d—an

a=1
d

= Q) VPy T, ha), (55)
a=1

where V@ (yn,t, Ay) is given in Eq. (44). The approxima-
tion error of the Lie-Trotter-Suzuki decomposition is upper
bounded by the operator norm of commutators of Hamilto-
nian ([37], Proposition 9). Together with the fact the terms
of the Hamiltonian e”«(s} )y + e~"«(s7 )y and e« (s7 )or +
e (sj)ar commute for o # o' and the discussion in the
proof of Lemma 2, we obtain

d
exp (—iHT) = Q) V(¥ TN ha)
a=1
YT =3y

(56)

|
We also have the following lemma about the gate counts of
the unitary @ _, V(¥ T ko) and @°_, VO (¥ 114, Aa).
Lemma 6. The approximated time evolution operators
®Z=1 V(Y Ty, Ae) and ®Z=1 VO (ytng, Ae) with V and
V® given in Eqgs. (39) and (44), respectively, can be
implemented using single-qubit gates and at most d(9n”> —
33n 4 34) CNOT gates for n > 3.

Proof. Based on the same discussion in the proof of
Lemma 3, the number of CNOT gates included in the approx-
imated time evolution operators V and V® are 9n®> — 33n +
34. Therefore, the approximated time evolution operators
QR V(e he) and @°_, VO (y 14, Ay) can be imple-
mented by single-qubits gates and at most d(9n> — 33n + 34)
CNOT gates. |

To simulate the Hamiltonian dynamics over the total time
T, it suffices to divide the total time T into »(:= T/t ) intervals
so that the approximation error occurred in the time interval ©
could be small enough to be acceptable.

We remark that the essential part of the Hamiltonian (25)
for the advection equation falls into the Hamiltonian (49) by
setting y = 1/(21), ny, = vy and A, = —m /2. Appendix E 1
gives the procedure for constructing the quantum circuit and
its Trotter error, for the full Hamiltonian of the advection
equation. Also for the case of wave equation, although the
Hamiltonian in Eq. (32) does not fit into that in Lemma 1,
we can easily obtain the quantum circuit for Hamiltonian
simulation as discussed in Appendix E 2.

B. Space and time complexities

Together with the quantization of the field in Eq. (21), the
explicit circuit construction and Lemmas 4 and 6, we now
provide the following theorem giving the space and time com-
plexities of our Hamiltonian simulation, as our main result.

Theorem 1. Let H be the Hamiltonian as defined in
Eq. (49),ie, H =y Y 0m; Yoy Ma(e™ (57 ) + €757 o).
The time evolution operator exp(—iH7T) up to time T is
implementable on the dn-qubits system using the quantum cir-
cuits with O(dn3y2T2 Y"?_ 12 /¢) nonlocal gates within the
additive error ¢. Furthermore, the leading term of the number
of nonlocal gates is 9dn’y>T? ZZ:I n2/(2¢). The quantum
circuit for exp(—iHT ) consists of the repetitive applications
of the one time step unitary V shown in Fig. 1.

Proof. Lemma 4 states that the additive error of the ap-
proximated time evolution operator ®Z=1 V(ytn,, Ay) scales
yiri(n—1) ZZ:I n2/2 with the time increment 7. To sup-
press the error of the simulation over the total time 7" within
a small value ¢, it suffices to divide the total time 7T into
r(:= T /7) intervals so that

YT (= D3% s _ ¢
X "

57
2r? r (57)
which is rearranged as
22— 1S 2
S v )Y ot (58)

2¢e

Since each Trotter step ®Z:1 V(Y Thg, he) requires d(9n* —
33n 4+ 34) CNOT gates by Lemma 6, Hamiltonian simu-
lation up to time 7 within the additive error ¢ in the
sense of the operator norm requires rd(9n*> —33n + 34) >
d(9n® — 42n* + 67n — 34)y*T? ZZ:I 772/(25) CNOT gates
which scales O(dn’y*T? Zizl n2/e). [ |

As for the second-order formula, we also provide the fol-
lowing theorem giving the space and time complexities of our
Hamiltonian simulation.

033246-8



HAMILTONIAN SIMULATION FOR HYPERBOLIC PARTIAL ...

PHYSICAL REVIEW RESEARCH 6, 033246 (2024)

Theorem 2. Let ‘H be the Hamiltonian as defined in
Eq. (49), ie H = ¥ 20y 2oy mal€™ (57 ) + € (5] o).
The time evolution operator exp(—iHT) up to time 7T is
implementable on the dn-qubits system using the quan-
tum circuits with O(dn®>3y'ST'5(X4_ 12)°5/6%%) non-
local gates within the additive error &. Furthermore,
the leading term of the number of nonlocal gates is
(Sﬁdnz'syl‘STl's(Zzzl ni)o's/so's). The quantum circuit
for exp(—iHT) consists of the repetitive applications of the
one time step unitary V® in Eq. (44).

Proof. Lemma 5 states that the additive error of the
approximated time evolution operator @%_, VA (ytng, Ay)
scales y37°(2n —3) 3°?_, n /6 with the time increment .
To suppress the error of the simulation over the total time
T within a small value ¢, we divide the total time 7 into
r(:= T /7) intervals so that

VT Q=330 _
6r3 =

€
- (39)
’

which is rearranged as

. y ST (20 — 3)0'5(ZZ:1 773)0'5
~ (62)05 '

(60)

Since each Trotter step &@_, V@ (ytn,, Ae) requires
d(9n* —33n +34) CNOT gates by Lemma 6, Hamil-
tonian simulation up to time 7 within the additive
error ¢ in the sense of the operator norm requires
rd(9n* — 33n+34) CNOT gates whose leading term
is  (3/3dn>Sy TS (X0 12)03/€%%).  This  scales
O(dnz‘syl'STl'S(Zgzl ng)ois/go.s). ]

Note that since V' = Wi(—yt, \)(VOYW,(yt, 1), the
first-order formula works similarly to the second-order for-
mula and can exhibit the similar bound to the second-order
formula in a practical sense [39].

Remark 1. Classical implementation requires O(2")
memories to store the discretized scalar field u. Since the
finite difference operators, such as Dg for u € {—, +, £, A}
and B € {D,N, P} in Egs. (1), (3), (5), and (6), can be
represented by sparse matrices of the size 29" x 29" with the
sparsity denoted by s, the application of the operator Dy to the
vector u requires O(s2%") arithmetic operations. Here, s = 2
for u € {—, 4+, £}, i.e., the first-order derivative and s = 3
for u = A, i.e., the Laplacian in Eq. (6). Now, let us consider
classical simulation using the forward Euler scheme, which
has the additive error bounded by O(t?) where 7 is the time
increment. Then, classical simulation up to time 7 within
the additive error & requires O(T?/e) steps, which results
in O(s29"(T?/e)) arithmetic operations. When using the
second-order formula for the time integration, the complexity
will be improved to O(s29"(T13 /80'5 )). In addition, the
Courant-Friedrichs-Lewy (CFL) condition [40] requires
T/r = O(l). As a result, classical simulation up to time T
within the additive error & requires O(s29"(T?/e + T /1)) or
o(s29" (T3 / e 4T /1)) arithmetic operations.

Remark 2. Focusing on the spatial dimension d, the num-
ber of nodes in each dimension 2", the total simulation time
T, and the additive error of the simulation, &, our Hamilto-
nian simulation requires O(dn*T?/¢) nonlocal quantum gate

operations under the assumption of y = O(1) and n, = O(1)
while classical approaches require O(2%"T? /¢) arithmetic op-
erations. Considering the relationship of n = O(log(L/!)) and
assuming y = O(1/l), which is the case of the advection
and wave equations, our Hamiltonian simulation requires
0(dT?log(L/1)*/(I*e)) or O(dT > log(L/1)*/(1'°%3)) un-
der the assumption of 7, = O(1) while classical approaches
require O(LY(T? /(1) + T /1Y) or OLY(T'>/(19%3) +
T / ld+l )).

These theorem and remarks suggest that our method has
the potential for exponential speedup with respect to the
number of nodes on the lattice N(= 2") and the size of the
domain L when simulating the classical dynamics governed
by differential operators, if the operation of quantum gates can
be performed as fast as the arithmetic operations in classical
computers. Remark 2 also implies our method will exhibit the
polynomial speedup with respect to the interval of the lattice
[ whend > 2.

Note that the time complexity of our algorithm is poly-
nomial with respect to the additive error & while the
state-of-the-art algorithms [41,42] give the time complexity
of poly(log(1/¢)). Such algorithms rely on the oracle access
to the block encoding of the Hamiltonian, while our current
study focuses on deriving the explicit quantum circuit for
Hamiltonian simulation. We would like to conduct our future
work to derive the quantum circuit for the block encoding-
based Hamiltonian simulation, providing the comparison of
the gate counts of the Trotter-based Hamiltonian simulation
and the block encoding-based one including the constant fac-
tor in our future work.

Finally, we remark that it is impractical to access all com-
ponents of |u(z)) or | (¢)) for the advection and the wave
equation, respectively, because it requires O(2") measure-
ments. Hence, the proposed method should be used in a
situation when only some characteristic quantities about the
solution are of interest; typically, such quantity is represented
by (u(t)|O|u(t)) or (¥ (¢)|O|¥ (¢)) for an observable O. As we
discuss later, one example of such observables is the kinetic
energy of the system governed by the wave equation:

o=Yz+neIre,

-2

(61)

which leads to (Y ()|Oy()) =Y, |du(t,x)/dt|>. The
power spectra of the system is also one of the possible ob-
servables [32]. We can use various well established methods
for such estimation of observables [43,44]. We would like to
construct meaningful observables in more detail for specific
applications and discuss efficient estimation of their expected
values in our future work.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

In this section, we provide several results of numerical ex-
periments to demonstrate the validity of our proposed method.
We used Qiskit 0.45 [45], the open-source toolkit for quantum
computation to implement quantum circuits.

A. Advection equation

We first performed Hamiltonian simulation for solving the
advection equation with periodic BC, described in Sec. II B 1.
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FIG. 2. Simulation results of the advection equation with periodic BC in one dimension. (a) Solid lines represent the amplitudes of the
quantum state |u(z)) generated by the proposed circuits. Dashed lines also represent the amplitudes of the quantum state |u(?)), but it was
directly computed by applying the matrix exponential operator e~"*' to |#(0)) via matrix-vector calculation. Dotted lines represent the solutions
calculated by the finite difference method (FDM). These three lines are overlapped very well in almost all the spatial region. (b) Absolute errors
of the amplitudes of the quantum state |u(¢)) by the proposed circuits (solid lines) and those applying the matrix exponential operator e~ to
|u(0)) via matrix-vector calculation (dashed lines), to the solutions calculated by FDM, respectively.

Here, we compare the simulation result of our proposed
method with the following two; the first one is the results cal-
culated by directly applying the matrix exponential operator
e~ to |u(0)) by matrix-vector calculation, and the second
one is the result calculated by the fully classical finite dif-
ference method (FDM) with the central differencing scheme
given in Eq. (5).

Figure 2 illustrates the simulation results of the advection
equation with periodic BC in one dimension. We set n = 7,
t=0.1,T =20,/ =1, and v; = 1 to formulate the problem
and used statevector_simulator to run the quantum cir-
cuits. Also, we set the time increment parameter to 0.01 for
the FDM. As an initial state, we prepare

on—1_1

1
—1 ). 62
WI>®§I}) (62)

[u(0)) =

Figure 2 also includes this initial state as the amplitude at
t = 0 to visualize the dynamics from the initial state. Solid
lines in Fig. 2(a) represent the amplitudes of the quantum
state |u(t)) generated by the proposed circuits, at time ¢ =
0, 10, 20; note that in this case the probability amplitudes of
|u(t)) are always real. Dashed lines represent the amplitudes
of the quantum state |u(¢f)) which is directly generated by
applying the matrix exponential operator e~7t% to |u(0)) via
matrix-vector calculation. Dotted lines represent the solutions
calculated by the FDM. Since the velocity is chosen to have a

positive value v; = 1, we observe that the scalar field u(z, x;)
moves toward the positive direction as time passes. Also, the
solid lines in Fig. 2(b) illustrate the absolute errors between
the amplitudes of the quantum state |u(z)) by the proposed
circuits and those calculated by FDM; moreover, the dashed
lines illustrate the absolute errors between the amplitudes
calculated via applying the matrix exponential operator e~/7%
to |u(0)) via matrix-vector calculation and those calculated
by FDM. The figures imply that the solutions obtained by
the three approaches agree well, which demonstrated that the
advection equation discretized by the FDM can be simulated
by the Hamiltonian simulation algorithm on quantum circuits
under acceptable Trotter errors. The oscillation occurred in
some spatial region where u(t, x;) had the sharp gradients, is
due to the central differencing scheme, and it is well-known
that it can be resolved by using the upwind differencing
scheme [35]. However, such differencing scheme does not
retain the Hermitian property of the Hamiltonian as we men-
tioned in Sec. IIB 1, that is, #' # H for H = —iv - V when
we use DV or D™ in Egs. (1) and (3) to discretize V because
of the relationship of (D*)" = D~. We will address this issue
in the future research.

Next, Fig. 3 shows the simulation results of the advection
equation with periodic BC in two dimensions. We set n = 6,
t=0.1,T=20,1=1, and v = [v}, v2] = [1, 1] to set up
the problem and used statevector_simulator, to run the
quantum circuits. The number of qubits is 2n = 12. We chose

033246-10



HAMILTONIAN SIMULATION FOR HYPERBOLIC PARTIAL ...

PHYSICAL REVIEW RESEARCH 6, 033246 (2024)

Proposed

Matrix exponential

FDM

64 64
48 48
+=0 32 32
16 16
0.12
16 32 48 64 % 16 32 48 64 0 16 32 48 64
64 64 0.08
48 48 a
8
t =10 32 32 0.04 5
8
16 16 <
0 0 000
16 32 48 0 16 32 48 64 0 16 32 48 64
64 64 64
-0.04
48 48 48
t—90 32 32 32

16 16

00 16 32 48

64 %

16 32 48 64 20

16

16 32 48 o4

FIG. 3. Simulation results of the advection equation with periodic BC in two dimensions. The color plot represents the values of the scalar

field |u(t)) calculated by the three approaches.

the time increment parameter to be 0.01 for the FDM. As an
initial state, we prepare

22122

1
wO) === > 3 10811108 1)® ).

J1=0 j=0

(63)

Figure 3 also includes this initial state as the amplitude at
t = 0 to visualize the dynamics from the initial state. The left
column in Fig. 3 represents the amplitudes of the quantum
state |u(t)) generated by the proposed circuits described in
Sec. IIB 1. The center column represents the solutions di-
rectly obtained by applying the matrix exponential operator
e~ ™7 to |u(0)) by matrix-vector calculation. The right col-
umn represents solutions calculated by the FDM. Each row
represents the solutions at # = 0, = 10 and ¢ = 20, respec-
tively. We observe that the distribution of the scalar field |u)
moves toward upper right direction according to the setting of
v = [vy, v2] = [1, 1]. Although several numerical oscillation
occurred due to the central differencing scheme, we again
find that the solutions obtained by the three approaches agree
well, which demonstrate the validity of the proposed method.
Since the solution in the center column is obtained by directly
applying the matrix exponential operator, it does not include
the error in the numerical time integration. The difference
between the left and center columns comes from the Trot-
ter error, while the difference between the center and right

columns comes from the time integral by the forward Euler
scheme for the FDM. These errors can be decreased by using a
smaller time increment parameter. That is, the time evolution
operator exp(—iHt) is directly applied to the state |u(¢)) in
the center column, while the forward Euler scheme [35] is
used to proceed time in the right column.

B. Wave equation

Next, we show Hamiltonian simulation for solving the
wave equation with the mixed BC in one dimension and with
the periodic BC in two dimensions. We here again compare
the simulation results of our proposed method with those ob-
tained by directly using the matrix exponential operator e~/**
to |¥(0)) and those by the fully classical finite difference
method (FDM) with the central differencing scheme.

Figure 4 illustrates the simulation results of the wave equa-
tion with the mixed BC in one dimension, specifically the
Dirichlet BC for the left side and the Neumann BC for the
right side. Wesetn =4, 7=0.1,7T =20,/ =1,and c =1
to set up the problem and used statevector_simulator to
run quantum circuits. The number of qubits for encoding this
problem is n + 1 = 5. We use a time increment parameter 0.1
for the FDM. As an initial state, we prepare

[ (0)) = 10) ® [1) ® [0)®"~1) (64)
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FIG. 4. Simulation results of the wave equation with the mixed BC in one dimension. Solid and dashed lines represent the amplitudes of
the quantum state |1/ (¢)) prepared by the proposed circuits and that obtained by directly applying the matrix exponential operator e~"** to
|4 (0)), respectively. Dotted lines represent the solutions calculated by the finite difference method (FDM).

which corresponds to the initial condition

u(0,x;)=0 (65)
ou(0,x;) [1  forj=2"""
ot - {O otherwise. (66)

Solid, dashed, and dotted lines represent components of solu-
tions corresponding to du(t, x;)/0t prepared by the proposed
circuits described in Sec. II B 2, the direct multiplication of
the matrix exponential operator by [¢(0)), and the FDM,
respectively. Figure 4 clearly illustrates that the solutions
obtained by the three approaches agree well, demonstrating
that the wave equation could be simulated as the Schrédinger
equation as well and actually be implemented on quantum
circuits under acceptable Trotter errors.

Figure 5 illustrates the simulation results of the wave equa-
tion with the periodic BC in two dimensions. We set n = 6,
t=0.1,T =20, =1, and ¢ = 1 to set up the problem and
used statevector_simulator to run quantum circuits. The
number of qubits to implement this problem is 2n + 1 = 13.
Here, we used the central difference operator D* to define the
Hamiltonian. We use a time increment parameter 0.1 for the
FDM. As an initial state, we prepare

2212
1 . .
WO)=10)® = 3. D 10011 [0} D) 1),
J1=0  j»=0
(67)
which reflects the initial condition of
u(t,xj,x;,)=0 (68)
dult, xj,xj,) 1 for2"2 < xj,x;, <2} ©9)
ot “ 10  otherwise.

Figure 5 also includes this initial state as the amplitude at
t =0 to visualize the dynamics from the initial state. The
left and center columns in Fig. 5 represent components of
solutions corresponding to du(t, x;,, x;,)/dt obtained by the
proposed quantum circuit and the direct calculation of the
matrix exponential operator, respectively. The right column
represents solutions calculated by the FDM. Each row repre-
sents the solutions at r = 0, + = 10, and ¢ = 20, respectively.
The results of left and center columns clearly coincide, im-
plying that the proposed quantum circuit could accurately

simulate the Schrodinger equation derived from the wave
equation. However, these results slightly differ from that by
the FDM; the results by the proposed method look rougher
than those by the FDM. This comes from the difference of
finite difference schemes. For the fully classical FDM, we
discretized the Laplacian V? of the wave equation by D*
while for the Schrodinger equation derived from the wave
equation, we discretized the gradient operator V by D*, which
corresponds to discretizing the Laplacian V2 by (D¥)?. Thus,
the discretized equations do not exactly match and accord-
ingly have errors that can be reduced by decreasing the spatial
interval /. Although there exists such numerical error, overall,
the results well grasp the property of wave propagation.

Finally, we provide an experimental result conducted on
a real quantum device. We here again study the wave equa-
tion with the mixed BC in one dimension setting n = 2,
t=0.2,T =2,1 =1, and ¢ = 1. The number of qubits for
encoding this problem is n 4+ 1 = 3. Although the number of
qubits used here is quite small due to the limitation of noise re-
silience of current hardware, we show the experimental result
to demonstrate that our quantum algorithm is implementable
on a current device owing to the explicit construction of
quantum circuits by elementary gates of the hardware. We
compare the simulation results obtained from a real device,
statevector_simulator, and the direct multiplication of
the matrix exponential operator e~** by |(0)). Although
we illustrated all probability amplitudes of quantum states
prepared by each approach in the preceding results for vali-
dation, accessing all amplitudes is unrealistic for practical use
because of the need of the quantum state tomography as we
mentioned in Sec. III B. Here, we evaluated the expectation
value of the following specific observable:

0=31Z+DI®, (70)

which is the kinetic energy of the system. As an initial state,
we simply used

[¥(0) =10)*" ® |1), (71)
which corresponds to the initial condition
u(0,x;) =0 (72)
ou(0,x;) |1 forj=1
ot B {O otherwise. (73)
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FIG. 5. Simulation results of the wave equation with the periodic BC in two dimensions. Each plot in the column represents the scalar field

du/dt calculated by each approach.

Figure 6 illustrates the experimental results. We used
4000 shots to estimate the expectation (Y (1)|O|yr(¢)) at
each time. We used the dynamical decoupling (DD) tech-
niques [46—48] with super-Hahn echo [46,49] to suppress
the decoherence, and also used the readout error mitiga-
tion technique, specifically Twirled Readout Error eXtinction
(TREX) [50]. The number of nonlocal gates in the quantum
circuit was 120 at the maximum simulation time ¢ = 2 for this
problem. Note that error bars representing the 95% confidence
interval of the expectation value under the shot noise are

small enough to be visible since the number of shots, 4000,
is large enough to estimate the observable of the one-local
Pauli operator. That is, the difference between solutions ob-
tained by the real device (red circles) and the simulator (blue
+ symbols) is attributed to the hardware noise and the er-
ror mitigation. Nonetheless, Fig. 6 clearly illustrates that the
solutions obtained by the real device, ibm_kawasaki, cap-
tures the result of the simulator, which demonstrated that the
proposed method actually can be implementable on a real
device.

1.0F o~
23 5 +  Simulator
— N
% N Matrix exponential
\ o
g Y ° 2o ¢ ibm_kawasaki
qg-) 0'5 i ‘\\ fo) ,/*, ;-
52 N ¥’
\é\~_04,,
0 1 2
Time

FIG. 6. Experimental results of the wave equation with the mixed BC in one dimension by ibm_kawasaki. Red circle represents the
expectation value estimated by 4000 shots along with the error bar representing the 95% confidence interval of the expectation value under the
shot noise. Note that error bars are small enough to be visible. Blue + represents the result of statevector_simulator. Black dashed line
represents results obtained by the direct multiplication of the matrix exponential operator =% by [/(0)).
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V. CONCLUSIONS

This paper proposed a scalable quantum circuit imple-
mentation method of Hamiltonian simulation for partial
differential equations. The key technique for efficiently im-
plementing the time evolution operators on a circuit is to
diagonalize each term of Hamiltonian using the Bell basis. We
provided concrete quantum circuit representation for Hamil-
tonian simulation driven by differential operators along with
the space and time complexity estimation. For demonstrat-
ing the validity of the proposed method, we focused on two
partial differential equations, namely the advection and wave
equations, which were converted into the Schrodinger equa-
tion to be simulated by Hamiltonian simulation. In numerical
experiments, we confirmed that the solutions obtained by the
proposed method agreed well with the solution calculated
by the fully classical finite difference method. This means
that the advection and wave equations could be simulated
as the Schrodinger equation and actually be implemented on
quantum circuits under acceptable Trotter errors.

In the present study, we focused on the advection and wave
equations, because they are conservative under appropriate
BCs and thus can be exactly converted to the Schrodinger
equation. However, because most practical systems are non-
conservative, it is required to extend the present approach to
systems which cannot directly be described as the Schrodinger
equation. Possible approaches are, for example, to describe
the target systems as an imaginary time evolution of the
Schrodinger equation [51,52] or as the open quantum system
governed by the Lindblad equation [53], both of which realize
the non-unitary time evolution. We would like to conduct our
future research toward such direction. Also, we would like
to investigate the relationship among BCs, finite difference
schemes, and the resulting Hermitian property in our future
research.
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APPENDIX A: FINITE DIFFERENCE OPERATORS
OF HIGHER-ORDER APPROXIMATIONS

Using shift operators S~ and S+ in Egs. (10) and (11),
respectively, we can construct finite difference operators of
higher-order approximations. For instance, the second-order
forward difference operator for the first derivative, denoted by
D; acting on the nodal values u € R?" as

—3uj+ A —ujio
21 ’

(Dyu); = (A1)

can be represented as

1
DS = 2—1(—31®” +487 —(S7)?), (A2)

which is a qubit operator of an n-qubit system. Actually, the
following relationship holds:

21

1 o .

D} |u) :2—1(—31®”+4S — (SN _uili
j=0

2
—3u;+4ujy —u; .

=Y . (A3)

j=0

where up» = upy g =0, which exactly corresponds to the
second-order forward difference operator for the first deriva-
tive with the Dirichlet boundary condition. Similarly, the qubit
operator for the second-order backward difference operator
for the first derivative, denoted by D, , is represented as
1

Dy = 5(31@9" — 48T+ (STH). (A4)

Other finite difference operators for the higher-order deriva-

tives can also be constructed using the identity operator and
the shift operators S~ and S*.

APPENDIX B: SELF-ADJOINTNESS
OF THE OPERATOR H

1. Operator of the Advection equation

Let u and @ be scalar fields in the Hilbert space ¢/ defined
on a domain Q2. Applying the integration by parts, we ob-
tain the following relationship about the inner product in the
space U:

(it, (—iv - V)u) = / i@ (—iv - V)udx
Q

:/ (—in - vﬁ*u)dx—f-/ (iv - V)ii*udx
FYe Q

= (—in - vir*u)dx + ((—iv - V)ii, u),
FYe B1)

where * represents the complex conjugate and » is the normal
vector pointing outward at the boundary. If the first term in
the last line is zero, the operator —iv - V is self-adjoint. This
is the case when the domain €2 is a unit cell and the periodic
BC is imposed on the boundaries that satisfy n - v # 0, i.e.,

U={ue H'(Q) | u is periodic on Q2 s.t. n - v #£ 0}, (B2)

where H'(Q) is the Sobolev space defined on the domain Q.

The first term of the last line in Eq. (B1) also vanishes under

the Dirichlet BC, i.e.,
U={uecH"(Q)|u=00ndR}. (B3)

For such U, however, only trivial solution u = 0 € U satisfies
the advection equation.
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2. Operator of the wave equation r L 0u* au
- ) =/ / ic’\ — n-Vu+n- Vit — |dxds
Let ¥(f,x) and ¢¥(t,x) be vector fields defined in 30 ot ot

Sec. II B 2. Applying the integration by parts, we obtain the

following relationship about the inner product: + (MY, ¥), (B4)
~ ~ i where * is the complex conjugate and #n is the normal vector
(. Hy) = /0 /5;¢ Hypdxdr pointing outward at the boundary. If the first term in the
last line is zero, the operator H in Sec. IIB2 for the wave
T L ou*_, . _ou equation is self-adjoint. This term vanishes when the domain
= ic”\ = Viu+ Vi - V—— |dxds Q2 is a unit cell and the periodic BC is imposed on the bound-
p p
aries, i.e., u € U where
/ / (_ n-Vu+n- Vﬁ*a—)dxdt U ={ueH*(Q)|uandn - Vuis periodic on 922}, (B5)
a
where H*() is the Sobolev space defined on the domain 2.
r on* ou The condition for the self-adjointness of the operator 7 is also
i V— - Vu+ Vii*— |dxds - i i
satisfied under the mixed BCs of the Dirichlet and Neumann
BCs for u, i.e., when u € U where
r .2 o™ - u 2
= ic a—n-Vu+n~Vu*8— dxdt U={ueH (Q)|u=0onTpandn-Vu =0onTIy},
t t
(B6)
T ~
+/ /(Hwﬁ)“ﬁdxdt with I'p U Ty = 92, I'p # ¥ and I'y # @.
0 Ja

APPENDIX C: PROOFS OF LEMMAS 1 AND 4

Here, we provide details of proofs of Lemmas 1 and 4. For convenience, we first recall Lemma 1.

Lemma 1. Consider the Schrodinger equation d |u(t)) /dt = —i'H |u(t)) such that the Hamiltonian # is given by Eq. (33).
The time evolution operator exp(—i#Ht) with the time increment 7 can be approximated by the unitary V in Eq. (39), and its
explicit circuit implementation is shown in Fig. 1. Moreover, the approximation error in the sense of the operator norm is upper
bounded as

2.2,
lexp(—iHT) — V(y7. D < % 1)

Proof. As mentioned in the main text, our task is to evaluate the commutators of the Hamiltonian. For n > j > j’ > 1, the

terms of the shift operators s} + e~"s7 and ™57, 4 ¢~"s} commute as

[e”\s_ 4o it + e’ks_ +e_”\sj,] — [eiAI®(n—j) ® 001 ® oy 8= 4 =it y®n—j) ® o0 ®a®(’ 1)’

1k1®(n ) ® 001 ®0®(/ 1) + 671A1®(n ) ® 010 ®O,®(] )] —0. (C2)
For j > j' = 1, the commutator is rearranged as

[e“\sj + e it ;r’eixs? +e*i’\s1+]
— [en]@(n—j) ® 001 @ U%(jfl) +e M P @ 610 ® 0@(}71)’ D @ 5o + D 610]

— _I®(n7j) ) (emo ® o@(} 2) mUlo ® O,Oe?(/ 2)) ®RZ

120-0) @ (|0>|1>®“> + e 11 |0)SUT (O](1[EUY 4 !PT/ (140|207
=1

V2 V2
|O>|1)®(j—2) — o~ i@rAm/2) |1)|0)®(j—2) (0|(1|®(j—2) — i@ +7/2) (1|(0|®(j—2)
- 7z 7z ) 82
=il @ (Uj (=21 — 1/2)Z @ [N (112U, (=21 — /) @ Z. (C3)
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Thus, the terms of the Hamiltonian, y(e"’\s; + e’i*s}'), can be grouped into those for j > 1 and j = 1. Since the unitary does
not change the operator norm, the Trotter error is upper bounded using the result of Ref. [37], Proposition 9, as follows:

2.2
lexp(—iHT) — V(yT, M| < L= H Z(e“s + ety s et
y212 ' ‘
SEE LT e+ )
22n—1
_yrez D) (C4)
2
|
Next, we recall Lemma 4.
Lemma 4. Let the Hamiltonian H consist of finite difference operators for a dn-qubit system as
d n
H=yY Y nale™(s;)a+e ™ (s ), (C3)
a=1 j=1
where y € R is a scale parameter, A, € R is the phase parameter, and
(sj't)a — [®@=Dn ® S_l; ® I®(d—a)n7 (C6)

for u € {—, +}. The time evolution operator exp(—iHt) with the time increment T can be approximated by the unitary
®Z=1 V(ynst, Ay). The approximation error is upper bounded in the sense of the operator norm as

d 2.2 d 2
. T — 1)) 4y My
exp (—iHT) = Q) V(¥ NaT. ha)) 5 Lot M (o))
a=1
Proof. From Eq. (34), we obtain
d n
exp(—iHT) =exp [ —iyT Y > nale™ (57 )a + € (sT)a)
a=1 j=I1

n

d
~ [ [] Jexp(—iynat®D" @ 12070 @ (Uj(—2o )(Z ® [1)(1]2V ") (—20) ") @ 17"

=[] @ 1% ® (Uj(—1)CRZ; 7™ 2y tna)Uj(=1a)") @ 1914
a=1 j=1

d
=" @Viynr, r) @ 154"

a=1

d
= ®V(yrna,ka). (C8)

a=1
The approximation error of the Lie-Trotter-Suzuki decomposition is upper bounded by the operator norm of commutators of
Hamiltonian ([37], Proposition 9). Since the terms of the Hamiltonian e« (7)o + e ke (s7)o and et (57 ) + e (s}“)a,
commute for o # «’, we obtain from the discussion in the proof of Lemma 1,

d n d
DO nale® (57 )a + e (s )y Y Mo (€7 (7)o + € (5 )ar)

a=1 j=2 a’'=1

d
exp (—iHt) — ®V(Vﬂ7m Ag)

a=1

2.2 d n

Z Z Z Mol 11€™ (57 o + €7 (5T )a). €7 (57 Do + €7 (57 )1
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2r2<n —1) Zizl 0>

2

APPENDIX D: PROOF OF LEMMA 2

Here, we provide the details of proofs of Lemma 2. We first
recall Lemma 2.

Lemma 2. Consider the Schrodinger equa-
tion d |u(t)) /dt = —iH |u(t)) such that the Hamiltonian H
is given by Eq. (33). The time evolution operator exp(—iH 1)
with the time increment 7 can be approximated by the unitary
V® in Eq. (44). The approximation error in the sense of the
operator norm is upper bounded as

)/3.[3

lexp(=iHT) = VP (y1, 1) < (2n —3).

As mentioned in the main text, our task is to evaluate
the commutators of the Hamiltonian. Before calculating the
commutators, we first derive some useful formula to calculate
the commutators. Here, we explicitly show the number of
qubits 7 to describe s; and s notatmg ST j L =18 @01 ®

o and st —1®” i ®010®001 , which will derive
some useful formulas for proofs. To begin with, we provide

the following two lemmas which can be easily verified by the

(D1

definition of 57, and 57 .

Lemma 7. Let Sin = =I®""J ® oy, ®o{%j71 and s}"n =
191 ® oy ®00, For j =2 and n > 3, the following
recursive relations hold.

Sj_,n = S;—l,n—l & 010 (DZ)
s;fn =57 1,1 ® 001 (D3)

Lemma 8. Let s}, =[O~ 1®001®0®’ Uand st =

j.n
I1%"1 @ 019 ® 0081”‘71. On the multiplication of s;. , and s] >
the following relationships hold: for j > j' > 2,

SjnSyn = SjnSjn =0

sj:ns;’,’” = s;” wSin =0

s;ns;ﬁ’n =5, ,8 J ,=0

s;fnsﬁn = sj” WSin =0, (D4)

J

3
|l exp(—iHT) — VP (y7, 1) <

l_ZH[Hz’ (Mo, Hillll + ;_4”[7'[17 [H1, Ha2 111l

€™ (s7)a + e (5T e € (57 ) + €7 (5Tl

(€9)
[ |
[
for j > 2,
SinSin=5;_1,-1 Q01
sl,nsj,n = sjfl,nfl ® 000
+ o+ ot
Sj,nsl,n - ijl,nfl ® 0o
+ o+
S nsjn _Sj I,n—1 ® o1
e
Sj,nsl,n - Sl,nsj,n =0
f o= ot —
s]ﬁ'lsl,n - sl,nsj,n - O’ (DS)
and for j > 1,
- ottt
SjnSjn = SjnSjn =0
- _ J®n—j ®j-1
s]ns]n I ® oo ® 0,
st ®n—j -1
SinSin=1 ®011®000 . (D6)

From Lemmas 7 and 8, we further obtain the following
lemmas.

Lemma 9. Lets;, = e*s;, + e ™sT . On the mult1pl1ca—
tion of s ,,, the following relat1onsh1ps hold. forj > j > 2,

SinSjtn =0, D7)
for j > 2,
SjinSin = 62”\5‘;_1 1 ®o1 + eiZi)‘sjl_l,n_l ® opo
StnSjn = emsj_ 11 ® 000 + e 2k S;L—l,n—1 ® o11, (D)
andforj > 1,
5, =12 @ow @0 +1%" @0y ®og . (DY)

In particular, s1 I®", which implies that s is unitary.

Now, we prove Lemma 2. From Lemma 9, s; and s
commute for j > j/ > 2. Thus, let us group the terms of
the Hamiltonian H in Eq. (33) into H, := ys;, and H, :=
y Z’jl':z s, such that H = H; + H,. The error of the second-
order Suzuki formula is upper bounded ([37], Proposition 9)
by

3
(D10)

To evaluate the upper bound, we rearrange the commutator of the first term in Eq. (D10) using Lemmas 7-9, as follows:

(Mo, [(Ha, Hill =72 D) I8 [0 51,011

j=2j=2

n n
.3 i — A+
=Y z :2 :[e s] l,n— l®610+e ] I,n—1

j=2j=2

& o1, —e

j—1,n— 1®Z+e_m Ftne1 ®Z]
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n
_ .3 - + + - —ix i
=Y §:(Sj—l,n—lsj—l,n—l+Sj—l,n—1sj—l.n—l)®(e o1 + € 001)
Jj=3

-y’ Z(emsjiln,2 ®IQaow+est,, ,®I®on)
=3

n
-y’ Z(emsj’,_z_n_z ®I®o1+ €7msﬁ_2qn_2 ®1®00)+y (e M I® ' @ o190+ M 1¥" @ 091)
=3

n
3 = ®j—2 ®j—2 —ir in
=y Zl®" T® (000 @0y "+ 011 ® 0y )@ (e7o10 + €™ op1)
Jj=3

_ 27/3 2:(631‘)\%—72’”72 QI ® oo+ e—ms}tz’niz ®1I® og) + VS(e—iAI®11—l ® o0 + e yen—1 ® 001).

j=3
(D11)
Based on the similar calculation to Eq. (C3), we deduce that
I[Ha2, [Ha, Halll < ¥’ G —5). (D12)
Using Lemmas 7-9, we also rearrange the commutator of the second term in Eq. (D10), as follows:
(M1, [H1, Holl = ¥° ) 51, [S10s 5]
j=2
=12 Y (57870 = $108jn810) = (S108jnS10 = S7nST,))
j=2
= 2)/3 Z (sj,ns%ﬁn — slynsj,,,sly,,)
j=2
n
= 2)/3 Z[Sj,nv sl,n]sl,n
j=2
= 2)/3 Z(—ems‘j__,.n_l ®7Z+ e_ms;'_],n_l ® Z)s1 (D13)
j=2
Based on the similar calculation to Eq. (C3) and the fact that s, , is unitary, we deduce that
I[H1, [y, Halll < 2¢°(n— 1). (D14)
Finally, we obtain
) 3 3
lexp(=iHe) = VO, Ml < 102, [Ha, Hallll+ 57 I0Hs, [Ha, Ho1ll-
3.3
< V6’ 2n —3). (D15)

APPENDIX E: QUANTUM CIRCUIT IMPLEMENTATION AND TROTTER ERROR

1. Implementation and Trotter error for the advection equation

Here, we consider the Hamiltonian H for the advection equation in one dimension as shown in Eq. (25) with the periodic
BC,i.e.,

. ivl . — n n
H = —iv,Df = T D sy —shH+od —og" | (E1)
j=1
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Because the terms —iv, Z’}zl(s; - s}”) /2l fall into Lemma 1 by setting y = v;/2/ and A = —n /2, we consider the terms for
the periodic BC, which is rearranged as

on on <|0)®n — i |1>®n <0|®n + <1|®n |O>®n + |1)®n (0|®n —i (1|®n>

o2 — O, =1 —
10 01 \/E \/E \/E ﬁ

T

a7 m—1) ®n—1) ®m—1) T ¥
= it 2)(1®X )Z @ IHE ) @ X2 D), 2). (E2)

Thus, the time evolution driven by this term reads

oo (-0 i) =G cnn - (FJaor il 5) <l 5)
(E3)

Applying the first-order Lie-Trotter-Suzuki decomposition, we therefore obtain the time evolution operator exp(—i# 1) for the
advection equation with the periodic boundary condition, as follows:

exp (—iHt) ~ V(vzl—lr —%)Vn(vzl—lr, —%) (E4)

The terms for the periodic BC commute with the other terms for j > 1 in the Hamiltonian, as follows:
[e’ks_ +e ir T,Uf%" _nglm] — [eixl®(n—1) ® oo ®010(1 1)) +e—tkl®(n J) ® 010 ®0®(/ 1>’
GIO(n J) ® oo ®O_®(j n ®(n 7 ® 001 ®O_®(j 1)] —0. (E5)
For j = 1, the commutator reads
[ei}‘sl_ +e u\sT, Gl%n _ U(%n] — [ei/\1®(n—l) ® 001 + e it p®n=1) ® o0 ’010 )®010 ‘701( e 601]
— (ezk ®(n—1) + —zko_(f?(n 1)) ®Z, (E6)

and its operator norm is one, which is verified by similar calculation to that of the proof of Lemma 1. Therefore, the
approximation error of the Trotter decomposition is upper bounded as

|epitte) v (57 =3 (5 3|

2.2 [ »
Vi T ;
< 81[2 § :(e—m/Zs— em/2 +) (O,l%n _ O_(;ein)’ e—m/2 - ezrr/2 +

v27?

8112 Xn:(efm/Z - +etﬂ/2 +) e m/ZS +em/2 + + ”[_l.(o_lo _ 0681)”),67'”/2 B +g”7/2 +]”

N

2.2
VT

812

N

n
Do lle sy 4+ e Pst e sy 4+ TP+ || [<ilofy — og), e s 4+ €S|

1)12'[2]1
=~ (E7)

We can also obtain the second-order formula as

(5 -3) (BB D D)

whose approximation error is upper bounded by

)H vit32n—1)

2) ntT
Hexp(—t?—lt) -V ( BT

(E9)

based on the similar calculation to that in the proof of Lemma 2. For a d-dimensional case, we can easily extend the discussion
here based on the Lemma 4.
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2. Implementation and Trotter error for the wave equation

Here, we consider the following Hamiltonian H for the wave equation in one dimension. The Hamiltonian H is discretized
by the forward and backward difference operators so that the resulting H can be actually Hermitian matrix, as follows:

n

c
H = c(o01 ® Dfy — 010 ® Dpy) = 7 > (001 ® 57 + 010 @ 57) — (001 + 010) @ 1"

j=1
By similar calculation to Eq. (37), we obtain

2ctT
I

L ; (2ct - N
exp(—iHT) ~ RXp 1 (— ) [10.):7©Ox;crz,; (T)XJU,J;W(W,
j=1

(E10)

(E11)

where RX,, and X,,,; are the RX and X gates acting on the (n + 1)-th qubit, respectively, and

Ul,0) = (]_[ CNOT”m+1>Pn+1(A)Hn+1,

melJ

(E12)

which is the extension of the unitary U;(1) in Eq. (35). Furthermore, we obtain the upper bound of the Trotter error, as follows:

exp(—itr) -V (<, 0)

c2tn

<

(E13)

which can be obtained by the similar calculation to that in the proof of Lemma 1. We can also obtain the second-order formula

as

~ CcT CcT
V(2)<T, O) = RthL] (—

whose error is upper bounded by

based on the similar calculation to that in the proof of Lemma 2.

(o).

exp(—iHt) — \7(2)<%, 0) H <

1 (E14)

A32n-1)

P (E15)

[1] M. Renardy and R. C. Rogers, An Introduction to Partial Dif-
ferential Equations (Springer-Verlag New York, 2004), Vol. 13.

[2] S. J. Plimpton, S. G. Moore, A. Borner, A. K. Stagg, T. P.
Koehler, J. R. Torczynski, and M. A. Gallis, Direct simulation
Monte Carlo on petaflop supercomputers and beyond, Phys.
Fluids 31, 086101 (2019).

[3] S. Zuo, D. Garcia Doioro, Y. Zhang, Y. Bai, and X. Zhao,
Simulation of challenging electromagnetic problems using a
massively parallel finite element method solver, IEEE Access
7,20346 (2019).

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

[5] J. Tilly, H. Chen, S. Cao, D. Picozzi, K. Setia, Y. Li, E. Grant,
L. Wossnig, 1. Rungger, G. H. Booth ef al., The variational
quantum eigensolver: A review of methods and best practices,
Phys. Rep. 986, 1 (2022).

[6] C. Bravo-Prieto, R. LaRose, M. Cerezo, Y. Subasi, L. Cincio,
and P. J. Coles, Variational quantum linear solver, Quantum 7,
1188 (2023).

[7] A. W. Harrow, A. Hassidim, and S. Lloyd, Quantum algorithm
for linear systems of equations, Phys. Rev. Lett. 103, 150502
(2009).

[8] M. Lubasch, J. Joo, P. Moinier, M. Kiffner, and D. Jaksch,
Variational quantum algorithms for nonlinear problems, Phys.
Rev. A 101, 010301(R) (2020).

[9] Y. Sato, R. Kondo, S. Koide, H. Takamatsu, and N. Imoto,
Variational quantum algorithm based on the minimum potential
energy for solving the Poisson equation, Phys. Rev. A 104,
052409 (2021).

[10] Y. Sato, H. C. Watanabe, R. Raymond, R. Kondo, K. Wada, K.
Endo, M. Sugawara, and N. Yamamoto, Variational quantum
algorithm for generalized eigenvalue problems and its applica-
tion to the finite-element method, Phys. Rev. A 108, 022429
(2023).

[11] M. Ali and M. Kabel, Performance study of variational quan-
tum algorithms for solving the Poisson equation on a quantum
computer, Phys. Rev. Appl. 20, 014054 (2023).

[12] A. M. Childs, R. Kothari, and R. D. Somma, Quantum al-
gorithm for systems of linear equations with exponentially
improved dependence on precision, SIAM J. Comput. 46, 1920
(2017).

[13] Y. Cao, A. Papageorgiou, 1. Petras, J. Traub, and S. Kais, Quan-
tum algorithm and circuit design solving the Poisson equation,
New J. Phys. 15, 013021 (2013).

[14] S. Aaronson, Read the fine print, Nat. Phys. 11, 291
(2015).

[15] R. Babbush, C. Gidney, D. W. Berry, N. Wiebe, J. McClean,
A. Paler, A. Fowler, and H. Neven, Encoding electronic spectra
in quantum circuits with linear T complexity, Phys. Rev. X 8,
041015 (2018).

[16] S. McArdle, A. Gilyén, and M. Berta, Quantum state prepara-
tion without coherent arithmetic, arXiv:2210.14892.

033246-20


https://doi.org/10.1063/1.5108534
https://doi.org/10.1109/ACCESS.2019.2896615
https://doi.org/10.1038/s42254-021-00348-9
https://doi.org/10.1016/j.physrep.2022.08.003
https://doi.org/10.22331/q-2023-11-22-1188
https://doi.org/10.1103/PhysRevLett.103.150502
https://doi.org/10.1103/PhysRevA.101.010301
https://doi.org/10.1103/PhysRevA.104.052409
https://doi.org/10.1103/PhysRevA.108.022429
https://doi.org/10.1103/PhysRevApplied.20.014054
https://doi.org/10.1137/16M1087072
https://doi.org/10.1088/1367-2630/15/1/013021
https://doi.org/10.1038/nphys3272
https://doi.org/10.1103/PhysRevX.8.041015
https://arxiv.org/abs/2210.14892

HAMILTONIAN SIMULATION FOR HYPERBOLIC PARTIAL ...

PHYSICAL REVIEW RESEARCH 6, 033246 (2024)

[17] M. Bagherimehrab, K. Nakaji, N. Wiebe, and A. Aspuru-
Guzik, Fast quantum algorithm for differential equations,
arXiv:2306.11802.

[18] S. Endo, J. Sun, Y. Li, S. C. Benjamin, and X. Yuan, Variational
quantum simulation of general processes, Phys. Rev. Lett. 125,
010501 (2020).

[19] K. Wada, R. Raymond, Y. Y. Ohnishi, E. Kaminishi, M.
Sugawara, N. Yamamoto, and H. C. Watanabe, Simulating
time evolution with fully optimized single-qubit gates on
parametrized quantum circuits, Phys. Rev. A 105, 062421
(2022).

[20] R. Demirdjian, D. Gunlycke, C. A. Reynolds, J. D. Doyle,
and S. Tafur, Variational quantum solutions to the advection—
diffusion equation for applications in fluid dynamics, Quant.
Inf. Process. 21, 322 (2022).

[21] E. Y. Leong, D. E. Koh, W.-B. Ewe, and J. F. Kong, Variational
quantum simulation of partial differential equations: applica-
tions in colloidal transport, Int. J. Numer. Methods Heat Fluid
Flow 33, 3669 (2023).

[22] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press, Cam-
bridge, 2010).

[23] Y. Kim, A. Eddins, S. Anand, K. X. Wei, E. van den Berg, S.
Rosenblatt, H. Nayfeh, Y. Wu, M. Zaletel, K. Temme et al.,
Evidence for the utility of quantum computing before fault
tolerance, Nature (London) 618, 500 (2023).

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

[25] I. Loaiza, A. M. Khah, N. Wiebe, and A. F. Izmaylov, Reduc-
ing molecular electronic Hamiltonian simulation cost for linear
combination of unitaries approaches, Quantum Sci. Technol. 8,
035019 (2023).

[26] P. C. S. Costa, S. Jordan, and A. Ostrander, Quantum algorithm
for simulating the wave equation, Phys. Rev. A 99, 012323
(2019).

[27] R. Babbush, D. W. Berry, R. Kothari, R. D. Somma, and N.
Wiebe, Exponential quantum speedup in simulating coupled
classical oscillators, Phys. Rev. X 13, 041041 (2023).

[28] S. Jin, N. Liu, and Y. Yu, Quantum simulation of partial differ-
ential equations: Applications and detailed analysis, Phys. Rev.
A 108, 032603 (2023).

[29] S. Jin, N. Liu, and C. Ma, Quantum simulation of Maxwell’s
equations via Schrodingersation, arXiv:2308.08408.

[30] D. An, J.-P. Liu, and L. Lin, Linear combination of Hamiltonian
simulation for nonunitary dynamics with optimal state prepara-
tion cost, Phys. Rev. Lett. 131, 150603 (2023).

[31] Z. Meng and Y. Yang, Quantum computing of fluid dynamics
using the hydrodynamic Schrodinger equation, Phys. Rev. Res.
5, 033182 (2023).

[32] K. Miyamoto, S. Yamazaki, F. Uchida, K. Fujisawa, and N.
Yoshida, Quantum algorithm for the Vlasov simulation of the
large-scale structure formation with massive neutrinos, Phys.
Rev. Res. 6, 013200 (2024).

[33] R. Kondo, Y. Sato, S. Koide, S. Kajita, and H. Takamatsu,
Computationally efficient quantum expectation with extended
Bell measurements, Quantum 6, 688 (2022).

[34] M. Kiffner and D. Jaksch, Tensor network reduced order models
for wall-bounded flows, Phys. Rev. Fluids 8, 124101 (2023).

[35] G. Allaire, and  Optimization:
An  Introduction  to Modelling  and

Numerical  Analysis

Mathematical

Numerical Simulation (Oxford University Press, Oxford,
2007).

[36] P. Brearley and S. Laizet, Quantum algorithm for solving the
advection equation using Hamiltonian simulation, Phys. Rev. A
110, 012430 (2024).

[37] 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).

[38] R. Vale, T. M. D. Azevedo, I. C. S. Aratjo, I. F. Araujo, and
A. J. da Silva, Circuit decomposition of multicontrolled special
unitary single-qubit gates, IEEE Trans. Comput.-Aided Des.
Integr. Circuits Syst. 43, 802 (2024).

[39] D. Layden, First-order Trotter error from a second-order per-
spective, Phys. Rev. Lett. 128, 210501 (2022).

[40] C. A. De Moura and C. S. Kubrusly, The Courant—Friedrichs—
Lewy (CFL) Condition (Springer, Birkhduser Boston, MA,
2013).

[41] G. H. Low and L. L. Chuang, Hamiltonian simulation by qubiti-
zation, Quantum 3, 163 (2019).

[42] J. M. Martyn, Z. M. Rossi, A. K. Tan, and I. L. Chuang, Grand
unification of quantum algorithms, PRX Quantum 2, 040203
(2021).

[43] E. Knill, G. Ortiz, and R. D. Somma, Optimal quantum mea-
surements of expectation values of observables, Phys. Rev. A
75, 012328 (2007).

[44] A. Alase, R. R. Nerem, M. Bagherimehrab, P. Hgyer, and B. C.
Sanders, Tight bound for estimating expectation values from a
system of linear equations, Phys. Rev. Res. 4, 023237 (2022).

[45] A. Javadi-Abhari, M. Treinish, K. Krsulich, C. J. Wood, J.
Lishman, J. Gacon, S. Martiel, P. D. Nation, L. S. Bishop, A. W.
Cross, B. R. Johnson, and J. M. Gambetta, Quantum computing
with Qiskit, arXiv:2405.08810.

[46] N. Ezzell, B. Pokharel, L. Tewala, G. Quiroz, and D. A. Lidar,
Dynamical decoupling for superconducting qubits: A perfor-
mance survey, Phys. Rev. Appl. 20, 064027 (2023).

[47] B. Pokharel, N. Anand, B. Fortman, and D. A. Lidar, Demon-
stration of fidelity improvement using dynamical decoupling
with superconducting qubits, Phys. Rev. Lett. 121, 220502
(2018).

[48] P. Jurcevic, A. Javadi-Abhari, L. S. Bishop, I. Lauer, D. F.
Bogorin, M. Brink, L. Capelluto, O. Giinliik, T. Itoko, N.
Kanazawa et al., Demonstration of quantum volume 64 on
a superconducting quantum computing system, Quantum Sci.
Technol. 6, 025020 (2021).

[49] E. L. Hahn, Spin echoes, Phys. Rev. 80, 580 (1950).

[50] E. van den Berg, Z. K. Minev, and K. Temme, Model-free
readout-error mitigation for quantum expectation values, Phys.
Rev. A 105, 032620 (2022).

[51] T. Kosugi, Y. Nishiya, H. Nishi, and Y.-i. Matsushita,
Imaginary-time evolution using forward and backward real-
time evolution with a single ancilla: First-quantized eigensolver
algorithm for quantum chemistry, Phys. Rev. Res. 4, 033121
(2022).

[52] C. Leadbeater, N. Fitzpatrick, D. M. Ramo, and A. J. W.
Thom, Non-unitary Trotter circuits for imaginary time evolu-
tion, Quantum Sci. Technol. 9, 045007 (2024).

[53] A. W. Schlimgen, K. Head-Marsden, L. A. M. Sager, P. Narang,
and D. A. Mazziotti, Quantum simulation of the Lindblad equa-
tion using a unitary decomposition of operators, Phys. Rev. Res.
4, 023216 (2022).

033246-21


https://arxiv.org/abs/2306.11802
https://doi.org/10.1103/PhysRevLett.125.010501
https://doi.org/10.1103/PhysRevA.105.062421
https://doi.org/10.1007/s11128-022-03667-7
https://doi.org/10.1108/HFF-05-2023-0265
https://doi.org/10.1038/s41586-023-06096-3
https://doi.org/10.1103/PhysRevResearch.5.023146
https://doi.org/10.1088/2058-9565/acd577
https://doi.org/10.1103/PhysRevA.99.012323
https://doi.org/10.1103/PhysRevX.13.041041
https://doi.org/10.1103/PhysRevA.108.032603
https://arxiv.org/abs/2308.08408
https://doi.org/10.1103/PhysRevLett.131.150603
https://doi.org/10.1103/PhysRevResearch.5.033182
https://doi.org/10.1103/PhysRevResearch.6.013200
https://doi.org/10.22331/q-2022-04-13-688
https://doi.org/10.1103/PhysRevFluids.8.124101
https://doi.org/10.1103/PhysRevA.110.012430
https://doi.org/10.1103/PhysRevX.11.011020
https://doi.org/10.1109/TCAD.2023.3327102
https://doi.org/10.1103/PhysRevLett.128.210501
https://doi.org/10.1007/978-0-8176-8394-8
https://doi.org/10.22331/q-2019-07-12-163
https://doi.org/10.1103/PRXQuantum.2.040203
https://doi.org/10.1103/PhysRevA.75.012328
https://doi.org/10.1103/PhysRevResearch.4.023237
https://arxiv.org/abs/2405.08810
https://doi.org/10.1103/PhysRevApplied.20.064027
https://doi.org/10.1103/PhysRevLett.121.220502
https://doi.org/10.1088/2058-9565/abe519
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1103/PhysRevA.105.032620
https://doi.org/10.1103/PhysRevResearch.4.033121
https://doi.org/10.1088/2058-9565/ad53fb
https://doi.org/10.1103/PhysRevResearch.4.023216

